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Abstract

This document contains the final Master Thesis Report to obtain the Master of Science on Aerospace
Engineering (Flight Performance & Propulsion - Propulsion & Power) at the Delft University of Technology.
The research work characterises the interaction of a radial inlet turbine with a downstream diffuser through
the size of the rotor tip gaps.

In the implementation of power turbines it is common to add a diffuser downstream of it to lower the
rotor exhaust pressure and thus increase power extraction for the same boundary conditions. However,
diffusers are bulky and take a lot of space in the assembly. This lowers the power density of the machine,
increases installation weight in transport applications, and installation costs in ground based operations.
Researchers noticed that the non-dimensional static pressure recovery (C,) of this device was higher
when operating downstream of a turbine than with uniform inlet conditions. The publications in this field
are relatively scarce, and thus there is a knowledge gap with immediate practical application.

Some researchers have focused on the interaction of turbine vortical structures with the boundary layer
of the diffuser. They have found out that under this conditions the boundary layer can support steeper
pressure gradients without detaching. This is only applicable to very aggressive diffusers that would stall
in isolation. Notably, all the publications in this field deal with axial machines, and, as the current study will
show, the situation changes considerably when applying the theory to radial turbines.

This work studies another side of the problem. The research focuses on stable diffusers, and thus there
is no boundary layer that needs reinforcement. Turbine rotor tip gaps generate an increase of entropy
and reduce turbine power generation. However, these gaps also cast powerful vortexes that affect the
diffuser flowfield. This project studies the effect of the tip gap configuration on the pressure recovery of the
diffuser, in order to better understand the trade-offs and support the design process. Tip gap sizes are
usually determined from mechanical constraints. This work provides insight into the real cost of a tip gap
by analysing the assembly turbine + diffuser, and thus it guides the designer into where to focus his efforts
when working with these constraints.

The general conclusion of the project is that there is a range of tip gap sizes where the performance
of the diffuser in enhanced. In this range, the performance cost in the rotor for increasing the tip gaps is
partially compensated by a better pressure recovery in the diffuser. Furthermore, it has been discovered
that in a radial turbine the leading edge tip gap (axial) is more influential than the trailing edge (radial) one.
This information will guide engineers when choosing the bearings for the machine and dealing with design
trade-offs.

Moreover, a novel study in radial turbine flow structures is carried out. Not a lot is known about the
vortical structures in these machines, and this work provides a first qualitative description about origin and
behaviour of this vortexes. Different flow modes are identified and related to simple parameters available
in OD designs. The combination of this information with previous tip gap flow models, and diffuser-vortex
interaction models, will allow the obtention of improved losses models including the effect of the diffuser
from the conceptual design stage. This work not only provides useful design guidelines, but also sets down
the basis for future research leading to a better understanding and modelling of radial inflow turbines.
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Introduction

A turbomachine is a device in which energy is transferred to or from a fluid by the dynamic action (work)
of one or more rotating blades'. A turbine is a kind of Turbomachine that extracts energy from a stream
of fluid. These devices are very important technological elements due to their presence in most energy
systems, as for example marine and aeronautical propulsion systems, ground-based power generation, or
even power recovery systems in common vehicles, such as turbocharged cars. For this reason enhancing
their performance and affordability is of utmost importance to make fossil-fuel energy systems greener, as
well as boosting the diffusion of renewable technologies.

There are several kinds of turbines, and they are usually classified with respect to their geometry. It
is possible to find axial turbines, where the working fluid always flows parallel to the rotation axis; radial
inflow turbines (RIT), where the flow enters the device inwards and perpendicular to the rotation axis (i.e.
radially) and exits in the axial direction; and mixed flow turbines, a compromise between the previous two.
The investigation that follows regards RITs.

The relevance of these devices results in a number of techniques to improve system performance. One
of these is the usage of a diffuser downstream of the turbine. A diffuser is an increasing cross section pipe
whose effect on the flow is to decelerate it and thus produce a static pressure raise. It increases turbine
power output for a given static back pressure because it allows to achieve lower pressures at the rotor
outlet. This increases the pressure ratio across the machine, and thus improves power extraction for the
same system boundary conditions. Note that the usage of a diffuser only leads to a net gain when the
objective of the whole system is shaft-power generation and there is no need of kinetic energy downstream
of the turbine. This is the case of a power turbine in a turbo-shaft, an auxiliary power unit (APU), or a
ground-based power generation gas turbine.

Furthermore, it has been shown that it is possible to enhance diffuser performance by a proper matching
with the turbine outflow. Fariokhi (1987, [2]) and Willinger et Al. (1998, [3]), for instance, investigated by
different methods the effect of non-uniform flows on the diffuser and the performance cost of generating
them with an axial turbine; or Sieker et Al. (2008, [4][5]) and Mimic [6] carried out experimental, numerical
and theoretical studies of the performance of an annular diffuser downstream of an axial turbine. This last
group proves that the main interaction mechanism is due to vortexes casted at the tip of the blades. The
general conclusion is that turbine outflow can effectively improve diffuser performance, but overall system
efficiency is decreased. However, the interaction with a RIT has never been studied before. Additionally,
there are no reliable methods to predict the effect of a general turbine on the diffuser during the conceptual
design stage. The closest tool is the one in [6], and it only applies to off-design behaviour of a single
turbine design. This research work intends to obtain the knowledge required to eventually lead to such a
generalised method, in the context of Radial Inflow Turbines:

The primary objective of this research project is to characterize the interaction of a radial inflow
turbine with a downstream unstalled conical diffuser through tip-gap-related flow structures.

This will be achieved by answering the following research questions:

1. What is the potential impact of a diffuser in turbine work extraction, and under which conditions is
this device more relevant?

2. Which is the simplest set-up able to capture realistic diffuser flow-fields and integral performance?
3. What is the effect of tip gap size and distribution on the integral performance of the diffuser?
4. What is the physical interaction mechanism between turbine and diffuser?

Tturbo, from Latin turbinis means "that spins” or "that swirls” [1]

1



Literature Review

1.1. Diffuser Technology

Diffusers have been investigated for a long time, the first reported usage dating back from the roman
empire [7]. They have clear practical industrial applications, but they are also the simplest set up providing
an adverse pressure ratio. This makes them wide spread devices, and the understanding of the basic
phenomena is quite advanced.

There are several types of diffusers: planar or 2D diffusers (a channel with two parallel walls and two
diverging walls), conical diffusers (a hollow frustum of cone), and annular diffusers (a short of conical
diffuser with a blocking element in the middle, resulting in an annular flow-path). In the following, the
discussion will be directed mostly towards conical diffusers. However, it is impossible to avoid introducing
some references to 2D cases (mostly used for basic research) and annular diffusers (the most common
one in the industry due to the morphology of the axial machines).

1.1.1. Diffuser Performance charts

Kline et Al. (1959, [8]) identified the basic geometrical parameters for conical diffusers were identified
as: area ratio, AR, the non-dimensional length, L /Dy, and the wall angle, 6. AR is the only driver of the
pressure recovery with idealised flows, and § is a function of the other two parameters, Figure 1.1.

D, = 2Ry; D, = 2R,

A, D]
AR="2="2
i A, D?
L
/p,
1VAR -1
tan(8) = 5L
/D,

Figure 1.1: Basic parameters of a conical diffuser.

Furthermore, the performance of a diffuser is given through several non-dimensional coefficients:

P, — P
c,= - 11
R A ) (1)
Py — Py
Kipss = —————— 1.2
1 P, P, (1.2)

2
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The first one is the pressure recovery coefficient, and the second one is the loss coefficient. Note that the
denominators of these expressions represent all the dynamic pressure, including compressibility effects
and swirl. Some modern publications [9] include a kinetic energy coefficient:

Py — Py
== 1.3
3 P, P (1.3)
in such a way that:
Cp+E&+Fkipss =1 (1.4)

This relation allows the discussion of the cause of low C,, both due to inefficient diffusion (losses, kjoss)
and insufficient diffusion (£). This relation between coefficients is useful when analysing the evolution of
the flow along the length of the device. At the inlet { = 1, C;, = 0 and k.5 = 0, and then £ "converts” into
the other performance coefficients.

Another commonly used metric is the diffuser effectiveness, ¢ (sometimes also represented by 7, which
is arguably misleading). This is defined as:
CP
Op,id
where C,, ;4 is an ideal reference. Usually it is taken as an isentropic, uniform, incompressible, non-swirling
flow and then Cp, ;g = 1 — ﬁ. However, the expression should be adapted to the relevant case including
swirl and compressibility effects if needed. It is always assumed that the flow is uniform and isentropic.
Note that it is possible to obtain ¢ > 1 [10], as it will be discussed in Section 2.1.

E =

(1.5)

The first publication regarding diffuser performance dates back to Kline et al. (1959) [8]. They tested
several planar diffusers and identified the different operation regimes. These are fully attached flow,
transitory stall, stable stall and jet flow, Figure 1.2. They also found that optimal diffusers are operating in
the transitory stall regime.
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Figure 1.2: Different flow regimens for planar diffusers (Sovran & Klomp, 1967 [10]). N is the length of the
diffuser and ¢ is the angle of the walls.

After them, Sovran (1967) [10] compiled and performed a considerable amount of experimental cases
and crafted one of the first performance charts (an example is shown in Figure 1.3). These charts identify
the locus of optimal designs as C;; (maximum pressure recovery for a given L/R;) and C;;* (Maximum
pressure recovery for a given AR). These tests were performed with high Reynolds' number and low

Based on the inlet diameter.
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Mach number. It was determined that the effect of Reynolds number is negligible. The inlet conditions
corresponded to naturally developed turbulent boundary layers through pipes. In addition, they provide a
theoretical discussion about the effects of the blockage parameter B:

Acsy 4075
1-Bj)=—"=~1--L 1.6
where ¢7 is the boundary layer displacement thickness at station j, and A, is the effective flow area such
that A.rr = pujjaw. However, they do not test different inlet profiles, and thus the diffuser performance is

characterized without fully including the effect of inlet conditions.
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Figure 1.3: Performance chart for conical diffusers (Ishikawa & Kakamura 1989 [11]). Low turbulence
intensity (0.5% at the core, 6% at the BL), low blockage (B; = 0.04): Almost uniform inlet conditions. m is
the area ratio and « is the semi-cone angle.

During this early period higher turbulence levels were assumed to improve the performance?, but there
was no clear consensus regarding the blockage effect. Other authors discuss that turbulence level does
not affect the locus of the optimal geometries in a chart as Figure 1.3, but it changes the C), value (Sovran
(1967, [10])). Although higher blockage is intuitively associated with thicker boundary layers closer to
separation, Senoo & Nishi (1977, [13]) proved that higher blockage values limited the boundary layer
growth and prevented separation. Nowadays it is known that blockage factor is a meaningful parameter
only for similar velocity profiles, but this is not researched until years later.

The discussion about non-swirling, boundary-layer-like inlet conditions is closed by Ishikawa & Kaka-
mura (1989, [11]). They address the inconsistency between the classical experimental results by conducting
a comprehensive test campaign in conical diffusers with highly controlled inlet conditions. The differences
between previous cases are attributed to turbulence intensity and inlet blockage. All of this early experimen-
tal knowledge, and several low order computation methods and augmentation techniques are summarized
by Japikse in reference [7].

1.1.2. Additional Research on Diffusers

As the simple pipe-like flow inlet conditions were being understood, some publications modifying this inlet
profile appeared. Usually it was in the context of augmentation methods. For instance, Nicoll & Ramaprian
(1970, [14]) or Back & Cuffel (1982, [15]) investigated wall jets to reenergize the boundary layer. However,

2This idea was definitely proven by Stevens & Williams (1980 [12]), who experimentally isolated the effect of turbulence and found
that higher turbulence intensity close to the walls can greatly improve C, with only minor penalization in &,
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some other authors investigated the importance of the turbine outflow and the wall-jet-like structures that
arose (for instance Kruse et al. (1983, [16]) or Farokhi (1987, [2])). These studies focused on delaying
boundary separation, and thus they concluded that performance improvements are more noticeable for
diffusers in incipient stall conditions.

Some other publications explored the effect of swirl (Vassiliev et al. (2003, [17])), but this is usually done
in the context of strut stall. The research group of Vassiliev continues with a numerical investigation of the
impact of inlet conditions in diffuser performance [18]. It is concluded that the Reynolds number and total
temperature profile do not affect diffuser performance. However, Mach number changes the effectiveness®.
The total pressure and turbulence intensity radial profiles are the most influential parameters, and better
performance is found with non-uniform flows. Swirl effects are difficult to asses, as they interact strongly
with struts. However, it is noted that that in annular sections there is an optimal swirl: it can prevent
detachment in the outer wall; but too much swirl will cause boundary layer separation at the inner wall.
This will be explained by Seume & Sieker (2008, [5]): swirl can transport turbulent kinetic energy outwards.
The conclusion is that moderated swirl enhances diffuser performance at a fixed inlet turbulence intensity.
However, there is not a method to predict the maximum amount of swirl allowable.

In the last years the Department of Turbomachinery and Fluid Dynamics, in Leibniz University Hannover,
is the most active group researching non-uniform inlets and turbine-diffuser interaction. With several
publications ([4][5][6][9][19][20][21]) they experimentally, numerically and theoretically investigate the effect
of realistic axial turbine outflows including wakes, vortexes, and swirl. Their results are presented in
Section 1.2.

1.1.3. Diffuser Augmentation Methods

There has been several attempts throughout the years to achieve shorter diffusers with better performance.
Additionally, a diffuser produces a relatively simple flow suitable for testing novel flow control concepts.
This implies that there is a great amount of publications treating the topic of diffuser augmentation. The
main objective is to achieve steeper pressure gradients while keeping the boundary layer attached. The
main methods are the following [7]:

* Boundary layer suction: By suctioning (and thus removing) the boundary layer it is possible to
avoid stall. There has been multiple research lines about suctioning the boundary layer both at the
inlet or somewhere inside the diffuser. This method is effective, but it has not found a lot of practical
application due to the added complexity*.

+ Wall jet injection: In this methods the boundary layer is re-energised by injecting a high energy jet
close to the wall. The performance of the diffuser can be doubled (including the pumping power) by
these techniques [14]. These methods have not found direct practical implementations, but some
researchers have used these data sets to model the effect of the turbine tip gap leakage flow [2].

* Ribs & fins: These methods attach protrusions to the walls or create annular chambers causing
small recirculation bubbles. It is though that these controlled separations substitute a large, full-scale
boundary layer detachment, and thus improve performance in the region of transitory stall (Figure 1.2).

* Flowfield inserts: Some researchers block the diffuser flow-path both totally or partially with screens.
These increase turbulence intensity and make the flow more uniform. These methods allow the
control of the flowfield in the diffuser, but this causes high of total pressure losses. They are applied
in basic research experimental installations, but they have not found an industrial application.

» Surface treatments: Under this topic there are two techniques: Adding roughness to the walls and
introducing vortex generators. The first method changes the boundary layer structure and can modify
the separation point. The usage of vortex generators shows a great increase in performance [24].
This technique is very relevant for this thesis, as turbine tip gap vortexes are the primary interaction
mechanism between turbine and diffuser[6].

Most investigations about vortexes in diffusers [24][25] use traditional vortex generators as those

3The changes in effectiveness with Mach number are due to Cp,ia increasing slightly while C), is practically constant.

4Aside line of this research is the so called Vortex controlled diffusers [7][22][23]. These diffusers use suction to create a controlled
vortex in the corners of a sudden expansion. Effectively, this creates a "fluid wall” and allows for better performance in the diffusion
process. Although this has not found practical applications, the author of this text thinks that this concept might be interesting if the
flowfield at the hub of the turbine is to be improved (Section 5.2).
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implemented for external aerodynamics. These studies found that counterrotating pairs of vortexes are
more effective, and that the spacing between the vortex generators is an important parameter.

Another way of obtaining coherent vortexes is by the use of plasma actuators. Grundmann et Al. (2011,
[26]) evaluated the effect of different vortical structures in a diffuser. They tested both annular and axial
vortexes, and they found that in their case axial vortexes were more efficient. They attributed this to the
mass flow entrainment. However, they also report that their axial vortexes were stronger than the annular
ones due to the experimental set up, so the comparison is not totally equivalent. The vortical structures
found in turbine outflows have both axial and circumferential components due to the outlet swirl angle.

1.2. Turbine-Diffuser Interaction

The literature about turbine diffuser interaction is scarce and it only deals with axial machines. Even tough
the concepts are analogous for radial and axial machines, the flow structures are completely different, and
thus the generality of the results is not clear.

The first work on this is by Farokhi (1987, [2]). They did an analytical study of the effects of an
unshrouded last stage in an axial low pressure turbine (LPT) ahead of the diffuser. Rotor losses will
grow with increasing tip gaps, but diffuser performance will be also enhanced. They used experimental
data from diffusers with wall jet injection, and tip gap loss models for axial turbines. They theoretically
derive the effect of diffuser performance on turbine power extraction and thus they link these two effects.
The conclusion is that the loss in efficiency due to the tip losses always outweights the gain by diffuser
enhancement. Farokhi continues this research with CFD methods (Blanco et al. 2014 [27]), and highlights
the necessity of retaining pitch-wise flow structures to correctly capture the interaction with the diffuser.

Willinger & Haselbacher (1998 [3]) also made some work on this topic. They used a wind tunnel to
test a linear cascade with different tip gaps. They extract cascade performance data and the flowfield
from the experimental set up. Then, this is used as the boundary condition for a CFD computation (k — ¢
RANS) of a typical industrial diffuser. They find out that for practical tip gap sizes (1 — 4% of the chord),
the performance of the assembly does not change: the diffuser compensates for extra losses in the rotor.
However, the tip gap flow structure is affected by the scraping effects due to the relative motion of the
casing, so the results of the linear cascade cannot be generalized to rotating cascades.

The active work in this field by the Leibniz group ([4][5][6][9][19][20][21]) has already been introduced
in Section 1.1 . The experimental test rig mentioned consists on a motorized wheel where they can mount
cylinders or blades (Figure 1.4). The inlet to this wheel allows controlling the swirl angle. Downstream
of this assembly they have an annular diffuser that converts into conical after suddenly removing the
middle section. Their first work on the topic studies the blockage effect of wakes without any other effect
as blade loading or tip vortexes. To achieve this, they use the wheel with cylinders (Figure 1.4). They
find out that for rotation speeds higher than 1000 rpm the diffuser with the spoke wheel performs better
than without it. This effect is mainly attributed to the interaction of swirl with the turbulent wakes. Higher
rotational speed increases swirl too much and the recirculation zone downstream of the sudden expansion
induces too much blockage. The following publications include the more realistic effect of blades. They
use symmetrical airfoils (NACA 0020) with twist distribution such that at design conditions all the blade is
unloaded (Figure 1.4). For high rotational speeds the rotor behaves as a compressor and for low ones as
a turbine®. They find great changes in performance when the blade is loaded, what makes them conclude
that it is the tip vortex what mostly affects the performance of the diffuser and the swirl is just a transport
agent. They also find out that this effect is beneficial for turbine outflows, but not for compressors. They
also study the vortex formation process and discover that it is highly unsteady: the same blade can cast or
not a coherent vortex, and they always observed less vortexes than blades, the ratio of these not being
a whole number. For this reason they conclude that one blade passage steady simulations might not
be enough to capture all the phenomenology. However they don’t investigate further the origin of these
asymmetry and there is not enough information to deduce the flow pattern upstream of the rotor. Finally, it
is pointed out that turbulence in the wake region is not isotropic, as usually assumed by numerical models.
The effects of this are not investigated.

The next set of publications, those by Mimic et al., are summarised in a PhD thesis [6]. They develop

5This behaviour is related to the fact that in this study mass flow is fixed. The axial velocity is always the same, and thus changing
the rotational speed directly changes the incidence angle to the blades.
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Figure 1.4: Experimental set up in Leibniz University[5].

a parameter to characterize the vortex effect based on stage design parameters. This parameter is the
stabilization number, . = %{. In this expression f is the reduced frequency and it is related to number
of blades and rotational speed, v is the loading coefficient, and ¢ is the flow coefficient. They correlate
experimental C), and k;,ss changes with this parameter, proving that indeed it is the tip vortex due to blade
loading what stabilises the diffuser. However, they point out that their correlation is not universal and could
be extremely dependent on the exact turbine. In their last publication they expand the results to different
diffuser angles, showing that the correlation they obtain can be applied to different diffuser designs (with
the same turbine). They also find out that steeper diffusers are more sensitive to this 3. CFD computations
are performed with SST-SAS models (Section 3.2). They are not able to numerically predict the value of
Cp, but the AC,, due to X changes is correctly captured in every case. Finally, they provide a chart that
can modify the typical performance maps to take into account the effect of the turbine on that diffuser.
Presumably this chart is turbine dependent, and that dependency is unknown. They also provided the
interaction model discussed in Section 3.2.



Theoretical Basis

2.1. Diffuser Performance Metrics

The basic performance metrics and diffuser flow characteristics were introduced in Section 1.1.1. These
are:

P, — P,

- 2 1
Py - P

P — P
Klosszu
Py — P
£:P2t_P2
Py — P

Cp+kloss +€: 1
Respectively, pressure coefficient, loss coefficient, and kinetic energy coefficient.

For the shake of completeness, the expressions of ideal C), are given here. Under the assumption of
incompressible flow, mass continuity gives u; A1 = us As - AR = ‘2—? = Z—; Assuming no total pressure
losses and using P, = P + §pu*:

K- L
P,—-P AR?
Another kind of (idealized) diffusion process is a sudden expansion with mixing [28]. In this case there will

be total pressure losses, so an extra equation is needed: second Newton’s law, F' = % — Ag(Py — P2) =
ugpus As — uqpuq Ap. Using this, and the previous considerations about mass continuity, it is obtained:

1 1
=2 ( - ) (2.2)
SuddenExp. AR AR?

Finally, when combining two diffusers and using the first inlet area as a reference, AR = A%, it is obtained:

Chp,id = (2.1)

P, — P
Py — Py

prerp =

C]{(AR) if < Tinter face
Cy(a) = (2.3)

2
CZ{(ARim‘,erface) + (m) C]{I(AR/ARinterface) Zf Tinter face <T
Where C! and C/! are written in terms of their own area ratio, and the quantities labeled inter face are
evaluated where both diffusers meet. Note that this only applies in the incompressible case, as it is using

P—P= %pu?

