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Editorial

Omul si uimirea sa

Intepenirea nu-i o cale, nici aduce mantuire.
Infiorarea’ e a omului suprema calitate.
Oricat de rar ar fi, cutremurat

El simte-addanc cele maret-infricosate!

Goethe, Faust, traducere Lucian Blaga

1Infiorarea, uimirea in fata tainelor lumii si a tiparelor ei,
era, dupd Goethe, suprema trdire la care poate ajunge omul

Pentru a exprima realitatea din afara si dinlauntrul sau, omul a recurs la semne si combinatii de sem-
ne, pentru a comunica altora ce a aflat, ce simte si ce gandeste. Dintre toate sistemele de semne, cele mai utili-
zate sunt cele iconice si iconografice, intrucat se bazeaza pe asemanare, iar recognoscibilitatea este suportul
redundant ce face posibild comunicarea interumana. Asemanarea este garantia credibilitatii semnului cu care
receptorul vine in contact nemijlocit. De aceea este in firea lucrurilor ca, atunci cand percepem ceva, sa ne
aminteascd, poate bazat pe simpatie sau pe emotie, de altceva care zdcea In memoria noastra pasiva si sa se
adauge la ca. Este de fapt, o forma de cunoastere prin analogie, care a fost de mare interes pentru antici si
medievali. Aseméanarea insa, poate induce in eroare daca nu sesizam deosebirile, eroare ce rezida in echivala-
rea ei cu identitatea, caci asemanarea reprezinta doar un semn de identificare a celor asemanatoare si reprezin-
ta o caracteristica structurald si/sau formald comuna, a doud sau mai multe lucruri, a carei observare repetata
suscita o gandire analogica.

Analogia este un cuvant de relatie, caci unicatul se raporteaza in primul rand la sine, fiind unicat fara
comparatie. Analogia ca o conditie a recunoasterii unui lucru, a permis sa se poata indica si semnifica obiecte
indepartate sau absente. Daca lumea ar fi constituitd din unicate compacte, fara asemanare intre ele, ar fi o
republica a originalitatii. Pentru ca asemanarea este un liant intre entitdti si reprezintd punte de trecere de la
originalitate la banalitate, se bazeaza tocmai pe repetabilitate si naste adesea mirare. Mirarea insotita de curio-
zitate este o insusire universalda a omului, care se exercitd inca din primii ani ai existentei, cand descopera
treptat lumea si apoi eul, ca reactie de uimire la diversitatea lucrurilor lumii naturale anorganice, organice si
vii, la cele socio-culturale si la armonia lumii.

Extraordinarul care ne zdruncind constiinta, are doud origini: unele fenomene extraordinare vin din
sfera timpului si spatiului familiare noua, iar altele din Tnsusi miezul mediului ambiental al omului ca diferen-
te, atitudini si degradari ale acestora. Mirarea este locul din care se naste ceva nou, o laturd a lumii se releva
astfel, pentru a se lega cu dialogul, curiozitatea si riscul de a ne pune in fata necunoscutului pentru a-l Tm-
blanzi, sau pentru a-1 ocoli. Mirarea admirativa in fata unei performante omenesti si uluirea inaltatoare 1si au
radacina 1n constiinta faptului ca este o realizare a unui semen.

Socrate a ridicat mirarea la rang de mama a intelepciunii. Indiferent de circumstantele cu care-1 im-
povareaza istoria, omul nu va osteni sa se mire si sa se indigneze. Se mira de propria sa existenta si se indig-
neaza fard putere in fata furiei cu care este distrusd planeta habitatului sdu. Aici incepe drumul cétre noi ori-
zonturi de cunoastere. Fara uimire pe om il asteapta doar banalitatea repetitivitatii. Stiinta si cunoasterea nu au
nici menirea si nici puterea sa risipeasca misterul, ci doar sa dezvaluie ceea ce era pana atunci invaluit pentru
om. Eforturile omului de a crea si de a se cunoaste pe sine, au ca finalitate indicarea limitelor lui in lume, caci
extinderea si adancirea investigatiilor asupra lumii si a omului, ne fac sa devenim constienti de putinul cunos-
tintelor noastre si de limitele naturii umane.

Principiul inertiei, al cdrui autor recunoscut este Galileo Galilei a fost descoperit intuitiv, Tnaintea
acestuia, de Leonardo da Vinci. Insd, cum originalitatea este o chestiune de dozaj, iar unicitatea absoluta nu
poate fi atribuita vreunui obiect zamislit de om, gradul de originalitate ne poate ardta pana unde ni se intinde
umbra, momentele omului fiind, la rigoare, combinari si recombinari in fluxul valorilor.

Ec. Elena Banea,
Tulie 2021




Editorial

Man and his awe

I do not seek salvation in mere apathy

awe is the greatest boon we humans are allotted,
and though our world would have us stifle feeling,
if we are stirred profoundly, we sense the Infinite.’

Faust by Goethe in Goethe's Collected Works, Vol. 2,
Edited and translated by Stuart Atkins, Princeton
University Press, Chicago, 2014.

IThrill and awe in front of the world mysteries and patterns
were, according to Goethe, the supreme feelings that man can
experience.

To express his outer as well as his inner reality, man chose signs and combinations of signs to be
able to talk to others about his discoveries, feelings and thoughts. The most commonly used systems of signs
are iconic and the iconographic systems because they rely on resemblance, and recognition, after all, is the
redundant support that makes human communication possible. Resemblance is the guarantee of the credibility
of the sign that the receiver comes into direct contact . Therefore, it is in the nature of things that, at the mo-
ment we perceive something, that very thing should immediately remind us, through sympathy or thrill, of
something else, already existent in our passive memory and add to it. This is, in fact, a form of cognition
through analogy, which was of great interest in the ancient and the medieval times. However, resemblance
may be deceitful unless we seize differences, an error that resides in its reduction to identity, as resemblance
represents just a sign of identification of similarities and it is a common structural and/or formal characteristic
of two or several things of whose repeated observation asks for analogical thinking.

Analogy is a relating word, as oneness does primarily relate to itself, being a unique thing without
any comparison. Analogy, as a condition for the recognition of a thing, has made it possible the indication and
attribution of significance to far away or absent objects. If the world were made up of compact unique things,
with no resemblance between them, it would be a republic of originality. Since resemblance is a link between
entities, and it represents passing points from originality to commonplace, it relies on repetition and it often
generates awe. Astonishment backed by curiosity is a universal characteristic of man, which is manifested
from an early age of an individual while s/he gradually discovers the world around and later on her/his own
ego out of wonder at perceiving the diversity of the natural nonorganic and organic worldly things, the socio-
cultural environment and the harmony of the world itself.

The miracle that shatters our consciousness is twofold: some extraordinary phenomena come out of
the sphere of the time and space familiar to us, while others result from the very core of man’s surrounding
environment as differences, attitudes and distortion of the former. Wonder is the circumstance out of which
something new arises, another perspective of the world is made distinct, only to be combined with dialog,
curiosity and the challenge of facing the unknown to tame or avoid it. Both awe in front of a human perfor-
mance and elevating astonishment have their roots in the awareness of the fact that such performance is the
achievement of a fellow human being.

Socrates raised wonder to the level of mother wisdom. Regardless of the circumstances that history
loads man with, s/he shall not cease wondering and getting indignant. Each individual wonders about her/his
own existence and gets hopelessly indignant against the ferocious destruction of her/his habitual planet. It is
here where the path to new horizons of knowledge starts. Without wonder, all that man is left with is the com-
mon place of repetitiveness. Science and knowledge have neither the purpose nor the power to remove mys-
tery, but to reveal what it has been previously unknown to man. However, her/his efforts to create and discov-
er herself/himself do eventually reflect man’s limits in the world since the extension and deepening of the
investigations of the human nature and of the world at large make us conscious of both our limited knowledge
and of the limits of the human nature as such.

The principle of inertia, whose recognized author is Galileo Galilei, has been previously discovered
by simple intuition by Leonardo da Vinci. But, since originality is a matter of calibration, and absolute one-
ness cannot be attributed to any of man’s made things, the level of originality may indicate us just how far our
shadow unfolds, man’s momenta rigorously being combinations and re-combinations in the flow of values.

Ec. Elena Banea,
July 2022
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OIL INJECTION SCREW COMPRESSOR INITIALIZATION
FILE DEFINITION FOR A 3D CFD SIMULATION

lon MALAEL?, Valentin PETRESCU?Y, Stefan Alexandru SERBAN?, Mihnea GALL!

