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Abstract

According to the Paris Agreement on Climate Change, Germany decided to evolve its economy
to become almost COs-neutral by 2050. After the phase-out from nuclear- and coal driven
energy production this decarbonisation is to be achieved by a strong expansion of renewable
energies, supported by modern storage technologies and flexible gas-fired power plants.
However, the individual components of the gas turbine have to be adapted to operate under
these new arising challenges. So far compressor, combustion chamber, turbine and exhaust
gas diffuser were operated under constant load conditions to which they were aerodynamically
adapted. Flexible operation is now accompanied by a large number of varying flow and load
conditions. Still, high degrees of efficiency have to be reached in order to keep emissions low.
Therefore individual components are currently revised.

This work contributes to an extended operating range of the gas turbine erhaust diffuser and
thus to the gas turbine itself. Obstacles within the diffuser system, so called support struts,
have been identified as a key factor to the improvement of overall diffuser efficiency. By their
interaction with the turbine’s load-dependent exit flow profiles they define the shape of the
diffuser performance map: At part load condition where the incoming fluid flow angles deviate
heavily from design load condition, incidence robustness is a key factor for strut design. In
order to increase diffuser performance at overload condition, the same design has to prevent
from shock losses due to supersonic flow fields on the strut’s surface.

For a modern geometry of an axial gas turbine diffuser this work examines the influence
of geometric variations such as staggering, sweep, dihedral and discharge bore holes on the
diffuser performance characteristic from low part- to high overload condition. Its outcome
results in performance maps for 29 different diffuser configurations, incorporating 20 different
strut designs. They may be exploited in diffuser engineering, where load dependent flow
conditions have to be adapted to the diffuser’s operating behavior.

Furthermore, based on these findings it was possible to derive two enhanced strut geometries
which improve diffuser efficiency at part-, design- and overload condition in comparison to a
baseline configuration. One of the enhanced strut designs is using a novel, patented design
approach with so-called discharge bore holes.

The numerical results of this work are supported by an experimental validation. A scaled version
of the original diffuser system was aerodynamically examined in an extensive measurement
campaign at the DLR wind tunnel RGG Gé&ttingen.
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Kurzfassung

Im Sinne des Pariser Klimaschutzabkommens soll die deutsche Wirtschaft bis zum Jahre 2050
nahezu COg-neutral werden. Nach dem Atom- und Kohleausstieg soll die Dekarbonisierung
zukiinftig durch einen starken Ausbau erneuerbarer Energien erfolgen, gestiitzt durch moderne
Speichertechnologien und flexible Gaskraftwerke.

Fiir einen lastflexiblen Betrieb miissen die einzelnen Komponenten von Gasturbinen jedoch
iiberarbeitet werden. Bisher wurden diese lediglich im Auslegungspunkt betrieben und konnten
optimal auf diesen abgestimmt werden. Ein flexibler Betrieb geht nun mit einer Vielzahl
verschiedener Stromungs- und Lastzustdnde einher. Trotzdem miissen hohe Wirkungsgrade
erzielt werden, um Emissionen gering zu halten.

Diese Arbeit widmet sich einer dieser Komponenten. Sie tragt zur Erweiterung des Be-
triebsbereiches azialer Gasturbinendiffusoren und damit indirekt auch der Gasturbine selbst
bei. Einbauten im Diffusor, in Form von Stiitzstreben, wurden als wichtiger Schliissel fiir
die Verbesserung des Diffusorgesamtwirkungsgrades identifiziert. Durch ihre Interaktion
mit den lastabhingig variierenden Stromungsprofilen am Diffusoreintritt definieren sie die
Form des Diffusor-Betriebskennfeldes. Ein Strebendesign, dass sich besonders robust gegen
stark variierende Inzidenzwinkel verhélt, weist insbesondere im Teillastbereich hohe Diffusor-
wirkungsgrade auf. Bei Uberlastbetrieb muss das Strebendesign die Bildung von transsonischen
Oberflachenstromungen vermeiden um Stofiverluste zu mindern.

Diese Arbeit untersucht fiir eine moderne Geometrie eines axialen Gaskraftwerksdiffusors,
den Einfluss von Geometrievariationen wie Staffelung, Pfeilung, V-Stellung und Entlastungs-
bohrungen auf das Betriebsverhalten von tiefer Teillast bis hin zu hoher Uberlast.

Es entstehen Betriebskennfelder fiir 29 verschiedene Diffusor Konfigurationen mit 20 ver-
schiedenen Strebendesigns. Anhand dieser Kennfelder kann gezeigt werden, durch welche
Geometrievariation das Betriebsverhalten des Diffusors in den einzelnen Lastfdllen beeinflusst
werden kann.

Aufbauend auf diesen Erkenntnissen werden zwei Strebengeometrien geschaffen, die eine
Verbesserung des Diffusorwirkungsgrades bei Teil-, Design-, und Uberlast im Vergleich zu einer
Basisstrebe erzielen konnten. Eine dieser Streben nutzt dazu einen neuen und patentierten
Designansatz mit sogenannten Entlastungsbohrungen.

Die numerischen Ergebnisse dieser Arbeit werden durch eine experimentelle Validierung
gestiitzt. In einer ausgedehnten Messkampagne am Windkanal RGG Go6ttingen des DLR
wurde dazu eine skalierte Version des originalen Diffusor Systems aerodynamisch untersucht.
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CHAPTER 1

Introduction

1.1 Motivation

Starting with the beginning of this century, discussions about climate change become more
intense. The so called PARIS AGREEMENT unites 195 nations with the aim of limiting global
warming to well below 2°C and pursuing efforts to limit it to 1.5°C [115]. Germany is one of
the first countries to submit its “long-term low greenhouse gas emission development strategy”
to the UN as required by the agreement [114]. Here, Germany aims on reducing COy emissions
by 80% in comparison to 1990. With focus upon these goals the energy sector holds the biggest
reduction potential. By 2050 it is aimed to be almost completely free of CO2 emissions [117].
Following this plan current strategies encompass a vast extension of solar and wind power
plants. These volatile technologies already reached in the first half of 2018 a nationwide share
of gross electricity generation of about 38% [8]. From the grid operator’s point of view this
development complicates the overall system enormously, since the power supplied must at all
times correspond to the consumed amount.

In times of low winds and days without sun it might happen that more power is consumed
than supplied. In the first few seconds of appearance such a deficit is compensated by the
rotational energy of the power generators connected to the grid. The deceleration leads to a
reduction in the mains frequency below the common 50 Hz!. Vice versa the mains frequency
rises if power demand declines. The torque upon the power generator is then reduced and
leads to its acceleration.

In large power plants the turbine rotor is usually connected directly to the generator, without
any gearbox. De- and acceleration is therefore transmitted directly to the turbine. Smaller
fluctuations in frequency up to 4+ 0.01 Hz can be tolerated, but if the deviation in frequency
exceeds £+ 0.8 Hz, consumers respectively suppliers have to be shed off the grid. The abrupt

160Hz in North America.
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deceleration respectively overspeed would otherwise cause severe damages to power generator
and turbine [116].

