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Abstract
The scope of this thesis is to develop such numerical methods, that are capable to support
small aircraft development processes by suggesting significantly shorter and cheaper, but
still accurate solutions for such Computational Fluid Dynamics (CFD) based methods, that
generally demand high computational efforts. In order to understand the necessity of these
methods and the small aircraft development process specialities, also an objective is
investigating the potentials of the crowdsourcing and integrating it into a 3rd generation
innovation process dedicated for small aerospace companies. The modified innovation and
development process can utilise the crowdsource provided possibilities, thus optimising the
available resources. The three CFD problems occurred in the same development process,
furthermore 3 of them have been already applied in an international research project. The
developed methods can reduce the computation requirements significantly, meanwhile
providing accurate results, within 5 % error compared to experimental or validated results.
During the investigation of a small aircraft aerodynamic characteristics (focusing on the
aerodynamic drag), the effect of a turboprop to the aircraft structure and its components’
aerodynamic behaviour was modelled by implementing the Schmitz method and use it as an
Actuator Disk Model, then axial and tangential momentum sources have been set to simulate
the effect of the propeller. Also, in another simulation case relative total pressure values with
defined directions have been used as inlet boundary condition at the downstream plane of
the propeller. In order to simulate the separation efficiency of an engine air intake device,
the trajectories of different type of particles, such as hailstones, dust, or even liquid water
droplets have been investigated, and the most suitable method has been pointed out regarding
to the special circumstances. Finally, a simple and cost-efficient method was introduced, that
can simulate the heat exchanger caused pressure drop and heat transfer to the ambient airflow
accurately without using the detailed geometry of the assembly by applying porous media
with permeability and density/temperature dependent loss coefficients. To compare the
computational requirements of different CFD methods, the dimensionless CFD Worthiness
Number has been carried out, which is an indication of a method to highlight the required
efforts.
Keywords: crowdsourcing, steady-state CFD, propeller, particle separation, heat
exchanger, CFD Worthiness Number
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Absztrakt
Jelen tézis célja olyan módszerek kidolgozása, melyek segítségével a kisrepülőgépek
fejlesztése során jóval gyorsabb és kisebb számítástechnikai erőforrás-igénnyel rendelkező,
ugyanakkor hasonló pontosságú eredmények szolgáltathatók, mint a széles körben elterjedt,
nagy számítási teljesítmény-igényű Numerikus Áramlástani Modellek (Computational Fluid
Dynamics – CFD) esetében. Annak érdekében, hogy a fejlesztett modellek megfelelően
implementálhatók legyenek, szükséges a kisrepülőgép-fejlesztési folyamatának,
sajátosságainak felismerése, illetve az újabb lehetőségek integrálásának feltárása; a
„crowdsourcing” beépítése egy kisrepülőgép-gyártó cég 3. generációs innovációs fejlesztési
folyamatába. A disszertációban kidolgozott innovációs és fejlesztési folyamat olyan
lehetőségeket nyit meg a rendelkezésre álló „tömeg” felhasználásával, melyek
nagymértékben képesek növelni akár kis cégek versenyképességét is a rendelkezésre álló
erőforrások optimalizálásával. A disszertáció második részében egy nemzetközi kutatási
projekttel kapcsolatban elvégzett fejlesztési folyamat során felmerült 3 különböző, mégis
összetartozó CFD probléma, illetve az azokra kidolgozott módszerek kerülnek bemutatásra.
Ezen módszerek képesek jelentősen csökkenteni a számítási kapacitás-igényt, miközben
továbbra is pontos eredményeket szolgáltatnak – az 5%-os hibahatáron belül maradva a
kísérleti vagy validációs adatokhoz képest. A teljes vizsgálat egy kisrepülőgép
aerodinamikai jellemzőinek meghatározására irányul, elsődlegesen az aerodinamikai
légellenállásra fókuszálva. A légcsavar hatása a repülőgép szerkezetének és
komponenseinek légellenállására a Schmitz módszer implementálásával lett figyelembe
véve, melynek eredményét a lapelem és impulzus tétel egyesítése adja, és az „Actuator Disk”
modellként került felhasználásra. A számított indukált sebességek axiális és tangenciális
impulzus-forrásokként lettek figyelembe véve és kerültek beépítésre a Reynolds Átlagolt
Navier-Stokes
(RANS)
egyenletrendszerbe.
Ezen
kívül
relatív
torlóponti
nyomásnövekményként, a légcsavar utáni peremfeltételben is figyelembe lettek véve egy
másik szimuláció során. A következő vizsgálatban a repülőgép hajtómű szívócsatornájának
részecske-kiválasztási hatékonysága került elemzésre olyan különböző részecskék esetén,
mint például a jégdarabok vagy vízcseppek, meghatározva azokat a tulajdonságokat,
kritériumokat és módszereket, amelyek a legnagyobb hatást gyakorolják a különleges
körülmények között lezajlódó folyamatra. Végül pedig egy egyszerű, költséghatékony
módszer kerül bemutatásra, mely segítségével egy hőcserélő okozta nyomásveszteség és
hőátadás szimulálható a külső áramlásra vonatkoztatva, porózus közeg alkalmazásával a
permeabilitási és a sűrűség/hőmérséklet függő veszteségi együtthatók segítségével. A
különböző CFD módszerek egymáshoz viszonyításának érdekében kidolgozásra került a
CFD Érdemességi Szám (CFD Worthiness Number), mely a dimenziómentes
összehasonlítását teszi lehetővé, egyben jelzi egy módszer számítási kapacitás szükségletét.
Kulcsszavak: crowdsourcing; időben állandó numerikus áramlástani szimuláció,
légcsavar, részecske-kiválasztás, hőcserélő, CFD Érdemességi Szám
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1. Introduction
The aircraft design and development process is a specific area in engineering and has
many methodologies available to help the engineers, designers nowadays. The fundamentals
of the designing and sizing processes were laid down by Howe [1], Raymer [2], Roskam [3],
Torenbeek [4], Fielding [5] and Stinton [6] among others. The authors presented guides and
models are a compilation of proven methods, can be used in the design process of an
aerospace vehicle. The main goal of their work is component sizing, vehicle configuration,
propulsion, structural and systems layout, weight estimation, performance and stability
evaluation methods along with the “softer” aspects of design such as cost, design
development, manufacturing and operational aspects. Additionally to the general design
methods, special methodologies have been carried out for aerospace vehicles with nongeneric purposes by Hammond [7, 8], Griffin and French [9].
It is not a coincidence that an aircraft design and development processes are mostly
handled confidentially by companies and kept in-house, since new methodologies are very
expensive, mainly because they require a wide range of experimental inputs and data at the
whole aircraft level. In the aerospace industry, it is essential to show compliance with the
appropriate certification requirements, the applied design and development process must be
capable, proven, safe and reproducible any time. But even if a company is in possession of
the resources, demanded by the development process, the creation of an innovative,
fundamentally new idea would be still a challenge. There is no exception in the validation
process. Every company, especially the new and small ones, has to spend a tremendous
amount of money to go through all the test procedures, the validation process requires. More
established and larger companies can rely on their accumulated and available knowledge,
which creates a significant market advantage.
Aerospace vehicle design and development has been the driving motor behind all
computer aided engineering design methods. Eventually, the model-based development is a
general concept in every field of the industry and innovation process. The applied
methodologies are complex, thus only computer based calculations can be considered. A
wide range of CAD/CAM software, FEA, and CFD analyses are available to support the
work of engineers, and almost none of the aerospace design and development work,
including the R&D processes, could be carried out without applying the computational
resources. However, at the same time, the model based development urges to create more
and more complex methodologies, so however one can simulate the reality accurately, the
computational demands increase exponentially. Meanwhile the designers, engineers have to
face with the same expectations continuously: the structures must be lighter, have longer
service life, the maintenance and repair have to be easy. Also, the power plants and other
systems must improve their performance and efficiency, and provide more capability.
The limitation of harmful emissions and rising fuel prices generate further drivers. Many
international projects have been dedicated to giving a solution for these problems, like the
Horizon 2020 Clean Sky EU Framework program, which aims to reduce emissions of CO2
and NOx and perceived noise by 50%-80%-50% respectively by 2020 compared to the 2000
levels. Alternatively, the ESPOSA project developed with proven innovative technologies
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for aircraft, powered by small gas turbines up to ~1 MW. The goal was to deliver
turboprop/turboshaft engines to the general aviation sector. The project included the engine
related systems, to increase propulsion efficiency, safety and reduce pilot workload. Also,
10-14 % reduction was expected in the direct operating costs of a small aircraft. Another
innovative idea was the GABRIEL Project, which was established to use a ground-based
power to launch and recover aircraft, based on using a magnetic levitating pad. By cutting
off the engine take-off thrust power, and removing the landing gear related components from
the aircraft, the project predicted a considerably lower emission and noise near airports.
National projects also target the reduction of emission gases by developing hybrid aircraft,
for example, the Hungarian national supported EFOP-3.6.1-16-2016-00014 project titled
„Investigation and development of the disruptive technologies for e-mobility and their
integration into the engineering education”.
It is a challenging task to decrease the direct operating emissions and costs while
improving the system efficiency, manufacture, maintenance and disposal considering the
complete lifecycle of the aircraft. It means more aspects have to be included in the design
and development process, and additional activities have to be taken into account, like
passenger complacency and hidden expectations. The additional drivers result in multidimensional, interdisciplinary, usually stochastic models. To simplify these models,
designers/engineers need a tremendous amount of information to make their design choices,
and this information nowadays is available at every point in the world by using only the
world wide web. Recently, not the collection process, but the adaptation, filtering, and the
management of these processes cause the real challenge. Besides storing, it is particularly
important to keep the information database up-to-date.
These considerations have led to the appreciation of Knowledge Management, which has
been realised by large and progressive companies, like NASA [10], Airbus [11] and Boeing
[12]. Each one of them has developed roadmaps to record the processes and use the achieved
know-how again. An excellent example is the Apollo program and its aftermath to
demonstrate the importance of knowledge capturing. Shortly, the information in the modern
world is widely available, but to efficiently collect, manage and reuse it is a significant
challenge, something that companies are just beginning to solve. Another driving factor is
the globalisation, which makes possible for engineers/designers not to be confined to single
workplaces, but could be a part of a worldwide organisation, even while working in home
office. Companies apply time and knowledge sharing more frequently, utilising the time
zone differences optimally they can implement almost non-stop development process.
Indeed, to optimise this solution a well-established management is required in every field of
the collaboration.
The aircraft design process has another specific field, which are the design environments.
Without computer-aided development and automation processes, it is hard to imagine an
aircraft manufacturer. Incipiently, to solve specific development and design issues, engineers
and designers have developed their own codes. These codes mostly require significant,
repetitive manual work and can provide only results in output tables, which require further
interpretation. Later, following the evolution of different simulation tools by software
developer companies, more accurate, complex, user friendly and highly automatized
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programs were available, and lead us to automate the whole chains of design processes. This
way, it has become reachable to use such solutions in the different development phases,
where it used to be inconceivable, like applying a CFD method in the early stage design
processes. To apply these solutions, of course, these methods have to be simplified as much
as it is possible since several problems require too high computational efforts for an early
stage development phases.
As a matter of fact, the applied development process decisively influences the tools,
engineers can use during their work. Two directions can be distinguished:
 Product-Based development: a set of tasks, processes and actions, which materialise
the sales and services objectives of a company from the initial ideas to the products.
Industries that produce a large number of products integrate the simulation processes with
simulation tools and combine them in a beneficial way: when it is cheaper to break 10+
prototypes and carry out experimental-based development, companies are not investing
into simulation tools, since it is just not worth the effort. The automotive industry, IT sector,
light industry, etc. prefer to apply the product-based development.
 Project-Based development: this approach is mostly applied for high-volume
developments, where the outcome of the investigation is limited number of products or the
elaboration of a methodology can be applied later. The development process is strongly
supported by simulation tools; sometimes it is the only applicable solution. Aerospace,
naval architecture, railway industry (not considering the military developments here)
mostly apply project-based development, since, the number of the manufactured product
makes possibly to create only a limited number of prototypes. In these projects, it is
essential to apply such simulation tools that can provide accurate results within a short time
period, without utilising unnecessary computational efforts. The validation and
certification of numerical methods are essential and urge engineers to generate newer,
faster, more robust reliable methodologies, in order to decrease the development phase’s
time demand and its cost.
This thesis was dedicated to introducing the effect of the continuously expanding
globalisation and the opportunities, provided by the crowdsourcing, and furthermore to dig
into three different time-consuming fluid-mechanic problems, and suggest relevantly
shorter, but still accurate solutions. The connection between these investigation fields that
all of them occur in a development process, furthermore 3 of them have been already applied
in an international research project. The considered problems are the following:
1. The effect of a turboprop to the aircraft structure and its components’ aerodynamic
behaviour has been published by several scientists and engineers. The innovation,
introduced in this thesis, is to implement the Schmitz method and use it as an Actuator
Disk Model. Axial and tangential momentum sources have been set to simulate the effect
of the propeller. Also, the total pressure values with including induced velocities, flow
directions and static temperatures have been used as inlet boundary conditions at the
downstream plane of the propeller. In this way, the computation time demand can be ten
times shorter than using the conventional Rotating domain model, but the effect of an
object downstream of the propeller blades (like engine nacelle) is taken into
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consideration. In this way, the advantages of the Actuator Disk Model and Rotating
domain model are united.
2. Although the conventional way to analyse and design engine air intake of a small
aircraft is to perform cost-demanding experimental studies, recently CFD software
provide an opportunity to simulate the trajectories of different type of particles, such as
hailstones, dust, or even liquid water droplets. The thesis summarises and reviews the
available modelling technics, and comparing the effect of different parameters,
meanwhile suggests reliable solutions, which can be applied for engine intake design,
improvements and optimisation.
3. The one of the most widespread equipment used in aerospace industry are the heat
exchangers. However, because of their complex internal geometry, usually to simulate
the flow conditions inside them is time and cost demanding process. A simple and costeffective method is introduced in the present thesis, which can simulate the heat
exchanger caused pressure drop and heat transfer to the cooling (ambient) airflow
accurately without using the detailed geometry of the assembly. Porous media is applied
for the heat exchanger, which’s parameters (loss and permeability coefficients) are
calculated by applying Darcy’s law. The density dependent loss coefficient is taken into
consideration by user defined function in the applied software. The heat transfer processes
have been modelled with inserting source term in the energy conservation law of the
porous media.
At first sight, these problems could seem to be independent, but each one of them belongs
to a complex flow simulation process of a turboprop aircraft: the airflow is accelerated by
the propeller blades, which generate the thrust, downstream of the propellers the air enters
to the air intake duct of the engine, where a particle separator device takes place. Or it can
flow away along the engine nacelle, generating aerodynamic drag. Some part of the external
airflow can also be used as a ram air inlet in a plate-fin type heat exchanger, which is
responsible for decreasing the temperature of the lubricant oil. The all mentioned fluid
dynamic problems are shown together in Figure 1.