Received: 02.06.2022 ABSTRACT: The positive displacement machines are used in
Accepted: 29.06.2022 various industry fields, having the main advantage of operating with a
Published: 06.07.2022 high-pressure ratio. But this feature causes difficulties in the efficiency
Copyright: The article is an Open Access article evaluati_on Wit_h modern teChniqu?S _Iike Co_mquat_iqnaI_ Fluid
and it is distributed under the terms and conditions  PYnamics. In this paper, a CFD analysis without using oil injection was
Creative Commons Attribution (CC BY) license performed to determine the pressure distribution through the
(https://creativecommons.org/licenses/by/4.0/). computational domain which can be used in the initialization process
of the oil injection screw compressor performances simulation study.
The initialization file was done without using oil injection because the
5Y CFD solver can reach more easily, without any solver crashes, to a
converged solution with a periodic behaviour of the flow mainly
because the flow isn't multiphase. Using this results file for
initialization, the solver shall be more stable, avoiding crashes. The
outlet pressure was set up to 5 bar with 1 bar on the suction side. As
result, the pressure and temperature contours on the rotors and cross-
plane are presented in this paper. The inlet and outlet mass flow rate
evolution was evaluated too. After data post-processing, the conclusion
is that the results file can be used in the initialization process for the

future CFD screw compressor with oil injection simulations.

KEYWORDS: Computational fluid dynamics, screw compressor, Ansys CFX, flow initialization

1. INTRODUCTION

The nowadays energy crisis is caused by both the growing energy needs for technological evolution
[1] and the outdated methods of exploiting the Earth's resources [2]. Thus, the development of new high-
performance and sustainable methods [3] for resource exploitation must be on the agenda of researchers around
the world.

The role of volumetric machines with positive displacement in the technological process of extraction/
processing of classical, non-renewable resources such as coal and oil is well known [4]. The screw compressor
is composed of two rotors (male and female or driver and driven) whose design represents a real challenge for
engineers in the field due to the shape of the rotor lobes [5].

A reference work in this field belongs to N. Stosic [6] where the algorithms that were the basis for
generating a profile configuration with 3 lobes for the male rotor and 5 lobes for the female rotor are described.
CFD methods can be used to evaluate the performance of a screw compressor [7]. Defining the computational
domain involves the use of dedicated software [8-9] for generating the computational grid, capable of meshing
volumes/ surfaces of the order of microns. In Fig. 1 the 3D CAD features for a screw compressor with oil
injection are presented.

Several techniques of computational grid generation for the rotor domain of a positive displacement
machine have been verified by S. Rane [10]. Their accuracy was evaluated by means of a compression process
analysis inside a positive displacement volumetric machine such as a screw compressor.

Internationally, only a few studies based on the use of CFD methods are available to determine the
performance of screw compressors. The commonly employed software packages are Ansys CFX [11], Ansys
Fluent [12], StarCCM+ [13] and ConvergeCFD [14]. In Romania, the research of the screw compressor
efficiency with high discharge pressures (that implies the presence of oil injection to ensure the sealing, reduce
discharge temperature and noise) with CFD methods is at the beginning [15-16].

! Romanian Research and Development Institute for Gas Turbines COMOTI
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The encountered problems refer to the solver stability for the multiphase analysis of volumetric
machines that can power facilities [17] with high discharge pressures (i.e. exceeding 40 bar). This paper
presents the definition of the initialization file that can be subsequently used in the start process of the 3D CFD
simulation of a screw compressor with oil injection.

Fig. 1 3D CAD screw compressor geometry [18]

2. CFD SETUPS

The definition process of the initialization file for a 3D CFD simulation of an oil injection screw
compressor done in Ansys CFX starts with the computational domain CAD modelling. Using CAD software
like SolidWorks, the screw compressor geometry CAD file was imported in order to trace the working fluids
paths. The computational domain was split into four subdomains to emphasize the rotating parts and the stator
ones. In this way, the domain has three stator subdomains which include the suction side, pressure side, and
the oil injection pipe and a rotating subdomain composed of male rotor domain and female rotor domain.

Fig.2 shows an exploded view of the computational domain done after using the boolean functions,
such as unite, subtract and intersect.

Inlet

uction Side domain

Rotor's domain

Male axis

Femdle axis
Qil pipe domain

Outlet

Pressure Side domain
Fig. 2 Computational domain

Regarding the mesh generation for the rotors domains, the TwinMesh software was used. Thus, the
shape of the lobes was imported using the curves described in a ‘.igs’ type file. Once the geometry was
imported, the main components were set up: male rotor casing, female rotor casing, male rotor and female rotor
(Fig. 3). The next step was to define the interface between the male rotor and the female rotor, which was the
final step in defining the geometry in TwinMesh.
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Boundary definition
Node distribution on curve

Delete curve
Select all connected curves
Group curves

Ungroup curves
Change curve direction None

Create muttiple curve copie:

Create points at curve ends
Create point at Locatior

V@on \ (\_

Fig. 3 Rotors geometry definition in TwinMesh[19]

Then the 2D grid parameters were set. These parameters include the type of meshing, maximum
element size, first element height (inner), first element height (outer), number of elements in the radial direction,
and number of elements in the z-direction. After mesh generation, a quality check was performed. The
minimum angle, the aspect ratio, the volume change and determinants are assessed. Fig. 4 shows the 2D grid,
while Fig.5 presents the minimum angle distribution as part of the quality check analysis.

Fig. 4 Rotating 2D mesh

Min. angle [degree]
89.87

60.93

26.21

Fig. 5 Rotor's mesh quality
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Table 1. Ansys CFX boundary conditions values

Starting from the stator domain CAD model that consists of three subdomains, namely: the suction
area, the discharge area and the oil injection pipe (see Fig. 2) and using the Ansys Meshing software, the mesh
was generated. The method used to generate the grid was MultiZone, to allow the transition from Hexaedra to
Tetrahedra type elements in order to control the number of elements. To avoid problems that may occur in the
interface areas between the rotor and the stator domains, the Face Sizing function was used too (see Fig. 6).
Fig. 6 shows the mesh for the entire stator domain together with the information related to the number
of nodes, the number of elements and also their quality. At the same time, the area in which the above-
mentioned function (i.e. face sizing) was used can be observed.
Regarding the turbulence model, the Shear Stress Transport model was used [20] and the boundary
conditions (see Fig. 7 and Table 1) were set to have Opening for the screw compressor's inlet and outlet. Wall-
type boundary condition was set for the oil inlet patch.

1000000 |

\—-Tet 4 —Hex 8—Pyr 5
2000000 |

0
Element Metrics

0.5 1
Statistics
Nodes | 721233

Fig. 6 Stator subdomains mesh

Elements | 2593230 =

No. Parameter Value | Unit No. | Parameter Value | Unit
1. | Inlet_Pressure 1 [bar] 3 Rotational d male 3343 | [rpm]
' otational spee female | 2785 | [rpm]

2. let P
Outlet_Pressure S [bar] 4. Inlet_Temperature 26 [°C]

i

I} i
4 4 I ~Opening_Inlet_Pressure

Q:‘ET‘VD[Jening_Outlet_Pressure

Fig. 7 Boundary conditions
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3. RESULTS and DISCUSSIONS

During the initialization file numerical computation, the evolution of the working fluid pressure from
the inlet to the outlet of the screw compressor was followed. In Fig.8 the distribution of the absolute pressure
in a cross-plane can be observed where ‘blue’ represents the inlet pressure, 1 bar, and ‘red’ is the discharge
pressure, Sbar.

Absolute Pressure Total Temperature
5.01 328.48
3.89 245.49
2.77 162.50

7

r/

[bar]

NN }.L;.e
0.53 347 r W
[C] -

Fig. 8 Absolute pressure in cross-plane view Fig. 9 Total temperature in cross-plane view

For a better understanding of the compression process, the pressure in the five volumes formed during
the operation of the compressor was analyzed (Fig. 10). The first volume shows the suction pressure when this
volume is still communicating with the suction port. The second volume represents the moment when the
compression process starts, and the connection to the suction port is closed. The compression process continues
in volumes three and four reaching volume five which is connected to the discharge port and the discharge is
performed.

Absolute Pressure TotalTernperature
4.89
4.56
4.24
3.92
3.60
3.28
2.96
2.63
231
1.99
1.67
1.35
1.02
0.70
0.38

[bar]

Fig. 10 Absolute pressure distribution on rotors  Fig. 11 Total temperature distribution on rotors

A convergence criterion of the simulation for the realization of the initialization file was represented
by the periodic evolution of both the mass flow rate and the pressure. In Fig.12 the mass flow rates are
presented, while Fig 13 plots the pressures.
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4.