Regarding the effect of non-uniform flows, Sovran & Klomp (1967, [10]) analysed an arbitrary velocity

1

— 1 1 1 1 [ u? 1 u? 1 [l
P== P+ Zpu?)dimn=P 7*2—/—d':P *—/f dA =P *—/—dA:P q
k m/( +2pu> mErhgs | mem =ty | Ty @ toq
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profile in the incompressible regime with uniform static pressure. Under this conditions, the mass averaged
total pressure is given by: o

P, =P+ag (2.4)
where g is the mass averaged dynamic pressure, § = %pﬂQ; u = %; and « is the kinetic-energy-flux
velocity-profile”:

= / Taa= L (2.5)

The physical meaning of « is the ratio between the area average kinetic energy in the flow and the
kinetic energy in an uniform flow with the same mass-flow. Note that o > 1. Writing C,, for this non-uniform
incompressible flow yields:

P,— P (Py—op)— (Pu—ai1qi) oiqi —asq P — Py as/on
C = = = — = ]_ - - k 0SS 2.6
PPy — P a1q1 141 o1q1 AR? ! (2.6)
Combining with Equation 2.1:
042/041 -1
CP = CPJ - AR2 - kloss (27)

This equation clearly shows that deviations in C,, from the ideal case are due to losses and non-
uniformities [10]. K., is always positive, and thus it always reduces C,. However, the non-uniformity
term can take any sign. When the flow uniformity progressively increases due to mixing (a2 < 1), C,, can
be greater than the ideal case.

Sovran & Klomp use Equation 2.7 to introduce the difference between inefficient diffusion (loss in C,
due to high k;,,s) and insufficient diffusion (loss in C),, due to velocity profile). Years later, Mimic continued
the development of this concept with the relation C,, + k;,5s + £ = 1. They study the sensitivity of a diffuser
to augmentation methods and stall (Figure 2.1, [21]). Their work shows that the main effect of stall in
diffuser is to reduce the effective area (A.¢f), and thus reducing diffusion (£ is greater). They find that this
effect is more important than entropy generation, and thus steep diffusers show a greater sensitivity to stall
position ( Cp

AL s
Ain
............................... Aout eff
S S S SS x"'ﬁ-\_\
k"‘x--._,h_m Aouteff T
/ "‘“--——------"....__: Y
0
Xsep Axy

Figure 2.1: Effect of changing the stalling point in the effective area, A.; of a diffuser. Recovered from
Mimic et. Al, 2018 [21].
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In the present work, both the kinetic energy coefficient and the kinetic-energy-flux velocity-profile
concepts will be merged in two newly defined parameters. Noting the importance of ¢, it is separated in
two terms: &, and £y (non-uniform) such that:

§ = Spuk +ENU (2.8)

This allows the split of different effects in the discussion about tip gap influence on diffuser performance
(Section 4.2). Itis possible to rewrite Equation 1.4 as 1 = C), + kjoss + &puir + Enu. This clearly shows that
the non-dimensional energy in the diffuser is constant and can be split in pressure potential energy, C,;
losses, ki,ss; bulk kinetic energy, &v.11; and kinetic energy in non-uniformities, ¢y . Based on this energy
representativeness, &, is computed as follows:

1. Obtain bulk velocity defined as upux = pﬂA, where p is an averaged value.
2. Obtain a total temperature based on bulk kinetic energy: T, =T + %

e A
3. Obtain the associated total pressure: P/ = P (5) T

4. Use the regular ¢ definition:

3 le't - Pi
bulk,j — Plt — Pl
A comparison with Equation 2.4 shows:
o = fj
! fbuzk,j

Note that the definition of &, and {xp holds for compressible flows and non-uniform static pressure
distributions, unlike «.

2.2. Basic turbomachinery concepts

This section is a sallow introduction to basic concepts and nomenclature to follow the discussion in a more
streamlined way.

2.2.1. Coordinate system in a turbomachine

A turbomachine is a component that exchanges mechanical work with the working fluid. As such, it is
important to track the different flow velocities and directions. It is the change in these magnitudes what
informs the engineer about the momentum exchanges and, through Newton’s second law, forces over the
device.

The rotational nature of turbomachines makes quite natural the use of cylindrical coordinates. These are
constituted by an axial direction, identified as x or z, a radial direction perpendicular to this one, identified as
r, and the angle between the radial axis and a reference direction, . These coordinates (z,r, §) generate
a local vector basis B = {i,, i,, ip }, where i, is parallel to the longitudinal axis, 4, is parallel to the local
radius, and iy = @, X Up,.

However, in the most general setting the flow is not always aligned with these coordinates. Traditionally,
the flow has been described by using a coordinate system relative to the blades and with directions given by
the local flow characteristics. One of the first ideas[29] was to define coordinate surfaces related to the local
flow. These surfaces (Figure 2.2) were identified as S1, a stream-surface emanating from circumferential
seed-lines; S2, a stream-surface emanating from span-wise seed-lines and 53, a surface perpendicular to
the flow. Although this system has a strong theoretical basis, is inconvenient due to its dependencie on the
flowfield. The most common reference system nowadays is a simplifications of this. The coordinate planes
are not stream-surfaces, but geometrical constructions. The surface S1 is substituted by the blade to blade
plane (B2B), a revolution surface whose generatrix is a constant span line?; the surface S2 is substituted
by the meridional plane, a plane containing i, and ,; and finally S3 is substituted by a surface locally
perpendicular to the two previous, and called secondary plane.

2Note that this is almost a cylinder in axial machines and a bell in radial ones, Figure 2.2 b.
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b) Different meridional gas paths in axial, mixed-
flow and radial compressors (Dixon, 2013 [1]). The
concept is analogous in turbines.

2

a) Schematic of S1 and S2 surfaces in an axial blade
row (Chung-Hua Wu, 1952 [29]).

Figure 2.2: Description of the flowpath in turbomachines.

2.2.2. Secondary flows

Turbomachines generate complex flow-fields, notably unsteady and tridimensional. Usually the unsteady
effects are disregarded by means of a temporal averaging procedure and studying the flow in a relative
frame. However, the enclosed nature of the flow and the high deflections it is subjected to makes it
unavoidable to work with 3D flows. More accurately, turbomachine flows are a subset of the field of internal
flows. In this kind of flows, the fluid is surrounded by walls and their influence is very relevant. One of the
most typical flow phenomena is known as secondary flows.

Secondary flows are defined as “cross-flow plane (secondary) circulations which occur in flows that
were parallel at some upstream station”[28]. Relating this to the coordinate system introduced before, these
secondary flows would introduce velocities with a projection on the S3 surface. The term secondary does not
imply that these effects are small®, but it only makes reference to the fact that these flow structures are not
aligned with what is supposed to be the main flow. Secondary flows are always related to non-uniformities
(mostly, but not exclusively, due to boundary layers), and they are explained through 2 complementary
views.

The first of them is related to vorticity. This is a quantity defined as & = V x ¢ and it is related to the
rotation of a fluid particle (great discussions can be found in references such as [28]). If the Navier-Stokes
(NS) equations are re-written in terms of this quantity, it is possible to prove that vortex-lines* cannot begin
or end in the flowfield and they are convected by the main flow. This explains, for instance, the existance
of horse-shoe vortexes (HSV), Figure 2.3: The vortex lines from the incoming boundary layer get stuck in
the leading edge of the blade and they role up into coherent vortexes.

The second line of though is related to force balances. This argumentation is purely based on Newton’s
second law. Let some flow turn in a blade cascade. This turning implies a change in linear momentum
direction, and thus a force perpendicular to the streamline. This is provided by a pressure gradient such
that the main flow is in equilibrium trough the turn. Now, let a lower-momentum particle, like one in a
boundary layer, enter that same passage. It is going to be subjected to the same pressure gradient. As
this particle has less inertia, the same force will deflect it more, and thus the flow in the endwalls tends to

3As “second order effect” might suggest.
4A concept analogous to streamlines, it is a line tangential to the vorticity vector field.
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Figure 2.3: Axial turbine typical flow structures (Coull, 2016 [30]).

be convected to the suction sides of the blades [31]. The opposite will happen with a particle with greater
momentum than the average, for instance scraping flow: the higher inertia of this structure will imply that
the pressure gradient is not strong enough to turn it°.

2.2.3. RIT tip gap flows

Between the rotating blades (rotor) and the casing, there must be some clearance to avoid rubbing the
blades against the stationary parts. This clearance is known as the tip gap, and it generates complex flow
patterns related to mixing losses and a strong coherent vortex known as the tip gap vortex[6].

This gap over the blade effectively connects the pressure and the suction side generating a jet. This jet
has a high tangential velocity component that mixes out with the rest of the fluid without generating power.
There are several models to predict the performance loss due to this mixing process. However, this jet
also creates a shear layer that roles up into a vortex. There is not a lot of literature about this phenomena
and it is not trivial to predict the strength of such a vortex. Furthermore, the radial machine has a thinner
and longer-chord blade, what makes the flow structure quite different from the axial counterpart [32][33].

In addition, the relative movement of the blades and the casing generates a scraping flow. This is
a tangential boundary layer in the relative reference system, which rolls into a scraping vortex partially
sealing the leakage. In some situations, the scraping can be so strong that flow is dragged from suction
side to pressure side, totally cancelling the classical tip gap leakage[33].

These two vortexes, the tip gap vortex and the scraping vortex, interact strongly between them and with
the meridional curvature of the channel in a radial machine. This behaviour is crucial to the understanding
of turbine diffuser interaction.

The prominent publications in this fields are those by Dambach & Hodson (University of Cambridge)
in 1998 and 2001 ([32][33]). They perform an experimental study in a large radial machine with different
tip gap configurations and make detailed measurements inside the gap, Figure 2.4. They are the first

5Note that this view also explains the HSV: the static pressure is uniform in a boundary layer, but there is a gradient of stagnation
pressure (lower at the wall). When the boundary layer hits the leading edge of the blade, it slows down and recovers the stagnation
pressure, generating a static pressure gradient. Then, the flow is convected towards the lower static pressure at endwall in the LE
vicinity. This movement rolls up a vortex: the HSV.
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researchers to report flow from the suction side migrating to the pressure side due to scraping. Based on
their results, they define 3 regions in the radial rotor:

1. Inducer: In this region the casing relative velocity is high, and the loading of the blade is low. The
pressure difference is not high enough as to overcome scraping and flow can go from suction to
pressure side dragged by the casing.

2. Mid section: In this region the loading of the blade is maximum and the scraping is becoming weaker.
It is in this section were the highest tip leakage mass flow rate is found. There is an strong interaction
of both scraping and pressure-driven leakage.

3. Exducer: In the last portion of the rotor both loading and scraping reduce, and the tip gap flow is
dominated only by pressure forces.

In| r i
Inducer J' et clearance (axial)

P

]

x

1.2m

LW v

Figure 2.4: Radial turbine different regions regarding tip gap flow characteristics. From Dambach et al.,
2001[33].

They report that the turbine performance is more sensitive to changes in radial (trailing edge) gap
because the scraping flow is sealing the axial gap at the leading edge of the blade. They also detect the
necessity of including scraping effects in any modeling attempt for tip gap leakage in radial machines.

Two parameters are provided to characterize the flow over the tip. The first of them is the ratio of the
pressure effects and the scraping effects:

R= 71AP BN (2.9)
5pU* cos?

Where p is the local density, U is the local casing relative velocity (U = Q-r), and - is the local blade angle

with respect to the radial direction (Figure 2.5 a, U,, = U cos y). When this ratio is greater than one, the

pressure driven flow will dominate. When this parameter is less than one, scraping effects and pressure

driven effects will compete.

The second parameter is:

A= (2.10)

€
t
where ¢ is the gap size and ¢ is the blade thickness at the tip. This is the aspect ratio of the gap. In their
paper[33], Dambach & Hodson discuss the existence of a A..;; such that A < A.,.;; presents a different flow
regime than A > A..;: (Figure 2.5 b). In slender tip gap passages the leakage flow mixes out in the interior
of the gap cavity. However, for relatively higher (or shorter) gaps, there is a region of flow that emanates
from the gap as an isentropic jet. This jet is more energetic and it is likely to affect the casting of the tip
gap vortex. The value of \.,.;; is unknown and potentially is is a function of Re. Nonetheless they report
A~ £ or ¢ in their case.
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Figure 2.5: Figures supporting the tip gap parameters. Recovered from Dambach et al 2001 [33].

The authors treat the problem as local, and they disregard the effect of scraping and tip gap vortexes
casted further upstream of the location. The present study adress this effect in Section 4.3. One major
piece missing in the tip gap flow study is understanding and modelling the vortex casting process. This
reference is a major milestone, but there is more work to do.

One important general result is that the existence of the tip gap does not modify the static pressure
distribution in the tip region, so this data can be used as an input to an explicit tip gap leakage model.

2.2.4. RIT flow structures

The study of flow structures has been gaining interest due to the introduction of 3D computational methods
in the study of turbomachines. In order to better understand the 3D vortical structures and secondary flows,
researchers have recognised, named, and characterized some recurrent structures. This field is greatly
developed in axial machines (Figure 2.3) and it is the theoretical basis for several 3D design methods.
However, this knowledge has not been transferred to the radial counterparts.

The first reference, to the knowledge of the author, about secondary flows in RITs is that of Zangeneh
et al. (1988, [31]). They run coarse® CFD computations in a radial turbine and study the secondary
flows as boundary layer cross-flow due to loading and inertia forces. This is argued applying vorticity, &,
transport equations. They explain the high loss "wake” usually found in the suction side shroud corner” as
a combination of accumulation of this low momentum cross-flow and tip gap leakage flow. A conclusion of
the paper is the importance of modelling the tip gap flows to predict losses in radial machines. They do not
report about vortical structures.

6Coarse by today’s standards: 16 thousand nodes, y+ ~ O(30).
7 A description of this high entropy region is provided in the results of this text, Figure 4.27
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Figure 2.6: Radial turbine flow structures (Marsan & Mareau, 2015 [34]). Isocontours of the Q-criterion
are shown as a method to locate the vortex cores.

Apart from this, one of the few studies in RIT flow structures is that by Marsan & Mareau (2015, [34]).
These researchers analyse the different flow structures comparing steady and unsteady simulations.
They report that the differences between steady state (RANS) and time average quantities of unsteady
simulations (URANS) are confined to a small region at the inlet of the rotor. Figure 2.6 shows their result
for the steady case. In this image, the label ¢ identifies the tip leakage vortex and the label d are vortical
structures similar to HSV, but also related to boundary layer separation. These vortical structures are
generated at the leading edge and they migrate to the pressure surface. The dependency with design
parameters or operation conditions is not analysed in this work.

The present text will deepen in these vortex dynamics and it will relate the structures to diffuser
performance (Section 4.3)

2.3. Thermodynamics Applied to Turbomachinery

Along this section the basic thermodynamics principles will be laid down in such a way that the effect of
the diffuser is clearly apparent.

2.3.1. Basic thermodynamic relationships

Energy equation

Aturbine is a device that extracts power from a stream of fluid. A simple analysis can be done with the first
law of thermodynamics for an open control volume :

0 = mzn(hzn + lv?n) - mout'(hout + 1v?mt) + an + Win (211)
dt 2 2

Where Ej, is the total energy of the system, 7;,, is the incoming mass flow into the control volume, h;,, is
the specific enthalpy of the flow entering the volume, %v?n is the incoming kinetic energy to the volume,
Q;» and W, are the heat and work absorbed by the system per unit time, and all the quantities labeled
“out” are leaving the volume. It is customary [1] to assume that the turbine is adiabatic () = 0) and that
it is operating is steady state (EQ = 0, mhin = eyt )- IN this situation it is useful to use the specific work,
w = W/m, and to write the energy that the turbine is extracting from the flow as:

1 1
Wout = (hzn + évfn> - (hout + §U3ut> = _Ah't (212)
Where the quantity specific total enthalpy, h;, has been introduced as the combination of enthalpy and
kinetic energy. Note that in a turbine the total enthalpy of the flow decreases, and thus the specific work of
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the turbine is defined as positive. This is an arbitrary choice.

Total quantities

Total quantities are the magnitudes (pressure, temperature, and density) that the system would achieve if
it is decelerated by and isentropic process without any energy exchange. For an ideal gas, enthalpy is a
function only of temperature (h = C,,"T', with C,, the specific heat capacity of the material). Applying this to
the previous requirements of total state makes the definition of total temperature, T3, trivial:

ht:cth:cpT+1v2:h—>Tt:T+ L (2.13)
2 2C,
The restriction of isentropic implies (in an ideal gas):
P\ 5 T
Asy_yo =0 — (Pj> = ﬁ (2.14)

Where v is the specific heat ratio, v = C,/C,. Then, all the total properties of an ideal gas are defined as:

71 =
e (B L Ly
(&) ()7 et

With M as the Mach number, M = v/a, where a = /vR,T is the velocity of sound and R, is the gas
constant in [J/(K-kg)]. Equation 2.15 is known as the isentropic relationships. Note that in an ideal gas
the ratio of total and static magnitudes only depends on the local Mach number.

Rothalpy
The most basic tool to design a turbomachine, or to discuss the origin of its mechanical power, is the Euler
equation [1]. This equation links thermodynamics with angular momentum exchange:

Aht =w=0" (RQUQt — R]Ult) (216)

where w = % is the specific power exchanged with a streamtube, sub-indices 1 and 2 are, respectively,
inlet and outlet of the stage, () is the rotational speed, R is the radius, and v, is the tangential velocity in
the absolute frame. This expression clearly shows that the power output of a turbine is related both to flow
deflection and a change in radius. This second component is very relevant in radial machines, as it will
allow greater power extractions without high aerodynamic loading.

Introducing U; = Q' R; and wj; + U; = v;;8, where w is the velocity in the relative frame, it is possible
to rewrite Equation 2.16 as:

w: U2 02 w? U2 v
h 22,2 T2 It T B
R N B s L S
U2 U2
12 = h2t, rel + 72 = hltq, rel + 71 = Il (217)

Where ©,, ; is the specific total enthalpy in the rotating frame. Under the assumptions deriving Euler’s
equation®, I = h + “’72 + %2 is a conserved quantity called rothalpy [29].

Entropy production and / — s diagram
Entropy is a thermodynamic property defined as:

_ 8@7“@1)

ds T

(2.18)

8This follows from basic geometry relationships, refer to a turbomachinery specific book such as [1].

9Notably, Equation 2.16 is disregarding any viscid effects. The viscid forces from the casing can do work in the relative frame, and
thus they can change rothalpy (Lyman, 1993[35]).
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where Q... is the heat exchanged during a reversible process. For an ideal gas, this equation can be

integrated into:
T P

Entropy is tightly linked to concepts such as reversibility and efficiency. Turbine efficiency is defined as
the ratio of the actual energy extraction of the machine and the theoretical energy extraction with the same
pressure drop and As = 0. It is possible to show that the isentropic expansion extracts the most energy
possible. It is usual to plot thermodynamic processes in h — s diagrams (Figure 2.7). These plots show the
entropy in the horizontal axis and the energy (in an ideal gas, temperature) in the vertical axis. It is also
customary to add constant pressure lines, that regarding Equation 2.19 are diverging exponentials:

T(s)|p, = Trey exp{ ! } (2.20)

P

Where P, is the constant pressure, T,.; is a given reference temperature and s, is the entropy of the
reference state, s,.; = s(T;.f, Po). The black lines are isobaric lines labeled in bar. This graph clearly
shows that, for a given pressure ratio, the power extraction (proportional by the difference in temperatures)
is reduced when entropy is generated in the process.
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Figure 2.7: Example of an T' — s diagram for an ideal fluid with C;, = 1004.5 J/(K-kg) (Representative of
air). Isobaric lines labeled in bar. The blue evolution is an isentropic expansion while the orange one is an
evolution of polytropic efficiency e, = 0.85.

2.3.2. Turbine efficiency metrics

The most common efficiency metric on a turbine is the total to total efficiency, ;. This is the ratio between
the work extracted by the turbine and the work that would have been extracted with the same total pressure
drop in an isentropic process:

Toy
rea Ty — T - T,
’r]tt = w ! = 1t 2t = Tltw71 (2.21)

Wis Tip — Tt s Py \ 7
1_ Pf
1t
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This formula is evaluating the efficiency of a macroscopic process. It is also useful to define the
performance of an infinitely small (differential) expansion. This will result in a polytropic efficiency, e,:

o — aw’r‘eal _ % N & _ & eva_l (2 22)
P ow, AR T\ P ‘

Substituting Equation 2.22 into Equation 2.21 it is possible to obtain the relation between them as a function
of pressure ratio:

-1

1- (%)7 (2.23)

Mt = y—1
Py ) 7
1-(5)

These efficiency metrics are making one implicit assumption: the kinetic energy at the outlet of the
turbine is used. However, if this exhaust energy is wasted, it is not equivalent to compare machines in
terms of n,,. This difference is also relevant when the boundary condition downstream of the machine is a
static pressure, like a subsonic jet open to the atmosphere. In these cases the most meaningful parameter

is the total to static pressure ratio, ;5. For these reasons, another metric of efficiency is introduced: the
total to static efficiency, n;.:

T
ez et Tu=Tu  Tu=Ty 1o (2.24)
ts — - ~ - — .
Wis ¥ €k Ty — Tors + 12%; Tt — T 1 (572) =
1t

Where e, is the specific kinetic energy at the outlet, e, = Fu2 ;. Note that this is the ratio between the real
work and the work extracted in an isentropic expansion when the outlet velocity is zero. This expression

depends on the total to static pressure ratio, and for a given machine it is always true that n;, < 1.

2.3.3. Impact of the diffuser on the thermodynamic processes

Diffusers are employed when the physical boundary condition of the turbine is given as a fixed static
pressure at the outlet!!. Through the diffuser the static pressure increases, and thus this device allows the
extraction of more energy by lowering the pressure at the outlet of the turbine. This is clearly illustrated in
Figure 2.8.

In this example, the turbine without a diffuser reaches the static pressure of 1 bar at the outlet, and
thus its total pressure at the outlet is 1.19 bar. The kinetic energy at the outlet of the turbine (M = 0.5) is
18.8 J/(kg-s~'), and the efficiencies are n;; = 0.907 and 7,s = 0.700. When a diffuser is added (Assuming
Cp, = 0.5 and k;,ss = 0.15), the static pressure at the outlet of the turbine drops to P = 0.915, achieving a
lower total pressure at the outlet of P, = 1.09 bar. Now, the kinetic energy at the outlet of the turbine is
18.4 J/(kg-s~1), and at the outlet of the diffuser it is 6.3 .J/(kg-s—!). The efficiencies of the assembly with
the diffuser are 7;; = 0.877 and 7;; = 0.835.