Figure 1: Illustration of the coherence between the investigated topics of this thesis
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Depending on what kind of method is used, the computational requirements and accuracy
can vary in a wide range. To compare the computational efforts of different Reynolds
Averaged Navier Stokes equations-based CFD simulations the CFD Worthiness Number
(WCFD,i) has been carried out, which consists of predictably parameters and gives a
dimensionless number to demonstrate the effort-requirement of different methods.
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2. Changes in Aerospace Development Process Models
The research and development process of an air vehicle has changed rapidly over the
decades. In the second half of the 20th century, there was a conventional flow of technology
and know-how; New technologies were developed for space applications, followed by spinoffs into the field of aviation and then finally into the rest of the transportation systems.
Today the development method is different: Individual industries build up their unique
experience and knowledge base while they research and develop new processes. The ever
accelerating spread of the Internet all over the world makes it possible to access diverse
knowledge; The “know-how” becomes more and more widespread. Today, universities,
colleges and commercial entities organise affordable or even free training. [13] Thus the
question is no longer “how can we learn it?”, rather “how can we manage to learn it?”. As a
result, the development process is not confined specifically to a single company, or
manufacturer. The solutions may be shared, and the key constraint of any development
process – usually financial – can be optimised. Crowd-funded research and development
processes can make scientific and industrial developments more affordable, more mobile
and innovations may be applied to different fields such as product development with multidisciplinary optimisation. These smart solutions can speed up the process of industrial
innovation by providing a novel and unconventional methods, which can also be financially
rewarding especially in the early stages of small aircraft development. The main goal of the
present chapter is to overview the past and present conventional aerospace development
process models and forecast future industry trends.