Numerical analysis of the performance of volumetric machines with positive displacement such as
screw compressors is a very important step in the pre-design phase. The stability problems of CFD solvers
occur when the analysis is multiphase and the operation of the compressor takes place at high compression
levels. These problems are based on the nature of the flow initiation process, which all solvers need. In this
paper, the initialization file was made, which will be used in the analysis of the efficiency of an oil injection
screw compressor. Thus, the aim was to obtain the periodic variation of both the inlet mass flow and the outlet
mass flow in correlation with the pressure distribution in the five volumes formed by the rotor interlobes
spacing and casings. For future analysis, the resulting file will be used to initialize the two-phase flow through

N ] N

\ |

\
\

IE\
Y,

I
\ L
-V

— Massflowlnlet [kg /s]
= MassflowQutlet [kg/s]

= MassflowOutlet,Avg [kg/s]
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o 72
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Fig. 12 Mass flow evolution over a complete revolution — 360 degrees
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Fig. 13 Absolute pressure over a complete revolution - 360 degrees

CONCLUSIONS

the screw compressor.
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VANED DIFFUSER NUMERICAL INVESTIGATION FOR
MICROJET ENGINE

Mihnea GALLY, Valeriu DRAGAN!

Received: 23.05.2022 ABSTRACT: The current paper presents an approach for
Accepted: 29.06.2022 designing the vaned diffuser for a micro gas turbine engine, with
Published: 06.07.2022 . . . K

high pressure ratio and small overall diameter. A particular
Copyright: The article is an Open Access article  challenge in this field is to increase the cycle pressure ratio while
and it is distributed under the terms and conditions  maintain aerodynamic performance and not exceeding the
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diagonal configurations have been proposed for such

applications; however, they often fall in-between the design

o rules of either axial or radial compressors. We attempt to

rationally combine the existing know-how with full viscous
CFD simulations in order to obtain an optimal design for our
case-study. Both rotor and diffuser are of original design and
have been optimized using full viscous CFD RANS. Since the
microjet engine size is of ~40 daN thrust, it falls into the
category of affordable as well as technically useful UAV-size
powerplants, we hope that it will be more relevant to the field.

KEYWORDS: mixed flow diffuser, semi-diagonal diffuser, high performance compressor, diffuser
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1. INTRODUCTION

In the last decades, significant research efforts have been oriented towards the field of micro gas
turbine (MGT) and microjet engines with the final goal to find a game changing system and performance
improvement. The ongoing concern on greenhouse gas emissions forces worldwide nations to adopt drastic
regulations in terms of carbon emissions reduction and efficiency increase. This policy is expected to drive the
MGT/microjet market in the next years, from a 26 million USD in 2021 to a 61 million USD in 2030, with a
compound annual growth rate of 10% [1]. The MGT/microjet high energy density and high power density
features make them very attractive for different applications, ranging from military and civil unmanned aerial
vehicles (UAV), model aircraft, gliders, air taxi, cargo aerial vehicles, ultra-light aircraft, hybrid electric
vehicles to portable power plant applications and auxiliary power units (APU) [2].

In a very dynamic market economy, the microjets must possess several advantages compared to other
competing technologies such as batteries and fuel cells. The microjets exhibit enhanced redundancy and
reliability, enhanced operational flexibility and high energy density [3]. Despite their low overall system
efficiency, the power to weight ratio is still higher compared to the exiting batteries as a relatively short time
is needed to extract energy from the stored fuel.

However, one has to mention some disadvantages of microjets. Namely, overall efficiency figures are
low and a simple downscaling of highly efficient large gas turbine engines is not the path towards a good
microjet due to significant change in Reynolds number, enhanced heat transfer between the hot and cold parts
of the engine, as well as material and manufacturing challenges of miniaturized engines [4].

In general, the compression unit of microjets consists of a single centrifugal stage, either pure radial
type or mixed flow type. Centrifugal compressors are shorter, cheaper and less complex compared to their axial
counterparts. Moreover, centrifugal compressors have higher pressure ratio per stage, wider operating range
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and they are reported to resist better to foreign objects impact, thus having greater reliability and longer lifetime
[5]. To reduce the frontal area of the engine, diameter constraints are usually imposed in the design of microjets
compression units and so challenges appear in the design of radial diffusers (tradeoff between radial extension
and diffusion). The transition from the impeller exit to the axial combustion chamber inlet may be designed
either by a pure radial diffuser, a 90° bend and an axial de-swirl cascade, or by a more optimized crossover
diffuser reminiscent of mixed flow compressors. As the overall engine performance and efficiency are strongly
dependent on the compression system design, there is a clear need for compact high-performance compressors.
Based on existing literature, a Thrust vs Diameter power law correlation (see Fig.1) is usually employed for
pre-design engine diameter estimation. The points’labels identify the different manufacturers cited in the
reference part (letters distinguish between different engines of the same manufacturer) [21-26].
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Fig. 1 Thrust vs Diameter correlation

Clear design methodologies for compact axial to radial microjet diffusers are scarce in the literature.
Van der Merwe [6] and Krige [7] developed a meanline code for microjet radial vaned diffuser design based
on theory of Aungier [13]. The code was used together with CFD for optimization of the 20 daN BMT-120 [9]
microjet engine. Subsequently, de Villiers [8] focused on the development and optimization of conventional
radial diffusers for the same BMT-120 engine using meanline codes as a starting point. A novel crossover
design strategy was implemented by Burger [10] with the aim to prove the possibility of replacing the
conventional radial to axial 90° bend followed by axial de-swirling vanes with a crossover diffuser. Diener [11]
and Kock [12] investigated the suitability of mixed flow impellers to be integrated into microjet engines along
with a crossover diffuser configuration.

The microjet diffuser design methodology commonly starts from a 0D/1D meanline code from Japikse
[14], Aungier [13] or Cumpsty [15]. Afterwards, experimental correlations and databooks are used to define
the main diffuser paramters. Then, a 3D CAD design follows along with a CFD validation. The final design
according to the requirements of the specific application comes as a result of an optimization process in a quite
large optimization space which is in general very time-consuming and requires significant computational effort
and capabilities.

Verstraete et al. [16] performed a multidisciplinary optimization (high efficiency and low centrifugal
stress) applied to a radial microjet compressor using 23 design parameters in a genetic algorithm together with
an artificial neural network. By means of a similar approach, Sakaguchi et al. [17] performed a multipoint
multi-objective optimization on a low solidity circular cascade diffuser using 7 design parameters. More
recently, Verstraete [18] employed a bounded Kriging metamodel-assisted optimization approach for a
centrifugal compressor with a final 2.59% efficiency improvement compared to the baseline design. The
number of design parameters to be tuned by the optimization is 34, while the objectives ask for the maximum
efficiency at two different operating points.

As the optimization usually takes place in large design spaces, parametric studies [19] by means of
DOE approach (Design of Experiments) are of critical importance for the sensitivity of performance parameters
with respect to the design parameters. Eventually, a common approach towards validation, that is used by both
universities and research centers, is the experimental assessment by means of linear cascades facilities, as this
setup is cost effective and allows rapid prototyping.
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The aim of this paper is to present a possible design methodology for radial to axial compact diffusers
of microjet engines. Starting from documented design input data, 4 vaned diffuser designs for a 40 daN microjet
engine are generated and validated with the existing correlations and design in the literature. Eventually, the 4
designs are numerically investigated and a reference design is chosen by means of performance parameters
tradeoff.

2. DESIGN APPROACH

The design input data (see Table 1) for the 4 diffuser designs (referred in the following as V1-V4)
comes from previous rotor design studies. One should note that the rotor geometry is frozen and serves as an
input data for the current design study. The stator pre-design starts with the outlet channel height computation
using mass conservation and the static quantities computed analytically from the stator outlet total quantities
imposed and the associated kinematic conditions. As a result, the outlet channel height yields 5 mm. The 75
mm stator outlet shroud radius is imposed following the R?=0.99 power law correlation presented in Fig.1
where the input thrust is 40 daN. A maximum residual swirl of 30° is considered acceptable before entering
the combustor as presented in Japikse [14].

For the vaneless diffuser part, design recommendations from the literature [13][14] are followed to
avoid the stall of the component and to improve diffusion. The vaneless diffuser design parameters for the
current designs are reported in

Table 2. The vaneless diffuser stability is assessed using the plot in Fig. 2 where a critical vaneless
diffuser inlet angle that divides stable from unstable regimes is defined. For the current designs, a value of
b, /r, of approximately 0.01 along with an inlet Mach number lower than 1, translates into the inlet flow angle
being smaller than 75° to accomplish stability.