This problem can be solved by powerful energy storage units, decentralized energy generation
and flexible operated power plants which are able to balance the mains frequency at any time.
A profound study of possible handling scenarios was conducted by ACATECH, the GERMAN
ACADEMY OF SCIENCE AND ENGINEERING [17]. In the investigation more than 100 experts
from scientific and economic environments discussed 130 possible variants of reliable power
supply. Options ranged from scenarios with little climate objective over simply updating the
current emission trends to a very large percentage of fluctuating, renewable energies with
minor emission development [17].

One central finding of this study is that simple cycle (SC) and combined cycle gas turbine
(CCGT) power plants play an important role in any scenario studied. Depending on the
scenario they are used to generate power from domestic gas, bio gas or hydrogen. In storage
technology (Power-to-X) gas turbines (GT) can be used for hydrogen or methane consumption.

Fast start-up capability and high reliability evolves the GT to a key factor in future mains
stability.
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Figure 1.1 Loading of a gas turbine during start-up, mains operation, standby, shut-down and cold

restart. At mains operation the loading must not fall below the minimum environmental load (MEL),
except for parking at standby

Heavily alternating load conditions as presented in Figure 1.1 are becoming typical and result
in whole new requirements to the modern gas turbine generation:

1. Short start-up time is obliged in order to reach high dispatch rates
Emission compliant and GT lifetime enhancing operation at part-, design-, or overload

Fast parking and restart from standby to balance mains frequency

L

Fast shut-down ability to save operation costs

5. Cold restart ability without lifetime reduction

Older gas turbine generations are not suited for these new requirements as they are designed
for permanent operation at design load (DL). However, if such a GT is operated according to
Figure 1.1 reduced engine lifetime, high maintenance costs and increased emissions are the
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consequence. Operation in part load (PL) condition might even result in a forced shut-down
due to exceedance of emission limits. Every GT model has its own “minimum environmental
load” (MEL) below which it must not be operated due to high emissions and environmental
policies. Only at standby when the GT is not at mains operation a small parking corridor is
allowed at even lower load conditions.

The challenge for research and development now comprises the enlargement of this operation
window and the achievement of nowadays typical component efficiencies of >90 % also at
part load and overload (OL) conditions. This work aims on supporting these efforts by the
suggestion of geometric designs for load flexible diffuser operation.

1.2 Resulting Problem

A diffuser is defined as “a device for reducing the velocity and increasing the static pressure
of a fluid passing through a system”[12]. For subsonic flow this effect is achieved by an
enlargement of the cross-sectional flow area, while for supersonic flow the same is achieved
by its reduction (see Figure 1.2). In both cases the energy required for the increase in static
pressure is drawn from the kinetic component within the fluid.

W %

Subsonic — _ _ _Supersonic

Figure 1.2 Subsonic diffuser flow (left) and supersonic diffuser flow (right) [1]

In SC and CCGT power plants subsonic exhaust diffusers are used to convert the residual
kinetic energy behind the last turbine stage into static pressure. As the diffuser’s exit pressure
is usually determined by static ambient pressure enhancement of static pressure recovery
within the diffuser reduces the backpressure of the last turbine stage and thereby raises the
GT performance. Thus, diffuser design has an direct influence on the overall GT efficiency as
described by FRIEBERG or FAROKHI [21, 29].

A flexible operation of the GT as discussed before will result in a huge variation of inlet
conditions to the diffuser. At PL the fluid mass flow is shifted radially outwards, while at OL
an inwards movement is detected [43]. This endangers flow separation from the endwalls?. If
the fluid can not follow the diffuser’s contour and separates, the cross-sectional area used for
diffusion is reduced and the diffuser efficiency degrades.

Furthermore, at off-design there is an increasing circumferential velocity component in the
turbine’s exit flow. It varies from negative swirl angles at OL to positive swirl angles at PL

2The inner (hub) and outer (casing) shape of the diffuser.
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[81, 135]. Therefore also the incorporated support struts have to be respected during diffuser
design. Support struts are needed to carry the hub of the annular part which incorporates the
counter-bearing of the drive shaft as illustrated in Figure 1.3.

Figure 1.3 Gas turbine AE94.2 from Ansaldo Energia with its casing removed. The counter bearing of
the GT and the annular diffuser were crosshatched. The support struts are highlighted in magenta [18]

Usually these struts are placed close to the turbine exit as it stiffens the system and reduces
engine oscillation [96]. At DL this is not a problem. However, the variation in swirl angle
at off-design condition may result in flow separation from the struts. Figure 1.4 presents a
strut design exposed to the swirl angles of a GT operating at overload, design-, part-, and low
part load condition. The incoming swirl angle changes from negative at overload condition
to highly positive at low part load. In this illustration a poor strut design is the cause to
incidence induced flow separations which increase with the off-design swirl angle. Increasing
the distance between the GT exit plane and the struts, would reduce the danger of flow
separation, but also reduce system stiffness and increase engine oscillation. As the structural
integrity of the GT is most important, the latter is not an option.

To a load flexible diffuser design it is therefore necessary, to find a geometric design for the
support struts which suppresses flow separation within the diffuser over a wide range of the
turbine’s operation characteristic.

In this work geometric variations of the support struts will be presented and their influence
on diffuser performance is discussed. A conjoint consideration of the turbine-diffuser system is
necessary as the operation characteristic of every turbine varies with its design. The following
chapter will clarify why an individual consideration of aerodynamic and geometrical parameter
is not expedient.
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Figure 1.4 Importance of support strut design at off-design condition: Swirl angle variation at overload
and part load (top to bottom) endanger flow separation and degrade diffuser performance

1.3 State of the Art

In the past decades a large number of experimental investigations on axial diffusers have been
carried out. A variety of historical work deals with rectangular divergent flow channels and
conical diffusers, followed by more recent work also dealing with annular diffusers with and
without internal installations [13, 67, 108, 111]. Even though the complexity of nowadays
diffuser shapes differs from these designs, a lot of basic understanding can be drawn from the
data gathered.

Therein, for the definition of diffuser performance various approaches were available [107].
The most common parameter until today is the pressure recovery coefficient Cp, also referred
to as the Cp-value:

P2 —p1
c,=—-— 1.1
P Po1 — P1 ( )

It represents the ratio of the increase in static pressure throughout the diffuser (p2 — p;1) in
relation to the dynamic head at its inlet (pp; — p1). Therein the diffuser inlet pressure is
denoted as pg; for the stagnation value and p; for the static value. Static exit pressure is
denominated by po.

In order to achieve a high value of pressure recovery within the diffuser system, major quantities
like the geometrical parameter of the diffuser (subsection 1.3.1) have to be considered. Not only
in junction with aerodynamic blockage B; (subsection 1.3.2), Mach- and Reynolds Number
at the diffuser inlet (subsection 1.3.3), but also with the radial distribution of the diffuser
flow itself (subsection 1.3.4) and its interaction with geometrical obstacles such as struts
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(subsection 1.3.5). In the following subsections it will be explained how these quantities are
interacting and influencing each other. Nowadays the diffuser is therefore always investigated
in junction with the GT “s last stage, reproducing these quantities load-dependent all at once
(subsection 1.3.6).