2.1. Introduction
The aviation, air transportation system, space industry, and the corresponding
development processes are of vital interest to the economy and societies. The aerospace
industry continuously has to face numerous problems such as sustainability, capacity, safety,
security and environmental impact which often results in radical and revolutionary solutions.
[14] Research and Development (R&D) plays a key role and is segregated between the
contributors of aerospace industry such as manufacturers, government-financed
associations, universities, development facilities, R&D firms, suppliers and so on. These
contributors together have ensured that aerospace industry has been a proven market leader.
Cutting-edge aerospace technology has strong R&D infrastructure and a highly skilled,
educated and specialised workforce, contains worldwide export markets and has specialised
and competitive clusters.
These factors have made it possible to build up the conventional technology-flow: a
developed technical innovation invented by aerospace industry has been passed to
automotive, rail, marine and other industries. It was a general route and convention that the
most innovative technologies appeared in the aerospace industry at first.
However, this conventional way seems to have broken up in the last two decades; The
presence of the World Wide Web has changed the information access and information flow
between the different industries, stakeholders. With the improvement of informatics,
communication and computer science, the market share has been modified. Of course, this
process has been followed by the reconfiguration of funds and budget allocations which have
a serious effect on the R&D activities. As a result, in present days it can be seen that the
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original/conventional development processes, technology flows and traditional models are
not suitable for the current situation.