The results of this very simple exercise are summarised in Table 2.1. They show that for a fixed static
pressure at the outlet, the usage of a diffuser can yield an increase of 17% on power output for the same
inflow conditions. Note that this is achieved due to a higher 7,, even when 7, is reduced by the diffuser. It
has been assumed that e, = 0.9 in both cases. The higher expansion ratio will increase 7, of the turbine
(Equation 2.23).This implies that the loss in total to total efficiency is due to the entropy generation in the
diffuser.

0| the expression:

) dT
d'wreal = CpT T

dT |As= dP —1dP

Ow;s = CPT ‘AS_O = RgTi = C'p’fi’y —

T P vy P

"Note that another boundary condition might be a choked section downstream of the device.
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Figure 2.8: T — s diagram for a turbine expansion between an upstream total pressure Py; = 2 bar and a

fixed outlet static pressure P, = 1 bar. e, = 0.9, pressure labels in bar, M,,; = 0.5. Black isobars are total

pressure, whereas red isobars are static pressure. Orange lines represent kinetic energy. The purple line

is the expansion in the turbine, and the green lines are the evolution through the diffuser. The diffuser is
modeled as C), = 0.5 and kjoss = 0.15

2.4. 0D Turbine-Diffuser Interaction Model

This study'? intends to show the influence on @ = 61; of the diffuser. The assumptions along this section
plat
are:

* Ideal gas,

flow properties in a given section can be characterized by a single (averaged) value,
+ constant polytropic efficiency e,, regardless the expansion ratio, and

the total to static expansion ratio, Btssys, of the system is a fixed boundary condition.

» Chocked stator

The nomenclature followed is such that station 4 is the inlet to the stator, station 41 is the throat of the stator,

station 5 is the outlet of the rotor, and station 6 is the outlet of the diffuser. This implies ﬁtssys = %ﬁ = const..
Combining Equation 2.12 and Equation 2.22 it is obtained:
w y—1
W=—=——=1— (L) 7 (2.25)
CpTu
In this expression 6‘1\9 is the heat capacity at constant pressure, and 8} = % is the total to total expansion
ratio of the turbine. Btstys = % is the total to total expansion ratio of the assembly including the diffuser. It
is easy to see that 3V > iV > BT,
The expansion ratio of the assembly can be written as:
. P Py Ps, P
Sys - 24 A IS8 ot (2.26)

7 Py Py Ps5 DPp

12This proposal is new to the knowledge of the author. Strongly based on the work by Farokhi[2], this version expands on the three
parameters defining the diffuser (Cp, k1,55 and &) to provide a solid framework about the trade-off happening in the diffuser.
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Table 2.1: Numerical results of the example proposed in Figure 2.8 (e, = 0.9, C}, = 0.5, kjoss = 0.15).

Without Diffuser With Diffuser Comparison

Myyrbine 0.5 0.5 -

Brs 2 2 -

Bt turbive 1.68 1.83 A = +0.15 (+9%)
Btt,system 1.68 1.89 A = +0.21 (+12.5%)
w [kJ/ (kg s™1)] 56.2 65.8 A =496 (+17%)
ekoutlet |1/ (kg s™1)] 18.8 6.3 A= —12.5 (—66%)
Mis 0.700 0.877 A =+40.177

Nt 0.907 0.835 A =-0.072

Recognizing in this expression 11% = BE, 5;55‘ = g(Ms) (Equation 2.15), and applying the definition of C,,
(Equation 1.1), 8% can be obtained as:

Sys BE 1 1
Bl = 9(3\}5) [1+Cp(9(Ms) —1)] — st;s = J00) +Cp (1 - g(MO)> (2.27)

This shows that for a given M5, ﬂtTt will increase linearly with C},, and it is independent of the other diffuser
parameters. A plot of this behaviour is shown in Figure 2.9 a. Note that ¢g(1/5) is a monotonic function, so
the higher the turbine outlet mach number is, the more sensitive the machine is to a diffuser. However,
for a given C, and ﬁfsys, AL will be smaller for higher M;. The sensitivity of the turbine to C,, is weighted
by Ms; because this is a measure of outlet kinetic energy'3. On the other hand, higher M5 implies more

dynamic pressure at the outlet of the rotor, what explains why 37 is reduced for a given C,,.
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a) Relation between g}, and 55;’3 (Equation 2.27)  b) Relation between 3%, and Mj in the present model
(Equation 2.29).

Figure 2.9: Graphic representation of the basic relationships shaping the interaction model. Reference
values based on typical RIT: 45/ 4,, =~ 7.2, ¢, = 0.9.

Note that changes in C, for a given turbine and boundary conditions will also change M5.This can
be evaluated imposing conservation of mass and assuming that r» does not change with C,. Using the
non-dimensional mass-flow:

+1
R RT- -1 _h
g = i VI _ sy = g, (1422 2 (2.28)
P54 As 2
o2 20, 102 e
"Note that M2 = —r = e 20 = 2y
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Relating it to upstream conditions, and using Equation 2.22:

\/R Tt S As Pse  [Tu

M el 2.29
" PiiAn = 1(Ma) = " Aui P\ Ty, A41(ﬂtt) f(Ms) (2.29)

My =

Assuming that the stator is chocked'* (My; = 1), this expression will always equate a constant, Ny =

1
Vol (%“)72&7:) Then, this is an implicit expression for the dependence of M5 and 8., and it is shown in
Figure 2.9 b. This relation shows how a diffuser changes turbine outlet mach number: if 3% increases, M;
also increases. Note that this expression of mass-flow is only valid for uniform flows without swirl. Even if
a turbine is designed like this, changes in My will modify swirl angle, so this should be taken only as a
trend and not as a proper computed value.

It is possible to evaluate the expected delta in performance due to the addition of a diffuser. Defining
the helper function h(C,,, M5):

| 1\ 5
h(Cp,Ms)= | ——+C, (11— —— 2.30
)= sy + & (1 5y ) (2:30)
the non-dimensional specific work,  is:

@ =1 h(Cp, Ms)(B2Y*) "5 (2.31)

And the effect of the diffuser can be evaluated as:

Aw h(Cp, Ms)

=1-—2 2.32
1 — g hCp =0, Ms ) ( )

where M5  is the turbine outlet mach number without diffuser (Ps = Ps). Note that A5 is a function of M5 o
and Cj.

Figure 2.10 shows the results of this model. The colored contours in the plot are the expected
ﬁ}“’ 1wa The horizontal axis represents
diffuser pressure recovery, and the vertical axis is the outlet Mach number for the turbine operating without
diffuser, M5 . The black lines are contours of M5 number after the addition of the diffuser. Note that C,,

always increases Mj, and it could even choke the rotor’®. The message of this plot is that higher C, wiII
always increase power output, and this enhancement is more noticeable if the turbine outlet has high mach
number. This is because, if the Mach number is Iow the diffuser does not have kinetic energy to recover.
Finally, note that the percentage gain of power, 2% is the value read from the contours scaled by — — 1.
For high power machines (i ~ 1), the effect of the diffuser is very small. The opposite is true for small

machines: a modest w, ~ 0.23 (35 ~ 2.5) can easily increase its power output by 10%.

The results are:
» The addition (or modification) of a diffuser changes turbine working conditions, specifically outlet
Mach number and swirl angle.

* For a given turbine and mass flow, higher C,, will increase rotor outlet Mach number approaching
sonic conditions.

» The effect of a diffuser is less noticeable for high pressure ratio machines. However, it can provide a
considerable fraction of the total power in a low pressure ratio device.

 The diffuser requires high kinetic energy at the inlet (Mach number) to make a substantial addition to
the performance of the machine.

+ For a given machine operating with a diffuser, an increase in M5 will reduce Btt/ﬂsys.
ts

+ The performance enhancement is only related to C,,. The rest of diffuser performance metrics only
modify how challenging it is to achieve the desired C,,.

+ It is necessary to consider the characteristics of the diffuser when designing the turbine'®. It is a
coupled problem.

14This assumption is questionable for very low pressure ratio turbines, but it is confirmed in most cases with practical application.
5The consistency of the model for such high mach numbers is questionable.
16 And this text will show that it is necessary to consider the turbine when analyzing the diffuser.
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Figure 2.10: Map of diffuser effect on work extraction when compared to an isolated turbine. The vertical

axis is the outlet Mach number before the addition of the diffuser, the colored contours are proportional to

the improvement after the addition of the diffuser and the black lines are contours of mach number after
the addition of the diffuser. The red bold line is the locus of maximum enhancement for a given C,,.

2.4.1. Research Question 1
Research Question 1 |

What is the potential impact of a diffuser in turbine work extraction, and under which conditions
is this device more relevant?

Figure 2.10 shows that the percentage gain in energy extraction can be as high as 10% under the
proper conditions. Furthermore, this enhancement is greater for small pressure ratios and high outlet Mach
numbers. The work enhancement by the diffuser is independent of the total stage pressure drop, and thus
it is relatively bigger for low pressure ratio machines. Furthermore, the diffuser will be more noticeable if
rotor outlet Mach number, M5, is high. Lastly, it has been proven that the only diffuser parameter affecting

turbine work extraction (for a given ﬁf;ys) is the pressure recovery coefficient, C,.



Methodology

3.1. Organization of the Project

The objective of the project is to characterize the interaction of a radial turbine and a diffuser, and possibly
condense this into a low order interaction model'. However, between the starting point and this objective
there were several unknowns that should be adressed.

The first step was to carry out a literature review on diffuser computational techniques, summarised
here in Section 3.2. Then, several possibilities involving low order design tools where explored, but they
did not provide the results expected. It was at this point when it was decided to limit the scope of the
project to on-design conditions and only analysing the effect of tip gap size for a given geometry with CFD.
The selection of tip gap distribution as the primary parameter is based on literature research, and studying
one geometry at on-design conditions is a limitation derived from time constraints.

The research will be done by means of CFD methods. The selected solver is Ansys CFX due to
its maturity, user expertise, and robust turbomachinery meshing tool (Turbogrid). When using these
computational tools it is necessary to study the effect of the modelling effort on the results. For this reason,
the first stage is intended to compare different modelling approaches and provide a fixed reference for the
rest of the project. Stage 2 is the main body of the investigation where most of the results are generated.
Lastly, stage 3 applies the conclusions of S2 to different test cases to asses the generality of the results.
This is shown schematically in Figure 3.1.

3.1.1. Stage 1: Effect of the interface rotor-diffuser
Project stage 1 (S1) objective is to determine the influence of modeling on the results. Several modelling
approaches where compared:

"As a mater of fact, the implementation of this low order model was started as a streamline curvature Matlab solver. However,
when it was realized the deep lack of knowledge about the outlet flow structure and their relation to turbine design parameters the low
order model was abandoned (it was missing too many inputs and it was not going to add anything to a regular UIM, Section 3.2).

Literature
research

$2.1: Select parameter

bounds
Simulation Theoretical
setup $2.2: Parametric study & framework
Diffuser integral performance
$2.3: RIT flow structures

Figure 3.1: Schematic of the structure of the thesis work in terms of project stages (S)
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Isolated diffuser with uniform boundary conditions.

Isolated diffuser with boundary conditions extracted from a rotor simulation.

» Coupled simulation Rotor+Diffuser with mixing plane interface.

» Coupled simulation Rotor+Diffuser with frozen rotor interface.

+ Coupled simulation Stator+Rotor+Diffuser with mixing plane at the Stator-Rotor interface.

In this stage the averaging algorithms (Section 3.4) are implemented and tested, and the basic post-
processing workflow is established.

3.1.2. Stage 2: Tip Gap parametric Study
Project stage 2 (S2) objective is to determine the influence of tip gap size distribution on the performance
of the diffuser. This is done through 3 sub-tasks:

1. Detect the ranges of interest and draw basic conclusions to drive a comprehensive study.

2. Set up a test matrix based on previous conclusions. Run simulations? and post-process results:
Analyse diffuser integral parameters.

3. Analyse turbine flow structures and seek relations to the obtained diffuser performance trends.

All of these activities will be done applying the results of S1.

3.1.3. Stage 3: Generalization

Stage 3 (S3) objective is to determine the generality of the previous results. To achieve this, a in-house
design for a high pressure ratio, dense organic fluid turbine is analysed (Section 4.5.1). The operating
regime (both fluid and Mach number) and design considerations of this machine are very different to the
baseline study case, and thus it is a good test for the conclusions obtained from S2.

3.2. Diffuser Calculation Techniques

Low order methods

The challenge in obtaining low order models of diffusers is always related to the boundary layer behaviour
in an adverse pressure gradient. Optimal diffusers are operating with stalled regions, but, even if the flow
is attached, boundary layer growth must be accurately predicted due to the great impact it has on the
effective flow area, A.;;.

There is an extensive selection of literature about this topic, and a comprehensive summary can be
found in the review by Johnston (1998, [37]). Most methods can be grouped under the name of Unified
Integral Methods (UIM) and they were greatly developed by the Stanford research group during the last
century. An uniform inviscis core is assumed and an integral model of the boundary layer is solved
simultaneously. The most refined methods can compute beyond the stall point, and they are more accurate
than modern high order simulations when they are properly calibrated. However, these methods are
restricted to a specific kind of flowfield, and they rely on a lot of data. The great advantage of these
methods is that they are quick, what allows extensive parametric studies.

One of the latest additions to this family of tools is is by Mimic (2020)[6]. They implement a code
very similar to those described by Johnston[37] and include the effect of tip vortexes coming from an
upstream turbine. They adapt the diffuser computation method from Bardina [38], including the effect of a
Lamb-Oseen Vortex. This is done by computing the strain-rate distribution of the vortex and assuming
that the vortex is located with its maximum shear stress point at the edge of the boundary layer. This
viscous force is incorporated into the integral momentum equation. In addition, some correlations are
used to include the transfer of mass-flow between the vortex and the boundary layer. The model is highly
calibrated (vortex decay, entreinment rate, effect of vortex friction...) to match the experimental results.
Note that they did not measure the vortex decay in the experimental rig. The vortex strength is adjusted
following the X correlations they found in previous publications [20][21][9](Section 1.2). Once the model is
calibrated, they make a sensibility study with this low order model and determine that the main stabilising
effect is the mass entraeinment.

2The newest TUDelft High Performance Computer (DHPC), DelftBlue [36], was an indispensable tool to carry out this task.
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However, this model is not in agreement with some experimental results introduced previously (Sec-
tion 1.1.3, on the effect of plasma-induced vortexes[26]). One of the main hypothesis deriving the model is
that the only component of the vortex affecting the boundary layer development is the circumferential one.
This is analogous to classical wall-jet experiments, and they propose that the viscous forces between vortex
and boundary layer "drag” the later. However, it is not clear that boundary layer stabilization phenomena
can be explained by completely neglecting the axial component of vorticity.

Due to the lack of data it was not possible to develop such a method in this work.

Computational Fluid Dynamics

Diffuser flows are challenging and thus they are usually used for bench-marking turbulence models. The
first Computational Fluid Dynamics (CFD) specific publication found is by Vassiliev et al. (2002, [39]). They
test several turbulence models (all of them variations of k& — ¢) with Fluent’s 2D steady state solver. They
present correct grid convergence studies and the boundary layers are solved without wall functions. They
use experimental boundary layer profiles as inlet boundary conditions and both velocity and turbulence
quantities vary along the radius. They point out that the detailed flowfield structure is very sensitive to
the turbulence model employed, and the accurate value of C, is not predicted by any model. However
they find that the AC),, caused by small geometrical or operation conditions perturbations is accurately
predicted. This same group will perform another study in annular diffusers with struts[17] and they will
conclude that even tough the flowfield is not accurately predicted, integral performance coefficients can be
consistently estimated by CFD using k£ — ¢ models.

Later, Kozulovic and Réber (2006, [40]) establish k — w as a superior turbulence model for internal flows
and also develop a variation to take into account the changes in turbulence due to streamline curvature.
The matching with experimental data that they achieve is remarkable.

The work presented in Kluf et al. (2009)[41] is very pertinent for the topic of this project. They intend
to replicate the effects of the wakes and secondary flows of the turbine over the diffuser. To do this, they
simulate the experimental set up introduced in Figure 1.4 and Section 1.2 (with the cylindrical spokes) with
Ansys CFX-10.0. They compare different modelling approaches and grids. Several turbulence models
are compared: k — ¢, k — w SST (Shear Stress Transport) and SAS-SST (Scale Adaptive Simulation).
They detect that k& — ¢ is the least accurate model for internal flows. On the other hand, SST is the most
precise model. When the flow detaches in the diffuser, even Unsteady Reynolds Average Navier-Stokes
(URANS) simulations fail to capture the time dependencies of the large eddies. Given that Large Eddy
Simulations (LES) are too expensive, they employ a SAS approach®. They conclude that when the spoke
wheel (Figure 1.4) is not included SST is the best approach and the extra cost of SAS is not justified.
However, when the spoke wheel is introduced S ST — SAS is the only model able to predict the trends and
an unsteady model is required*. The implications of these results are that, for non-stalling blades with thin
wakes, it is not necessary to use scale resolving methods. Lastly, they point out that mixing plane models
are unable to predict the phenomenology, and at least frozen rotor approaches are needed.

In the following years some authors continue using k£ — ¢ models with relative success (Vassiliev, 2010
[18]). However the majority of the authors (for instance, [42][27][43][44]) use k — w — SST Reynolds
Average Navier-Stokes (RANS) models. Mimic [6] is the only researcher using SST-SAS, and he is related
to the same group of Klul3. However, every researcher points out that the accurate prediction of the
separation point is challenging and they only do steady state simulations.

The general conclusion is that no RANS model will be able to accurately predict the separation point and
conditions for a diffuser. However, the sensibility of integral performance metrics to geometry perturbations
is captured. Regarding the best turbulence model to use, any well calibrated model for that specific flow
will perform similarly, but £ —w — SST RANS is generally accepted as the best off-the-shelf choice. This
turbulence model is the one employed in this research.

3SAS is a combination of LES and URANS models, reducing the computational cost

“Note that the cylinders have thick wakes with more vorticity and large scale vortexes than a real, non-stalled blade. The
advantages of the unsteady simulations are not clear in a more realistic case. They point out that the phenomena they are seeing is
the mixing of the wakes. The simulated case does not have tip vortexes, and [4] show that the vortex could be more influential.
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3.3. CFD set-up

The CFD solver selected for the project is Ansys CFX. This solver is a product of the simulation software
company Ansys. It is marketed as a turbomachinery specific solver, and it integrates seamlessly with the
meshing tool Turbogrid, the preprocessing tool Ansys-pre and the postprocessing tool Ansys-post.

All simulations carried out are RANS (Reynolds Averaged Navier-Stokes). This is a simplification of the
Navier-Stokes equations that makes a time average and solves a steady problem in a relatively coarse
mesh modelling turbulence. The result of these kind of simulations are very sensitive to the turbulence
model applied. In the case of internal flows the typical choice is the Shear Stress Transport model (SST).
This model, created in the nineties by Menter [45], is a combination of two previous two-equations models:
k — ¢ is used in the free-stream far away from the walls and k£ — w is activated near the boundary layers.
The name "two equation model” makes reference to the fact that the turbulence is modelled by means of
two additional transport equations that are solved simultaneously with the Navier-Stokes equations.

The grid close to the walls was fine enough?® as to solve all velocity gradients without using wall models.
See Figure 3.2, y* < 5 in all the computational domain and 4 < 2 in every region of interest. y* takes
maximum values at the inlet of the rotor where the shear stress due to scraping is maximum. Table 3.1
gives numerical results for y* for a typical simulation. The fluid is modelled as an ideal gas with constant
viscosity.

Yolus Ansys
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Figure 3.2: Value of y* in all solid walls. Typical result for the parametric study on the T-100 turbine.

Table 3.1: Values of y™ in a typical run of the T-100 turbine (This is uniform tip gap equal to 4% leading
edge span).

min Avr max

Hub 0.019 083 2.25
Stator Shroud 0.019 0.84 2.25
Blade 0.019 122 2.59

Hub 0.01 0.959 2.17
Rotor Shroud 0.45 244 7.07
Blade 0.01 1.01 597

Wall 0.06 1.32 3.22
Spinner  0.75 3 54

Diffuser

The numerical settings were the same in every simulation. Ansys offers three options for the numerical
discretization of advection terms and turbulence transport equations: First Order, High Resolution and blend

5This is assessed with the size of the first computational cell in boundary layer inner units. The turbulent boundary layer height is
measured in terms of y+ = y“TT with v the dynamic viscosity of the fluid and u, = | /771” the boundary layer characteristic velocity.

Tw I8 the shear stress at the wall. Turbulent boundary layer measurements show that bellow y+ ~ 3 the viscous sublayer is found.
Here ut = % = 4T and thus no more computational cells are required to solve the velocity gradient.

ur
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Table 3.2: Summary of Ansys numerical settings used throughout the project.

Option Value

Advection Scheme High Resolution
Turbulence Numerics First Order

Min lterations 1000

Max RMS 5106

Time Scale Control Auto

Length Scale Control Conservative
Boundary Conditions (P, Ty) — (P)
Turbulence BC Medium (Intensity 5%)

factor. Every option is an upwind discretization of the gradients. First Order is the standard discretization,
which introduces a lot of numerical dissipation in discontinuities as shockwaves. On the other hand, High
order implements an (unknown) non linear blending factor between a first order and a second order upwind
scheme. This option resolves better discontinuities but it might be prone to numerical oscillations. The
third option allows the user to set a fixed uniform blend factor. High Resolution scheme was used for the
advection terms and First Order was used in the turbulence transport equations. Ansys hides CFL number
to the user. The options Auto time scale and Conservative length scale were chosen. The code will manage
CFL number based on these settings. Lastly, a maximum root mean square (RMS) value was selected
for all residuals as convergence criterion. This was rms < 5:107%. A minimum number of a thousand
iterations was also provided to ensure the departure from initial conditions®. The boundary conditions
were given as P, and T; at the inlet and P at the outlet. The exact values of these are discussed in
Section 3.5. Turbulence boundary conditions are provided as "medium (Intensity 5%)” All of this information
is summarised in Table 3.2.

Ansys CFX offers different domain interfaces for turbomachinery application. These are:

* Periodic Interface: Two boundaries of a domain are periodic if they simulate infinite repetition of
this domain. This imply that fluxes leaving one boundary will enter the domain through the other
boundary. In turbomachinery this is used to model the whole annulus by only computing one blade
channel.

« Conservative Interface Flux: This interface is used to join to grids that are not aligned. The solver
interpolates one grid onto the other and the simulation proceeds as if these interfaces were a single
grid surface. This is used in the tip gap cavity (Section 3.5) as an Internal Interface.