1.3.1 Geometrical Parameter

Figure 1.5 shows the cross-section of a typical annular diffuser (left) as it is subject to this
work. It can be described by inner and outer divergence half-angles (0;; 0,), hub- and casing
radii (r;; r,) at inlet and outlet and the average wall length L. L is defined between the
average radius at the diffuser inlet 7; and outlet 5. The channel height perpendicular to L
is denoted by b1, respectively bo. If there is no hub and the inner radius r; becomes zero, it
results in a conical diffuser. The definition of a channel diffuser is quite similar, except for its
rectangular shape (right).

Channel

Annular !\
————————— Aa-
\

Figure 1.5 Design parameter for a double divergent annular diffuser (left) and general diffuser geometries
(right)

Diffuser data in literature is often published in terms of averaged or non-dimensional values.
Very common are the divergence half-angle ©, hub to tip ratio v and the non-dimensional
wall length L as they are presented in (Equation 1.2,1.3and 1.4):

o= 9i+9, (1.2)
2
T
= — 1.
v= (1.3)
oLt L (1.4)

To1 —Ti1  Hi
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SOVRAN and Krowmp [105] analyzed previously published data of channel and conical diffuser
and also conducted over 100 experiments on annular diffuser for incompressible axial fluid flow.
Systematically varying ©;, ©,, v and L they were able to derive diffuser performance charts of
“optimal geometry” for these three types of simple diffuser geometry. For diffuser of maximum
pressure recovery at prescribed non-dimensional length they introduced the Cj-optimum
line and for prescribed area ratio the Cj*-optimum line. They also found inlet blockage® By
to be a primary driver for diffuser performance and introduced a correlation between the
Cp-value and Bj. Figure 1.6 presents the resulting performance chart for annular diffuser.
Exemplary SOVRAN and KLOMP inscribed a row of simple shaped annular diffuser which were
used in turbomachinery application at that time. Introduced in red is the Complex diffuser
geometry that will be investigated in this work. Having a variable divergence half angle and
containing struts, the chart is not immediately transferable to the modern gas turbine diffuser
design, but it is still sufficient for an rough estimation. The investigated diffuser design is
placed closely to the Cj-optimum line and should theoretically reach a C)-value of about
0.74 — 0.80.

5o | Investigated Diffuser
: A Diffuser with splitter

+ Diffuser downstream of turbine
e Diffuser between turbines
x QOther applications

2.0

<

0

<

1.0

0.5

Figure 1.6 SOVRAN and KLOMP preformance chart for annular diffuser with inscribed examples. The
Complex diffuser design investigated in this thesis is located in the region marked in red [105]

Building up on the work of SOVRAN and KLoOMP, HOWARD ET AL. [46] carried out further
experimental investigations on the optimal pressure recovery for annular diffuser. Using
entirely turbulent inflow conditions they realized that an optimal pressure recovery is achieved
at transient flow conditions, when the diffuser flow is fluctuating between attached and
partially separated flow conditions. This statement coincides with the findings of RENEAU ET

3See subsection 1.3.2.
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AL. [91]. They describe that optimal pressure recovery can be found for diffusers at the verge
of separation when some transitory stall is present.

Also building up on the work of SOVRAN and KLoMP, KLEIN [54] reviewed the research
results of various authors concerning diffuser performance. In his work he was able to show
apparent differences in the performance of the investigated diffuser to the ‘optimum diffuser
lines’. KLEIN was able to trace back the disparities to differences in inlet flow conditions. He
concludes that geometrical diffuser parameter can not be investigated without respecting the
inlet flow conditions. One major driver is the boundary layer and therefore the aerodynamic
blockage at the diffuser inlet, discussed in the following.

1.3.2 Boundary Layer and Blockage

A boundary layer develops on every surface in contact with the fluid due to friction. The
influence upon the fluid is presented in Figure 1.7.

y UOO y \ Uoo y A\ yA UOO
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Figure 1.7 Displacement thickness and its influence on diffuser performance by aerodynamic block-
age: Flow profile development over inviscid surfaces (left) and viscous surfaces (right), inspired by
SCHLICHTING [100]

In contrast to fluid flow over an inviscid wall having a constant absolute velocity U over the
entire channel height (left hand side Figure 1.7), the fluid develops a radial velocity profile
u(z,y) streaming over a viscous wall (right hand side Figure 1.7). The displacement thickness
0% is a quantity which states the distance by which the potential flow has to be shifted outwards
in order to match the potential flow of an inviscid flow field. Thus, the gray shaded surfaces
in Figure 1.7 have the same sizes. For incompressible fluid ¢* is then defined by [99]:

5 = / (1- 2 yay (1.5)
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The displacement thickness can then be used to express aerodynamic blockage By which is
the relation between the cross-sectional area aerodynamically blocked Ag« and the geometrical
available area Ageo. For rotationally symmetric fluid flow in annular cross-sections the dis-
placement thickness of the inner ¢ and outer o endwall are related to the channel height H [105]:

H AGeo

(1.6)

Subsequent the effective available cross-sectional area can be calculated by subtracting the
available area from the blocked area [105]:

Apsy = /“([}”’y)dA ~ Agey — Ay (1.7)
oo
A

The influence of boundary layer and blockage was observed by SPRENGER [107] as early as 1959.
Investigating the influence of different inlet flow profiles on the efficiency of conical diffuser,
SPRENGER recognized that thin boundary layers at the diffuser inlet achieved the highest
pressure recovery for all tested diffuser geometries. Further investigations with a turbulent
boundary layer showed that with increasing inlet blockage Bi, the diffuser’s efficiency C),
initially drops steeply and then more slightly.

The observation can be explained by applying the pressure equation of BERNOULLI upon
Equation 1.1 for the C)p-value [49]. BERNOULLI assumes the specific energy in an inviscid,
incompressible environment along a streamline to be constant. For BERNOULLI’s pressure
equation, presented in Equation 1.8, this means that the stagnation pressure at the entrance
po1 and exit poe of the diffuser stays constant:

U2
Po1 = pT +p -+ pgz = po2 (1.8)
Therein % expresses the dynamic head, pgz the hydraulic head and p the fluid’s static
pressure. If the influence of gravitation g on the fluid particle is ignored this equation reduces

to Equation 1.9:

U? U?
po=p+ s p=p - - (1.9)
2 2
Applying this relation on Equation 1.1 and employing the conservation of mass for incompress-
ible airflow m = pUy A1 = pUsAs, Equation 1.1 transforms to the equation of ideal pressure

recovery C),

U3 1
Cpy=1—"32=1——— (1.10)
Pid Ut AR?
with
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AR = 22
R m

>1. (1.11)

Therein A; is the cross-sectional area of the diffuser at its inlet and As at its outlet. AR is
the area ratio between these two. From Equation 1.10 it can be drawn that the idealized,
maximal possible pressure recovery is only related to the area ratio AR between inlet and exit.
In conjunction with Figure 1.7 the effect of boundary layer influence on the diffuser’s efficiency
that SPRENGER saw, can be traced back to the displacement thickness 6* and inlet blockage
B;. With thin boundary layers and therefore increasing A ¢y more diffusion across the diffuser
can take place. Thus, a desirable diffuser design increases its effective cross-sectional area as
far as possible, while avoiding flow separations.