Table 1 Input data & stator design constraints

Input data Stator design constraints
Mass flow rate 0.7 kgls Stator outlet shroud radius 75 mm
Rotor outlet total pressure 5.39 bara Stator outlet target flow angle 30°
Rotor outlet static pressure 3.07 bara Stator outlet target velocity 130 m/s
Rotor outlet absolute Mach 0.92 Stator outlet target total pressure | 5 bara
Rotor outlet absolute velocity 375 m/s
Rotor outlet total temperature 479.3K
Rotor outlet absolute radial velocity 142.7 m/s
Rotor outlet absolute tangential velocity | 346.7 m/s
Absolute velocity flow angle (wrt axial) 67.6°

Table 2 Vaneless diffuser design parameters

Parameter V1 V2
rs /1, 1.09 1.09 1.09 1.14
rs/1, 1.16 1.16 1.16 1.20
b, /r, 0.094 0.094 0.094 0.094
oy 67.76° 68.3° 70.4° 68.5°
M, 0.93 0.92 0.94 0.95

where r3- vaneless diffuser outlet radius, r, —rotor outlet radius, b,- rotor outlet channel height, M, — rotor
outlet Mach number, a, — rotor outlet absolute flow angle.

As the literature prescriptions for vaned diffuser design mainly rely on statistical databooks and
correlations, the starting point in the current work for vaned diffuser design is represented by the statistical
approach provided by Howell and Lieblein that is mainly employed for design of axial cascades. Subsequently,
the designs are plotted on typical statistical databooks coming from channel and cascade diffusers [14]. Starting
from the imposed inlet and outlet flow angles of the diffuser, Lieblein provides an information about the
solidity. The chord estimation uses a minimum Reynolds number of 4 - 10° to stay in the turbulent area of the
Moody diagram. Using rotor outlet static density, rotor outlet radial velocity and the dynamic viscosity
corresponding to the rotor outlet static temperature, the chord can be evaluated. Using the solidity definition, a
first information on the number of vanes can be determined. Starting from this pre-design approach, 4 vaned
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diffusers are designed in order to assess their performance. The main parameters of the 4 different designs are
summarised in Table 3. Figure 4 plots the pressure recovery coefficient Cp as a function of the aspect ratio
(AS) for a given Mach number and for different values of the blockage factor B. One can understand that the
maximum pressure recovery coefficient is always located in the proximity of unity aspect ratio.

In the current designs, the V4, V2 and V1 aspect ratio (computed for the splitter) is close to 1, while
for V3 the aspect ratio departs from 1 where the C starts to decrease. In Fig.3 we plot a correlation in terms of
channel length to width ratio (L/W), area ratio and C,. The locus of the designs that are investigated in this
paper is thus placed outside the unsteady regions, with the best C, predicted for V4 design.

Table 3 Vaned diffuser design parameters

Parameter V1 V2

Number of vanes 26 33 15 37
Stagger angle 52.6° 52.6° 52.6° 45.8°
Solidity (main blade) 1.85 2.35 1.07 2.22
Aspect ratio (main) AS 0.85 1.12 0.42 0.71
Aspect ratio (splitter) AS 1.371 1.84 0.69 1.16
Area ratio AR 1.98 2 2.09 2.13

Length/Width L/W 5.1 7 2.6 6

where C, is the pressure recovery coefficient, the solidity is defined as the chord to pitch ratio, while the aspect
ratio is defined as the channel height to width ratio.
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3. NUMERICAL SIMULATIONS

The 3D geometry of the diffusers (hub & shroud curves, blades) is defined using Ansys BladeGen.
The structured computational grid is generated using Ansys TurboGrid with the wall first cell size of 1 micron.
For both the rotor and the stator, periodicity conditions are employed to reduce the computational effort. Steady
state RANS simulations are performed using ANSYS CFX solver. The boundary conditions and the
computational domain statistics are described in Table 4. The non-dimensional wall y+ distribution for the
rotor domain and for the V4 stator domain are presented in Fig.5.

Table 4 Boundary conditions and computational domain statistics

Total pressure: 1 bara
Inlet (rotor) Total teﬁ]perature: 288 K Rotor 2397 900 cells
Outlet (stator) Mass flow rate: 0.7 kg/s Stator V1 1 564 056 cells
Walls Adiabatic, no slip Stator V2 1 666 008 cells
Rotational speed (rotor) 80000 RPM Stator V3 1733670 cells
Turbulence model SST k-omega Stator V4 1034 098 cells

a. rotor b. V4 diffuser
Fig. 5 Dimensionless y+ distribution

4. RESULTS

The inlet to outlet mass averaged static pressure and the inlet to outlet mass averaged total pressure in
stationary frame are plotted in Fig. 6 and Fig. 7 respectively, for the 4 investigated designs. The comparison in
terms of the main performance parameters of the 4 designs is summarized in Table 5. Fig. 6 shows that V2
performs the best in terms of static pressure recovery, while V3 has the lowest static pressure recovery. This is
also shown by the C, values in Table 5 (0.62 for V2 and 0.51 for V3). The highest total to total pressure ratio
is recorded for V2, followed by V1, V4 and V3 as shown in Fig. 7 too. V2 and V4 are very close in terms of
total to total isentropic efficiency, however the de-swirl capability of V4 (28.7°) outperforms V2 (46°). V1, V2
and V3 have the same geometry for the vaneless diffuser. As the vaneless space acts as a regulating valve, it
impacts on the rotor static pressure evolution and so V4 rotor static pressure trend differs from V1 (with V2
and V3 superimposed on V1).

3,5 ‘2
3 A~

’2 / —3

Mass averaged static pressure [bara]

Lo VY V2
’ ~ 1
1 ——
0,5

0 0,25 0,5 0,75 1 1,25 1,5 1,75 2
Streamwise location

Fig. 6 Inlet to outlet mass averaged static pressure (entire stage)
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Fig. 7 Inlet to outlet mass averaged total pressure in stationary frame (entire stage)

Table 5 Main performance parameters

Parameter V1 V2 _—

Number of vanes 26 33 15 37
Total to total pressure ratio 4.8 4.86 4.68 4.78
Outlet static pressure (bara) 451 4.57 4.32 4.46

Outlet flow angle (from axial direction) -47.3° -46° -50° -28.7°
Outlet velocity (m/s) 134.2 130 147 134

Total to total isentropic efficiency 0.837 0.849 0.815 0.841
Pressure recovery coefficient C, 0.59 0.62 0.51 0.59

Table 6 Relative performance parameters compared to reference desiﬁn

Parameter V1 V2
Total to total pressure ratio 0.42% 1.67% -2.09%
Outlet static pressure 1.12% 2.47% -3.13%
Outlet flow angle (from axial direction) -64.81% -60.28% -714.2%
Outlet velocity -0.15% 2.99% -9.7%
Total to total isentropic efficiency -0.48% 0.95% -3.09%
Pressure recovery coefficient Cy 0% 5.08% -13.55%

A weighted average using Cy, total to total isentropic efficiency and outlet flow angle was used as a
criterion to compare the 4 designs. While V1, V2 and V3 scored 0.84, 0.87 and 0.78 respectively, V4 scored
0.98. As a result, V4 is considered the reference design (the best design) and relative performance parameters
(see

Table 6) are computed with respect to V4. The positive values indicate better performance, while
negative values show detrimental performance compared to the reference. While V3 has poor performance for
all the investigated parameters, V1 and V2 suffer from the de-swirl capability. V2 shows better performance
of 1.67% for the total to total pressure ratio and approximately 5% for the C, compared to V4, however it is
not able to remove the tangential flow component. A microjet cycle analysis revealed a 7.6% thrust reduction
if the engine operates with V3 instead of V4. However, the cycle analysis was not able to take into account the
combustion chamber inlet flow angle and velocity influence.

The velocity contours in the blade to blade view for the V4 design and the V3 design (poor
performance design) are plotted in Fig. 8 and Fig. 9 for 50% and 20% of the span respectively. From Fig. 8,
one can undertand that the chosen reference design is free of recirculation zones both at midspan and 20% of
the span, except the wake zone in the blades trailing edge. In contrast, for V3, full channel recirculation zones
can be seen in Fig. 9b. at 20% span, while the 50% span shows a splitter trailing edge flow detachment. This
impacts on the blade loading and so on the diffusion process.
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5. CONCLUSIONS AND FURTHER WORK

To conclude, 4 compact radial-to-axial microjet diffusers were designed and validated against the
available correlations and databooks available in the literature. The vaneless diffuser design is verified using
stability criteria, whereas the vaned diffuser design is checked using aspect ratio, area ratio and length to width
correlations for the pressure recovery coefficient.