+ Sliding Interface: This is similar to the previous interface. It is used between stator and rotor
cascades in unsteady simulations. At every time-step, the flow is interpolated from one domain to
the other.

* Frozen Rotor: This is a steady state model for turbomachinery applications. The steady flowfield is
solved for a given angular offset between domains. All flow structures are convected through this
interface. This model will be used in the Rotor-Diffuser interface in this work.

* Mixing Plane: It is the most common interface between turbomachinery rows in steady state. The
mixing plane makes a pitch-wise average of the flow. The structures are not convected between
blade rows, but this model is intended to simulate the time average result of an unsteady case. In
this work this option will be always used for the Stator-Rotor interface.

The different usage in the project, and effects of the interface model in the rotor-diffuser boundary are
discussed in Section 4.1.

6Along the project very similar configurations will be tested and thus previous results will be used as initial conditions. A minimum
number of iterations is required to allow the propagation of the small changes along the computational domain.
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3.4. Averaging methods

Turbomachinery flow-fields, and in general internal flows, are characterised by highly non-uniform flows
[28]. This posts a practical problem to engineers, as they seek a low order representation of the problem,
possibly with a single value characterising it. In the process of averaging the complexity of the flow is
reduced. Some characteristics are conserved through the averaging methods and other information is
lost. This is unavoidable: no uniform flow will contain all the information from the original case [46]. The
challenge is choosing the correct method and knowing which information can be obtained in every situation.
This section is based on Greitzer’s Internal Flow book[28].

3.4.1. Area Average
Averaging magnitudes weighting them by area is a straightforward idea and quite convenient in experimental
set ups. The algorithm is:

—A 1
P = Z/wdA (3.1)

Note that this method will conserve the pressure forces. However, this procedure does not conserve energy
between the non-uniform state and the averaged flow. A major flaw of this scheme is that it gives high
importance to big regions with relatively small flow, and thus it misrepresents their influence on the physical
problem. Note that in general the averaged quantities do not follow fundamental laws between them: area
averaging two different stations can violate the conservation of mass or momentum, and equations of state
are not guaranteed to be matched in the averaged quantities’. Finally, area averaged quantities conserve
volumetric flow, but not mass-flow.

3.4.2. Mass Flow Average
Weighting the average with the mass flow represents the physical process of convection. The method is:

P = % / YpirdA (3.2)

Note that this expression conserves the flow of energy: mC,T; = C,, [ Ttpﬁ-dff. However, the pressure
forces are not captured accurately. This averaging method is widely used because it carries the concept
that it is matter what contains the fluid properties. This characteristic eases the tracking of total quantities.
Regarding the static ones, pressure is usually almost uniform due to force balances, and static temperature
non-uniformities are highly correlated to energy fluxes. This makes these properties easier to represent
with any averaging procedure. Lastly, the averaged velocity conserves momentum flux in uniform density
flows®.

3.4.3. Mixed Out Average

This method differs from the previous ones in the sense that it is not a direct averaging of the flow. This
average computes the flow properties after a prescribed process of mixing, and thus it is representative
of the state that would be obtained after physically removing the non-unniformities. Note that mixed out
averages generate an increase of entropy, so that the obtained averaged entropy is not representative of
the one in the real flow.

It is necessary to define how the mixing will happen. In this text it is assumed that this happens at
constant area. Equilibrium implies that there is no inner viscis forces:

ug(r,0) = Uy (3.3)

ug(r,0) = Br (3.4)

i.e. a solid body rotation. Note that cylindrical coordinates are used in the following. A uniform static
temperature distribution is also required for equilibrium:

T(r,0) =Ty (3.9)

T p—
7oA _ 1, g4_ 1 _P . aJPdA P4
P —AdeA—AngTdA¢Rg%j'T<dA_RQTA

8This is, uniform temperature low subsonic flows, which are quite common in practice.
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Lastly, the static pressure distribution must balance radial forces:

oP ug

E_pr :RgTO

B?(r? —rd)
2 _ 0
Br —» P(r) =P, exp{2 T } (3.6)

where rg is an inner radius that generalises the model to annular sections, and P, is the pressure at this
point. Note that the expression can be simplified in the incompressible case.

The total quantities are obtained from:

Ty(r) = Ty + % (3.7)
n =re) () (38)

Total and static density are computed from an equation of state, and entropy can be computed as s =
so0+Cpln (Tlo) — RyIn (1%)- Note that some of the mixed out properties are non-uniform in this formulation.

This is due to the retention of the angular velocity. If B = 0, all properties become uniform. This is a new
addition to the model by the author and will be backed up in the next paragraph. When a property is
non-uniform, the mass averaged value of the mixed out variable will be taken.

In order to recover information from the flow, it must be required the conservation of some properties.
The previous flow model has 4 parameters. These are: Uy, B, P, and Ty. These are found by imposing four
conservation laws between the mixed out state and the original flow: conservation of mass, conservation
of energy flux (total enthalpy), conservation of linear momentum, and conservation of angular momentum®.
Respectively:

R
m = p(r)Uo2mrdr (3.9)
R

mi:/ T (r)p(r)Uo2mrdr (3.10)

0 R
/(puim + P)dA :/ (p(r)UZ + P(r))2mrdr (3.11)

0 R

/(p'ug'r'uw)dA:/ p(r)-B-Uyr*-2mrdr (3.12)

where the left hand sides are evaluated in the original flow, and the definitions of the mixed out state
are substituted in the right hand side. These 4 equations form a non-linear integro-algebraic system of
equations that is solved numerically. Note that the condition of constant area comes from setting up the
limits of the integrals, o and R, in such a way that it matches the original flow path. It is possible to
integrate them analytically by dropping out the conservation of angular momentum and compressibility[28].

The great advantage of this averaging procedure is that it has strong physical basis. However, it is
costly and the entropy generation in the mixing process can mask information about the original flow.

3.4.4. Comparison between averaging methods

In general, area average is easy to implement and thus it is common in experimental studies where the
data might be sparse; mass flow average keeps the concept of convection and energy conservation and
thus it is usually thought as the "correct procedure” in power applications[46], and Mixed-Out average
is computationally costly and introduces a lot of modifications to the flow, but gives information about a
plausible future state. Mass flow average is the most common metric in literature and represents the flow
adequately in the situations found along this document. However, a lot can be inferred from comparing the
results between the other methods.

9Note: these conservation equations imply that the mixing happens without energy exchange or forces: the walls are inviscid and
it is the fluid viscosity and heat conductivity what makes the flow uniform.
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Area Average VS. Mass Flow Average
The comparison of these averages can give information about the existence of big, low momentum zones
(i.e. recirculation zones). An example of this is shown in Figure 3.3. Area average introduces non-physical

effects and the valley in EA exactly correlates to the length of the recirculation bubble, clearly visible in b)
as a dark blue region. The difference between EA and P, is informative about the size of the separated

region. Note that in general HA < P,. This is because mass average gives more weight to high energy
parts of the flow, thus the portion of the flow at higher P,.

Velocity w [ms-1]
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a) Difference in averaged total pressure along the

diffuser. c) Total pressure contours in S2 plane. Red spots
are high energy regions related to the intersection
of coherent vortexes from the turbine.

Figure 3.3: Example of the different averaging results. The test case is introduced in detail in Chapter 3.
The simulation is a radial turbine with a conical diffuser starting with an abrupt change in cross-section.
RANS & — w — SST turbulence model with frozen rotor interface.

Mass Flow Average VS. Mixed Out average

Mass flow averaged values provides an energetically accurate snapshot of the state of the fluid. This
implies that mass averaged values represent the current entropy and enthalpy convection in the flow. On
the other hand, a mixed out average computes the flow state resulting at the end of the mixing process.

The mixed out average of entropy at any given axial location along a mixing pipe will be very similar'®
because all mixing losses are taken into account always. However, the mass flow average will change
between axial stations due to physical mixing. Then, the comparison of these two averages will reveal the
mixing progress.

Figure 3.4 provides an example of this. Diffuser loss coefficient, k;,ss, is shown. Area average can
locate the recirculation zone. Regarding mixed out average, the value of ks is lower than that obtained
by mass average. This is because K, is a total pressure loss with respect to the inlet conditions. Note
how the difference between mass average and mixed out increases: these are the real mixing losses.
Mixed out average includes the total mixing loss in every location, but mass averaging only considers the
mixing losses that have already incurred. The difference between them is proportional to the mixing losses.
The most meaningful metrics are given by mass averaged quantities, but the comparison of this with other
averages provides insight into the processes happening in the flow.

10 Assuming that the main effect in the real problem is mixing, heat transfer and friction is negligible
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Figure 3.4: Comparison of ks with different averaging methods for the test case introduced in
Figure 3.3.

3.5. Test case turbine

All work in S1 and S2 (Section 3.1) was done with the radial inlet turbine used in the Sundstrand Power
Systems T-100 Multipurpose Small Power Unit. This machine was designed and tested by Jones (1996,
[47]). This is a well studied open literature test case with comprehensive experimental data and which has
been used as a CFD benchmark by other researchers, such as Sauret (2012, [48]).

Design Characteristics

In his paper, Jones [47] reports about the design objectives and methods followed of the T-100 RIT, as well
as the experimental results. However, for this work the geometrical parameters of the turbine are taken
from the paper by Sauret [48]. They reconstruct Jones’ geometry and match every geometrical parameter
with Bezier curves up to 1% error. This digitized data is provided by the authors. The interested reader is
redirected to this reference to analyse the differences between the simulated geometry and the original
Jones’ design.

T-100 auxiliary power unit (APU) design objective is to provide 50 HP (37 kW) wit a turbine inlet
temperature (TIT, or T};) of 1056 K and a mass-flow of 0.328 kg/s. This could be upgraded to 75 HP
by increasing TIT and modifying the stator of the turbine. To provide this performance, the turbine will
have to deliver 120kW (365.9 kJ/kg) with 106588 rpm and a total to static pressure ratio of 5, = 5.73.
All design parameters are summarised in Table 3.3. The size of the different elements of the original
machine'! are reported in Table 3.4 and Figure 3.5 a. At design conditions, the stator is almost chocked
(Mstator,out = 0.986), the rotor is fully subsonic (M, ;, = 0.26, M, .+ = 0.71, see reference [47] to
see blade Mach number distribution), and the outflow from the turbine is almost axial and subsonic
(M,+ = 0.38). Velocity triangles are shown in Figure 3.5 b, note that the blades at the inlet are radial
and the incidence is i = 31.4°. The reader is redirected to the original references ([47][48]) to see the
rationale behind this design decisions and the computation procedure. Detailed thickness distribution plots
an another geometrical parameters are reported there too.

" Diffuser length is incorrect in reference [48]. They report L = 157.5 mm. Unfortunately, this was not noticed at the moment of
setting up the simulations and all the work exposed here is for a diffuser of L = 157 mm and ¢ = 4.61 deg.
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Table 3.3: Design objectives and duty coefficients for Jones’ design. Partially recovered from [48].

Design Parameters Duty coefficients
Q [RPM] 106588 o = Uﬂg 0.9
Ty [K] 1056 P2 = B 0.2
Py [kPa] 580.4 as [deg] +1.3
m [kg/s] 0.328 R3/Romia  0.45
Bt 5.6 V3m/Vam 1.51
Bts 5.73

# Stator Blades 19
# Rotor Blades 16
Us [m/s] 650

Table 3.4: Original sizes of the T-100 turbine. Adapted from [48]. All lengths in [mm)], areas in [mm?], and
angles in [deg].

Stator Rotor Diffuser
Rin =Ry 75.1 Rin = Ry 58.2 Rihroud 36.8
Rout 63.5 hin 6.35 RITub 15.2
hin 6.35 Pout 21.6 Rout 495
Rout 6 LRrotor 38.9 Axial Length 118.6
Chord 22.9 Total Throat Area  1909.7
Total Throat Area 491 TE Thickness 0.76 L/R; 3.26
TE Thickness 0.51 Rscalioping 38.4 AR 2.2
Clearances: Wall Angle 6
Axial (erg) 0.4
Radial (e7g) 0.23
Seal Plate 0.33

The geometry simulated is not an exact match with the original Jones design. The main differences are:

» The scalloping of the rotor was totally omitted.
» The stator blade height was kept constant with hgtqt0r = 6.4 mm.

+ Inlet flow angle to the stator was «; = 0 (Jones [47] reports «; between 20° and 40°, Sauret [48]
does not mention this parameter).

» Seal plate clearance is not modelled.

« Diffuser axial length: L = 157.5 mm. This implies L/R; = 4.3 and ¢,.; = 4.61. This was not
intentional and due to an misleading picture in Sauret’s paper [48]. Jones [47] does not directly report
the diffuser length.

» The boundary conditions of the CFD were representative of the test conditions and not of design
conditions.

These differences should not affect the validity of the results, and they simplified the set up of the model.
The simulated sizes and boundary conditions are reported in Table 3.5. Note that these are test conditions
in [47]. Corrected rotational speed:

Tt ref
Weorr = Wy | —=— 3.13
To (3.13)
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a) Meridional view of the T-100 turbine. Adapted b) Rotor Velocity triangles. Recovered from Jones
from [48]. (1996, [47]). Values are in close agreement with

those of Sauret[48].

Figure 3.5: Design of T-100 radial inlet turbine.

and corrected mass-flow:
m o mPt,ref Ty
corr — =
P4t Tt,ref

(3.14)

are matched to give the same 1, pressure ratio, and Mach numbers as in on-design conditions. Figure 3.6
and Figure 3.7 show the blade geometry used in this work.

Table 3.5: Final simulation geometry and boundary conditions. All lengths in [mm], areas in [mm?], and
angles in [deg].

Stator Rotor Diffuser Boundary Conditions
R, 74.0 Rs 58.2 Rhroud 36.8 P in 413.6 kPa
Rowt 635 hin 6.35 RHub 15.2 Ty in 4776 K
hai  6.35 Pout 21.6 Rout 49.5 g 0 deg
Axial Length  157.5 P 72.4 kPa
Rpc 85.0 Ritizing Plane 60.0 Turbulence  Medium (Intensity 5%)
Lpiffuser Interface 41.0 L/R, 4.3 RPM 71700
AR 2.2

Wall Angle 4.61

CFD mesh

Both rotor and stator grids are structured O-grids generated with Turbogrid. The stator domain (Figure 3.10
d) has 562 thousand nodes (539 thousand hexahedral elements) and the rotor grid (Figure 3.10 a-c) has
around 1.82 million nodes (1.77 million hexahedral elements). The size of the rotor grid varies with tip
gap size, the bigger this is the more nodes it has. Turbogrid allows the modelling of the tip gap as a linear
distribution were leading edge (LE) and trailing edge (TE) gap sizes are an input (Section 3.7). The grid
in the tip gap cavity is generated as two extra blocks with an interpolating interface between them. This
interface follows the blade length. The refinement needed to resolve the tip gap cavity affects the whole
rotor domain (Figure 3.10 c). A grid convergence study for a model with nominal tip gaps and without
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Figure 3.6: Stator geometry used in this work. The stator is a straight prism. Thin black lines represent
stator inlet radius (75.1 mm), stator outlet radius (63.5 mm) and rotor inlet 58.2 mm.

diffuser is shown in Figure 3.8. The grid used in the rotor is fine enough as to predict efficiency in a +0.5%
error band from the finest grid tested (with 2 times more nodes). See Appendix A for more information
about this and the spatial order of convergence.

In every case only one stator blade and one rotor blade are simulated.

3.6. Test case diffuser

Design characteristics

The diffuser was taken from the data in Sauret (2012, [48]). This resulted in a diffuser 30% longer than that
employed by Jones [47]. The design of the diffuser is very simple, being a conical pipe with inlet radius
of R; = 36.8 mm and an outlet radius of Ry = 49.5 mm. However, the outlet of the turbine is an annular
section, and in the original design [47] there is no hub casing or spinner. This implies that the diffuser is
not purely conical, but it starts as a dump diffuser followed by a conical diffuser.

During initial testing, it was detected that the hub region is the major source of entropy and losses in
the diffuser. For this reason it was decided to include an spherical spinner at the hub of the rotor. This
element is part of the diffuser mesh, and it is given a rotating wall boundary condition. The spherical shape
was chosen because it was a simple element with no parameters.

The diffuser is modelled as % sector of the annulus (equal to the rotor pitch in order to ease frozen rotor
interfaces). The computational domain is elongated 2 diffuser lengths (approximately 3 outlet diameters)
downstream of the diffuser outlet to avoid boundary conditions influence on the results. The grid was
stretched here to provide numerical dissipation and damp any unstable mode[6]. This extension is treated
as a regular viscis wall.

CFD mesh

The grid of both diffuser models is an structured hexahedral grid generated with /CEM. Special care was
taken to resolve the boundary layers close to the walls (Figure 3.2). The original diffuser mesh has 362
thousand elements, whereas the mesh including the spinner has 583 thousand, 36 thousand of them in
the diverging section. A grid convergence study for this element is shown in Figure 3.9. ks is the best
metric to asses convergence as it depends on processes more difficult to predict, such as mixing and shear
layers. On the other hand, C, depends less on the grid and it is practically insensitive to it at employed
level of refinement. k.55 is matched with a 7% error with respect to the finest mesh, but this big relative
error is due to the small value of the coefficient. More details about the grid dependencies of the present



3.6. Test case diffuser 35

0 % Span 25 % Span 50 % Span

30 30 30

20 20
— 10 — 10
= i =
E o U E o
< ~ >
< 40 < 10

20 -20

-30 30

0 20 40 60
s [mm] s [mm] s [mm]

75 % Span 100 % Span

r-6 [mm]
r-6 [mm]
r [mm]

0 20 40 60 0 20 40 60 0 20 40
s [mm] s [mm] z[mm]

Figure 3.7: Rotor blades geometry used in this work. tangential displacement -0 is plotted against
meridional distance. Dotted lines are references such that § = const.. Note that this projection deforms
the angles, but it gives an impression of the real gas path magnitude.

work can be found in Appendix A. Figure 3.11 and Figure 3.12 show the details about the grid. A simulation
including stator, rotor, and diffuser has around 3 million elements.
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Figure 3.8: Grid independence study for the T-100 turbine. Domain without diffuser. The red cross shows
the grid settings used along the project. More information can be found in Appendix A.
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Figure 3.9: Grid independence study for the diffuser downstream of the turbine grid used along the study.
Number of nodes reports the nodes only in the diverging section. The red cross shows the grid settings
used along the project. More information can be found in Appendix A.
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3.6. Test case diffuser

b) Rotor topology. Axial view from the outlet, detail

of the leading edge.

a) Rotor topology. View radially in from the inlet.
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d) Stator topology.

c) Rotor grid. Detail of the tip gap cavity

discretization. View from the LE.

Figure 3.10: Details of the structured computational grid for the turbine. Stator: 562 thousand nodes;

Rotor: 1.82 million nodes.
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a) Blocking of the diffuser domain. b) Side view of the diffuser grid.

c) Detail of the grid at the inlet of the diffuser. The
interface with the rotor is colored in red.

Figure 3.11: Details of the grid for the original diffuser. 362 thousand hexahedral elements, 10% of them
in the diverging section.
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a) Blocking of the diffuser domain.

b) Side view of the diffuser grid.

c) Detail of the grid at the inlet of the diffuser. d) Detail of the grid at the inlet of the diffuser.
Orthogonal view. Perspective view.

Figure 3.12: Details of the grid for the diffuser including the spinner. 583 thousand hexahedral elements,
10% of them in the diverging section.
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3.7. Test Matrix

Turbogrid models tip gap clearance as a linear variation between the value at the leading edge (LE) and
the value at the trailing edge (TE). During S1 and S2.1 it was noticed that it was useful to study the
interaction phenomena in terms of tip gap average size and tip gap variation. This defines the tip gap with
two non-dimensional parameters:

€LE + €TE
or — 3.15
am = LB (3.15)
A = LE_CLE (3.16)
6A'u’r'hLE

Where ¢; is the tip gap size (measured perpendicular to the casing in that location), and kg is the span at
the leading edge. This was chosen as a normalizing value out of convenience. The second parameter,
A, is a compact way of knowing if the gap is increasing or decreasing and how much. During the initial
testing it was noticed that the local non-dimensional tip gap size ;—JJ was only meaningful for local rotor

entropy generation, but not to characterise the interaction with the diffuser.

It was found that the interesting range of study was:
0 < €quor < 10%

—50% < A < +50%

Note that the original design (Table 3.4) is: €4, = 5%, A. = —54%.This design space was explored in
a combinatorial'? manner, resulting in 35 test points, plus 1 with € 4,,. = 0, and another one simulating a
shrouded rotor (the casing moves with the rotor). This is shown in Table 3.6

Table 3.6: Test matrix involved in S2.2. hy gy = 6.35, tuples such that (e; g, erg) in mm. Additionally to this
there are two more data points with e;p = e = 0 (see text).

A%

-50

-20

-5

0

1 | (0.0794, 0.0476) (0.0699, 0.0572) (0.0651, 0.0619) (0.0635, 0.0635)
2 | (0.1588,0.0953) (0.1397,0.1143) (0.1302, 0.1238) (0.1270, 0.1270)
caor % 4 | (0.3175,0.1905) (0.2794, 0.2286) (0.2604, 0.2477) (0.2540, 0.2540)
6 | (0.4763,0.2858) (0.4191,0.3429) (0.3905, 0.3715) (0.3810, 0.3810)
10 | (0.7938, 0.4763) (0.6985, 0.5715) (0.6509, 0.6191) (0.6350, 0.6350)

+5 +20 +50

(0.0619, 0.0651)
(0.1238, 0.1302)
(0.2477, 0.2604)
(0.3715, 0.3905)
(0.6191, 0.6509)

(0.0572, 0.0699)
(0.1143, 0.1397)
(0.2286, 0.2794)
(0.3429, 0.4191)
(0.5715, 0.6985)

(0.0476, 0.0794)
(0.0953, 0.1588)
(0.1905, 0.3175)
(0.2858, 0.4763)
(0.4763, 0.7938)

121t is possible to explore the design space in a more efficient manner, as for instance using polynomical surrogates and sparse
grid techniques. This would be useful to obtain C}, (€4, Ac), but it was preferred to have more data points allowing for a more
detailed study of the flow phenomena.



Results

4.1. Comparison of different modelling approaches for turbine-diffuser

flows

There are not detailed measurements about the real flow-field, neither experimental [47] or computational
[48]. For this reason this discussion will be mainly qualitative. It is known (Section 3.2) that no CFD
simulation can exactly reproduce the real flow-field in a diffuser. However, unsteady simulations (URANS)
and frozen rotor (RANS) models can adequately capture the main flow characteristics. Given the big
computational cost of uURANS simulations, and the large test campain conducted in this research, RANS
simulations are employed. Furthermore, a frozen rotor simulation is taken as the reference flow throughout
this section.