SPRENGER also showed in his work that with a fully developed turbulent inlet boundary
layer there is no influence of the Reynolds number on diffuser performance. As the streaming
conditions in a diffuser behind a GT show Reynolds numbers above 5-10°, the boundary layer
can always be expected to be turbulent [124]. Turbulent boundary layers with high turbulence
intensity can re-energize the fluid flow in wall proximity and delay separations. This effect
will be discussed in detail in the following subsection 1.3.3.

1.3.3 Mach- and Reynolds Number Influence

Very close related to previously discussed inlet blockage is the effect of Mach- and Reynolds
number. Until today it is argued whether Mach number has an meaningful influence on
diffuser performance, or if the effect observed is ascribable to B; and the Reynolds number.
This could be argued as following;:

Mach number is calculated from the ratio of fluid velocity U and the speed of sound a:

Ma:g
a

(1.12)

For an ideal gas, a is dependent on the heat capacity ratio v, the molar gas constant R, the
molar mass M and temperature 7"

AT

iy (1.13)

a =77
While for Equation 1.13 the temperature is the only variable, experiencing a notable change
in magnitude and this change still is rather small, a may be assumed as constant within the
diffuser system. For Equation 1.12 this means that the Mach number is only dependent on the
fluid velocity U which has its close relation to inlet blockage B as it was discussed before.*
With increasing Mach number the displacement thickness §* decreases and therefore inlet
blockage is reduced [92]. A larger area will be available for diffusion and support pressure
recovery.

4See subsection 1.3.2.
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Also with increasing Mach number, respectively fluid velocity U there comes a growth in
Reynolds number Re. The Reynolds number expresses the ratio of inertial forces to viscous
forces. Inertial forces, represented by the momentum equation, state that the denser a fluid
and the higher its velocity the more momentum it has. Counteracted are these forces by forces
of friction [28].

inertia forces

Re ~ —
viscous forces

According to Fox and MCDONALD [28] it can be interpreted as:

e pU?-1? =~ (dynamic pressure) x (area) = inertia force

#lz ~ (viscous stress) x (area) & viscous force

In its final form the Reynolds number is then expressed as:

U212 Ul
Re= 1 -7 (1.14)
WUIE ~ 1
The area is defined by a characteristic length [ which is representative for the flow field. In
case of diffuser flow it is usual to use the hydraulic diameter dj at the diffuser inlet. It is two
times the difference between the outer radius r, and inner radius r;:

= 2(7“0 — ’l“i) =2H = dh (1.15)

If the viscous forces dominate the flow field, their damping characteristic upon the flow field
results in laminar fluid flow (Re < 10°). In the region of transition between laminar and
turbulent flow which takes place at about 10° < Re < 3 - 10° a severe negative influence on
the Cp-value due to a strong increase of boundary layer thickness and therefore inlet blockage
occurs [38]. For large Reynolds numbers (Re < 3 - 10°) when the inertia forces dominate the
flow system, chaotic vortex structures and high levels of turbulence support the momentum
exchange between boundary layer and free stream. This re-energizes the boundary layer and
delays or even prevents flow separation [44].

The boundary layer of the diffuser geometry investigated in this work is turbulent. As well for
the experimental setup (discussed in chapter 3) as for the numerical investigation (presented
in chapter 4) Reynolds numbers range from Re = 7.5-10° at part load over Re = 8.5 -10° at
design load to Re = 1.1 - 108 at overload condition.

Even though it can not clearly be stated which parameter has got the bigger influence on
pressure recovery, it is true that the velocity at the diffuser inlet plays an important role. This
was documented by RUNSTADLER and DEAN [92]. For two-dimensional diffusers with varying
ratios of area and length an increase of the C)-value with increasing Mach number is observed.
For Mach numbers > 1.1 a strong loss in pressure recovery is detected and traced back to
shock induced flow separations at the endwalls boundary layers. Unfortunately there are
hardly any information about the radial flow distribution at the inlet of the diffuser, though
radial flow distribution plays an important role to the diffuser behavior as discussed in the
following section.

11
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1.3.4 Radial Flow Profiles - Stagnation Pressure

The influence of radial velocity distribution at the diffuser inlet upon the pressure recovery
of channel diffusers was investigated by WOLF and JOHNSTON for Reynolds numbers up to
200,000 [136].

uniform

| U9,
uniform ARy ARy
shear

non-unifor

Figure 1.8 Investigated flow profiles by WOLF and JOHNSTON (left) and an exemplary flow development
within an equiangular diffuser geometry for the uniform shear profile (right), inspired by WOLF [136]

Velocity profiles of uniform, uniform-shear and non-uniform flow, with tip jets and wakes were
investigated. Figure 1.8 presents the investigated types of profiles on the left hand side and
a quantitative development of fluid velocity throughout the diffuser on the right hand side.
It was found that a stable two-dimensional stall developed for uniform shear flows on the
low velocity side. Symmetrical inlet velocity profiles with low velocity fluid on the endwalls
developed an alternating stall which switched from one diverging wall to the other. Uniform
profiles of high velocity resulted in the highest pressure recovery. All investigated velocity
profiles showed an increase in distortion along the run length of the diffuser [136].

The findings of WOLF and JOHNSTON can be explained by the equiangular diffuser geometry.
Slow inlet velocities result in smaller inertia forces and therefore a weaker boundary layer
which is more prone for separation. If separation takes place, mass flow will be shifted to the
opposite side and stabilize the opposite endwall.

As the investigated diffuser of WOLF and JOHNSTON was geometrical symmetric, the static
pressure at the diffuser inlet p; can be expected to be almost constant. In that case their
observations could also be interpreted as the effect of inlet stagnation pressure profiles as by
Equation 1.16 the radial distribution of velocity and stagnation pressure profile coincide:

1
po=p+ 50 (1.16)

Stagnation pressure profiles will be of high importance to the following discussion as they are
responsible for endwall flow separation due to the previously explained effect [11, 42, 43, 86].

12
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In this context also the tip jet of the last turbine stage should be mentioned. Its effect on
pressure recovery works on the same basis as just discussed. High energetic mass flow is
brought to the endwall region (casing) where its high momentum supports the inertia forces
resulting in a thin, turbulent boundary layer and suppressing separation [126]. As a larger
tip jet is supporting pressure recovery within the diffuser at the same time it degrades the
turbine’s efficiency. It is still discussed in literature whether an optimal tip gap is existing [86]
or if the degradation of the turbine’s efficiency can never be compensated by the diffuser’s
pressure recovery [74, 135].

1.3.5 Flow Obstruction - Struts and Swirl

Another typical turbine characteristic is the swirl angle o behind the last turbine stage. In
literature swirl is often mentioned as one of the most important factors influencing pressure
recovery [49]. Its influence on annular diffuser can be realized looking at Equation 1.17 for
ideal pressure recovery, amplified by the flow-component of inlet swirl a;:

F1>2 . tan2a1 + (bl/b2)2 (1 17)

c, =1—(—=
Pid (7‘2 tan2a; + 1

The geometric parameter can be found in Figure 1.5. For (b1/ba) = 1 this formula reduces to
the known form of ideal pressure recovery (Equation 1.10). As in a common industrial annular
diffuser a ratio of (b1 /b2) < 1 is typical, a large radius ratio (71 < 72) would be preferable to
damp the negative term in Equation 1.17. The ideal pressure recovery can then be explained
by the conservation of angular momentum which is defined by the velocity component in the
direction of swirl v, multiplied by the radial distance 7 [49]:

Vo T1 = VayT2 = const (1.18)

A large radius ratio would reduce the tangential velocity and support pressure recovery. In
literature it is found that inlet swirl shifts the fluid mass-flow to the outer walls by centrifugal
forces and stabilizes the outer boundary layer [100]. At the same time the diffuser becomes
prone to separation at the hub [86]. Therefore, for an annular diffuser without struts, it is
often observed that for swirl angles > 30°a strong deterioration in diffuser performance is
found [16, 76].