2.2. Overview of Development Processes
Design and development are a science in itself with many methodologies addressing the
topic. The aim of the process is to come up with a product and specify the steps required to
reach it which makes it the ultimate inverse problem. [15] While the various authors have
different approaches to the development process and organisations implement their methods
in their own distinct ways [16], the development process can be described as:


an iterative process;



having many, interdependent variables and unknowns;



having unclear product requirements at the beginning: (A generic process
could be applied to physical products, systems, software, etc.).

The innovation processes have evolved through the decades from simple, linear and even
sequential models to more complex models including the inter and intra stakeholders and
processes. The innovation processes have been classified to five generations by Rothwell
[17] depending on the strategic drivers, management focus, internal and external processes,
implementation of external factors and function level integration. These five levels of
innovation try to demonstrate the increasing complexity of each subsequent generation since
new practices have to be adapted to change contexts and address the limitation of earlier
generations. [18] According to Rothwell the defined models does not imply any automatic
substitution of one model for another, so many models can exist in parallel. Sometimes, even
elements of a model can participate on another level, since the borders between the
generations are not strict. The last level of the innovation processes just led in in the last few
years. [19] These generations are summarised in Table 1.
The first generation of the R&D processes are simple, linear and sequential processes,
carried out across discrete stages. New ideas and discoveries in scientific fields push the
technological innovation in the applied research, engineering, manufacturing and
marketing/sales to the direction of new products or outputs, which directly increases the sales
and profit. [18]
The second is similar to the first generation from the viewpoint of the linearity of the
innovation process, but the pushing factor here is the market demand. The main difference
compared to the first level that the product development is rather originating from the
marketplace, and the R&D becoming reactive to these demands. [20]
The third generation of innovation processes are a relatively big step away from the second
generation, hence, interactive, coupling or chain-linked models are capable to overcome the
shortcomings of the first two, sequential-based levels. The incorporation of feedback loops
and interactions between the marketplace and science and technology creates multiple inhouse functions and interdependent stages. The feedback loops make this level non-linear,
the sequential nature of the stages of innovation can be characterised. [20]
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Model

Generation

Characteristic

Strengths

Weaknesses
Lack of feedbacks

Technology Push

First

Simple linear sequential
process, emphasis on
R&D and science

Simple
Radical
innovation

No market attention
No networked interactions
No technological
instruments
Lack of feedbacks

Market
Pull

Coupling

Interactive

Second

Simple linear sequential
process, emphasis on
marketing, the market is
the source of new ideas
for R&D

Simple

No technology
research

Incremental
innovation

No networked interactions
No technological
instruments

Simple

Third

Recognising interaction
between different
elements and feedback
loops between them,
emphasis on integrating
R&D and marketing

Radical and
incremental
innovation
Feedbacks
between phases

Fourth

Combination of push and
pull models, integration
within firm, emphasis on
external linkages

Actor
networking
Parallel phases

No networked interactions yet
No technological
instruments
Complexity
increment of
reliability
No technological
instruments

Pervasive
Innovation

Network

Fifth

Emphasis on knowledge
accumulation and external
linkages, systems
integration and extensive
networking

Use of
sophisticated
technological
instruments
Networking to
pursue
innovation
Internal

Open

Sixth

Internal and external
ideas, as well as internal
and external paths to
market, can be combined
to advance the
development of new
technologies

Complexity
increment of
reliability

and external
ideas as well as
internal and
external paths to
market can be
combined

Assumes capacity
and willingness to
collaborate and
network
Risks of external
collaboration

Table 1: The six generation of Innovation Framework models [17, 21, 22]
Because of the limited resources, smaller aerospace companies use the 2nd and 3rd
generation models. In numerous cases, these companies finance their development processes
by applying to various governmental supports. These applications irrespective of being
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European or national have got their requirements: keeping deadlines, not going over the
budget, keep proportional documentation. Most of these small aeronautical companies do
not have employees with the required qualification, and on the contrary to the large
companies cannot afford to hire manager teams to coordinate this project as well as its
necessary. The theoretical background is based on the principles of System Engineering
(SE). The necessity of SE is shown by the complexity of different projects. It helps the
technical, developer, leader and other collaborations between individual teams and
departments, through a whole system-oriented aspect along the process of a project. [23]
As Figure 2 demonstrates the general 3rd generation innovation process, although it
includes feedback loops, it is still a sequential model. This can be perfectly described by
Cooper’s Stage-Gate model [24]: at the end of each development state there is a so-called
“state-gate”, which is the evaluation of the previous phase, whether it was successful or not.
This way, the accomplishment of every stage is obligatory, which creates a rigid and
relatively long development process. On the other hand, these state-gates are necessary,
especially in the aerospace sector, where the regulations are strict.
New Technology