The 4 designs were numerically investigated and their performance parameters were thoroughly
compared to establish the best design. A diffuser with 37 vanes was chosen to deliver the best performance for
this particular 40 daN microjet application with a pressure recovery coefficient of 0.59, a total to total pressure
ratio of 4.78 and an outlet flow angle of approximately 29°.

A natural step further is to perform a parametric analysis using CFD tools to understand the relative
influence of different design parameters in the diffuser performance. One expects to obtain new correlations
that are fully adapted to the microjet diffusers. Following this result, an optimization campaign using state-of-

the-art techniques shall be applied to the baseline design to eventually define several candidates to be
experimentally validated.
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ABSTRACT: In this paper, the supersonic vortex flow design
method was used in order to achieve the two-dimensional blade
profile geometry for a supersonic turbine rotor operating at
conditions similar to an existing pneumatic turbine starter used
for gas turbines of 4MW power output. Based on the vortex flow
theory, a MATLAB code was developed which require basic
inputs that are generally known for a turbine rotor design. A
CFD simulation has been done using ANSYS FLUENT solver
in order to validate the analytical calculations. The velocity field
has been properly developed between the blades. The location
of the complex wave system generation, as well as the
intersection point between the expansion and compression
waves has been compared to the analytical computation and the
results shown an acceptable error.
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NOMENCLATURE
Symbols:
V - Velocity
R - Radius

R*- Dimensionless radius
M - Mach number

v - Prandtl-Meyer angle

Y - Specific heat ratio

a - Circular arcs turning angle
B - Flowangle

@ - Major vortex-expansion-characteristic function

G* - Dimensionless blade spacing
C* - Dimensionless chord
x* - Dimensionless x coordinates

y* - Dimensionless y coordinates

m- Slope
Subscripts:
l- Lower
u- Upper
i- Inlet
o - Outlet
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1. INTRODUCTION

Many energy-recovery cycles, drive cycles (Organic and Steam Rankine cycles) and rocket propulsion
cycles require the use of a turbine that operates at low volumetric flow and high-pressure ratio. Additional
requirements include low cost, reduced weight, and reduced axial length.

These types of applications are usually best fitted with a special class of turbomachinery referred to
as supersonic turbines or highly-loaded turbines. This type of mechanical system is usually described by
constant pressure, or small pressure variations at the inlet and outlet of the turbine rotor. Supersonic turbines
gained interest from the industry in the 1950s when lighter turbines meant lower manufacture and operational
costs. Verneau et al analysed turbines for solar plants and waste energy recovery systems [1]. The university
of Hannover has tested and ORC supersonic turbine generator with partial admission that successfully operated
in a power range of 2-8 kW.

Noraiz M. et al [5] have studied supersonic turbine blades designed with Method of Characteristics
coupled with a RDE (rotating detonation engine). Their analyses revealed that this type of assemblies can
achieve efficiencies of up to 70%. Chao Fu et al. [6] have done unsteady CFD numerical analysis to evaluate
the coupling between the stator and the rotor. Their study found that high circumferential velocity at the vane
outlet and short blade lead to high radial pressure gradient, which makes the low kinetic energy moves towards
hub region and produce additional loss. Shin Bong-Gun [7] has studied the effect of inlet voundary condition
on flow characteristics of a supersonic turbine. They have compared a pressure far field inlet condition to
simulate the inlet in a supersonic rotor. The study shows that a CD nozzle will predict more accurately the
supersonic flow within a turbine cascade than pressure far field boundary does.

To maximize the specific power, the degree of reaction is traditionally very low [3]. The design of
such impulse turbine type rotors can be achieved using the method of characteristics to create a vortex flow
inside the rotor. For enabling shockless supersonic flow between two circular arcs, a vortex flow is necessary
instead of a uniform parallel flow which is usually obtained from the guide vanes.

1.1 Supersonic Vortex Flow Theory

The need of vortex type of flow is obvious when it is realized that the maximum loading for a given
peak surface pressure is obtained by uniform upper and lower surface pressures created through the use of
vortex flow. Supersonic vortex flow is an irrotational flow where the streamlines within are concentric circles
with constant velocity along any particular streamline [4].

VR = Constant 1)

Equation (1) [4] can be rewritten in terms of non-dimensional values as follows:

M*'R* =1 2
where:
V - velocity R — Radius
R* - non-dimensional radius (R/r*) M* - non-dimensional velocity ratio (V/a*)

The blades designed through supersonic vortex flow theory consist of three major parts: inlet transition
arcs; circular arcs; outlet transition arcs. The inlet transition arcs are required to convert the assumed uniform
parallel flow at the blade inlet intro vortex flow. The concentric circular arcs turn and maintain the vortex flow.
The outlet transition arcs reconvert the vortex flow into uniform parallel flow at the blade exit. The flow
properties in steady supersonic flow cand be identified through the Method of Characteristics (MoC).
Characteristic lines divide the flow field into a finite number of regions where flow properties are assumed to
be constant. The inlet Mach number is reduced to the pressure side level and increased towards the suction side
level through the transition arcs. The transition arcs are made of a sequence of straight-line segments that
change with the flow direction, intersecting the straight Mach lines.

Considering isentropic flow turning at supersonic speeds, the required flow deviation to achieve a
targeted Mach number can be computed using Prandtl-Mayer angle, defined in Equation (3)[4].

s y+1 1y [y+1 . oy +1
v=y Vj—l +3 y_lsm1[(y—1)M2—y]+sm1<W—y> ®)

The critical velocity ratio M* is described by Goldmann [4] as follows:
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Specifying lower and upper surface velocities determines the circular arc radii R;" and R," from Eq 4.
Given Bi and By the inlet and outlet flow angles, the amount of turning in the circular arc region is given by the
following equation [4]:

a; =Bi— i —v)
Ao = ﬁo - (Vo - Vl)
Ay = ﬁo - (Vu - Vi) (5)

Ayo = ﬁo - (Vu - Vo)

The circular arc radii are now fully defined, so we can proceed with the computation of lower and
upper transition arcs. The design is made with respect to non-dimensional axes x* and y*, both made
dimensionless by dividing by r*. Both upper and lower surfaces are composed of two transition arcs (inlet and
outlet) and a circular arc. For symmetric blades, the transition arcs are identical, thus the computation will be
done only once. Even for asymmetric blades, the smaller transition arc amounts to a portion of the bigger
transition arc, therefore only the big one needs to be computed. If v; is greater than vo, the inlet transition arc is
the larger one.

The inlet transition arc is generated by computing small straight segments that deflect the flow angle
and produce a certain variation of the Mach number. The computation starts at the end of the circular radii and
proceeds towards the inlet. The coordinates are obtained from the intersection of the straight-line wall segments
and the Mach lines for a given change in flow turning. The transition arc coordinates need to be rotated with
an angle of oy to have the final coordinates of interest. The velocity direction ¢ is related to the dimensionless
radius R* as follows [4]:

1
o=t Ef(R*) + Constant ()

Where:

-1

+1
YT arcsin <yR*2 - y) + arcsin[(y + DR —v] (7

FRy = L

Two different types of characteristics exist: the positive sign in Eq 6 gives the expansion lines whereas
the negative sign gives the compression lines. Knowing that at x*=0, the velocity direction ¢=0k, inlet and
R*=R*ower, the major vortex-expansion-characteristic equation is [4]:

1
0 =5IfR) = FR)D)] ©

If we make a discretization of the transition arc into k segments that deflect the flow with the same
angle, the flow direction will be as follows [4]:

P intet = Vinlet — Yiower — (k - 1)AV (9)

The value of f(Rk") can be written as a function of the dimensionless radius and Av [4],

y+1
FRL) = 2Vinter — 2(k — 1)Av — g % —1 (10)

For each k element, its coordinates along the major expansion characteristic can be determined using
the following equations [4]

— * . o

Xiintet = — R intet * SINQ intet (11)
— * .

Yi,intet = Riintet * COSPriniet
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The equation of the transition arc segment (Eq 13) is determined by computing the slope of the
segment, knowing each segment is a straight line parallel to the velocity direction [4]

mk,inlet = tan(pk+1,inlet (12)
y* = mk,inlet [x* - (xl*)k+1,inlet] + (yg‘)k+1,inlet (13)

The upper transition arc coordinates are computed in analogous manner to the lower transition arc
coordinates and the equations are not reproduced further.