The impact of swirl is different for diffuser setups with struts. In literature it is widely argued
whether redirection of flow streaming in circumferential direction can compensate strut induced
losses by contributing with the tangential velocity component to the kinetic regain:

Early in 1971 THAYER [111] investigated an infrared signature suppressing exhaust diffuser for
a jet-engine. The incorporated struts led to a minor decrease in diffuser efficiency for swirl
angles smaller than 20°. For higher swirl angles the diffuser suffered strong losses in efficiency.
THAYER traced this effect back to the incidence angle and flow separations from the struts at
angles larger than 20°.

13
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Figure 1.9 Pressure Recovery (C,) of a diffuser with a NACA profiled strut at different divergence
half-angles. Diffuser performance is investigated for a non-staggered (upper) and a staggered (lower)
configuration, SENOO [101]

In the experiments of SENOO ET AL. [101] circular, oval and NACA-profiled struts as well
as a diffuser setup without struts, were investigated for axial and swirling fluid flow. The
annular diffuser with a straight hub was investigated at three different divergence half-angles
©,=(4°|6°|8°). It is found that the diffuser setup without struts leads to the highest pressure
recovery for non-swirling flow. For swirling flow an average swirl angle of 26° was applied.
In this case every investigated configuration returned a lower Cp-value compared to an axial
fluid flow. Amongst the investigated strut geometries a NACA 0020 profile outperformed the
others. In further investigations this profile was staggered in the direction of swirling angle.
As presented in Figure 1.9 a C)-value even above the diffuser configuration without struts
and swirl was achieved for small stagger angles. SENOO traced this effect back to the struts
acting as a decelerating cascade for the swirling flow.

For Mach numbers up to 0.34 FELDCAMP [22] investigated four different NACA Profiles keeping
the geometrical blocked cross-section constant. Just as SENOO he found for non-swirling flow
a reduction in pressure recovery of the strutted configuration in comparison to the one without
struts. At small swirl angles FELDKAMP found that redirecting the tangential flow component
could result in a rise of pressure recovery that compensated the strut losses. At higher swirl
angles a significant reduction in pressure recovery was found.

FLEIGE [27] investigated the influence of swirl angles up to 24° with struts and 35° without
struts on pressure recovery and flow field development of an axial diffuser. In his work the
diffuser setup without struts achieved the highest Cp-value at all tested swirl angles. The
influence of tip leakage flow was positive as long its swirl component was small. For the
investigated strut types it was not possible to gain additional pressure recovery by redirecting
swirling flow into the axial direction.
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1.3 State of the Art

From the findings of the previous mentioned authors it can be concluded that for annular
diffusers with incorporated struts, strut design and robustness to incidence angles are a key
factor. If incidence induced flow separation occur severe deterioration of diffuser performance
is the consequence.

1.3.6 Complex Inlet Flow Conditions

Realistic flow profiles at the turbine exit inherit a complex superimposition of the previous
mentioned 3D flow phenomena. As the diffuser is located immediately downstream of the
turbine, the incorporated support struts interact with its exit flow and influence the diffuser’s
downstream flow behavior and efficiency heavily. If the struts are of poor aerodynamic design
even small swirl angles can lead to incidence induced flow separations and strut losses. An
inadequate radial redistribution of the stagnation pressure profile results in endwall separation.
Both would lead to degradation of diffuser efficiency and increase emissions as well as they
can be the source to engine vibrations and therefore reduce engine lifetime.

Modern diffuser design should therefore always be performed in conjunction with the last
turbine stage. This makes it difficult to draw general conclusions from the previous work.
The following gives a summary of work respecting an increased complexity of diffuser inlet
conditions:

The most extensive experimental investigations of turbine-diffuser interaction publicly avail-
able was performed by QUEST and KRUSE [85, 86]. At Mach numbers up to Ma = 0.3 they
investigated a straight-core annular diffuser on various aspects, such as the influence of rotor
tip clearance, the variation of area ratio AR, divergence half-angle ® and hub to tip ratio v as
well as the interaction of swirl and struts. Investigations on diffuser performance with struts
showed only small losses in the C)-value as long as the struts were aligned with the fluid flow.
With increasing deviation of flow angle and strut orientation the Cp-value decreased. Unequal
diffuser performance was found for positive and negative swirling flow. Positive swirl resulted
from the turbine running at part load condition while negative swirling angles resulted from
overload conditions. Therefore the observed disparities might not only be a result of swirling
fluid flow, but also result from the load dependent variation in the stagnation pressure profile
at the turbine exit.

Kruss [56] investigated turbine-diffuser interaction in a numerical study. He coupled an exper-
imental investigated high pressure turbine stage numerically to an optimized (non separating)
and an overcritical (separating) diffuser design from the SOVRAN and KrLomp [105] charts®.
His work shows that highly energetic turbine exit flow could stabilize separated diffuser flow.
The influence of struts was not investigated.

With the main focus on multiple channel diffusers RAAB ET AL. [87, 88] investigated struts
with swept trailing edges within three different single-annular and three double-annular diffuser
geometries. The diffuser channels were designed according to the SOVRAN and Krowmp diffuser
charts. Experiments with a turbine stage were performed in an open-circuit test bench,
reaching Reynolds numbers up to 300,000 and an influence of inlet swirl and the stagnation
pressure profile is found. RAAB ET AL. conclude that the aerodynamic design of the diffuser
has to be performed in junction with strut design.

5See Figure 1.6.

15



1 Introduction

ISHIZAKA ET AL. [47] investigated the effects of the turbine’s exit flow on an annular diffuser
with leaned struts. For Mach numbers ranging from 0.4 to 0.77 and swirl angles ranging from
—10°to 20° experimental and numerical investigations were performed also accounting for
the last turbine stage. Pressure development is presented section wise. From the gathered
data the high importance of the first strut row to diffuser design can be noticed, especially
for larger swirl angles. Upstream diffuser sections have more significance than downstream
sections.

Using a turbulence grid and variable inlet guide vanes (IGVs) for the recreation of streaming
conditions comparable to a turbine’s exit flow, VASSILIEV published various papers on a typical
axial diffuser for heavy duty gas turbines. CFD studies including turbulence model investiga-
tion and application were carried out [121, 123] alongside with experimental investigations
at an open-cycle test bench at the ALSTOM TECHNOLOGY CENTER in Rugby, U.K. [120].
VASSILIEV also noticed the importance of inlet conditions on the overall diffuser behavior [125].
Derived from the results of these investigations, a gas turbine retrofit was suggested which is
also presented in this work as the “Retrofit strut” [119].