State of the art in science and technology
Technology push

Idea
Generation

Development

Manufacturing

Marketing
and Sales

Commercial
Product

Market pull
New Idea

Needs of society and the marketplace

Figure 2: The model of the 3rd generation innovation processes
The 4th generation of R&D processes has a high degree of cross-functional integration
within firms, which produces overlaps between activities and departments. Without a wellorganised management, this innovation model generates much unnecessary work. Larger
companies integrate alliances and linkages with suppliers, customers and government
agencies, authorities. [25]
The further extension of the 4th generation innovation process leads to network models,
which emphasise that innovation is a distributed networking process requiring continuous
information change between and within participants. This model is strongly characterised by
a range of external inputs encompassing suppliers, customers, competitors and universities.
The system thinking approach leads to the integration of a company’s internal innovation
ecosystem and practices with external factors. [20] The 5th generation processes cannot be
implemented without the necessary Information and Communication Technology (ICT)
regarding raising both development efficiency and speed-to-market through strategic
alliances.
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An example for a fifth generation development process can be seen in Figure 3. This is
one of the most widespread development process models, called the Boehm model. This
model is a risk driven process model based on experience, and it basically refines the
waterfall model in several ways, introduced by Royce [26]. A project’s unique risk patterns
usually require the adaptation of more process models, like evolutionary prototyping. The
cumulative cost is represented by the radial dimension, which are incurred in accomplishing
the steps to date. The completed progress is illustrated by the angular dimensions for each
cycle of the spiral. According to this model, each cycle involves a progression with the same
sequence of steps. This is true from an overall concept of operation document down to the
coding of each individual program in each portion of the product in each level of elaboration.
The Boehm model is highly capable to avoid risk, to manage large and mission-critical
projects, flexible: additional functionality can be implemented later, has strong approval and
documentation control. But it is also a cost demanding model to apply, requires specific
expertise in risk analysis, which also strongly influences the project’s success, and does not
work well for small projects.

Figure 3: The Boehm spiral model for development processes [27]
The 6th generation is achieved only by a few companies/firms around the world yet. This
level requires interaction networks and innovation systems, which goes further by
integrating the innovative milieu, like the model’s central element. The innovative milieu
can be defined as a combination of general knowledge and specific competencies,
furthermore, territorial organisation and an essential component of the technical and
economic creative process. [19] The relationship between the partners can vary from a
strong, industrial partnership with common strategic purposes, to leisure or competition for
complete individuals. In this level novelties, such as crowdsourcing, can implement into a
company’s strategy. The 6th generation innovation processes commonly adapt funnel
innovation models, like Figure 4 shows.
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Figure 4: A 6th generation funnel based innovation model [28]

2.3. Trends in development management
The aerospace industry has been expanding continuously, in the last two decades; only the
World Trade Centre attack on the 11th September 2001 and the 2007-2008 global financial
crisis caused a slowdown. As the smaller and less robust airlines have shut down after the
crisis, the rest were able to expand and be the drivers of the development processes. As
Figure 5 illustrates, the number of large aircraft orders is increasing continuously which is
particularly important since this ensures the future not only of the large manufacturers but
of the suppliers too. Of course this trend is strongly influenced, boosted, by the low-cost
airline companies, which along with the conventional airliners increase the demand for flight
by increasing the availability for more and more people.

Figure 5: Aircraft demand and production rates from 2002 to 2014 [29]
The growing rates of aircraft orders force large manufacturers to reconsider and refocus
their activities from the viewpoint of assembling. Those development and design processes,
which were completely internal issues in the last decade are preferred to be outsourced to
the suppliers [29]. The outsourcing could have numerous reasons as shown in Figure 6. This
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process has the result that the “know-how” is not concentrated to the manufacturers
exclusively. Furthermore, a significant percentage of the developments is not initiated by the
manufacturers; Smaller companies induce them, since they can focus on a particular
technology with all the technical and human resources, and can achieve better efficiency, or
even better motivation. In possession of the proper strategy, the result is a highly effective
solution which can be applied to different industries only by modifying the details slightly.

Figure 6: Different reasons of activity outsourcing [30]
For example, if we consider green solutions, it is clear that fossil fuels are still dominant
in the aerospace industry. The often fluctuating oil-prices can determine the operational costs
over the life of the aircraft, but the forecasting introduces significant uncertainty due to
changes in the oil market, which has a high rate of stochasticity. That is why one of the main
aerospace development trends is to achieve lower fuel consumption by developing an
improvement in engine efficiency (see CFM-Leap engines [31]) or by continuously
decreasing aircraft weight to achieve the extremely high performance demand. Meanwhile,
smaller companies can invest more in smaller, lower powered aircraft, in which case
alternative fuels, such as solar energy could be one of the key-factors for the future. It can
be already seen that the solar technology has been becoming cheaper; The capital costs of
photovoltaic systems have been reduced by 18% 1985-2011 [32], and as soon as the
technology becomes more compact and efficient, it has the potential to redefine the market
and development trends. Similar effects can be caused by the development of fully electric,
acrobatic aircraft, which for example has been introduced already by Magnus eFusion2
which won eFlight Award 2016 at the Aero 2016 Show. [33]
Although maintenance is usually not the number one issue during aircraft development,
recent human resource problems, the decreasing number of maintenance personnel with the
necessary qualifications, creates a crisis issue in aviation. [34] Since safety is the most
important factor of aviation [35], the maintenance procedures and maintenance cost are
going to be, and sometimes already are significantly determining factors. On the other hand,
“green solution” and sustainable operation have also become key parameters. The fuel
efficient solutions are not the only constraints for the development process, but the completelife-cycle management has to pay attention to the environment-friendliness of the operation
and maintenance process. The wider the slice of population, that gets access to different kind
of aircraft, personal aircraft [36] or flying vehicles (we can see the increasing prevalence of
the Unmanned Air Vehicles and Drones), the operation and maintenance procedures have to
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become more simple and understandable for everyone, even for people without any kind of
certificates, but at the same time have to correspond to the strict air laws and regulations.
The international market is a continuously changing field. For example, a few months ago,
the UK passed a referendum to exit the European Union which as caused uncertainty which
has already had significant effects on the stock markets. This could have negative effects on
the aerospace industry. Larger companies express positive thinking [37], but especially for
smaller suppliers, this can cause a serious headache, even more so if they are sharing larger
portions of the development processes. [38]
Interestingly, the education has higher role than ever. Of course, the universities and
colleges have always been the centre of the knowledge and have been the base of the future
aerospace engineering education. But in the last few years, it is observable that a significant
percent of aerospace engineering jobs is filled with students without any certificates or
industry experience: this number can be up to 10%. A large amount of them are working in
programming, and the hardware-based aerospace profession is a really good field to get
practical experience. [39]