2. NUMERICAL VALIDATION OF VORTEX FLOW THEORY

Using the Supersonic Vortex Flow Theory described above, a MATLAB code was developed in order
to generate the two-dimensional blade profiles and the shock wave distribution in the passage defined by the
inlet transition arcs. Since the blade profiles are considered symmetric, the inlet and outlet Prandtl-Meyer
angles are equal, thus only the inlet conditions as well as upper and lower Mach numbers must be specified as
inputs. The program inputs were chosen as the same order of magnitude as the operating parameters of a
pneumatic turbine starter suitable for gas turbines with maximum power output of 4AMW (table 1)

Table 1. Input parameters for MATLAB code
B.[°] M [ M [ M, [ v [
62.5 2.4 1.7 3.5 1.4

The non-dimensional blade profile and shock waves location calculated with MoC can be observed in
Figure 1. The blade spacing G* and chord C* are obtained from the blade coordinates, in this case G*=0.554,
C*=1.628.

0.5 (] 05 1

Fig. 1. Blade profiles generated in Matlab code

The theoretical profiles were validated in a two-dimensional CFD simulation in Ansys Fluent
software. It was considered a fluid domain (Figure 2), in which the flow is stationary. The upper and lower
edges of the domain were defined as periodic interfaces. After a thorough mesh dependency analysis, the final
mesh geometry resulted with triangular 170 k elements, the smallest element has a size of 0.05mm. Even though
quadrilateral elements help reduce considerably the computation time of the simulation, given the high turning
of the flow and the sharp edges of the blades triangular elements are more suited in obtaining a good quality
mesh. The mesh size has been refined until there has been no change in result parameters. The option for
inflation near the wall provided by Ansys Fluent Meshing has not been an option because of the match control
parameter needed for the periodicity boundary condition. Anyway, the meshing elements size has been reduced
so much in order to achieve an y+ value smaller than 300 in almost all the regions of the computation domain.
There are still small regions, where the velocity is really high, where y+ value has not been respected for k-¢
turbulence model. In order to set the simulation in a 2D space, such as the MATLAB computation, the cell
depth was set to zero in Fluent setup.
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Fig. 2. Fluid domain mesh

For the computation, the k-epsilon turbulence model was considered, which is based on a RANS
approach. The inlet boundary condition was defined as “velocity inlet” by components and the outlet was
considered as “pressure far-field”, as shown in table 2. The static pressure defined below is relative to the
reference pressure.

Table 2. Boundary conditions for CFD simulation

X Velocity | Y Velocity Static pressure Mach number Temperature [K]
[m/s] [m/s] [Pa] [-]
Inlet 366 784 501325 2.4 300
Outlet - - 0 0.01 300
Wall No slip stationary wall

The inlet velocity was calculated from the inlet Mach number (table 1), considering the air as ideal
gas and the temperature 300 [K]. The reference pressure was set 101325 [Pa] and the viscous model used was
“Realizable K-epsilon” in order to satisfy the high turbulence in the vortex flow region.

The converged solution for the Mach number and static pressure contours are shown in Figure 3 and
4. The static pressure profile obtained shows the development of the complex wave system at the inlet of the
rotor. Comparing the location of the shock waves produced by the inlet transition arcs between the analytical
calculation and the CFD simulation the maximum error is 4%. This error is within acceptable limits, and refers
to the location of the intersection between the compression and expansion waves. The expansion waves are
generated from the beginning of the upper transition arc, the error between CFD and MATLAB code being
0.7% in this case.

o 0.05 ¢m)
)

Fig. 3. Mach number contours
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Fig. 4. Static pressure contours

The Mach number distribution along the fluid domain is in accordance with the analytical Mach
distribution imposed during the computation phase. The fluid enters to rotor with 2.4 relative Mach number, it
accelerates on the suction side of the blade passing through the expansion waves generated by the upper
transition arc to a value of 3.5 relative Mach number, in the meantime on the pressure side of the blade the
fluid passes through a series of compression waves that slow the fluid to 1.7 relative Mach number. The
complex wave system generates the vortex flow behaviour of the fluid specific to the design method used. The
difference between the upper Mach number and the lower Mach number is closely related to the loading on the
blade, thus to the power produced by the turbine.

3. CONCLUSIONS

This article has presented the vortex flow theory, based on the method of characteristics, used to design
supersonic rotor blades. The turbine rotor blades are composed of three main sections: inlet transition arcs that
transform the uniform parallel flow into vortex flow inside the rotor; circular arcs that turn the vortex flow;
outlet transition arcs that revert the vortex flow to uniform parallel flow. A MATLAB code has been developed
to obtain the aerodynamic profile computed based on the given equations. The inputs of the code that determine
the final geometry of the blade are of the same magnitude as the input parameters of a pneumatic turbine starter
for gas turbines with maximum power output of AMW. The differences between upper and lower Mach number
are directly related to the loading of the blade, hence to the power output of the turbine. The static pressure
input in the simulations is sufficient to obtain the imposed relative Mach numbers. Depending on the
requirements of each application, the lower and upper surface Mach numbers can be manipulated to obtain the
desired loading on the blade. CFD simulations have been performed in Ansys Fluent density-based solver. A
mesh dependency analysis has been performed to establish the desired trade-off between computation time and
mesh quality. The static pressure distribution shows the generation of the complex wave system at the inlet of
the rotor, the differences between the location of the intersection between the compression and expansion
waves amount to only 4%. The Mach number distribution in the fluid domain accurately reflects the imposed
Mach number distribution in the analytical computations, meaning the lower and upper surface Mach numbers
have been achieved by the flow passing through the complex wave system at the inlet. The boundary layer has
not been taken into account in the analytical computations. Future research will have to compensate the
boundary layer into the geometry of the blades in order to further reduce the error. This method of designing
supersonic rotor blades can provide a better solution for changing existing pneumatic starters for gas turbines
with new ones that are smaller and less heavy for the same power output.
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SUPERCIRCULATION STATOR, A PROOF OF CONCEPT
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Received: 07.03.2022 ABSTRACT: Conventional turbomachinery design has seen a
ng?igfg&_lgéogfggz plateauing of their technology readiness level in recent years,
T owing to the combined advances of CFD and Al methods.
Copyright: The article is an Open Access article Hence, augmenting performances will require increasing
and it is distributed under the terms and conditions integration of new techniques and secondary systems. This
om0y Paper’s goal is two-fold. On one i it describes the nitil
attempt to integrate the concept of supercirculation into the
vaned diffuser. On the other, it discusses the further extension
o of the concept and integration in other turbomachinery
assemblies. To this effect, steady state 3D RANS calculations
have been carried out on a generic cascade configuration with a
blowing air injection slit on suction side of the airfoil’s trailing
edge. Previous 2D computations showed progress in eliminating
the stagnation region near the trailing edge injector. Also
streamline straightening was improved when compared to the
baseline and circulation control configuration. Therefore, the
paper has tested the 3D model of similar size and specifications,
comparing only the supercirculation case against the baseline. It
is the conclusion of this paper that supercirculation can indeed
offer advantages over circulation control when applied in the
context of cascades and that further work, both numerical and

experimental are warranted to explore this concept.

KEYWORDS: Coanda Effect, Compressor Cascade, Active Flow Control, CEVA, CEPA

NOMENCLATURE

The notations and abbreviations will be defined in the text, as they appear.

1. INTRODUCTION

One of the priority problems acknowledged in the European Union, through the European Green Deal
is that of greenhouse gases emissions. The short-term transition of automotive and road transport industry
towards hybrid-electric propulsion requires downsizied internal combustion engines which rely on turbo/super-
charging. Aviation propulsion represents a particularly difficult niche in the attempts to minimize climate
impact because of the temperature, size and power density requirements of the existing power packs. As such,
turbomachinery and in particular fans and compressors, will probably remain an important part of this industry.
Therefore, an application of interest will be a medium size fan either as a stand-alone propulsion unit i.e.
Electric Ducted Fan (EDF) or as a low pressure compressor stage for turboshaft/turboprop engines.