A numerical and experimental investigation was conducted by SCHAFER [96]. He used the
same diffuser rig as VASSILIEV, but in an closed-circuit facility®. Instead of a turbulence grid,
inclined screens were combined with the IGVs for the recreation of inlet conditions. At realistic
Mach numbers he investigated the improvement of pressure recovery within the diffuser system
for various angles of inlet swirl. His study results in an optimized contour for the diffuser
endwalls at hub and casing. His findings were adopted for the design of the diffuser’s endwalls
investigated in this work [45, 96].

With variation of the turbine’s load condition results a variation in boundary layer and
blockage, Mach- and Reynolds number as well as radial distribution of swirl angle and stagna-
tion pressure. A lot of literature is available, individually discussing the influence of these
aerodynamic parameter on diffuser performance.

In more recent work the research community became aware of the importance of mutually
respecting the entity of aerodynamic parameter for diffuser design. However, even though the
diffuser’s flow channel is obstructed by struts which must immediately cope with the incoming
flow conditions, there is no literature available discussing the effect of strut geometry upon
diffuser performance at varying load conditions. This work aims on closing this knowledge

gap.

1.4 Aim of this Work

In the current design process diffuser behavior at off-design condition is often pre-estimated,
but usually not included in the design itself. No profound studies or publications concerning
an optimal strut design for a wide range of load conditions is known to the author.

In order to approach this problem, different diffuser configurations, each consisting of an
annulus geometry and an incorporated strut design will be investigated numerically at realistic
flow conditions over the entire operational turbine characteristic. This is accomplished by a
numerical last turbine stage which was supplied by ALSTOM POWER within the framework of

SRotating Cascade Tunnel Géttingen (RGG) at the German Aerospace Center.
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1.4 Aim of this Work

the AG-Turbo project COOREFLEX 4.3.3 [25]. The stage is loaded with different pressure
ratios and thereby reproduces the individual diffuser inlet conditions with the respect to
the entire entity of aerodynamic quantities. Calculating the diffuser performance at the
individual load conditions will thereby lead to the generation of a diffuser performance map,
corresponding to the particular diffuser configuration.

Initially a symmetric and prismatic “Baseline” strut was designed which was derived from a
NACA 16-Series profile suitable for high subsonic Mach numbers. The Baseline strut will be
modified systematically in order to derive the effects of the geometrical variation upon the
diffuser performance map. For benchmarking two industrial strut designs are available. The
“Retrofit” strut [119]7 from a traditional gas turbine and a modern “Complex” strut geometry®.
An example for the resulting performance maps is presented in Figure 1.10.

Enhanced Strut Design

0.8 -
- Poor Strut Design <

8 06

2 -

S -
O

Ng -

O 04

0.2 -

0 | | | J

Part Load Design Load Overload

Figure 1.10 Diffuser performance maps: Poor strut design (blue) and enhanced strut design (red).
The overall efficiency gain over the gas turbine’s operation characteristic is presented hatched

Presented are two performance maps for the same diffuser annulus geometry, incorporating
two different strut designs. Plotted is the normed diffuser efficiency C),/C)p pae in form of
pressure recovery over the gas turbine’s load condition. The diffuser with the poorly designed
strut belonging to the blue performance map. It shows heavy performance deterioration
at off-design conditions. While this “Poor Strut Design” shows sufficient performance at
design load a sharp efficiency drop of more than 100% can be observed towards off-design in
comparison to an “Enhanced Strut Design”, presented in red.

"Kindly provided by ALSTOM POWER.
8Kindly provided by ANSALDO ENERGIA S.P.A.
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1 Introduction

Historically, weak performance at off-design was no problem as stationary gas turbines have
been operated at design load only. However, according to the emerging flexible demands on
stationary gas turbines such strut designs cause environmental and economical complications.
Using geometrical variations such as sweep, stagger, dihedral and discharge bore holes, the
performance map of the “Poor Strut Design” in Figure 1.10 shall be amplified for better
diffuser performance at off-design conditions without loosing efficiency points at design load.
For doing so, the road map throughout this thesis towards the “Enhanced Strut Design”
comprises three more chapters:

e Chapter 2: In the first section the numerical setup used in this thesis is stated. Mesh
and turbulence models are presented. Calculations were performed using the in house
CFD-code TRACE. The second part concerns the experimental investigations which
were performed in a measurement campaign at the wind tunnel RGG at the German
Aerospace Center in Gottingen. The test bench is introduced as well as geometries,
setup and instrumentation of the diffuser rig.

e Chapter 3: In this chapter the experimental and numerical results for the investigated
strut geometries at part-, design-, and overload are compared. Uncertainties are analyzed
and the calculated diffuser efficiencies for both diffuser setups at the individual load
conditions are presented for numerical and experimental data.

e Chapter 4: The influence of strut geometry on a diffuser’s performance map is discussed.
In the first two sections of this chapter, the turbine stage used for performance map
generation is presented as well as the general influence of struts. Thereafter the reference
strut configurations with the “Baseline”, “Retrofit” and “Complex” strut are introduced.
The fourth part concerns about how geometric strut variations such as sweep, stagger,
dihedral, discharge bore holes and edge adoption influence the diffuser’s performance
map. From the findings two enhanced strut geometries are derived and their performance
maps are benchmarked against the reference struts. Finally the concept is proved by
implementing the struts into an alternative “Short Annulus” design.

The results of this work underline that future diffuser design should always be performed
respecting the last turbine stage and incorporated support struts within the desired range of
operation. Eminent potential for diffuser performance improvement at off-design conditions is
found.

18



CHAPTER 2

Numerical and Experimental Setup

Computational Fluid Dynamics (CFD) simulations are attractive as they can present the aero-
and thermodynamic condition in every part of the computational domain. Fluid properties,
flow separations and shock waves, just to name a few, can be illustrated to the user. So called
DNS (Direct Numerical Simulations) resolve the entire range of spatial and temporal scales
of turbulence within the system, and therefore require a very fine computational mesh for
resolution. This makes them very time consuming especially for high Reynolds numbers.! Up
to today this makes them only applicable for academic benchmarks.

However, for industrial problems and technical development not every aerodynamic phe-
nomenon must be known in detail. Therefore, in the so called REYNOLDS-AVERAGED NAVIER-
STOKES (RANS) equations, based upon the ideas of OSBORNE REYNOLDS, an approach
is taken which averages the entity of unsteady turbulent fluctuations. On one hand this
reduces the computational effort immense, on the other hand turbulence modeling introduces
a potential source of prediction errors.

Therefore it is appreciable to perform representative experiments as presented in section 2.3
alongside with the CFD studies. Experiments are not free of errors either and should therefore
neither be trusted blindly. Still, an educative interpretation of both always leads to the desired
results and information. In the following the approach to the numerical and experimental setup
is presented. The discussion of the results is conducted in chapter 3.