Three different configurations for the rotor tip region were tested:

» Nominal tip gap distribution, based on Table 3.4.
+ Zero-tip-gap, with counter-rotating shroud wall.
+ Shrouded rotor, with co-rotating shroud wall'.
Each of these models were combined with the following rotor-diffuser interface:
» Mixing plane.
* Frozen rotor.

In addition, an isolated diffuser with uniform inlet and boundary conditions taken from the frozen rotor
simulation was also tested. This makes a total of 7 cases. Note that the diffuser used throughout this
section is the one without spinner (Figure 3.11). Furthermore, the computational domain did not include
the stator, and the rotor inlet swirl was set according to data from Jones 1996 [47]. Losses at the stator
were not taken into account, and thus all simulations in this section are slightly off-design.

4.1.1. Meridional flowfield

Figure 4.1, 4.2 and 4.3 show the meridional plane of the diffuser. Each column shows a different flow
magnitude and each row a different rotor configuration. Different figures are different interfaces. All plots
contain a black bold line representing the contour u, = 0. This was taken as a qualitative measure of the
recirculating region. Note that the recirculating region is bigger than this contour because there is a shear
layer in between. The high loss region (red) in &, plots highlights the region of separating flow.

"From now on, "Zero Tip Gap” will make reference to the case with counter-rotating shroud, and ”Shrouded Rotor” will be always
explicitly called.

41
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Figure 4.1: Meridional view of the diffuser for different rotors and frozen rotor interface.
Each row is: 1. Nominal rotor, 2. Zero tip gap, 3. Shrouded rotor.
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Figure 4.2: Meridional view of the diffuser for different rotors and mixing plane interface.
Each row is: 1. Nominal rotor, 2. Zero tip gap, 3. Shrouded rotor.
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Figure 4.3: Meridional view of the diffuser for unifrom inlet boundary condition.
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Frozen rotor

The flowfield in Figure 4.1 is taken as the reference one because it is the one containing the most flow
structures. All of them show similar recirculating regions, except the zero tip gap rotor, which is slightly
bigger. u, and k., plots show high energy regions corresponding to the intersection of turbine passage
cores with the meridional plane. This shows that the flow in the diffuser is swirling.

The configurations without tip gap are characterized by low loss regions in the core of the diffuser,
which are convected to longer distances downstream of the rotor exit section. Lastly, the static pressure
distribution (C,) is similar in all cases. The radial gradient in C,, is due to the swirl of the flow.

Mixing Plane

Figure 4.2 contains the results for mixing plane simulations. As expected, the flowfield is tangentially
uniform and part of the previous non-uniformities are lost. However, radial variations and swirl are retained
in the flow. The major difference in the hub region is found for the zero tip gap case, where the recirculation
zone extends further downstream. This was not investigated further.

The static pressure field is qualitatively and quantitatively (Figure 4.4) comparable to the reference case.
However, the energy fields (u, and k;,ss) deviate more from it. High energy regions extend longer than
what they should because the pitch-wise average smooths the gradients and thus reduces dissipation.

Uniform inlet

Figure 4.3 shows the results for uniform inlet simulations. The boundary conditions are such that the mass
flow and stagnation inlet conditions are matched. The flowfiels are largely dissimilar to the reference case.
The recirculation region is larger, leading to greater losses than expected at the diffuser outlet section.
Despite the uniform inlet model is able to capture correct values of the pressure recovery coefficient, the
poor capability in reproducing accurate predictions of the overall losses in the diffuser made it unsatisfactory
for the current investigation, and it was therefore discarded.

4.1.2. Diffuser performance

Figure 4.4 shows the evolution of C,, through the diffuser length. Both frozen rotor and mixing plane
interfaces predict a very similar C, trend for the rotors with scraping. The pressure recovery for the
shrouded rotor is worse due to the blockage induced by stall at the inlet. The simulation with uniform inlet
shows the same trend as shrouded rotor at the beginning, but it becomes unrepresentative of any realistic
case after one rotor outlet radius. This plot shows that: a) static pressure trends are captured by mixing
plane interfaces, and b) shroud flow structures are important in the prediction of C,, trends, and scraping is
enough to generate this behaviour in static pressure.

This plot also shows ideal references as gray lines. The dotted line is the C,, obtained as C, = 1 — 3>
(Equation 2.1), while the other lines corresponds to the combination (Equation 2.3) of a sudden expansion
mixing process (C,, = 2 (-iz — 5= ), Equation 2.2) followed by a regular ideal expansion. Different lines
represent different lengths where the mixing is assumed to have finalised. Note how z,,,;,./ R1 = 1 matches
the averaged data and the length of the recirculation bubble (Figure 4.1 and Figure 4.2) for the unshrouded
cases. The great difference between these lines and the shrouded rotor was not investigated, but it is
thought to be related to the boundary layer separation. In the case of uniform inlet, the sudden expansion
region and the regular diffuser flow region is not clearly delimited. It is possible that in this case the long

recirculation bubble acts as an inner wall and both processes happen in parallel.

Figure 4.5 contains K, distribution along the diffuser. The spread in value and shape of the curves is
important. Mixing plane interface always under-estimate losses, and the trend is more linear than with
frozen rotor. Frozen rotor predicts most of the losses at the inlet. It is in this region where the flow is the
least uniform and the recirculation zone is located.

These results highlight the importance of the mixing processes in the diffuser to accurately predict
losses. The static pressure distribution can be obtained without including tangential variations, but the
prediction of losses requires to solve the complete 3D flow.

2Note that this rotor is simulated without stator and thus it is slightly off-design
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Figure 4.4: Static pressure recovery (C,) for different tip gap configurations and rotor-diffuser interfaces
(Solid line: Frozen Rotor; dashed line: Mixing Plane; red dotted line: uniform inlet). The thin gray lines

represent ideal references, see text.
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Figure 4.5: Total pressure loss coefficient (k;,s5) for different tip gap configurations and rotor-diffuser

interfaces (Solid line: Frozen Rotor; dashed line: Mixing Plane; red dotted line: uniform inlet).
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4.1.3. Effects on mass flow

The computed massflow for the nominal rotor and frozen rotor interface is 0.342 kg/s, 4% more than the
design objective? [47]. Table 4.1 shows the percentage deviation in mass-flow for the rest of simulations.
The tip gap reduces mass-flow due to blockage effects, but the interface with the diffuser is not influential.

Table 4.1: Percentage difference in mass-flow for different T-100 rotor configurations and rotor-diffuser
interface. i for frozen rotor and nominal configuration: 0.3416 kg/s.

Nominal Zero Tip Shrouded
Rotor Gap Rotor

Frozen Rotor 0 +1.6% +1.49%
Mixing plane ~ +0.06% +1.7% +1.49%

4.1.4. Research Question 2
Research Question 2 |

Which is the simplest set-up able to capture realistic diffuser flow-fields and integral perfor-
mance?

Along this section it has been discovered that in unstalled diffusers the static pressure trend (C,) can
be predicted with quasi-2D flows (only solving the flow in » — z). However, the prediction of diffuser losses,
K55, requires the computation of 3D flows. This is because most of the losses are due to mixing, and
these tridimensional structures dominate the mixing processes.

This implies that in the rest of the project frozen rotor interfaces will be used. This has important
implications when developing low-order models for diffusers. If the losses are to be predicted in a 2D
method, 3D effects must be included through some correction coefficient. Note that a 1D model will need
to include the hub recirculating region as an input parameter. These results also show that simulations
of isolated diffusers (both numerically and experimentally) are not fully representative of the installed
operating conditions.
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4.2. Tip Gap parametric study

The different tip gap configurations tested are shown in Table 3.6. Every result in this section corresponds
to mass averaged values from CFD computations (Section 3.4). To avoid inconsistencies, the averaged
properties are P, P, and T;. With these, 12, and geometrical parameters the rest can be computed®. Along
this section parameters related to the turbine will be labeled ', whereass parameters refered to the whole
assembly turbine+diffuser will be labeled “¥%. In this section the computational domain always includes
the stator, the rotor, and the diffuser.

4.2.1. Effects of tip gap on power generation and stage efficiency
Given that the boundary conditions are always the same, the best performance metric is flange to flange
total to static efficiency, n;V*:
ref ref
Sys Wreal = kWyeq; — Ms —MNts”  Wreal — Wigy (41)

77t = n — =
TG (- ) T

where the reference configuration is taken as the shrouded rotor. Note that the percentage increment in
ntssys is exactly the same as the one in w,...;. Figure 4.6 shows the difference in total to static efficiency for
different tip gaps. Every model has the same diffuser and rotor geometry, the only change being in the
shroud region. The red dot is the nominal T-100 tip gap configuration, and the red curve is the isoline with
equal efficiency to the nominal rotor.

The plots show that configurations with bigger gaps always extract less work from the flow. However,
for a given average tip gap size, configurations with streamwise increasing tip gaps will yield better
performance. The figure on the right shows the same data plotted in terms of </;~. This shows that a
dimensional change in the leading edge gap (¢ g) is more influential to performance than the same change
in the trailing edge. Turbine performance, when coupled with a diffuser, is more sensitive to leading edge
(axial) gaps.
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Figure 4.6: Change in system total to static efficiency, ntssys, with respect to the shrouded rotor for different
tip gap configurations. The red curve is the isoline of efficiency equal to the nominal rotor, and the red dot
represents this nominal configuration.

In order to isolate the effect of the diffuser on performance, the efficiency of the turbine must be shown
explicitly. The work extracted is:

. Wreal T Ty—2=1
w= = = Nt (1 +(Bu)” ) (4.2)
CpTyy
=T =T
3The Mach number can be obtained from (£t) 7 =1+ X=Ls2 static temperature with 2t = (£t} 7 | density from the
P - T P
equation of state p = ﬁPT, and bulk velocity from u = ,%- Note that this formulation does not allow the recovery of swirl. Swirl and

vorticity are contained as non-uniform kinetic energy, Section 2.1.
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Comparing this to the expression for system total to static efficiency it is obtained:

=1
¥

Sys _ T 1- (ng)
ts = Tt

(4.3)

1= (B
The fraction multiplying n7; represents the effect of the diffuser and will be called D(3%). Then, the
percentage gain of 7 is:

An¥* (nho+ Anf) (Do + AD) — 0 4 Do

Sys T
Mts,0 Mit,0D0

Anp?® Anl N AD  AnLAD

(4.4)

U,iy(; B 773;,0 Dy Wg;,oDO
Recognising that the changes in 17, and D are very small with respect to their original values, the third term
can be disregarded and the changes in system total to static efficiency can be seen as due to two additive

effects: changes in turbine efficiency 1/, and changes in 37,. Section 2.4 shows how C, can affect 3},.

-5
Figure 4.7 shows this study. The plots on the left represent the changes on D = 1_(/3“7),1 and the

1-(BSvy 5
ones on the right the change in turbine losses. As expected, rotor losses grow with avggragt)a tip gap.

The plots on the right of Figure 4.7 show work extraction enhancement due to tip gap-diffuser interaction.
Note that the numerical value is the result of a comparison with the shrouded rotor results. However,
the gradient of the plot is the most interesting result. This informs about the effect of increasing or
decreasing the tip gap size. The maximum enhancement is for a non-zero gap configuration around
erg = 0.095 mm, erg = 0.16 mm (in local span percentages, e;.g = 1.5%, erg = 0.7%). The causes of
this will be studied in Section 4.3. Note, in the lower left plot, that for the smallest gaps, turbine isentropic
work extraction can be improved by increasing trailing edge gap (radial) at constant axial gap. This
same plot shows that the work enhancement due to turbine tip gap -diffuser interaction depends almost
exclusively on leading edge gap size, €. k.

Finally, changes in losses are five times larger than those in work enhancement. This is aligned with
Farokhi’s results [2], as the turbine can not extract more work by increasing tip gaps, even with a diffuser.

The most relevant conclusion of this section is the fact that streamwise increasing gaps (in absolute
size) perform better both in terms of rotor losses and C,, enhancement. This is not what was traditionally
thought[33], see Jones’ design in the plots. In addition, the existence of an optimal tip gap size implies that
there is a region where increasing tip gaps is also detrimental to diffuser performance.

4.2.2. Effects of tip gap on diffuser integral performance

Cp and M5 changes

The C, obtained with mass averaged pressures in each tip gap configuration is shown in Figure 4.8.
When comparing these plots with work enhancement (left column in Figure 4.7), it is possible to see how
the maximum in both plots is roughly located in the same position: it is this high C, what improves 3},.
However, for bigger average tip gaps, C, is less sensitive to the gap size itself and mostly depends on the
streamwise gap distribution. This behaviour is not present in the work enhancement term.

In order to explain these differences it is necessary to include the Mach number at the outlet of the
turbine, Figure 4.9. These plots show that M5 increases up to 17% with varying average tip gaps, €4y
Interestingly, the distribution of tip gap does not play a role in the change of Mach number, as showcased by
the vertical isolines. Section 2.4 showed that for a given C,, and boundary conditions, higher M5 reduces
BL: This matches the behaviour of the work enhancement term for big gaps.

In this context M5 represents a mass averaged kinetic energy. Higher M5 implies more kinetic energy,
and, as Section 2.1 showed, non-uniform velocity profiles contain more energy. M; grows with € 4.,
because the flow becomes less uniform.

This discussion shows that the effective result is a combination of C,, and Ms changes, and these
can not be studied in isolation. Furthermore, this changes can only be captured by including the turbine
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Figure 4.7: Change in turbine isentropic work (left) and turbine total to total efficiency, n/, (right) due to
different tip gap configurations. Shrouded rotor is taken as a reference. The the red dot represents the
nominal configuration.

and the diffuser in the same simulation. C,, has a maximum and a minimum for finite values of € 4,,, and
streamwise increasing gaps always yield higher C,,. For gap configurations such that e;z < 2.5% of the
mean blade span, C, mainly depends on ¢, g, and greater err can even increase C, (Figure 4.8 right).
For e 4., bigger than this the changes in C, are much smaller.

Origin of C,, variations
In order to explain the variations of C,, with different tip gap configurations it is useful to recall the following
relation:

Cp + Kioss + gbulk + §NU =1

where the quantities &,,;x and &y are introduced in Section 2.1. Evaluating this expression at the inlet
and at the outlet of the diffuser it is obtained:

Cp = = A&tk — (Kioss + Aénu) (45)

Where the terms in the right hand side represent diffusion, losses, and the effect of non-uniformities. Note
that A&,k is negative if the flow diffuses and A&y is negative if the flow becomes more uniform, so
these two phenomena increase C,,. The right hand side has been grouped in such a way that it is clear
that C,, mainly comes from diffusion, but there is a second addend related to mixing processes. It is not
trivial to know a priori if the term in brackets will increase or decrease C,,.

The results from the test case are shown in Figure 4.10. The plot on the left shows the diffusion effect,
— A& and the plot on the right shows the mixing effects, —(kjoss + Aény). The addition of these two
values exactly matches C,, Figure 4.8. Note that the difference between maximum and minimum values
on both plots are similar. The diffusion effect shows a strong dependency with ¢ 4,,. and almost none with
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Figure 4.8: (), computed from mass averaged values. The red dot represents this nominal configuration,
and the colored dot is the value of the shrouded rotor.

As [% EA’U’V‘]

. . P . . 0.38 0 . . . . . 0.38
0 2 4 6 8 10 0 1 2 3 4 5

€4vr (%0 hip] ere [% h]

Figure 4.9: M5 computed from mass averaged Ps; and Ps at turbine outlet. The red dot represents this
nominal configuration, and the colored dot is the value of the shrouded rotor.

the streamsise tip gap distribution. This behaviour is very similar to that of M5, and it is actually due to the
same physical phenomena. M5 is a measure of total kinetic energy, and — A&, is the diffusion of the
bulk kinetic energy. The bigger the energy content of the non-uniform flow is, the smaller the effect of .k
becomes. This is because ¢ is non-dimensional with the inlet dynamic pressure, and this increases with
non-unifrom flow.

The dependencies of the mixing process are more complex. For small e 4,,.- this term mainly depends
on streamwise gap distribution, and not on e 4,,.. For € 4., > 3% h, the driving parameter becomes gap
size and the distribution is less important. Note that it is this dependency for small € 4,- what makes C,, for
streamwise increasing tip gaps greater. Lastly, for very big gaps —(ki.ss + Aénu) changes sign, and the
pressure recovery due to £y overcomes the losses k;,s: the dissipation of flow structures can produce a
net increase in static pressure.

To further clarify the previous statement, A¢yy and k;,ss are compared in Figure 4.11. The losses in
the diffuser mainly depend on ¢ 4,., and they increase with tip gap size. This suggest that the losses in
the diffuser are driven by mixing processes. On the other hand, all the complexity described previously
comes from the term A&y . Note that this is negative in most of the domain,meaning that non-uniformities
contribute to diffuser pressure recovery. It is clear that for e 4,, ~ 3% h there is an important change in
flowfield configuration affecting the dissipation of turbine vortical structures (Section 4.3). For small tip
gaps the flow structures are sensitive to tip gap distribution, whereas this is not true after some critical size.
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Figure 4.10: Value of the terms in C, = —A&ur — (kioss + A&y ) for different tip gap configurations.
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Figure 4.12 shows ko5 — kioss 77" in order to confirm mixing as the main source of k;,s5. This

difference is representative of the progress of the mixing through the diffuser, Section 3.4. It is possible to
see how mixing losses are the biggest part of k;,s and they are roughly proportional to € 4,,.. The other
kind of losses in the diffuser are smaller and depend on tip gap distribution. The change in behaviour for
€Aur = 3 is only visible in A&y, what implies that it has something to do with the effectiveness of the flow

structures and not with any efficiency or dissipation process.
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Figure 4.11: Comparison of losses and pressure recovery due to non-uniformities for different tip gap
configurations.

Summary
The previous discussion can be summarised in the following points:

1. Turbine work extraction always decreases with increasing tip gaps. For a given ¢4, this penalty is
bigger for streamwise decreasing tip gaps.

2. This loss in performance is mainly due to losses in the rotor, which are 5 times more important that
any change induced by the diffuser.

3. The work enhancement due to the diffuser depends both on M5 and C,,. M;5 always increases with
€Aur, What is detrimental to 8, enhancement. C,, variations with tip gap configuration are more
complex, and there is a maximum and a minimum C,, for finite values of e 4,,..Pressure recovery is
always bigger for streamwise increasing tip gaps.
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Figure 4.12: Decomposition of k;,s in mixing losses and another losses

4. Depending on tip gap configuration, diffuser work enhancement can alleviate or increase the cost on
performance of the tip gaps.

5. C, origin can be found in diffusion (A&y,i) or non-uniform flows (A{nvu + kioss). Diffusion mainly
depends on € 4., and decreases with it. Non-uniform flow effects present different behaviours:

o for €4,, < €* the main parameter is A..
« for €4, > €* the tip gap distribution is less important, and the gap size is the main parameter.
6. Diffuser losses (k;,ss) are mainly due to mixing of non-uniform flow, and this increases with ¢ 4,,;..

7. Dissipation of non-uniform structures (A¢yy ) recovers static pressure in most of the configurations,
and for big gaps can overcome losses. It is this term what introduces the existence of ¢* and the
different behaviours for small or big gaps.

8. All dependencies of work enhancement with tip gap can be traced back to the way non-uniform flows
dissipate in the diffuser. It is a mixing process parallel to diffusion. The reduction in the diffusion
term (A&,.5) is partially due to the non-dimensionalization, and it implies that the kinetic energy of
non-uniform flows can not be recovered by expanding the flow.

4.2.3. Distribution of performance coefficients along the diffuser

In the quest of obtaining short and high performance diffuser, a configuration gaining C,, very rapidly might
be more interesting that a full-length efficient diffuser. Figure 4.13 shows the required length to achieve
different C,, with different tip gap configurations. It can be seen that those diffuser that have been identified
as the best performing ones are better at any given axial station. The highest pressure recovery can be
obtained only with the tip gap configuration that yields best diffuser performance. On the other hand, if the
objective is a smaller C), as for instance 0.5, the plot shows that between the nominal design and the best
tip gap configuration, the diffuser length varies by a factor of 2. This improvement would be achieved by
reducing e;z to /3 of its original value. Such an improvement might justify expensive measures to tune
the tip gap distribution in order to offset the installation cost of a bigger machine.

The evolution of C), for different tip gap configurations is shown in Figure 4.14. The plot on the left
shows the mass averaged evolution and a reference ideal C,, ; in light gray, and the plot on the right shows
the difference between computed and ideal values. This ideal reference assumes that an incompressible
flow expands without losses and fully attached to the spinner*. The difference between small and big gaps
is visible as two curve clusters. Gaps bigger than €4, > 2.5% h do not recover as much pressure in the
first R; length and they evolve almost parallel to the smaller gaps after this. Lastly, note the evolution of

4Note how it is possible to see the separation point and the axial station where the separation bubble closes as inflexion points in
the second plot.
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the purple lines (e 4. = 1.82% h): for streamwise increasing tip gaps it is the best performing one, but for
streamwise decreasing gaps it behaves as the big tip gap evolution. The critical value of gap size and
differences in flow structures must be in this region.
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Figure 4.13: Non-dimensional diffuser length, L/R;, required to achieve a given C, for different tip gap
configurations.

4.2.4. Influence of \ and R on diffuser performance

The previous results have shown that there are two different behaviours on turbine-diffuser interaction
depending on the size of the tip gaps. Furthermore, the origin of these differences has been traced back
to the way flow structures dissipate in the diffuser. However, the terms big and small have been used
loosely. In order to find a rigorous description, it is necessary to apply the theory described by Dambach et
al. (2001 [33], Section 2.3 in this text) and recover tip gap characteristic parameters:

AP
Be) = P o) .
_e(s) _ eawr LHA(s =1 /o)
M=) ™ e t'z o

where s is a streamwise coordinate along the rotor, U(s) = Q-r(s) is the peripheral speed of the blade tip at
a given streamwise position, v is the metal blade angle with the meridional direction, t,,.. is the maximum
thickness of the blade at the tip, and t' = ¢/t,,.. is the non-dimensional blade tip thickness distribution.
Note that A has been separated into size and design.
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Figure 4.14: Evolution of pressure coefficient C,, along the diffuser for different tip gap configurations.