2.4. New Potentials in Aerospace Development Processes
The introduced trends are mostly the external, market-based factors of the aerospace
development processes and models. But, besides these factors, the technology and
philosophy changes should be considered. As the Y and Z generations start to work, their
technology-close thinking way is going to change fundamentally several models. Before the
spread of the Internet, knowledge has been concentrated in universities and research and
development facilities. Recently, there are numerous short/mid/long courses available online
for anyone at an affordable price, about almost any subject. Since they are delivered online,
attendants do not even have to travel to a particular location to participate in a course; It is
enough to have Internet access. Furthermore, it is not a negligible fact that just like the
opportunity for Internet access has become widespread, in research fields the right to read
scientific publications without a fee is also becoming more and more mainstream. The
campaigning for free scientific literature is even stronger in the case of publicly funded
research: the results have to be published since publication is the widely accepted measure
of a researcher’s performance in the scientific fields. However, most major journals demand
the publishing and access fees, so a publicly financed research can usually be viewed only
by purchasing access, thus the public is paying even more money for a knowledge already
payed for. An incredibly large amount of scientific publications can be accessed through the
Internet. As a result, universities and larger companies might have to reconsider the
education strategies, because people are not anymore dependent on them to acquire
knowledge. Furthermore, knowledge sharing in forums, group chats, self-organized
workshops have not even been considered. Public media and social network structures
increase the hunger for information and knowledge, and also the spread of information. Since
companies do not always insist on seeing certificates from the workforce, the obtained
knowledge from the Internet may become a rival, perhaps even overcome what the current
education system has to offer. [40] Of course, this attitude is possible only at those sectors,
where the proof of any certifications is not essential.
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Meanwhile, some larger companies have already noticed the importance of the freely
available capacity of people, and the ability for “out-of-the-box” thinking. There are several
ways, for example, competition can be started to solve a problem, in return for a prize for
the competitors, which is significantly lower than a company’s actual R&D budget. This
way a company can get 100 or even 1000 ideas to solve their problems. Basically, this could
be considered as crowd-funded science, but it is not the monetary funding of people that is
used, rather their knowledge. Airbus Fly Your Ideas, or NASA HeroX Sky for all challenge,
for example, use this method to generate more thoughts. [41]
Besides the knowledge sharing the limited availability of financial resources were and are
also an everyday issue in the aerospace industry. The end of the Cold War, and subsequent
deceleration of the armaments race, the 9/11 terror attack, the 2007-2008 global economic
crisis, continually fluctuating oil prices, flight accidents and many other effects have created
a fragile and sometimes ill-considered financial background for aerospace research. The
financial resources are significantly limited and, more sadly, are decreasing. However, at the
same time, more development is still required. Due to this trend, research activity is mostly
focused on large companies, who are interested in earning the maximum profit for their
stakeholders and not necessarily creating an actual innovation, unless it is financially
rewarding, in the short term. So much research is controlled and influenced by people who
might not necessarily be interested in the given field and potentially even have no knowledge
about the research topic at all. At the same time, other fields like marketing, gain much
higher percentage of the budget, and creates a paradoxical situation: sometimes industry can
spend more on “how should we sell it?” than “how should we create it?”
To overcome this situation, other industries have realised that if they focused on the actual
desires of the people, a significant amount of money can be rearranged from the consumption
“wasteland” which would be spent on pointless goods. Also for many people, there is an
inner urge to support something they believe in or sometimes to stand behind somebody or
a development only to feel better. Interestingly, the potential in this “wasteland” has been
discovered only by a low percentage of people and companies. This is mainly because it is
difficult and it demands a large effort to acquire funding from it. But when a new product or
service can find a market hole to fill, some ideas can generate more than $100,000 support
in a single night. Based on this, it definitely worth to consider a strategy even for larger
companies to collect all the useable funding which can originate from wide range different
sources, see Figure 7.
Crowdfunding has recently become a fashionable way to express people’s contribution to
the development of society, and thus many people want to be the part of it. The growth of
inclination can be seen in the right-hand side of Figure 7, the investigated financial tools are
continuously growing, but only a negligible percentage is utilised by the aerospace industry.
As a forecast it can be presumed that the sooner the industry realises this process, the better
it can be utilised, even more, if the smaller aviation companies are involved. From there
smart and innovative solutions can flow to the larger manufacturers.
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B
Figure 7: A: Funding Options [42]; B: Growth Worldwide Crowdfunding Volume 2009
through 2014 (est.) [43]
Although thecrowdfunding is a financial tool, much more potential is hidden in the crowd.
If individuals or organisations are utilised via the internet to obtain ideas or even services,
we can talk about crowdsourcing. This sourcing model divides work between participants to
create a cumulative result, strongly supported by the technological background. [44] The
main difference between general outsourcing and crowdsourcing that in the first case the
work comes from a specific named group, company or institute, while in the latter case the
work can be commissioned from an undefined public. Furthermore, it includes both bottomup and top-down processes. In this way, the speed of development, cost-efficiency,
flexibility, diversity or scalability can be improved at the same time. [45]

Figure 8: Companies, already applying some form of crowdsourcing [46]
Although the crowdsourcing seems an optimistic future goal of the humanity, actually, it
is used for several years now, the rapid development of IT sector pulled the necessity of
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involving crowds. Right now numerous companies apply some crowdsourcing form; even
they are not aware of that. Other participants have integrated the crowdsourcing elements
into their short, mid, and long-term strategies, policies, like Figure 8 demonstrates.
The introduced changes also induce directional changes in the technology flow. As
described earlier, a few decades ago the conventional way of technology-flow was simple:
the aerospace industry has created new technology which was spin-off to the automotive
industry and then gradually to all the other industries. Today we can observe that solutions
originated from other industries such as Information Technology, Automotive,
Semiconductors, Electronics, etc. for example, a flagship mobile phone can contain more
powerful computing capacity than a whole Airbus A320 aircraft. Furthermore, aircraft are
equipped with more, larger, slower computers, which also demand larger cooler systems. On
the other hand, the on-board entertainment system has several tools originated from other
industries fitted to the requirements of the aerospace expectations. The dawn of this process
can be seen already: the SpaceX project has been started as a civil initiation, but after years
of development, research, success, and interested investors, it has become the determining
segment of space research. [40]