As CFD coupled with optimization techniques increase in accuracy and speed, they tend to be
ubiquitous to turbomachinery design, reaching isentropic efficiencies in excess of 94% per rotor [1]. Hence,
the current constructive types of components - or even the engine architecture itself - are likely to reach their
full potential in the near future. As such, novel concepts might prove helpful in pushing the envelope further.
One such technology is supercirculation (SC) [2], which uses the entrainment of thin curved wall jets subjected
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to the Coanda effect to increase airfoil loading. Supercirculation is supposed to hold potential beyond what is
achievable by mere boundary layer flow control. Flow control methods have been used in both subsonic and
supersonic [3] wing applications, with the effect of increasing its loading and stall angle, but also in
experimental unconventional gas turbines [4].

The following research aims to bridge current know-how regarding SC in open flows with
turbomachinery design methods. Since present understanding of highly curved wall jets is still incomplete, this
research will attempt to shed light on the phenomenon outside its conventional use (open flows), possibly
revealing hidden aspects that may have been, thus far, overlooked.

Envisioned advantages include:

-Increased blade loading - the ability to obtain the same pressure ratio with less or no back-sweep
-Reduction of the rotor diameter — hence a reduction in mass

-Reduction of the mechanical stresses (cheaper / lighter materials can be used).

-Reduction of the peripheral speed. hence less chances for shockwaves to appear on the vaned diffuser.

Stability-wise, a series of advantages emerge from the control over the flow angles. The blade inlet
vortex shown in Fig. 1, which is developed at near stalling conditions is mitigated through the entrainment
effect, improving the range and stability of the compressor.

Fig. 1 - Off design-point recirculation bubble evolution near the tip of the blade inlet [5]

-The separation bubble occurring at the outlet is also mitigated by entrainment of the low velocity
secondary flow. This is particularly important since a great percentage of the losses is caused by this secondary
flow.

-Due to the reduced backsweep and also to the entrainment effects, the outflow of the compressor is less
swirled, reducing the workload on the diffuser. Because of this, the diffuser blades can be made shorter and
lighter, reducing their overall size and weight.

-Local shockwaves at the inlet due to streamline curvature effects are less likely to occur. Such a compressor
will allow the engine designers to obtain higher pressure ratios and increase thermal efficiency without size
and weight penalties. This will permit usage of parts such as intercoolers, heat recuperators or direct
thermoelectric systems, which have not been used in aero-engines due to their size and weight.

2. LITERATURE SURVEY

Current fans and compressors, rely on rotating and stationary arrays of blades to deliver mechanical
work to the fluid. One way to model this work exchange is Euler's equation for turbo-machinery which links
the power delivered to the swirl velocity difference between the inlet and outlet of the particular array.

High pressure (HP) centrifugal rotors lead to higher swirled flows and often need multiple stator arrays
[6] to deswirl the flow before the next stage or combustor. This limits the stability range of the machine since
the flow angles only match the blade installation angles around the design point. To solve this, variable OGVs
are used at the expense of size and weight Boundary layer control (BLC) methods have recently been used [7]
on stators as proof that the range may be slightly increased by blowing thin wall jets from the trailing edge.
Other authors, [8] have tried small blowing jets for BLC on highly cambered turbine vanes with similar results.

Building on previous unconventional concepts [9], the proposed supercirculation approach aims to
use the more powerful entrainment effect - rather than simple BLC - to obtain even stronger flow
turning/deswirling. Since the use of Coanda-effect has been linked to high entrainment rates, a classical way
to achieve supercirculation is to use a thin wall jet over a curved surface near the trailing edge.

For radial compressor rotors near-leading edge blowing was tested in [10 ] proving some flow
attachment capability. However this only tackles half of the stability and efficiency problem — the impeller inlet
stall. Other methods such as passive flap like devices [11], co-flow actuation [12, 13] or even plasma actuation
[14] have been researched for increased range. The Coanda effect has also been employed for other practical
purposes such as active tip clearance control [15] or blade anti-icing [16], however the patents mention nothing
about increasing stability or range. Figure 2 presents the theoretical differences between supercirculation and
circulation control along with the streamline effect on a simple supercirculation airfoil.
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Fig. 2 — Lift coefficient for BLC and SC airfoil experimental data from Jones et al. [17] (left) and
Supercirculation wing controls both leading and trailing edge flow angles [2] (right)

In Ref [7], a blowing pressure ratio is of around 1.2:1, as shown in Fig. 3, which is not a problem for
the first stage - which is presented in the respective paper. However, this ratio might become problematic in
higher pressure stages. Therefore, the reference value for the current study will be the pressure difference,
rather than pressure ratio - which normally would have been a better metric for setting up the supercirculation
boundary conditions.

p[Pa] 110000

100000

i

Fig. 3— Boundary layer control (BLC) stator vane us

3. THE CFD STUDY

In order to test the effectiveness of the supercirculation (SC) method in bladed machinery, a linear
cascade was considered and tested with CFD for its deswirling capability with and without SC. Since the
cascade deswirls incomming flow and recovers some of the dynamic pressure, it can be assimilated with a
compressor or fan vaned diffuser. Initially, a 2D batch was run with three turbulence models in order to assess
their performance under the circumstances of the study. Afterwards, the 3D mesh was obtained by extruding
the 2D mesh in the direction normal to the plane. Since this is a linear cascade, linear periodicity boundary
conditions were placed on the sides of the domain. The 2D cases were run using Ansys Fluent because of the
superior implementation of the RSM. However, after settling on the SST RC model for the 3D cases, the solver
was switched to Ansys CFX which offers better convergence due to its turbomachinery specific features. The
jet thickness and speed is identical in both BLC and SC methods so the energy consumption is identical.

a b

Fig. 4 The representative blocking structure (a) and the actual mesh (b) for the 2d cases

Figure 5 presents the pressure coefficient distribution on the airfoil and the Coanda ramp, relative to
the total incoming flow pressure, for a more relevant comparison. On the pressure side of the vane, the RSM
(Reynolds Stress Model) and SST RC (Shear Stress Model with Rotation and Curvature compensation) models
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coincide well, whereas on the suction side the SARC (Spalart Allmaras with Rotation and Curvature
compensation) and SST RC models appear to coincide. It would seem that for the strong positive streamline
curvatures, in the first 40% of the chord, the RSM estimates a lower pressure drop, and for the moderate
streamline curvatures, SARC behaves this way, relative to the SST.

1

1
’i;.........:g". Pressure Coefficient ..c
A XX XX RN .: g2, relative to the airfoil g,
o ® . [ ] ' '! - - 1 ‘ maximum static pressure H
095 o . ° PY 0,95 s
° — °
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Fig. 5 Pressure coefficients for the airfoil (left) and Coanda ramp (right) from preliminary 2D RANS
simulations with the three turbulence models tested (0-leading edge, 1-trailing edge)

The tipping point is located at around 40% of the airfoil chord, but this certainly will vary with different
airfoils and cascade designs, so it should be regarded only as a reference. This observation holds for the Coanda
ramp in Fig.5 (right) but because the curvature radius is constant, there is no tipping point where the three
models switch. Since the SST RC was the only model which corresponded to any of the two, and due to its
overall good track record of turbomachinery flow simulations, it will be the one chosen for the 3D simulations.

Fig. 6 Preliminary 2D study on conventional (left), BLC (center) and supercirculation outlet guide vane
deswirling capacity from 40° incoming flow

In Fig.6, a comparison is made between the baseline, a boundary layer controlled (BLC) similar to
Ref [7] and a supercirculation (SC) vane. It becomes apparent that for identical blowing conditions, although
both flow control prevent the trailing edge stall observed in the baseline, the SC obtains substantially more
deswirling than the BLC. This therefore justifies the choice for the 3D study focus on SC instead of BLC.

3.1. The 3D case setup

For the 3D CFD setup, the geometry was designed in keeping with the further work envisioned
experimental setup. The blade is based on a NACA 2412 airfoil, with the rest of the relevant parameters
presented in Tablel 1. The ratio of the slit height to the ramp radius is kept at 15% and the ratio between the
blowing velocity to incoming velocity is varied from 3:1 to 1:1 by increasing the incoming main stream velocity
until it matches that of the blowing injector. The CFL=2 was chosen, in keeping with the recommendations
from [18].
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Table 1. Geometric and boundary parameters for the SC and baseline cases

Parameter Value Unit
Chord 46 mm
Blowin slit size (h) 0.33 mm
Coanda ramp radius 2.21 mm
Interblade space 52 mm
SC velocity to Inflow velocity ratios (u;/u.,) 1:1;2:1;3:1

Turbulence was modeled using the Shear Stress Transport (SST) version of Menter’s k-omega with
rotation and curvature corrections, while air was modeled as an ideal fluid, with the temperature being
influenced by viscous effects.