The pressure to scraping ratio R is shown in Figure 4.15. As a reference, this figure also includes this
parameter evaluated without tip gaps: the black solid line is the shrouded rotor evaluated at 99% span
and the black dotted line is the zero tip gap case, also evaluated at 99% span. The cases with non-zero
tip gaps have been evaluated over a circumferential line located at the middle of the gap. As noted by
Dambach et Al. [33], the inducer region is dominated by scraping effects (R < 1). The rest of the rotor is
dominated by pressure blade loading. The general trend is that bigger gaps unload the tip of the blade
more and further upstream than smaller ones.

Figure 4.16 shows the distribution of the \ coefficient along different rotors. These curves are very
dependent on the blade tip thickness distribution, as shown by Equation 4.7. Furthermore, both plots
include different diamond markings showing the different flow regimen of the tip gap cavity (Figure 2.5).
Blue diamonds show the location of the first isentropic jet (Section 4.3; Figure 4.27, 4.28 and 4.29); the
green diamond show the last location where this jet was found, and blue diamonds show the location where
the isentropic jet is strong enough as to push the scraping flow and leave the gap tangentially (Section 4.3;
Figure 4.24, 4.25 and 4.26). This data shows that it might be impossible to define a single universal \*
to predict the existence of the isentropic jet. The interaction between scraping, blade loading, and tip
gap cavity shape is intense, and it was not possible to find any correlation between them. Furthermore,
the vortex dynamics described in the next paragraphs make the author recommend the inclusion of
more geometrical information about the meridional gas path if this task is going to be attempted. The
general trend suggest that lower R parameters (more scraping to loading ratio) require higher A values to
yield the same phenomenology, but also upstream influence seems relevant (Section 4.3). For the case
€Aor = 1.82% h it is possible to find regions where A > \* ~ 0.2 [33] without isentropic tip gap jets. These
regions are located where scraping is maximum. Note that the scraping flow partially blocks the tip gap, so
the effective tip gap height is reduced. The effect might be studied in terms of \.;; = “——<r<in2  However,
this detailed characterization of tip gap cavity flow structures is out of the scope of the project.

4.2.5. Research Question 3
Research Question 3 |

What is the effect of tip gap size and distribution on the integral performance of the diffuser?

It has been found that different tip gap sizes and distributions affect the performance of the diffuser,
changing C,, up to 20% for a given geometry, or diffuser length up to 100% for a given C,,. There is an
optimal tip gap configuration. Bigger tip gaps are detrimental both to diffuser and rotor performance.
Furthermore, the origin of this interaction has been traced back to the pressure recovery due to the
dissipation of non-uniform flow structures. Diffuser losses depend on ¢ 4,,., and they are mainly driven
by mixing. On the other hand, pressure recovery due to non-uniform flow depends both on gap size
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Figure 4.15: Parameter R = ———2~L ____ described in [33] and Section 2.2.3. Blue diamonds are the
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first streamwise position with an isentropic jet, green is the last position with this jet, and red is the first
location where the tip gap flow pushes the scraping vortex away from the blade. Black solid line is 99%
span of the shrouded rotor and black dotted line is 99% span of the zero tip gap case.
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Figure 4.16: Parameter \ = { described in [33] and Section 2.2.3. Blue diamonds are the first
streamwise position with an isentropic jet, green is the last position with this jet, and red is the first location
where the tip gap flow pushes the scraping vortex away from the blade.
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and distribution. Small gaps perform better, and streamwise increasing tip gaps yield the best pressure
recovery. If a critical gap size is surpassed, the dependency on distribution is mostly lost and performance
drops with € 4.

It has been attempted to identify the conditions where this change in behaviour occurs by means of tip
gap characteristic parameters, as A and R. No general quantitative trend was found, but lower R parameter
requires higher X to yield the same diffuser integral behaviour. Furthermore, the data obtained shows that
it is unlikely to find an universal \* value to characterise the tip gap cavity flow, as this also depends on
scraping [33].

Finally, it has been also shown than an increment in tip gap size will always reduce power extraction.
However, if the design team is given a choice between reducing axial or radial gap, diffuser interaction
criteria says that they should reduce the axial (leading edge) one, even at the cost of small increases in
the another one.

4.3. Detailed Study of RIT Rotor flow structure

In order to properly asses the flow structures in the rotor shroud region it is important to set down the basis
and physical origin of them. Section 2.2.2 offers an introduction about what secondary flows are. A list of
the different vorticity sources in a RIT is:

» Convected Vorticity from upstream domains, as for instance stator horse-shoe vortexes, Figure 4.17
left (In this work these structures are dissipated by the mixing plane model).

+ Secondary flows generated by:

— Incoming boundary layers, as for instance the HSV in the rotor leading edge, Figure 4.17 right
(The pressure side leg dissipates quickly, the suction side leg migrates to the middle of the hub
and in most configurations emanates from the turbine. The effects of these are out of the scope
of the project).

— Boundary layers in the domain, that when interacting with pressure and inertia forces generate
classical boundary layer crossflows as the ones studied by Zangeneh (1988, [31]).

» Shroud scraping, which generates a shear layer that rolls into a coherent vortex against the suction
side blade tip.

« Tip gap flow, which strongly interacts with scraping flow. The existence of a tip gap does not
immediately imply a traditional tip gap vortex.

» Wakes originated by the merging of blade boundary layers (Effect of the stator wake unknown due
to mixing plane model, effect of rotor wakes very important for diffuser performance in shrouded
rotors.).

+ Boundary layer separation. For off-design operating conditions the flow separates at the inlet of
the rotor as a strong coherent vortex at blade mid-span. This vortex is not present in on-design
conditions.

+ Potential flow effects, as for instance spanwise blade loading. This can cast continuous vortex
sheets to the diffuser (This effect is out of the scope of the project).

The most important sources of vorticity in the project are boundary layer cross-flow, Shroud scraping and
tip gap flows. A convenient way of identifying coherent vortexes is through the Q-criterion (Dubief et Al.
2000 [49]). However, the complexity and tridimensionality of the flow makes it difficult to show structures in
static pictures. For this reason, nomaliced Helicity contours in constant streamwise surfaces will be used.
This quantity is:

H:U%'

|v

1

(4.8)

It is the streamwise component of vorticity. Given that vortex cores behave as streamlines, this magnitude
locate coherent vortexes as maximum and minimums, while ignoring the vorticity in 2D boundary layers.
Furthermore, the sign of this quantity allows the identification of the direction of rotation of the flow, see
Figure 4.17 left. Note that the outer region of cross-flow boundary layers also generate a streamwise
vorticity component.
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Figure 4.17: Vortical flow structures at the stator and at the hub region of the rotor inlet. Visualized as
Q-criterion isolevels (QQ = 0.0005) and colored by velocity. The left picture shows a R = const plane
colored by streamwise vorticity to show the direction of the HSV.

4.3.1. Cross-flow boundary layers

The first source of secondary flows to be studied is boundary layer cross-flow. As introduced in Section 2.2.2,
the bulk flow establishes a mean pressure field and higher or lower momentum particles are affected
differently. Low momentum particles are more affected by pressure gradients, and thus they migrate
towards low pressure regions, whereas high momentum particles have more inertia and are deflected to
high pressure regions.

In a RIT rotor channel the fluid particles are subjected to streamline curvature and inertia forces, and
the balancing of them vyields the average pressure field. The blade to blade channel curvature and coriolis
forces both generate a tangential pressure gradient that contributes to blade loading, Figure 4.18. Note
that Coriolis forces are always perpendicular to the flow velocity and they decrease as the flow progresses
through the machine. Regarding the meridional plane, gas path curvature generates a pressure field which
is maximum at the hub, while centrifugal forces always generate a pressure gradient component increasing
radially out. In this case the pressure at the shroud is always lower than at the hub, Figure 4.19.

>

Fcoriolis

R

Figure 4.18: Pressure distribution is the blade to blade plane for the T-100 turbine. From left to right: hub,
mid-span, and shroud.

This pressure distribution convects low momentum fluid (boundary layers) towards the shroud and
suction side of the blade. This is shown as wall shear stress traces in Figure 4.20 for a shrouded rotor.
Note that the only source of secondary flows in this case is the pressure field. The flow in hub and casing
is migrating towards the suction side of the blades (convex surface). Regarding spanwise flows, it is very
obvious at the inducer region of the blade, but the effect is greatly reduced by the exducer section.

This flow migrating from the hub, pressure side corner, towards the shroud, suction side corner generates
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Figure 4.19: Pitch-wise averaged static pressure distribution for the T-100 rotor.
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Figure 4.20: Wall shear stress traces for a T-100 shrouded rotor. Top, from left to right: Hub and Shroud;
bottom, from left to right: pressure side and suction side.
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the following structures in the secondary plane:

» A weak sink-like flow structure at the hub-pressure side corner.

+ Corner vortexes in the shroud suction side and hub pressure side corners. This is visible in Figure 4.17
right as a Q-criterion isosurface wedge.

» A weak jet-like structure of very high entropy flow at the shroud suction side corner (Figure 4.27).

When more flow features are added, as scraping or tip gap leakage, these secondary flows continue
there. The helicity field for the shrouded case can be seen in Figure 4.21 top left, and the entropy field in
Figure 4.27 top left. This is the high entropy wake described in [31].

When scraping is added, a scraping vortex appears. This flow traverses down the suction side of
the blade and pushes the secondary flow structures towards the hub. See Figure 4.21 top right: a weak
scraping vortex is emanating from the turbine, and the secondary flows have rolled up into a streamwise
vortex sitting bellow this scraping vortex. Regarding the entropy field (Figure 4.27 top right), there is a spot
of higher losses. However, when compared with the shrouded case, this is displaced towards the middle
of the channel, avoiding diffuser boundary layer separation. It is this scraping vortex located lower in the
suction side what drags high energy flow into the suction side shroud corner and re-energises this region,
Figure 4.27.

The next paragraphs describe the changes with respect to this baseline flowfield due to the addition
of tip gaps. Some pictures has been already used, but a general introduction will ease comprehension.
Figure 4.21, 4.22 and 4.23 show the helicity field in the rotor. Red is high positive helicity (vorticity pointing
downstream) and blue is high negative helicity (vorticity pointing upstream). Figure 4.24, 4.25 and 4.26
show the streamlines emanating from the tip gap. The helicity field is maintained in a black and white color
pallet, the darker regions being upstream vorticity and the lighter ones downstream vorticity. The color of
the streamlines indicate the streamwise position where they emanate from, blue being the inducer and
red the exducer. Figure 4.27, 4.28 and 4.29 show the the entropy field. Blue regions are low entropy and
the red ones are high entropy regions. Figure 4.30, 4.31 and 4.32 show the relative kinetic energy field in
the rotor with the same color criteria as the previous one. Finally, Figure 4.33, 4.34 and 4.35 show the
Rothalpy field, again using the same coloring criteria. Every plot in a group has the same scale and the
maximum and minimum values are indicated in the caption. Each group of figures starts with the shrouded
and zero tip gap cases, and then each row shows €4, = 2% hrg, €avr = 4% hrE, €avr = 6% hrE
and e 4., = 10% hrg gaps, except in Figure 4.24 where ¢ 4, = 1% hg is shown instead of the zero tip
gap cases. The smallest tip gap is omitted because it is indistinguishable from € 4,, = 2% hrg. The left
column is always streamwise decreasing gaps (A. = —50%e 4,,-) and the right one streamwise increasing
gaps (A, = +50%e4,.). The tip gap distributions omitted show smooth changes between these two.
Finally, the second page in every plot family always contains the best performing diffuser (e 4, = 4% hrE,
A. = +50%e 4,,-) and the configuration where the change in integral behaviour happens (e 4, = 6% hrg)-
All plots show three channels and 11 streamwise sections. the first one is upstream of the leading edge
and the last one downstream of the trailing edge. Note that the last section only shows two channels. The
wake located in the middle of this last section (use the contour of the periodic boundary as a reference) is
the one created by the visible blade, and the flow structures over this line are the ones emanating from the
channel that is shown. All pictures are a view from the exducer hub towards the inlet, the suction side of
the blade is shown, and the rotor spins counterclockwise.

4.3.2. Streamwise vorticity field
Figure 4.21, 4.22 and 4.23 show the helicity distribution for different cases. Three different outflow
configurations can be seen depending on € 4,

1. For very small gaps, Figure 4.21, there are two counter-rotating weak vortical structures very close
to the blade wake and separated one vortex diameter from the casing, label A. The upstream vortex
(blue) is the scraping vortex, and the downstream one (red) is a combination of secondary flow and
tip gap flow vortex. As mentioned before, the scraping vortex is over the downstream one and pushes
it towards the hub.

2. Forvery big gaps, Figure 4.23, there is a very strong dowstream vortex that drags around the scraping
vortex, label B. This scraping vortex is stronger than before, and both are located roughly at the
same radial position almost blocking the totality of the shroud flow-path region. This flow structure is
not sensitive to tip gap distribution.
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3. For configurations in the mid region, Figure 4.22, it is possible to identify at least three vortical
structures. The two corresponding to small tip gaps (A), and sitting in the space between these and
the casing, and closer to the blade wake, a downstream vortex reminiscent of the one for big tip gaps
(B). Note that for € ., = 4% hrg and A. = +50%e 4., (tOp right) the structure is more representative
of very small gaps, and for A. = —50%e 4., (top left) the pair of vortexes is weaker and the isolated
tip gap vortex has grown: By changing tip gap distribution the flow structure transitions smoothly
between modes. The same phenomena is present for the bigger € 4., = 6% hpg, but the pair of
vortexes is always weaker. Note that the top right plot is the configuration achieving maximum C,,
and the bottom left is the one with the lowest C,, (Figure 4.8). Best performance is obtained when
the isolated streamwise vortex appears for the frst time. On the other hand, the worst one is the
last configuration with the pair of counter-rotating vortexes. This suggest that the pair of vortexes
is beneficial for C,, and it should be maximised, but the interaction with the strong tip gap vortex is
detrimental to the overall performance.

In order to understand the cause of these flowfields it is useful to follow the flow from the tip gap
(Figure 4.24, 4.25 and 4.26). For very small gaps, Figure 4.24, the scraping vortex at the inducer is very
strong and pushes the tip gap flow towards the hub. Note that for the smallest tip gap there is no leakage
at the leading edge, and scraping flow moves from suction to pressure side. As scraping reduces, the tip
gap flow is not pushed that much and both vortexes balance each other: scraping vortex is a high energy
structure and tends to move towards the hub, while tip gap flow is a low energy structure and tends to float
towards the shroud®.

For medium size gaps, Figure 4.25, the same happens at the inducer region. However, there is a
point along the blade, once the scraping has been reduced, where the tip gap flow is strong enough to
overcome the scraping vortex and it is not pushed down anymore. At this point the original scraping vortex
is separated from the casing and a new, stronger tip gap vortex sits in the suction side-shroud corner. This
vortex is formed by low momentum flow, and thus it stays at the shroud. New scraping flow is dragged
around this second tip gap vortex. Note that in geometries with streamwise increasing tip gap this process
happens further downstream, and thus the isolated tip gap vortex is weaker. This is because the smaller
leading edge tip gap allows the casting of a stronger scraping vortex that it is going to be able to counteract
the tip gap flow, compare left and right top plots in Figure 4.25. For the worst performing case (bottom
left), this process happens almost at the inducer and thus the counter-rotating pair of vortexes is almost
dissipated in the channel. It is the existence of this structures casted at the passage inlet is what makes
the leading edge gap such an important parameter for turbine diffuser interaction.

In the biggest tip gap configurations the leakage flow always overcomes scraping and an isolated
strong tip leakage vortex occupies the shroud of the passage.

4.3.3. Entropy field

It is also interesting to analyse the entropy field (Figure 4.27, 4.28 and 4.29). As mentioned, shrouded rotor
shows a high entropy region close to the casing that results in diffuser boundary layer separation. When
scraping is added, this high entropy region is displaced down (Figure 4.27). Very small tip gaps generate a
more diffuse high entropy region, with lower peak value and more circumferential space taken. In medium
size gaps, Figure 4.28, it is possible to see how the high entropy region due to the vortex pair still exist,
but a high entropy spot due to the new tip gap leakage vortex appears at the shroud. For €4, = 4% hrg
there is still a low entropy region close to the diffuser wall, but this is reduced as the isolated vortex gains
presence. Finally, for the biggest gaps (Figure 4.29) all the upper mid span passage region is a high
entropy region. For streamwise increasing gaps the entropy is less dispersed, but the flux of it is very
similar (Figure 4.7 right). Regarding the isentropic jets reported by Dambach et Al. (2001, [33]), they exists
from €4, = 2% hr onwards (Figure 4.27), what corresponds to A ~ 0.15 — 0.2 (Figure 4.16). This is in
good agreement with the value they report. However, this isentropic jet is deflected towards the hub by
the scraping flow, and it is not up to bigger A parameters when the jet overcomes scraping and emanates
from the gap tangentially. It is this change what affects the flowfield, and not the existence or not of an
isentropic jet.

5See plots about kinetic energy, Figure 4.30.
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4.3.4. Energy fields

These last two fields are reported for consistency shake and supporting some previous claims. It has been
said that the scraping vortex is formed by high energy flow and tip gap vortex by low energy flow. It is
possible to see this in Figure 4.30, 4.31 and 4.32, where kinetic energy in the relative frame is shown. By
comparing these plots with the previous, it is possible to always identify tip leakage as lower energy (blue
and green) and scraping flow as high energy (green and red). This explains the tendency of scraping flow
to go towards the hub and that one of leakage flow to stay at the shroud. The origin of this high energy
regions is found in scraping, and to prove this Figure 4.33, 4.34 and 4.35 show the rothalpy fields. It is
possible to find a higher-than-average region of rothalpy at the inducer shroud, and then this is diffused
across the passage by the vortical structures. Rothalpy is only conserved in the shrouded rotor, where the
low energy (rothalpy) flow has been convected to the suction side - shroud corner by secondary flows, but
the flux remains constant. Figure 4.36 shows the change in rothalpy over C, 1. This can be identified as
the work done by the rotor to overcome casing scraping (windage) losses. It mainly depends on leading
edge tip gap size, what is aligned with the previous discussion about the leading edge being the most
important region in scraping phenomena. The increase in scraping losses with leading edge gap is related
to the tip gap leakage. This leakage flow is opposed to the casing rotation direction and thus it increases
the velocity gradients and viscous losses.
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Figure 4.24: Streamlines emanating from the tip gap cavity. Black are upstream vortexes and white are Streamwise vortexes.
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Figure 4.25: Streamlines emanating from the tip gap cavity. Black are upstream vortexes and white are Streamwise vortexes.
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Figure 4.28: Rotor entropy field (min: 70 J/kg-K, max: 250 J/kg-K). First row: €4, = 4% hg; Second Row: €4, = 6% hpg.
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Figure 4.29: Rotor entropy field (min: 70 J/kg- K, max: 250 J/kg K). € apr = 10% hrg.
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Figure 4.30: Rotor relative kinetic energy field (min: 10 kJ/kg, max: 50 kJ/kg). Second Row: €4, = 2% hp k.
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Figure 4.31: Rotor relative kinetic energy field (min: 10 kJ/kg, max: 50 kJ /kg). First row: €., = 4% hyg; Second Row: €4, = 6% hpg.
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Figure 4.32: Rotor relative kinetic energy field (min: 10 kJ/kg, max: 50 kJ/kg). €avr = 10% hpE.
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Figure 4.33: Rothalpy field (min: 0 kJ/kg, max: 40 kJ/kg). First row: Second Row: €4, = 2% hrp.
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Figure 4.35: Rothalpy field (min: 0 kJ/kg, max: 40 kJ/kg). €avr = 10% hpg.
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4.4. Evolution of flow structures through the diffuser

Itis the evolution of these different flow structures what changes the performance of the diffuser. Figure 4.37
shows the development of vorticity for different tip gap configurations. Each column contains different € 4,,,.,
and moving down rows corresponds to axial progression along the diffuser. Every plot is a combination of
decreasing tip gaps (top left), increasing tip gaps (top right) and uniform tip gaps (bottom). The turbine
rotates counterclockwise as seen in the drawing, and the flow is slightly swirling in the same direction. The
left most column contains the results for a very small tip gap. It is possible to observe the two counter
rotating vortexes described earlier as two red and blue spots and the wakes of the turbine as red and blue
radial structures. The two vortexes remain coherent and away from the walls throughout the entire device
length. For configurations with A. > 0 the scraping vortex lasts longer, what supports the discussion about
smaller leading edge gaps casting stronger vortical structures. The right most column shows a very big
tip gap. For every tip gap distribution it is possible to find a large red spot: the tip gap leakage vortex.
The rest of the passage is filled with the upstream vorticity related to scraping flow. The bigger leakage
vortexes separate from the scraping vortex and they migrate towards the mid radius of the diffuser, where
they coalesce into a high vorticity annular region. The scraping vortexes remain as individual structures
and migrate towards the wall, where they visibly interact with the boundary layer. Lastly, the two middle
columns show the medium size gaps that transition between these two flow configurations. It is possible to
find the counter rotating pair and the isolated tip gap vortex at the inlet as discussed previously, and for
streamwise decreasing gaps (A, < 0) the configuration is more reminiscence of that of big gaps. For the
best performing configuration (2 column, top right; € 4, = 4% h1z; A. = +50%) The counter-rotating
pair evolves very similarly to small tip gaps, and there is an additional upstream (scraping) vortex close to
the diffuser wall. Note that these counter-rotating vortexes dissipate quicker than for the case of small tip
gaps. For the worst performing cases (top left in both central columns) the counter-rotating pair dissipates
very differently due to the interaction with the isolated tip leakage vortex. Note that only configurations
reminiscent of big gaps generate vortexes close to the boundary layer.

Figure 4.38 shows the distribution of Mach number. In these plots magenta lines are iso-contours of
wazial = 0, S0 they identify recirculating regions. The wakes are shown in these plots as low Mach number
radial regions. Note that in every case the tip leakage vortex is related to a low velocity region, whereas
scraping vortexes appear as jets. In configurations with small tip gaps the scraping flow has migrated
away from the wall, what generates low velocity regions close to the diffuser casing and local recirculation
strikes along the wakes. This is avoided in big tip gaps because of the migration of high energy scrapping
vortex flow towards the casing. This might be the reason explaining why the best performing diffuser is
in the transition region: it has the counter-rotating pair that dissipates efficiently, but also a high velocity
region close to the wall reinforcing the boundary layer.