2.5. Elaboration of a Crowdsourcing Supported Innovation
Processes for Small Aerospace Companies
The introduced factors have an influencing effect on the innovation models, from the first
up to the sixth generation. Since, the whole thesis is about solutions for small aircraft
manufacturers, which apply mostly 3rd generation innovation processes, it worth checking
out the consequences. As it was described in Figure 2, the 3rd generation innovation process
is rather a sequential model. The idea generation is followed up by the development phase,
then the manufacturing and the marketing and sales try to sell the commercial product itself,
which is basically the most important component of the process. New ideas can be made up
if a new science and technology level is achieved, by the push of public opinion can
determines some desires (thus the continuous research of the marketplace is indispensable),
or if the competitors come out with a brand new product. The idea generation and
development are concentrated inside the company and are strongly limited by the available
budgets, human and material resources. The marketing is the only phase, which can be
outsourced since these companies mostly do not have the necessary experiment or time to
build up a successful selling strategy. The role of feedback is important for each phase, and
the phases are strongly dependent on these feedbacks.
Based on the introduced new potentials an upgraded innovation model has been
developed, as Figure 9 illustrates. The original connections and feedbacks (also the
integrated state-gates) are marked with green coloured arrows. Although some of the
sequential nature remained due to the laws and regulations, recent days the centre of the
whole innovation process is clearly the Idea generation phase. By now, it is not concentrated
at the company: on the contrary, it is one of the most open phases. The crowdsourcing is a
possibility to outsource the general knowledge of people with higher or even lower skills,
and funnel methods can be applied to filter out the most suitable ideas. So, the development
can be originated from a company, a university, a high school, or just average users of the
internet, since very different ideas can merge to form a revolutionary invention/product. The
filtering of different ideas, coming from the crowd or more professional research centres,
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have to be filtered by the company decision makers or a complete board, run by the company.
This selection process is supported by several 6th generation innovation process methods,
like the open funnel model. The point is to apply a robust, experience-based knowledge
management with an enhanced IT support.

Figure 9: Crowdsourcing supported 3rd generation innovation model addressed for small
aerospace company innovation and development
Indeed, the development and manufacturing phase still give feedback to the idea
generation section to improve the selection algorithms, and also to generate new ideas.
Sometimes, for a company, it is enough the come out with a good idea and sell it, in this
case, the idea is the product (marked with red arrow). That is why the “idea generation” is
in the centre of the process, since nowadays it has become almost the most important part of
the innovation process.
The marketing, sales, and also market research, even communication is a segment worth
to outsource. Since smaller companies do not have the capacity or the experience to carry
out efficient marketing and selling strategies, this segment of the world has been developing
exponentially. Considering the fact, that a wide range of customers has to be reached to sell
the product, it is necessary to manage different social media platforms (Facebook, LinkedIn,
Twitter, G+) by maintaining a two-way communication form, at the same time website and
search engine optimisation has to be carried out, not to mention the customer service and
general/official communication platforms. This complete marketing and sales process can
hardly be accomplished by a small company during product development. At the same time,
the marketing also has its share in the idea generation (like originally), since sometimes it is
enough to carry out the idea only and sell it to other, bigger companies, also based on the
desires of the customers, the marketing can also give useful inputs for the central idea
generation process.
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The cost of idea generation can be minimised by using the crowdsourcing both from
financial and from knowledge aspect. These financial savings can be redeployed to other
stages, like manufacturing, or marketing. Indeed, a large portion of these savings is only
indirect costs, so it actually comes up only at the sales, or not even there. However, with
proper mid- and long-term strategies a significant profit growth can be carried out.
The most important part although is the segmented treatment of the crowd. Conventional
models think about people as customers only, who have desires and expectations, and
according to the demand and supply they consume the products of the companies, but they
are not involved in the development process. It was easy to say that the “crowd” has a
connection to determined phases, but it is not true. Recently, there are segments of the society
with completely different demands and interests. So, while somebody wants to participate
in the development only to share an idea but actually does not want to buy it, others want to
participate in forming the product to their expectations. The earlier group is handled by the
marketing and sales, or by the customer service, but the latter group forms a new
phenomenon in the society. They can offer different amount of money, they believe in,
without further expectations, like charity. The acceleration of this behaviour is caused by the
IT developments and also the desired to do something good. This willing, which of course
should not be considered as gullibility, but it can be regarded as a common endeavour for a
better future. However, without the philosophical background, this tendency is a chance to
improve the aerospace development processes, especially for smaller companies.
Of course, the aerospace industry has strict rules and regulations, thus the whole
development and production process cannot be an open innovation process. The previously
discussed state-gates have to be kept in the process: while in the idea generation they have
smaller role, later in the stage of development and manufacturing, they are more important.
In the idea generation the decision making board separates the crowd and the process is
becoming a “semi-closed innovation process”. At this point it is not fully closed yet, hence
the usage of freelancer engineers can boost up the development process. It is now a trend,
that engineers in their free time solve other companies’ problems, of course, for a certain
amount of money. Indeed, the company has to be sure the only the given problem and the
related information is shared in this case, since business secrets cannot be shared to the
public. That is the reason behind the semi-closed development process. After the
development, by accomplishing the state-gates, determined by regulations and authorities,
the process becomes fully closed. From this point no information can be shared till the
product is not sellable.
As a consequence, with the crowdsourcing – both from financial and knowledge sharing
viewpoint – it brings 6th generation innovation process tools closer to 3rd generation
innovation models. Of course, without the proper management and exploitation of the
available resources, provided by the intercommunication technology, most of these
possibilities would be wasted, or the amount of available information can cause even bigger
chaos.
The developed innovation model methodology has been already tested:
-

An earlier version of this method had been integrated into a small Hungarian aircraft
manufacturer company (Corvus Aircraft Ltd.) for open source development, where the
final decision about a project/task was carried out by an advisory committee.
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-

By using the introduced innovation process tools, a concept has been carried out,
which won the NASA HeroX Sky for all challenge, and another concept made it to the
final round in the Airbus Fly Your Ideas challenge.