!Computational time and effort is proportional to Re®/*[7].
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2 Numerical and Experimental Setup

2.1 Numerical Simulation

The generation of diffuser performance maps displaying diffuser efficiency over the entire range
of GT operation entails a huge numerical challenge due to the high amount of computational
effort. Not only a single operating point which is associated with a single set of radial
distribution for stagnation pressure, Mach number and swirl, but a variety of operating points
associated with a plurality of flow conditions has to be investigated for multiple diffuser
setups. This circumstance demands for special care with regard to the numerical setup, mesh
generation, computational effort and systematic evaluation. In the following, the numerical
setup with the procedural method is presented which led to high quality results at reduced
computational effort.

2.1.1 RANS - Equations

Numerical simulations will be performed using TRACE. The “Turbomachinery Research
Aerodynamic Computational Environment” is a CFD-code which is developed at the INSTITUTE
OF PROPULSION TECHNOLOGY of the GERMAN AEROSPACE CENTER and is used in research
facilities as well as from industrial partners.? TRACE is used to solve the REYNOLDS
AVERAGED NAVIER-STOKES (RANS) equations discussed in the following. If not marked
differently following derivations of subsection 2.1.1 and subsection 2.1.2 are a summary of
Chapter 5 in WILCOX - TURBULENCE MODELING FOR CFD [133].

Conservation Equations

The Navier-Stokes equations are based upon the fundamental equations for mass-, momentum-
and energy conservation. Together with the equations of state they can be used to solve the
entity of streaming conditions. Avoiding the approach of DNS, RANS-equations reduce the
computational effort by expressing every flow parameter ¢ within the conservation equations
by an averaged value ¢ and its stochastic fluctuation ¢’ [24]):

P(zit) = ¢ (xi) + ¢(wi,t) (2.1)

This theory is valid as long as the stochastic fluctuations ()" are much smaller than the
averaged values ().

In compressible fluids in addition to velocity and pressure fluctuations also density and
temperature fluctuations have to be respected. In contrast to incompressible fluids this
complicates the closure problem? of the RANS-equation as an approximation for the correlation
between fluctuating density p’ and fluctuating velocity w), v’ is needed. Mathematical

J
simplification is achieved by “density-weighted averaging” as it was suggested by FAVRE.

2Detailed TRACE documentation: ENGEL [19], EuLITZ [20], NURNBERGER [78], KUGELER[61], KOZULOVIE[59),
BODE [3] and the documentation of the TRACE Workshop 2010[118].
3See subsection 2.1.2.
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2.1 Numerical Simulation

The FAVRE averaged velocity ; is defined as:

1 t+T
; = — lim / p(,m)ui(w,7¢)dr (2:2)
t

Therein z is the position vector, 7 the turbulent dissipation time and p the conventional time
averaged density. FAVRE averaged values are then denoted as () and their fluctuating part as
(). The correlation of Equation 2.2 breaks down to the idea presented in Equation 2.3 and
in terms of conventional time averaging it can then be written:

PU; = Pl
Favre avg. Reynolds avg.

pU; + pul = pii; g = pii; + pul!
=0

The convention of FAVRE averaging is applied on the values of velocity w;, enthalpy h,
internal energy e and temperature 7. The remaining values are conventionally time averaged

[134]:

Velocity w; = i + ul
Density p=p+p
Static Pressure p=P +p'
Enthalpy h=h+h" (2.4)

Internal Energy e =¢é+¢”
Temperature T =T+T"
Heat-flux q; =qr; + q;»

The FAVRE averaged mean value of pressure P defined as P = pRT.

Respecting the conventions of Equation 2.3 for FAVRE averaging and the decompositions of
Equation 2.4 the fundamental mass-, momentum- and energy conservations equations can
then be expressed as Reynolds averaged conservation equations [134]:

Conservation of mass:*

Op | 0(pui)

= 2.
ot (‘i’m 0 ( 5)

“The total mass M contained in a volume V (¢) remains constant over time.

21



2 Numerical and Experimental Setup

Conservation of momentum:®

o) 0 P 0.
ot %j(pugu%) = o, + oz; (tﬂ +7'Jz) (2.6)

Conservation of energy:5

0 0 0 — 1
= (per) + =— (pujhe) = =— | —qr; — qrj + tjiu! —pu!-ul/u!
heat flux diffusion transuport (2. 7)
o .. -
+o— [t (b + 7ij)]

8$j

kin. energy production

In Equation 2.7 the total energy e; and total enthalpy h; include the turbulent kinetic energy
k [134]:

R
ey :e+§uiui+k
1 (2.8)
hy :h+§uiui+k
Wherein the turbulent kinetic energy is defined by:
L=
k= —ulu! (2.9)

= Ui

Equations of State

Furthermore the equations of state are needed to solve Equation 2.5, Equation 2.6 and
Equation 2.7. In the scope of this work the perfect gas law is used:

p = pRT (2.10)
The heat flux ¢; is defined by [134]:

o, % 0T
G= MPTL(?:Bj

(2.11)

5The temporal change of momentum on V' (¢) is equal to the sum of forces acting on V/(¢).
5The temporal change of energy in V(t) is equal to the sum of power generated by external forces and the
added or removed amount of heat per unit of time.
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2.1 Numerical Simulation

Where ¢, = % is the specific heat coefficient at constant pressure and Prj, the laminar Prandtl
number defined by [134]:
prp =28 (2.12)
A
Typically the dynamic viscosity p is calculated by SUTHERLANDs law [109]. Reference values
are: pgesr = 1.7198 x 107° Ns/m? and Tgey = 273 K.

3/2
T ) Tref + S5 (2.13)

M = URef (TRef T4+ 8

The Sutherland constant S is depending upon the fluid. For air S = 110 K is used [100].

2.1.2 Closure Approximation

The Reynolds averaged conservation equations differ from the fundamental version” only by
the Reynolds stress tensor 7;; and the turbulent heat-flux vector ¢r;, both printed bold in
Equation 2.6 and Equation 2.7. Equation 2.5 remains unchanged. While the RANS-equations
can be solved for the Reynolds averaged values, there are no equations left to solve the
fluctuating components represented by 7;; and g7;. In literature this problem is known as the
closure problem which is usually solved with the Boussinesq approximation [4] presented in
Equation 2.14. Therein it is assumed that the major axes of the Reynolds stress tensor coincide
at all points in a turbulent flow with those of the mean strain-rate tensor S;;. The coefficient
of proportionality between these two is the eddy viscosity pr:

1 Oty

[ 2

with d;; as Kronecker delta®. The strain-rate tensor is defined by:
1 (0ou; Ou,
.. = = J 2.15
K 2 (81'] + 6952) ( )
The turbulent heat-flux ¢r; is modeled to Reynolds assumption that heat transfer is pro-

portional to turbulence. A constant turbulent Prandtl number of Pry = 0.9[52] is as-
sumed:

HTCp 8T y V%4 8;1
— — = 2.16
PT’T ij PTT 8.73j ( )

gr; = pul7 =

After the fluctuating part of the RANS-equation has been expressed in terms of eddy viscosity
ur, the term has to be reproduced by the turbulence model. Depending on the amount
of closure models used for reproduction turbulence models are divided into zero-, one- or
two-equation models. In this work only the two-equation RANS-models are discussed as they

"See WILCOX p. 174-175 [134].
8For the Kronecker delta the following convention accounts: &;; = 1 if i = j and &;; = 0 if i & 3.