Lastly, Figure 4.39 shows contours of the loss coefficient. In these plots the tip leakage vortex appears
as a very high loss region (red) and the scraping flow as low loss regions (blue). As discussed above,
for small tip gaps all vortical structures remain far away from the wall, and thus the diffuser boundary
layer develops as a high loss region. With big tip gaps, the low energy flow from the tip gap leakage
migrates towards the middle of the channel and thus the wall region is reinforced by the high energy flow
resulting from scraping. Itis this characteristic what avoids diffuser stall. Note that for mid-size tip gaps, the
counterotating pair avoids the migration of the isolated leakage vortex towards the middle, and this is very
detrimental to the boundary layer state. Finally, the outlet of the diffuser is more uniform for big tip gaps.

Figure 4.40 contains the meridional view of all of these flowfields. Note how only the bigger tip gaps
(lower rows) interact with the boundary layer, and how this results in less losses close to the wall. Also, the
quicker mixing of the tip leakage vortexes for big tip gaps results in a more uniform flow. As a summary,
the flow structures from small tip gaps dissipate producing a greater static pressure rise, whereas big tip
gaps flow structures tend to migrate towards the diffuser wall, re-energizing the boundary layer. However,
they do not provide such a big pressure recovery. Best performance is found in a mid-region where these
effects are both exploited. However, if they are not balanced, their interaction produces the worst possible
diffuser performance.
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4.4.1. Research Question 4
Research Question 4 |

What is the physical interaction mechanism between turbine and diffuser?

Three kinds of flow modes have been identified depending on tip gap size and distribution. For small
gaps two counter-rotating vortexes leave the turbine, located approximately one vortex diameter bellow
the casing. This generates a low loss region close to the diffuser wall that avoids the stalling found in
shrouded rotors. For the biggest tip gaps, there is only one isolated vortex associated to tip gap leakage,
and the scraping flow is convected around it. For medium tip gaps, a gradual mixture between the two flow
structures is found. Maximum diffuser performance is obtained when the pair of vortexes is the strongest
possible before casting a big isolated vortex, whereas worst diffuser performance is obtained when a
strong isolated vortex coexists with the counter-rotating pair. Furthermore, it has been discovered that the
value of \* that changes performance is the one where the isentropic jet is strong enough as to overcome
the scraping flow, and not the one when it appears for the first time.

The disipation of all vortical structures generates a static pressure rise. The isolated vortex generates
high mixing losses when dissipating in the diffuser. However, the counter-rotating pair generates lower
losses than the isolated vortex. It is the dissipation of these vortexes what drives turbine-diffuser interaction,
and the counter-rotating vortex is more efficient in doing this. Furthermore, the scraping vortex in the case
of big tip gaps is convected close to the diffuser wall, while for small tip gaps it stays at the centre. This
implies that, even though the structures for small tip gaps are more effective, they might not be as good as
the others in avoiding boundary layer separation. More research is needed in this topic.

Finally, the greater influence of the leading edge tip gap is explained by the higher scraping in this
region. The structures casted at the inducer region can leave the rotor, and they affect the evolution of all
the shroud processes further downstream along the rotor.



4.4. Evolution of flow structures through the diffuser

78

€Avr = 2% hLE

€Avr = 4% hLE

€Avr = 6% hLE

€Avr = 10% hLE‘

A_e = +50 % e_{Avr}

Ae = -50 % e_{Avr}

Be = +50 % e_{Avr}

€ = =50 % e_{Avr}

A_e = +50 % e_{Avr}

€ = -50 % e_{Avr}

Be = +50 % e_{Avr}

AveGap02
Axial Position: 0.041 m

A€ =0%e{Avr}

AveGap04
Axial Position: 0.041 m

AveGap06
Axial Position: 0.041 m

€ = 0% e_{Avr}

AveGap10
Axial Position: 0.041 m

B.e = 0%e_{Avr}

A_e = +50 % e_{Avr}

AveGap02
Axial Position: 0.056 m

Ae = -50 % e_{Avr}

Be = +50 % e_{Avr}

AveGap04
Axial Position: 0.056 m

A_e = +50 % e_{Avr}

€ = -50 % e_{Avr}

AveGap06
Axial Position: 0.056 m

Be = +50 % e_{Avr}

AveGap10

A_e = -50 % e_{Avr}

B = 0% e_{Avr}

A_e = +50 % e_{Avr}

AveGap02
Axial Position: 0.072 m

A_e = +50 % e_{Avr}

A_e = +50 % e_{Avr}

AveGap06
Axial Position: 0.072 m

AveGap10
Axial Position: 0.072 m

A_e = -50 % e_{Avr}

A_e = +50 % e_{Avr}

AveGap02
Axial Position: 0.088 m

A€ =0%e{Avr}

A_e = +50 % e_{Avr}

AveGap06
Axial Position: 0.088 m

A_e = +50 % e_{Avr}

A€ = +50 % e_{Avr}

A_e = -50 %e_{Avr}

A€ = +50 % e_{Avr}

A€ = -50 %e_{Avr}

A_e = +50 % e_{Avr}

B = 0% e_{Avr}

(S L J »
I
AveGap02
Axial Position: 0.119 m

A€ =0%e{Avi}

AveGap04
Axial Position: 0.119 m

AveGap06
Axial Position: 0.119 m

A€ =0%e{Avr}

AveGapl0
Axial Position: 0.119 m

Figure 4.37: Helicity (min: —7500 s—!, max: 7500 s~ 1)
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Figure 4.38: Mach number (min: 0, max: 0.5)
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Figure 4.39: Loss Coefficient %;,,, (min: —0.2, max: 0.6)
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Figure 4.40: Meridional view of the diffuser for different tip gap configurations. Same limits as cross-section plots. Each row is
€avr = 2,4, 6,and 10 %hrg. In each diffuser, the upper half is A, = +50% €4,,- and the lower half is A, = —50% €.z,
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4.5. Generalization of the results
4.5.1. ORCHID turbine

The turbine used in this section has been designed by Delft University of Technology Propulsion & Power
department. It is intended to be build and tested in a new experimental set up called Organic Rankine
Cycle Hybrid Integrated Device (ORCHID) (Bahamonde et al. 2017 [50]). This is a well-studied case
withing the department.

Design Characteristics

The publication by Bahamonde et al. (2017, [50]) exposes a novel design method optimizing the parameters
of an Organic Rankine cycle (ORC) coupled to the design of the turbine. This is done in the context of
a heat recovery system for transport applications. In this paper they investigate different working fluids
and turbine configurations. They conclude that the optimal solution is a high expansion ratio, single stage,
radial inlet turbine operating with siloxane MM (hexamethyldisiloxane). This publication also identifies
the operating conditions and target power generation. In a set of later publications, the same group
performs the shape optimization of stator blades (Anand et al. 2019, [51]), rotor (De Servi et al. 2019, [52])
and stator-rotor radial spacing (Cappiello et al. 2022, [53]). These studies set the design and operating
conditions of the ORCHID turbine, and the interested reader is redirected to them.

The design objectives are summarised in Table 4.2 and the main dimensions in Table 4.3. Figure 4.41
and Figure 4.42 show the geometry of the stator and rotor blades of the machine. Table 4.3 also contains
the computational domain boundaries in the CFD simulation. They were chosen to be similar to those of
the previous set up: stator inflow mantains the ratio £2<== and rotor outflow maintains £2ezain—Lhoter

RSrhoud RHub
Rotor stator interface is located at the mean radius of the radlal gap in both simulations.

out

Table 4.2: Design objectives and duty coefficients for ORCHID turbine.

Design Parameters Duty coefficients
W kW] 10.6 V2 = 1.1
Q [RPM] 98000 b2 = B 0.29
Ty [K] 573 Qs [deg] +15
Py [kPa) 1810 Rs/Ro.mia  0.557
m [kg/s] 0.132 V3m [ Vam, ~1
Brs 40.86 r 0.37
Working fluid siloxane MM
# Stator Blades 12
# Rotor Blades 16
Us [m/s] 264

CFD Mesh

Both rotor and stator grids are structured O-grids generated with Turbogrid. The stator domain (Figure 4.43
c) has 1.44 thousand nodes (1.38 million hexahedral elements) and the rotor grid (Figure 4.43 a-b) has
around 1.74 million nodes (1.67 million hexahedral elements). De Servi et al. (2019, [52]) provides a grid
convergence study for the geometry and confirms that this mesh achieves grid-independent results.

4.5.2. ORCHID diffuser proposal

The ORCHID turbine is an ongoing project, and as such some parts are still missing. Namely, there is not
a diffuser designed for this case. Different design criteria will push diffuser characteristics towards different
directions. On the practical implementation in a transport system, minimizing weight and installation space
will be of utmost importance®. However, in an experimental set up, other concerns, such as flow uniformity
or accessibility, might be more important than size. In this study the ORCHID turbine is used as a test of

6This argument is stronger when considerations from Section 2.4 are taken into consideration. ORCHID turbine has a great
pressure ratio of 8:s ~ 41, and this makes it less sensitive to C),. The cost of a bigger diffuser is hard to argue through efficiency gains.
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Table 4.3: Geometry parameters of the ORCHID turbine [52]. All lengths in mm, areas in mm? and
angles in [deg]

Stator Rotor Angles
Rpc 40 Ritizing Plane 26.25 g 0
Rin 35.8 Rin 25.75 s 78
Rout 26.7 RShroud 20.5 Qs 15
han 2 RMean 14.4 B 35
Chord 22 RHub 8.3 B3 -57.6
Total Throat area 19.2 Lrotor 10
TE thickness 0.2 Linterface 11.3 Clearances
My 1.92 hin 2 €LE 0.2
hout 12.2 €TE 0.2

40

15 | | | | | | | |
-20 -15 -10 -5 0 5 10 15 20 25

[mm]

Figure 4.41: Orchid stator geometry. The stator is a straight prism. Thin black lines represent stator inlet
radius (35.8 mm), stator outlet radius (26.7 mm) and rotor inlet 25.7 mm.

generality and applicability of previous results, and thus the diffuser will be the same as in the T-100 case
(L/Ry; = 1.3, AR = 2.2, ¢,auy = 4.61°).This decision is going to provide exactly the same geometry and
thus results will be easily comparable. Lastly, the diffuser domain includes a spherical spinner as the one
used in the T-100 case.

The computational domain is discretized with a structured multi-block mesh. The topology is exactly
the same as that in Figure 3.11. This time the extension is shorter (one diffuser length, or about 1.5
outlet diameters), and the grid is finer, containing 100 thousand elements in the diverging section (three
times more than the original grid). No convergence study was performed in this grid due to the huge
computational cost. The assumption is that this finer grid will provide results at least as good as the
previous one. There are no visual differences with respect to Figure 3.11.

4.5.3. Comparison T-100 & ORCHID turbines

The main similitudes with the T-100 turbine are:

* Both machines are radial inflow turbines.
» Both rotors have 16 blades
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Figure 4.42: Rotor blades geometry for the ORCHID turbine. Tangential displacement -6 is plotted

against meridional distance. Dotted lines are references such that § = const..

Both machines work with similar mass-flow (hundreds of grams per second).
Both machines have the same design rotational speed (100X RPM).
Inlet to mean outlet radius is around 0.5 in both machines.

hub to tip radius at the rotor outlet is %’o oy 0.41 in both machines (Figure 4.45).
ti utlet

And differences:

ORCHID turbine works with non-ideal gases.
ORCHID turbine pressure ratio is 3;, ~ 41, whereas T-100 is 3;, ~ 5.7.
ORCHID stator is highly supersonic (My,; = 1.92), while T-100 is M,,; = 0.995.

ORCHID radial gap between rotor & stator is 5 times smaller in absolute size (2 times smaller in
relative terms).

ORCHID rotor blades present high inlet metal angle (=~ 40°, Figure 4.42 & Figure 4.44).
ORCHID rotor blade thickness is around 30% of T-100 blade thickness at the tip.
ORCHID on-design operation outflow has 15° swirl angle, whereas T-100 outflow is axial.
ORCHID loading and flow coefficients are 20% and 50% higher than those in T-100.

The meridional gas path has different curvature distributions (Figure 4.45).

Orchid rotor relative length L/ R, is half of that of T-100 rotor.

To summarise, the operating conditions at the stator are very different between cases. The overall
meridional gas-path relative dimensions are similar, except for ORCHID being 0.5 times shorter, the
meridional gas-path shape is very different (Figure 4.45), and the metal blade angle at the inlet of the
rotor differs on 40° (Figure 4.44). Due to this, differences might be expected at the inducer region of the
rotor and in the development of the flow structures through the passage. Also, the higher loading and flow
coefficients makes ORCHID more aerodynamically compromised. However, the exducer region of both
turbines is comparable in terms of hub to tip ratio, what allows the usage of an equivalent diffuser.
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a) Rotor topology. View radially in from the inlet.  b) Rotor topology. Axial view from the outlet, detail
of the leading edge.
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c¢) Stator topology.

Figure 4.43: Details of the structured computational grid for the turbine. Stator: 1.44 million nodes;
Rotor: 1.74 million nodes.
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Figure 4.44: Difference in blade metal angle at the shroud between T-100 and ORCHID turbines
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Figure 4.45: Difference in meridional gas path between T-100 and ORCHID. Rescaled in terms of
—snesza, Where [ is any length.
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Figure 4.46: Qualitative comparison of T-100 (left) and ORCHID (right) turbines.
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4.5.4. ORCHID results

Characterization of tip gaps

Different tip gap sizes and distributions where tested in order to provide an analogous study to the one
presented in Chapter 4. The average tip gaps tested were: 0 mm, 0.045 mm, 0.090 mm, 0.12 mm, 0.2 mm,
and 0.36 mm; and the distributions A, = —50, 0, & + 50 %e 4,,. These values were chosen to offer similar
) parameters as the ones tested previously, Figure 4.47. Note that the first 3 are not feasible configurations
[52]. However, these configurations were tested to obtain a comparable data set to the T-100 case in
non-dimensional (\) terms. Comparing Figure 4.16 and Figure 4.47 it is possible to see the influence of
thickness distribution in this parameter. Note that ORCHID turbine has uniform thickness blades (0.3 mm).
The X with best performance in the T-100 case corresponds to a tip gap between 0.09 mm and 0.12 mm in
ORCHID, depending on the streamwise location. This is € 4., ~ 1.41%h.

Both turbines has the same number of blades, but the higher work coefficient ¢y of ORCHID implies
more loaded blades. This is visible in the distribution of R, Figure 4.48. In the new test case the pressure
loading overcomes scraping along 80% of the passage, and the maximum value of R is three times that of
T-100. It is interesting to note how this parameter is almost constant for the first half of the passage: as the
blade loading increases, the blade angle decreases. This balances these two effects over a longer section
than in the previous case, Figure 4.15. Lastly, note that every curve is overlapping, what suggests that the
tip gap ratio has relatively low impact on blade loading close to the shroud. This was not the case for the
T-100 rotor.

1.6 T T T T T T T T T
€a0r = 0.045 mm €40r = 0.360 mm
14 €avr = 0.090 mm = = A, <0
€dvr = 0.120 MM =——— A, =0
1ok €Avr = 0.200 mam sesesnen A, >0
1
Il |
—~ 0.8 ;
~ 1
0.6
Y= ——
.................................................... f
0.4 § e i
et L L m e e /
O 1 1 1 1 1 1 1 1 1 |

Figure 4.47: Parameter \ = ¢ described in [33] and Section 2.2.3 for ORCHID turbine.

Diffuser integral performance metrics
Sys

Figure 4.50 shows the total to static efficiency of the system (n;,””) and the total to total efficiency of the
turbine (n’,). The trends are quite different to the ones obtained for T-100 turbine (Figure 4.6 and 4.7).
nf;ys decreases with bigger € 4,,-, but now it is more sensitive to trailing edge gap size, erg. There is a
region for very small tip gaps where the work extraction of the system is practically independent of leading
edge gap size, ;. The evolution of n}; is very different to the T-100 one, and again it is more sensitive to
trailing edge gaps. This behaviour is more aligned with the common believe of ¢, g being less influential
due to the partial tip gap sealing due to scraping flow. Note that the leakage flow conserves streamwise

momentum and thus it is not perfectly perpendicular to the blade [32]. This implies that the positive 3;; at
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Figure 4.48: Parameter R = —A~L___ described in [33] and Section 2.2.3 for ORCHID turbine.

To0? o (3)

ORCHID inducer (Figure 4.44) actually makes scraping velocity more orthogonal to leakage blow, and it
might increase its sealing capabilities. This behaviour is not included in the definition of the R parameter
[33]. Lastly, note that the decrement in nfj’s is always bigger than the one in n};: the interaction between

turbine and diffuser always decreases diffuser enhancement for bigger tip gaps.

Diffuser performance metrics are shown in Figure 4.49. The highest C,, (0.66) is 0.02 points greater than
the best result for T-100 turbine, and the lowest C,, is 0.2 points smaller. In the ORCHID test case, C,, mainly
depends on €4,, and the distribution of tip gap is less important. Nonetheless, the best performance is
found in the same location as before: A 4, ~ 0.45 (€ 4., =~ 1.4%h for ORCHID) with streamwise increasing
tip gaps. This points out the importance of A. The value of K, is 3 times higher than in the T" — 100 case,
but it shows the same morphology. The peculiarities of C,, are related to the kinetic energy term, &, as in
the previous case.

Figure 4.51 shows the changes in &, and {vp. Recall Cp = —(A&puk + Aénu) — kioss- These values
were computed with the same fluid tables as Ansys used to solve the Navies-Stokes equations. The bulk
kinetic energy dissipates in the same way as in the T-100 case, Figure 4.10. Nonetheless, this effect in
ORCHID is smaller and shows a stronger dependency on erg. The effect of non-uniformities is greater
than in T-100 and it always recovers static pressure. For very small tip gaps the strong dependency on
gap size streamwise distribution is recovered, but this region is smaller and less influential.

Finally, Figure 4.52 shows the changes in M5 with different tip gap configurations. As before, it increases
with e 4,,-. However, now it is not symmetrical with respect to A, for big tip gaps. For a given average size
erg increases more Ms. Ms is proportional to the kinetic energy at the outlet, and thus to non-uniformities
(Section 2.1). This implies that in the ORCHID turbine the effect of the trailing edge gap is greater and it
produces more flow-path blockage. This did not happen in the T-100 rotor.

Distribution of C}, along the diffuser

Figure 4.53 shows the distribution of C,, along the diffuser. The black solid line C,(x) for the zero tip gap
case including scraping, and the dotted black line is for the shrouded rotor. Configurations with tip gaps
recover pressure faster, and up to €4, = 0.2 mm the dependency on tip gap distribution is small. The
biggest tip gaps tested show the behaviour of a stalled diffuser. This is clearly visible in the plot on the right.
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Figure 4.49: Diffuser performance metrics evaluated at the outlet for different tip gap configurations in the
ORCCHID turbine. From top to bottom: C,, ki.ss and &. The red dot is the nominal configuration
(e = 0.2 mm), and the colored dot represents the shrouded rotor performance.
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Figure 4.50: ntssys (left) and n], (right) for different tip gap configurations in the ORCHID turbine.
Percentage computed with respect to a shrouded rotor. The red dot is the nominal configuration
(e =0.2 mm)

0.6 T T T T T T 0.65
6 0.575 61 N 0.625
0.55 0.6
5L 0.525 5l \ @ 0.575
6
0.5 N 0.55
0.475 0.525
—4r 0.45 __4r 0.5
I§ 0.425 B lg 0.475 5
=, 04 ;‘? =, 0.45 ‘ﬁf
a8 0375 a8 0.425
v 035 v 0.4
2r 0.325 2r 0.375
5 0.3 0.35
0.275 0.325
1r 1 1
0.25 0.3
/ 0.225 0.275
0 L L L L L L 0.2 0 L L L L L L 0.25
0 1 2 3 _4 5 6 0 1 2 3 _4 5 6
erp [% h) erp [% R
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Figure 4.52: Mass flow averaged mach number at the inlet of the diffuser, M.
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The spinner recirculating bubble separation and reattachment points are shown by the inflexion points in
these curves. However, the biggest tip gap configurations never manage to close the spinner wake and
thus the pressure recovery is lower. Note that this involves losses and not only blockage: it is not possible
to recover this pressure even if the bubble closes further downstream.
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Figure 4.53: Evolution of pressure coefficient C), along the diffuser for different tip gap configurations in
the ORCHID turbine.

Rotor flow structures

In order to understand the origin of these discrepancies and also test the generality of the previously
discussed RIT flow structures (Section 4.3), the flow-field of the ORCHID turbine is analysed. This is
done through the helicity field (Figure 4.54, 4.55 and 4.56); the streamlines emanating from the tip gaps
(Figure 4.57, 4.58 and 4.59); and the entropy field (Figure 4.60, 4.61 and 4.62). The first two plots en
every field are the zero tip gap configurations. For the consecutive images the left column is streamwise
decreasing gaps and the right one is streamwise increasing gaps. Furthermore, each plot shows three
blades with 10 secondary plane instances. The last instance only shows one passage, and the penultimate
one shows two passages. All the views are close to axial, from the outlet towards the inlet of the device,
and the suction side of the blades is visible.

Figure 4.54, 4.55 and 4.56 show the helicity field. Red regions represent strong streamwise vorticity
directed downstream, whereas blue regions are strong streamwise vorticity directed upstream. The reader
is invited to compare these plots with the streamlines in the following pages to follow where the flow is
coming from. The shrouded rotor case already shows bigger and stronger flow structures than the T-100
case, what indicates that the differences in streamline curvature are important. ORCHID turbine is smaller
and with a more aggressive design, so this is not surprising. When scraping is added, the downstream
vortex related to blade boundary layer cross-flow breaks and migrates towards the middle of the channel.
In the zero tip gap T-100 case the scraping vortex is always over the blade secondary flow, keeping it away
from the diffuser wall. However, in the ORCHID case the scraping flow is stronger and part of the low
energy flow from the blade boundary layer is displaced towards the middle of the channel. This behaviour
is new and it might be related to the combination of higher blade loading and different flow-path shape.
More research is needed on this topic.

The following plots are configurations with non-zero tip gaps. At the inducer region the flow is very
similar to that of the T-100 rotor, with scraping flow pushing the leakage vortex towards the mid-span of the
blade suction side. This flow structure is constituted by the scraping vortex, label C, and the original tip
gap vortex, label A. At some point the scraping vortex, C, breaks the connection between tip gap flow and
the original tip gap vortex, A, and the later is pushed away from the blade. This low energy flow migrates
towards the casing around the scraping vortex while a second tip gap vortex, label B, develops in the
shroud-suction side corner. The final structure is constituted by the upstream scraping vortex (C), and two
downstream leakage vortex (A and B). The original one has migrated towards the middle-shroud region of
the passage, whereas the second one is confined close to the suction-side casing corner. It is the breaking
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of the leakage vortex what differentiates this structure from the counter-rotating pair observed in the T-100
rotor’. Note that, in ORCHID, R (Figure 4.48) grows quicker, reaching R = 1 for s = 0.2, while T-100 rotor
needs s = 0.3 — 0.4. Also, the ORCHID rotor stays around R ~ 1 between s = 0.2 and s = 0.4, while T-100
continuously increases until its maximum. This implies that the T-100 rotor is continuously increasing
relative pressure loading across the tip gap, while with the ORCHID design scraping effects build up without
increasing AP. This might be the cause of the leakage vortex breaking up: the accumulation of scraping
flow.