Umx * P /s x\1/3 i
y=o(") TG v @
h-f” x —

Re, = "

Using Eq 1, a first cell size order was computed in keeping with the prescriptions on the SST model,
which ultimately depends on the local Reynolds number through the friction coefficient, wall shear stress and
finally the shear velocity u,,,. A generalized local Reynolds number estimation via the CEVA/CEPA models
is given by Eq.2 [19], depending on the function f(x) that describes the curve in question. Based on this, a safe
value of 1 micron was set as a starting wall size for the entire contour of the airfoil. This was adopted in order
to maintain overall inflation layer quality and not disrupt it at the SC injection site. A detail of the injection slit
and adjacent Coanda ramp is presented in Fig.7, depicting the y+ distribution there and across the vane airfoil.

Yplus
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1.500e+000,
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o, velocity inlet 5.000e-001
\ \«!\"‘;( .
RS ¢ normal to
o [ boundary M 000e+000

Fig. 7 - Bodndary condition types (left) and wall y+ map on the airfoil and Coanda ramp (right)

Note that the pressure side near the trailing edge displays a higher than normal wall y+ value because
of the blocking strategy. That is, in the trailing edge block, there is an increase in size of the near wall cell so
that its height matches the length of the ramp cell. This helps convergence and prevents skewed and high aspect
ratio cells. Results confirm increased deswirling of the incoming flow in the SC augmented cascade, along with
good overall pressure losses, when compared to the baseline, as seen in Fig.8.

Figure 8 also depicts the velocity and pressure fields for the two extreme cases for the baseline and
supercirculation. The top shows a 3:1 blowing velocity ratio while the bottom represents the 1:1 blowing ratio.
As expected, as the blowing velocity and pressure decreases, the effects resemble more and more those obtained
with the BLC technique. This is because the Coanda jet is more easily blown away from the ramp by the
crossflow on the pressure side of the airfoil.

As marked, in Fig.8, the main use for the jet in this case would be in wake-filling, and to lesser extent
for the slight entrainment of the suction side boundary layer. However, for the 3:1 velocity ratio we observe a
significant influence on the main flow: near the leading edge the apparent incidence increases leading to a
greater decrease in local static pressure on the suction side. Near the trailing edge, the suction side boundary
layer is significantly energized due to the Coanda effect entrainment.

This extends the low static pressure zone towards the trailing edge on the suction side without flow
separation. Near the trailing edge, the 3:1 SC jet is strong enough to act upon the main flow similarly to a
fluidic flap. It is this action that leads to greater static pressure on the underside and consequently a clear
increase in the apparent aerodynamic vane stagger angle. To a lesser extent, an increased incidence is observed.
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Fig. 8- Streamline distribution across the velocity and static pressure flow field of the Supercirculation
augmented and the baseline cascade

4. CONCLUSIONS AND FURTHER WORK

Figure 9 presents the synthesis of global parameters for the 3D cases tested in this paper. The most
interesting finding is perhaps the relative increase in mass flow compared to the baseline.

S Mass flow Total pressure recovery [%0]

increase relative to baseline [%]

99
3

98
2

97

SC outlet SC inlet Injector flow baseline with SC all inlets
Supercirculation blowing pressure Outflow angle
difference
0 2 3:12:11:
30 20
2:1 15
20
10
: 1:
0 m l 0
[hPa] [%0] c degrees degrees

Fig. 9 - Baseline vs Supercirculation comparison for inlet to blowing speed ration for passage massflow
(a), total pressure recovery (b), supercirculation blowing pressure (c) and outflow angle (d)

31



Supercirculating stator, a proof of concept

This is only in part due to the mass contribution of the SC jet, almost as much is obtained due to the
rearranging of the flow around the vane. Since this is a passive organ, compressor efficiency cannot be
calculated. Instead, the total pressure loss was looked at. Total pressure losses are slightly smaller in all
supercirculation conditions, primarily due to the wake filling effect, independent of the velocity ratio and
increased vane loading. In terms of pressure recovery, the supercirculation shows some insignificant
improvement, well within the considered errors of the RANS technique. Deswirling is perhaps the most notable
aspect of the SC improves upon, but is highly dependent on the velocity ratio.

1,81 0,6
Power requirements for the SC jet . .
q , J Power requirements for the SC jet
1,8 [% of the main flow] 0,59 0 .
[% of the main flow]
1,79 0,58
—&— 35 % main compressor
1,78 0,57 efficiency
—&— 90 % main compressor
1,77 0,56 efficiency
1,76 05 ¢ — o o o o Q@
1,75 —#— 85 % main compressor efficiency 0,54 ¢ — * o ® ° °
—8— 90 % main compressor efficiency
1,74 0,53
0,6 0,65 07 0,75 0,8 0,85 0,9 0,6 0,7 0,8 0,9
a) 3:1 SC velocity ratio b) 1:1 SC velocity ratio

Fig. 10 - Power requirements for the SC jet for the 3:1 (a) and 1:1 (b), in percents relative to the
estimated power of the main flow

In terms of energy expenditure, it needs to be pointed out that the energy put in through the
supercirculation jet will be recovered - with some efficiency - in the outlet flow of the diffuser. Moreover, if
the flow itself comes from a later compression stage - similar to the setup of Ref [7] there will be no need for
any additional compression machinery. The same can be inferred if the flow comes from an organ where
diffusion has occurred to a greater extent (e.g. a downstream plenum). Figure 10 shows the power requirements
for the 3:1 SC jet, which obtained the maximum effect on the main flow as well as for 1:1 which obtained
almost no significant effect. Since the stator is a passive organ, the main compressor efficiency had to be
estimated to a realistic value between 85% - 90% . Also, since the bypass system for the SC flow is not yet
defined geometrically, it’s efficiency also had to be estimated to between 60%-85%. It can be seen that under
these circumstances, the jet power requirements are between 1.75%-1.81% from the power requirements of the
main flow. For the 1:1 velocity ratio case, the percentage was even lower, at around 0.55%.

4.1. Further work

A number of questions still remain unaddressed, such as what is the optimal blowing pressure ratio
for agiven incidence, the behavior at high Mach number or the influence of a greater span or spanwise incoming
pressure gradients. The logical next step is a small scale experimental validation in a linear cascade similar to
the one presented in Fig.11. All CFD tests presented here are especially designed with the height and overall
dimensions of this future test rig in mind, considering the relative small available mass flow, pressures and
temperatures. The test rig in this case will require a dedicated plenum and pressure source for the
supercirculation blowing.

e g
Fig.11 - CNC milled turbine test cascade [20]

Stationary guide vanes (IGVs and OGVs) as well as rotor blades can be designed with incorporated
supercirculation slits. Stationary vanes might benefit from symmetrical trailing edge arrangements. Thus IGVs
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can be made to provide different pre-swirls from hub to shroud to air entering the rotor. This could help reduce
the blade setting angle differences between the hub and tip profiles of the rotor, giving it better stiffness and
lower susceptibility to local accelerations due to the apparent streamline curvature effect. Figure 11 depicts
such IGVs and OGVs.

Fig. 12 - Supercirculation (SC) vaned diffuser (left) and Inlet Guide Vane (right)

At off design-point, due to
the presence of the volute,
huge separation bubbles
apper on some of the vanes
while others display little or
no flow separation

Fig. 13— The volute makes individual vanes work asymmetrically [21,22] leading to reduced
performance

Such OGVs would be useful in automotive setups which use volutes. These are particularly
problematic due to the inherent asymmetrical loading at off design point [12], as seen in the Fig.13. This cannot
even be corrected with variable OGVs, but can be easily resolved by tailoring SC vanes to specific individual
settings-giving the supercirculation augmented diffuser a qualitative advantage, allowing optimal control on
the pressure distribution at the volute inlet, regardless of the operating point.

Fig.14 Super circulation augmented rotor blade used for stall delay (left)
and chocking delay (right);

Self-supercirculation rotors have been proposed by [23] for enhancing helicopter lift. In compressors
the physics will be different but the self-SC will mean no need for external compressors or cumbersome control
systems. Figure 14 presents such an embodiment together with a proposed way to use it in extending the stable
operation domain. Intuitively, for rotors an asymmetric trailing edge (TE) would seem the best choice for
improving the stall margins. However a symmetrical TE would provide extended ranges at both stall and
choking mass flows. Energy would be saved since much of the enthalpy of the recirculated air is not lost but
put to work to compress the main flow.The supercirculation method — when applied to rotors — could address
the impeller inlet stall but also the vaneless diffuser rotating stall.
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