23



2 Numerical and Experimental Setup

are state of the art in engineering applications and their solutions deliver a great trade o
between computational time and solution quality.

For more complex conditions the so called Reynolds Stress Models (RSM) would be available.
In these models the approach of the Boussinesq approximation in Equation 2.14 is avoided and
the individual components of the Reynolds stress tensorj; are computed directly. For all six
additional Reynolds stresses an additional transport equation has to be solved. Furthermore
an equation for the dissipation is needed. If the equation for the conservation of energy is
respectedl0 additional equations need to be solved which leads to a higher computational e ort.

2.1.3 Turbulence Model

There is a large list of literature available investigating the suitability of turbulence models
for di user simulation [23, 55, 123]. Based upon the investigations ofSchéafer [96], who per-
formed extensive turbulence model investigations, recalculating theSovran and Klomp [105]
di user families as well as validating the numerical setup in various experiments at DLR
Gottingen [94, 97, 98], theMenter k-! -SST model was considered and chosen for the present
work.

The Menter k-! -SST Turbulence Model (2003)

Menter 's Shear Stress Transport (SST) model[70, 71] combines the advantages of the
k- -model of Jones-Launder [51] and the k-! -model from Wilcox [134]. Close to the
endwalls thek-! -model is applied which leads to very accurate streaming predictions especially
for boundary layers. As the k-! -model is free-stream sensitive a blending functiorF; is
applied which switches gradually with increasing wall distance into thek- -model[51]. A
very important fact for di user simulation is that the k-! -SST-model has its strength in
prediction of uid ows with adverse pressure gradients due to the implementation of an
eddy viscosity limiter based upon the Bradshaw relation [5]. The numerical solutions of the
k-! -SST-model are also less sensitive to the turbulent dissipatioh and therefore upon the
turbulent length scale |y, which is to be de ned in the numerical boundary conditions. More
detailed information can be found in Hellsten [40]. The following two transport equations
are solved[3]:

Turbulent Kinetic Energy k:°
#

ax), @ul_ o @ @x
@t+ @x |J@}(C!k+@}((+kT)@?(

(2.17)

®Kinetic energy of turbulent uctuations.
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2.1 Numerical Simulation

Speci ¢ Dissipation Rate ! :10

" #

@(!)+@(uj!)20k”@ ci124 @ (+ T)@
@t @x ! @x @x @x (2.18)

1 @k@!

+2(1 Fl) IT@@

Therein is F1 the blending functions which activates the k-! -model in the near wall region,
by taking the value of 1 and switching to the k- -model for the rest of the ow, by taking
the value of 0. Depending on the results ofF; the so called closure coe cients, presented in
Table 2.1, are selected to solve Equation 2.17 and Equation 2.18[62]:

Table 2.1 Menter SST - closure constants

k ! C Cal C C
k ! 085 0500 00750 0.31 0.09 C ,=C 1G22 T
k 1.00 0.856 00828 - 0.09 C ,=C 2C2= T

The eddy viscosity in Menter's k-! -SST model as well is de ned in such manner that it conforms
either with the k-! orthe k- model depending on the streaming conditions:
Cal k

T max (Catl ;SuF2) (2.19)

Here is F, a second blending function which activates 1 for the k-! -model in the near
B/all region or for the k- -model in the remaining ow eld. S, is the strain norm S, =
2Sj Sjj .

2.1.4 Numerical Boundary Conditions

Starting parameter for the numerical calculation are supplied at the inlet and outlet of the
computational domain by the boundary conditions.

Numerical Inlet

At the numerical inlet a radial distribution of stagnation pressure pp and stagnation tempera-
ture To have to be prescribed as well as ow angles in circumferential and radial direction,
and respectively. Furthermore for the two-equation RANS-models the turbulence intensity
T, and the turbulent length scale I, have to be prescribed. They are used to calculate the

Y Rate of dissipation of energy in unit volume and time.
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2 Numerical and Experimental Setup

turbulent kinetic energy k (Equation 2.20) and speci c dissipation rate ! (Equation 2.21) at
the inlet:

k= g(u Tu)? (2.20)
p—
L (2.21)
ltu
P ———
U=Ma RTo (2.22)

Optional, if available, also Mach number distribution can be prescribed in the inlet boundary
le. This was done for the 2D-Gust boundary condition used for experimental validation. With
this information and the relation in Equation 2.22, Equation 2.20 and thereafter Equation 2.21
can be solved fork and ! explicitly.

Turbine Annular Section Annular Section Carnot Section
Stage Strut 1 Strut 2
Mixing Planes Setup for Performance
= Fluid FlowW Map Generation
Sm
g w Hubend
[a) % Zonal Interfaces
as

Hub

Outlet Boundary
Condition

2D-Gust
Inlet BC

Setup for Numerical
Validation

Casing

Figure 2.1 Sections of the di user's calculation domain (geometry was deformed)

During this work two di erent approaches were used for the introduction of inlet bound-
ary conditions as displayed in Figure 2.1. The numerical setup used for performance map
generation, as presented in chapter 4, is supplied with a turbine stage at the di user inlet
(Figure 2.1 - upper part). The turbine stage runs at constant speed and therefore generates
load dependent and realistic inlet conditions for the di user, when its exit pressure is reduced.
At the turbines inlet a 1D radial boundary condition is prescribed. Here the starting parameter
are provided in a radial distribution which is copied on radial bands over the inlet plane. The
radial distribution of stagnation pressure pg, stagnation temperature To, swirl , turbulence
intensity T, and the turbulent length scale Iy, were kept constant over the radial height at the
turbine inlet. Only the radial angle  was adapted to the endwalls. Thereby the individual
di user inlet pro les can develop load dependent downstream of the turbine stage. ThelD
radial boundary condition are listed in Table 2.2.
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2.1 Numerical Simulation

Table 2.2 1D radial boundary condition at the turbine inlet used for performance map generation

Hub =) Casing
Stagnation PressurePo=Po.ret [-] 2:565 constant measure 2:565
Stagnation Temperature To=To.ret [[] 1:28 constant measure  1:28
Swirl Angle [7] 0.0 constant measure 0.0
Radial Angle [°] 0:0 linear increase 9:8
Turbulence Intensity Ty [-] 0:02 constant measure  0:02
Turbulent length scale Iy, [-] 0:0002 constant measure 0:0002

In the lower part of Figure 2.1 the setup used for numerical validation, discussed in chapter 3,
is presented. A 2D-Gust boundary condition is used in order to directly reproduce the
streaming conditions which were measured in the experiments. For its application &-
dimensional data-set, covering the entire inlet plane in radial and circumferential direction,
is needed. This more complex approach makes it possible to introduce the probe data from
the experiments directly into the numerical simulation. Figure 2.2 presents the2D-Gust
boundary condition exempli ed for the distribution of stagnation pressure. One pitch of the
measurement data was replicated over the entire circumference.

Copied Measurement
Data Plane
Copied Copied
Data Data
Copied Copied
Data Data
Copied Copied
Data Data
Copied Copied
Data Data

Figure 2.2 2D-Gust boundary condition at the di user inlet, used for numerical validation. The
experimental data of the measurement plane for one pitch was copied upon the circumference. Exemplary
the circumferential distribution for stagnation pressure pg is presented
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