The biggest tip gaps, Figure 4.56, show a behaviour similar to T-100 with big € 4,... A strong isolated
tip leakage vortex (label A) dominates the shroud region and the scraping vortex (label C) is convected
around it. Both vortexes are located roughly at the same radial position and close to the wall. There is also
a downstream vortex component at the middle of the passage, label D. The streamline plots (Figure 4.57,
4.58 and 4.59) show that is exists for every tip gap size and it is flow coming from the inducer tip gap
region.

The mid-size gaps (Figure 4.55) show a smooth transition between these two flow regimens. The
bigger € 4. is, the later the original tip gap vortex, A, split occurs, and thus the original tip leakage vortex
(A) is stronger and closer to the second one (B). It is in these configurations where the downstream vortex
casted at the inducer, label D, is the strongest. Note that the change in flow regime both for ORCHID and
T-100 happens for the same X 4, = 0.4, even tough the flow structures are different. The tip gap size
distribution affects more the small and medium gaps, and the leakage vortex for streamwise increasing
gaps breaks up before and thus it appears further away from the blade. This supports the hypothesis that
it is the accumulation of scraping flow what breaks this structure, as the effect occurs earlier if scraping
builds up due to small leading edge tip gaps.

Finally, the entropy field is shown in Figure 4.60, 4.61 and 4.62. The leakage flow is seen as high
entropy regions, labels A and B. For small tip gaps it is easy to see how the high entropy region moves
around a lower entropy pocket (the scraping flow, label C); and how a new leakage vortex is casted. The
high entropy related to the downstream inducer vortex diffuses along the passage and it is difficult to
track except for very big tip gaps. Note that the maximum value of entropy is achieved at the inducer for
small e 4,-, SO it can be concluded that it is related to the interaction of scraping and leakage flow. Lastly,
even the smallest tip gap shows an isentropic jet at the intake region, what is another proof that a single
universal value of \* [38] might not exist.

The differences between the ORCHID rotor and T-100 rotor flowfields are:

« For small tip gaps, the counter-rotating pair is substituted by one upstream scraping vortex (C) and
two downstream leakage vortex. One of these is bellow the scraping vortex and towards the pressure
side (A), and the second remains close to the wall (B).

* As €4, increases, the leakage vortex divides sooner. The second leakage vortex (B) grows and the
original one (A) is closer to it. There is a point where they do not split anymore and there is a single
tip gap vortex (A).

+ All ORCHID flow-fields for small and medium tip gaps are similar to those of medium size gaps for
T-100.

« The ORCHID rotor generates a downstream vortex related to inducer tip leakage flow (D) not observed
in the T-100 case. lts influence is unknown.

"This flow structure is similar to the one obtained for tip gaps around A = 0.5 in the T-100 rotor, Figure 4.22.
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Figure 4.54: Streamwise vorticity field for the ORCHID rotor (%f) (min: —100000 s—!, max: 100000 s~ 1)
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Figure 4.55: Streamwise vorticity field for the ORCHID rotor (l%f) (min: —100000 s~1, max: 100000 s~1). First row: €., = 0.090 mm; Second Row: € 4., = 0.120 mm.
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Figure 4.56: Streamwise vorticity field for the ORCHID rotor (IT*?) (min: —100000 s~*, max: 100000 s~1). First row: € 4,, = 0.200 mm; Second Row: ¢ 4,, = 0.360 mm.
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Figure 4.57: Streamlines emanating from the ORCHID tip gap cavity. Black regions are upstream vortexes and white regions are streamwise vortexes. Second Row:

€Avr = 0.045 mm.
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Figure 4.58: Streamlines emanating from the ORCHID tip gap cavity. Black regions are upstream vortexes and white regions are streamwise vortexes. First row:
€avr = 0.090 mm; Second Row: €4,, = 0.120 mm.
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Streamwise Decreasing Gaps Streamwise Increasing Gaps

Figure 4.59: Streamlines emanating from the ORCHID tip gap cavity. Black regions are upstream vortexes and white regions are streamwise vortexes. First row:
€avr = 0.200 mm; Second Row: €4,, = 0.360 mm.
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Shrouded rotor Zero tip gap

Streamwise decreasing gaps

Figure 4.60: ORCHID rotor entropy field (min: 1170 J/K, max: 1250 J/K)). Second Row: €4,, = 0.045 mm.
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Streamwise decreasing gaps Streamwise Increasing Gaps

Figure 4.61: ORCHID rotor entropy field (min: 1170 J/K, max: 1250 J/K)). First row: €4, = 0.090 mm; Second Row: € ,, = 0.120 mm.
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Streamwise decreasing gaps Streamwise Increasing Gaps

Figure 4.62: ORCHID rotor entropy field (min: 1170 J/K, max: 1250 J/K)). First row: €4, = 0.200 mm; Second Row: € 4,, = 0.360 mm.
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Diffuser flow structures

Figure 4.63 shows a meridional view of different diffuser flowfields. Each column is a different property, and
moving down rows is increasing e 4,-. Each plot contains A, = +50% € 4., at the top and A, = —50% € A,
at the bottom. The colormap is the same as in the rotor plots, and the limits are stated at the caption.
Magenta lines in Mach plots represent isolines of u,.;.; = 0. Note how for the ORCHID case there is
always vortical structures close to the walls: this is because of the breaking of the leakage vortex analysed
previously. These structures avoid the boundary layer separation found in the T-100 diffuser, but they also
diffuse in a less efficient way. Mach plots show that it is more difficult to close the wake of the spinner, and
for the bigger gaps there is wake bursting. As € 4., increases, the velocity at the casing also increases.
This finally results in a jet-like structure close to the diffuser casing and a lack of flow to close the spinner
wake. This is also related to the radial pressure gradient due to outlet swirl, and it has been reported by
another authors in experimental set-ups [5]. Relatively small differences in the rotor flow structures can
completely change the diffuser state. Note that when the wake bursts it does not act as a simple flow-path
blockage, but it generates a lot of losses: this situation is irreversible further downstream.

4.5.5. Concluding Remarks

It has been found that differences in stream-wise blade loading, as well as flow path curvature can change
the way vorticity develops along the rotor channel and thus diffuser performance. For the ORCHID rotor,
with higher blade loading and streamline curvature, the tip leakage vortex breaks into two structures, the
first one representative of the T-100 case with small tip gaps, and the second one staying close to the
wall. The flow structure with big tip gaps is similar in both rotor designs. This change in flow structure
implies that the ORCHID diffuser always operates with vortical structures close to the wall, what keeps the
boundary layer always attached. Another important parameter is swirl. As another authors have reported
[41], excessive swirl can generate big low momentum regions at the hub area after sudden expansions.
This is a process analogous to wake bursting in external aerodynamics. With big tip gaps, the ORCHID
diffuser operates in this regimen and ks is very high. Based on this results and the previous literature
research, the existence of vorticity close to the walls suggest that ORCHID could operate without stall with
a steeper diffuser than a small € 4,,- T-100 rotor. However, the main issue for ORCHID is the spinner wake.
This might be fixed by reducing outlet swirl, but more research is needed to understand this region of the
flow.

Lastly, most differences between ORCHID and T-100 rotors are found at the inducer region. The
very distinct diffuser operation mode confirms the hypothesis that this region is a very relevant parameter
shaping the interaction between turbine and diffuser. Even tough the flow structure is not the same between
rotors, it is possible to successfully apply the same concepts to both designs. Furthermore, both rotors
present flow structure changes for similar A 4,
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Figure 4.63: Meridional view of the ORCHID diffuser for different tip gap configurations. Helicity: —10000 s~*-+10000 s~*; Mach:
0-0.5; kjoss: —0.2-0.6. Each row is € 4,,, = 0.045, 0.09, 0.12, 0.2, and 0.36 mm. In each diffuser, the upper half is A, = +50% € a4
and the lower half is A, = —50% €4ur



Conclusion

Along this project a knowledge gap in turbine-diffuser interaction and radial inflow turbines shroud flow
structures has been identified and researched. Not a lot was known about the physical mechanisms or
even the parameters shaping this interaction.

The conditions under which a diffuser is the most effective have been identified as high subsonic rotor
outlet Mach number, and small pressure ratios. The only diffuser parameter affecting work extraction is C,,
and the sensibility depends solely on rotor outlet Mach number. The gains due to a diffuser are smaller for
high pressure ratio stages or low rotor outlet Mach numbers.

Regarding turbine diffuser interaction, it has been confirmed that a) rotor losses will always outweigh any
diffuser enhancement for unstalled devices, and b) diffuser pressure coefficient, C,, changes appreciably
with different tip gap configurations. For a given diffuser, C,, can vary as much as 20%; and for a given C,,
diffuser length can vary as much as 100%. The leading edge tip gap size, 1 g, has been identified as the
most influential parameter, and this has been related to different flow structures in the rotor. There is an
intense interaction between scraping and tip leakage flows, and it is related to tip gap parameters such as
A= t;p and R = W. Different flow configurations have been studied and qualitative information
about the conditions that generate them has been obtained. This work reveals the phenomenology required
to develop refined tip gap leakage models predicting vortex structures, what will lead to improved diffuser
design and flow control techniques.

In order to test the generality of these results, the main findings have been applied to a very different
turbine design (i.e. ORCHID). The flow structures in the rotor changed notably, but the same rationale
applies and no new physical mechanisms were needed to explain the flow. This confirms the validity of the
previous analysis. Furthermore, the main differences, both in design and in flow structures, were found at
the inducer region. This greatly changed turbine-diffuser interaction, what supports the hypothesis that this
region of the rotor is the most influential one shaping the interaction. Lastly, it was found that, in the case
of the ORCHID turbine, the main effect reducing diffuser performance is spinner wake bursting. This hub
region is the most important to work upon if diffuser performance is to be optimised.

5.1. Research Questions: Answers

Research Question 1 |

What is the potential impact of a diffuser in turbine work extraction, and under which conditions
is this device more relevant? (Section 2.4)

Percentage gain in energy extraction can be as high as 10% under the proper conditions. Furthermore,
this enhancement is greater for small pressure ratios and high outlet Mach numbers. The work enhance-
ment by the diffuser is independent of the total stage pressure drop, and thus it is relatively bigger for low
pressure ratio machines. Furthermore, the diffuser will be more noticeable if rotor outlet Mach number, M5,
is high. Lastly, it has been proven that the only diffuser parameter affecting turbine work extraction (for a

given 3°¥%) is the pressure recovery coefficient, C,,.
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Research Question 2 |

Which is the simplest set-up able to capture realistic diffuser flow-fields and integral perfor-
mance? (Section 4.1)

Along this section it has been discovered that in unstalled diffusers the static pressure trend (C,) can
be predicted with quasi-2D flows (only solving the flow in » — ). However, the prediction of diffuser losses,
K55, requires the computation of 3D flows. This is because most of the losses are due to mixing, and
these tridimensional structures dominate the mixing processes.

This implies that in the rest of the project frozen rotor interfaces will be used. This has important impli-
cations when developing low-order models for diffusers. If the losses are to be predicted in a 2D method,
3D effects must be included through some correction coefficient. Note that a 1D model will need to include
the hub recirculating region as an input parameter. These results also show that simulations of isolated dif-
fusers (both numerically and experimentally) are not fully representative of the installed operating conditions.

Research Question 3 |

What is the effect of tip gap size and distribution on the integral performance of the diffuser?
(Section 4.2)

It has been found that different tip gap sizes and distributions affect the performance of the diffuser, changing
C,, up to 20% for a given geometry, or diffuser length up to 100% for a given C,,. There is an optimal tip gap
configuration. Bigger tip gaps are detrimental both to diffuser and rotor performance. Furthermore, the
origin of this interaction has been traced back to the pressure recovery due to the dissipation of non-uniform
flow structures. Diffuser losses depend on c4,,., and they are mainly driven by mixing. On the other
hand, pressure recovery due to non-uniform flow depends both on gap size and distribution. Small gaps
perform better, and streamwise increasing tip gaps yield the best pressure recovery. If a critical gap size is
surpassed, the dependency on distribution is mostly lost and performance drops with € 4.

It has been attempted to identify the conditions where this change in behaviour occurs by means of tip
gap characteristic parameters, as A and R. No general quantitative trend was found, but lower R parameter
requires higher \ to yield the same diffuser integral behaviour. Furthermore, the data obtained shows that
it is unlikely to find an universal A* value to characterise the tip gap cavity flow, as this also depends on
scraping [33].

Finally, it has been also shown than an increment in tip gap size will always reduce power extraction.
However, if the design team is given a choice between reducing axial or radial gap, diffuser interaction
criteria says that they should reduce the axial (leading edge) one, even at the cost of small increases in
the another one.

Research Question 4 |

What is the physical interaction mechanism between turbine and diffuser? (Section 4.3)

Three kinds of flow modes have been identified depending on tip gap size and distribution. For small
gaps two counter-rotating vortexes leave the turbine, located approximately one vortex diameter bellow
the casing. This generates a low loss region close to the diffuser wall that avoids the stalling found in
shrouded rotors. For the biggest tip gaps, there is only one isolated vortex associated to tip gap leakage,
and the scraping flow is convected around it. For medium tip gaps, a gradual mixture between the two flow
structures is found. Maximum diffuser performance is obtained when the pair of vortexes is the strongest
possible before casting a big isolated vortex, whereas worst diffuser performance is obtained when a
strong isolated vortex coexists with the counter-rotating pair. Furthermore, it has been discovered that the
value of \* that changes performance is the one where the isentropic jet is strong enough as to overcome
the scraping flow, and not the one when it appears for the first time.
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The disipation of all vortical structures generates a static pressure rise. The isolated vortex generates
high mixing losses when dissipating in the diffuser. However, the counter-rotating pair generates lower
losses than the isolated vortex. It is the dissipation of these vortexes what drives turbine-diffuser interaction,
and the counter-rotating vortex is more efficient in doing this. Furthermore, the scraping vortex in the case
of big tip gaps is convected close to the diffuser wall, while for small tip gaps it stays at the centre. This
implies that, even though the structures for small tip gaps are more effective, they might not be as good as
the others in avoiding boundary layer separation. More research is needed in this topic.

Finally, the greater influence of the leading edge tip gap is explained by the higher scraping in this
region. The structures casted at the inducer region can leave the rotor, and they affect the evolution of all
the shroud processes further downstream along the rotor.

5.2. Future Work

Along the project further knowledge gaps have been found. They are stated here as recommendations for
future research.

* Rotor outlet hub region: the biggest entropy generation in the diffuser is due to the recirculating
region in the separated flow at the hub. It has been shown theoretically and in practise that diffuser
losses do not directly affect total to static efficiency. However, as the ORCHID test case showed,
the wake of the spinner can be problematic and great diffuser performance improvements can be
achieved by controlling the separation bubble.

» Characterization of tip gap cavity flows for radial machines: It has been found that the tip gap
leakage can result in different flow structures, and which one is generated seems to be related to tip
gap parameters such as R and \. However, it was not possible to find any general trend that allows
the prediction of flow regime a priori.

» Detailed model of tip leakage: There are several models for radial inflow turbine tip gap flow and
leakage. However, none of them properly includes the physical phenomena at the tip gap cavity,
or offer the capability to predict the size and strength of the vortex. The present work initiates the
research needed to develop such a model capable to take into account scraping and tip gap geometry.
Predicting vortex structure and strength is the first step towards a really coupled low order diffuser
model.

+ Extension of the study to another operation points: It is known that in off-design conditions the
inducer of the rotor can stall, and this results in different vortexes being casted. In order to fully
characterize turbine-diffuser interaction this new vortexes must be also included.

» Evaluation of the unsteady case: Given the importance of the rotor inducer region, it is fair to
expect some changes when including the unsteady interaction with the stator vanes.

» Exploration of unconventional diffusing methods: This experience has shown that the sudden
expansion reaches acceptable static pressure rises in very short distances. This opportunity might be
exploited by a detailed study of the flow structures leading to the shortest sudden expansion possible,
or using vortex controlled diffusers [54]. This topic is tightly coupled with hub spinner design.
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Grid Convergence Study

This appendix deepens in the topic of grid convergence study, used to assess the spatial discretization
convergence order.

A.1. General Theory: Richardson’s extrapolation

This section is based on the Richardson’s extrapolation, retrieved from NASA website and based on Roche
(1998, [55]). The main idea of the method is that any CFD result can be written as:

f=fomo+gih+g2h® +gsh® + ... (A1)

where f can be a local property of a functional of the simulation (as turbine efficiency, 1), fi—o is the
(unknown) exact solution for a zero spacing grid, and h is a measure of the grid spacing. Note that h — 0,
so the smallest non-zero addend sets the order of the method. In general:

f = fu=o + A-h? + O(hPT1) (A.2)

Where p is the spatial order of convergence, and it might not be an integer. This order will be at most as
high as the solver order, and in general it is reduced due to non-ideal grid spacings, boundary conditions,
non-linearities, etc.

Calling f; to the (computed) solution with spacing h;, it is possible to obtain:

fi—f

ho \*
() -1
which is a p + 1 order estimator of the exact solution. Note that in general p is unknown. This estimator

can be used to extrapolate values from coarse grids, or as a convergence metric. In order to get the order
of convergence, it is necessary to use at least 3 different grids, obtaining:

fs—f1 WY —h3

Jh=0=f1+ (A.3)

= A.4
foh R (A4)
In the case of uniform grid ratios, r = "‘;‘;;1 = const., this expression simplifies to:
f3 - f2)
=1In In(r A.5
» ( BB i) (A5)
Note that with three grids it is also obtained:
fo—fi
A= (A.6)
hE — hY

And the line Equation A.2 can be reconstructed.

The convergence trend given in Equation A.2 is an idealized case. For very fine grids another kind of
errors (round errors) can appear and the convergence order p will be reduced.
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A.2. T-100 Convergence Study: details

Figure 3.8 shows the convergence of turbine total to total efficiency as a function of the number of grid
nodes. This is an useful view, because it shows the real computational cost of the grid. However, it is
mathematically difficult to evaluate errors based on number of nodes. Figure A.1 shows the convergence of
N against a metric of grid spacing. In this case, maximum grid spacing was chosen, and this is computed
as hy,%q = V/max V... The convergence trend parameters are computed with the 3 biggest grid spacings.
Another metrics and computations were tested and this gave the best match because:

1. Itis expected to find the biggest errors close to the biggest cells.

2. The bigger cells are more or less isotropic, whereas the small volume cells are in the boundary layer
and they are highly skewed. These cells have a dimension way smaller than the others and thus it is
not trivial to extract a length scale from them.

3. The smallest cells have the constraint y™ ~ 1, so they are not refined in a isotropic manner.

4. Mean cell volume gives a lot of weight to the boundary layers, where the cell count is high. This
generates the issues from the previous points.

5. Using root mean square error, \/ﬁ Zj(nj — nr=0)?, instead of the first three points, gave a conver-

gence order higher than the numerical scheme. The method was trying to also match the finest grids
that do not follow the same trend.

Note that when obtaining this curve all three parameters n,—g, A, and p are computed simultaneously.

The plot shows that the convergence order of the numerical method in this grid is p = 1.74, lower
than the ideal 2" order but aligned with references in open literature. Also, the order of the solver is
not necessarily 2" order globally (Section 3.3). The extrapolated value of efficiency is also reported as
nn=o = 0.928. Note that the convergence trend changes for smaller grids, so it is unlikely that this is the
real value. This is a common caveat in Richardson’s extrapolation.

It is thought that for smaller grids other kinds of errors start to appear in the smallest cells, and thus the
convergence rate drops. Note that the selected grid is the last one in the fast convergence region: from
this point on reducing grid spacing provides diminishing returns.
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Figure A.1: Error between the computed and extrapolated values of turbine efficiency, “—t-r<el "gs g
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. . . H max
function of grid maximum spacing, hg”»d.

10One coarser, and two finer than the used one.
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The computation of the diffuser case is more costly as it involves the stator, rotor, and diffuser domains.
For this reason, the study was kept at a minimum with only 4 grids’. The number of elements in the
diverging sections for these grids is reported in Table A.1. The different values of C,, and K, at the
outlet are reported in the main text (Figure 3.9). Due to the characteristics of the grid and the refinement
strategy, there is no meaningful way of obtaining a characteristic cell length: In the refinement steps only
the diverging section was treated, so the extension outlet cells are always the biggest and they do not
affect the reported results. Similarly, smallest cells are always in the boundary layer and influenced by the
constraint y* ~ 1. Finally, mean cell volume is polluted by the extension region. Using a metric such as

E __ 3/ Volume diverging section

U S veTd <2 did not provide satisfactory results, and thus the order of convergence and
nodes diverging section
the extrapolated values are unknown.

It is relevant that C, is almost independent of grid spacing (Figure 3.9). Note that it is this parameter
what drives the turbine enhancement, Section 2.4. The changes in k;,;; appear to be very big, but they
are small when compared to the value of C), or &.

Another pertinent question is the effect at different locations of the diffuser. This is shown in Figure A.2.
It is possible to see how the used grid and the finer ones are practically indistinguishable. The coarser grid
is slightly different. The plot at the right shows the difference with the finest grid in every axial position. Note
how the biggest difference is located where the sudden expansion is: there are a lot of steep gradients
and more cells are needed to properly solve this region of the flow-field.

Figure A.3 shows the differences in loss coefficient. Again, the coarse grid does not follow the proper
trends and the two finer grids are practically overlapped. The grid used in the study is slightly too coarse
to accurately predict k5. Interestingly enough, all 3 fine grids correctly predict K, at the inlet of the
diffuser. This gives confidence in predicting mixing losses and the most direct turbine-diffuser interactions.

Table A.1: Number of elements in the diverging section for each diffuser grid.

Name Coarser Used Refinement1 Refinement 2
Number of elements 14 700 37 400 87 000 212 000
0.6 T T T T T T T T 0.035
m—— CoOarser
0.03} m—sed
05 g Refinement 1

0.025

0.4 r
0.02 -

0.01r
02r
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Figure A.2: Evolution of C,, along the diffuser for different grid spacings.
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Figure A.3: Evolution of k;,,, along the diffuser for different grid spacings.
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