2.6. Conclusions
The aerospace industry is complex, and numerous factors have an influence on the internal
processes. The goal in the present thesis is to understand that how these external and internal
factors modify the everyday R&D processes. The rapidly expanding information and
communication technology have altered the conventional development processes and have
generated new participants in the development processes: the crowd. Finding knowledge is
no longer the issue of education: The free flow and availability of know-how, public
competitions, and publications enable almost anybody to be a part of the aerospace industry.
Modern budgets have the potential to take into consideration the advantages of
public/crowd-funding and the role of universities might decrease in the future. However,
aerospace is still a license-based industry, since safety always has to be the highest priority
and this priority must still be kept in the future. The current stakeholders of the aerospace
industry have to reconsider all their development processes based on the modern
requirements, demands and the public’s desires and willingness to fund.
In the framework of this section after researching the trend changes in aerospace and R&D
the influencing factors have been collected together. The smaller aerospace companies, this
doctoral thesis is dedicated for, are still using 3rd generation innovation processes, which are
interactive, coupling or chain-linked models are capable to overcome the shortcomings of
the first two, sequential-based levels. But the applied feedback loops and development
directions (technology push, market pull) are not efficient to optimise the available resources
from financial and knowledge perspective. So, a crowdsourcing supported 3rd generation
innovation process completed with 6th generation innovation process elements have been
carried out, and dedicated to small aerospace companies to improve their innovation and
development processes (see Figure 9). The developed model was implemented and tested in
actual R&D environment in order to prove its worthiness.
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3. Theoretical
Dynamics

Background

of

Computational

Fluid

However, the behaviour and main conservation equations of fluid dynamics were laid
down more than 100 years ago, and untill 1930 due to the lack of computers the
Computational Fluid Mechanics (CFD) was only theoretical. Basically, most of CFD
problems are oriented around the Navier-Stokes equations, to define a single-phase fluid
flow problem. Of course, there are several possibilities to simplify the equations, like the full
potential equations or the linearized potential equations. The latter one is widely used within
simple flow conditions applied in aerospace sciences and in simple investigations by using
complex potentials.
Concerning the mathematical models for solving fluid dynamic problems first, the
linearized potential equations have been developed. The 2-dimensional methods, are suitable
for investigating the flow field around a cylinder or an airfoil by solving linearized potential
equations. [47] However, the actual work was not a success, the first publication of the
modern CFD belonged to Richardson [48], which had been used in the 1940s by the ENIAC.
[49] The real progression in the development of CFD started together with continuously
growing computer power, and thus 3 dimensional methods have become available. The main
driving force behind this progression was the Los Alamos National Lab [50], and probably
this was the first performed simulation using the Navier-Stokes equations. The T3 group has
developed numerous numerical methods, like vorticity-stream function method [51], or the
fluid-in-cell method [52] to simulate a wide variety of problems.
Hess and Smith published the first paper with a 3-dimensional model [53] giving place to
the so-called Panel Methods. This simplified method was mainly used in aircraft fuselages
and ship hulls since they did not include the lifting forces/flows. This was followed by
several methods, developed by the large aircraft manufacturers, like Boeing, Douglas,
Lockheed, or the NASA; for example: [54-57].The advantage of these panel methods is that
they have relevantly lower computation requirement, and can provide relatively accurate
results. They can be applied for airfoil investigations (completed with boundary layer
analysis), submarines, automobiles, helicopters, wind turbines, but their applicability is
strongly limited due to the lack of lifting forces. Examples about such type of simulation
software are the USAREO or XFOIL. A more advanced step is the codes that are used
Transonic Small Disturbance equations, like the WIBCO code, developed by Boppe of
Grumman Aircraft. [58] Later, to calculate the non-linear flow conditions at transonic
speeds, the Full Potential codes started to arise, like Program H. [59]
The next level of flow simulations is solving the Euler equations, which is capable of
solving more accurately transonic flows. The Euler equations are a set of quasilinear
hyperbolic equations governing adiabatic and inviscid flow, and can be applied to general,
but not too complex simulations[60]. Numerous codes have been developed to solve these
equations, like the Lockheed’s SPLITFLOW [61], MGAERO [62], or MSES [63].
But of course, the final target was/is to solve the Navier-Stokes equations in 3-dimensional
models, for which purpose several commercial packages have been developed, like ANSYS,
OVERFLOW, Abacus CFD or OpenFoam.

20

All the flow types generate different criteria for the mathematical and physical models. In
the simplest case when a laminar flow is considered, the numerical solution of the NavierStokes (N-S) equations is possible only in some limited cases. Unfortunately, these
simplifications and laminar flow assumption represent only a negligible portion of real
engineering problems. However, it is possible to solve directly the N-S equations after
discretization. The Direct Numerical Simulation (DNS) is based on the momentary variables,
without applying any turbulence models. The turbulent structures can vary between the
smallest dissipative scales (Kolmogorov microscales), to the integral scale, which can be
associated with the motions containing most of the kinetic energy. [64] Consequently, the
whole applied spatial and temporal scales have to be resolved, which demands extreme
computing capacity. Although, the DNS is considered a highly cost-demanding process, and
one can state that it will arise only later, the incredible acceleration of computing technology
(like 19 years ago the optimal node number has been maximized in a few ten-thousand [65]),
numerous studies have shown that the application of DNS is an actual topic, of course in
possession of the required computation capacity. [66-70]
In order to decrease the required computational effort, different considerations of turbulence
have been investigated during the last few decades. As the grid size increases, the turbulent
behaviour of the fluid has to be modelled, and depending on the goal of the simulations
privilege the more intensive eddies, which contain more energy, while the smaller eddies
(which are more universal in character) are approximated. The Large Eddy Simulation (LES)
is based on the Sub-Grid Scale (SGS) model. [71] The first employment of the LES belongs
to Smagorinsky for meteorology models. [72]. The first engineering application was
presented by Deardoff, which was a turbulent channel flow. [73] The method was developed
and improved by Schumann for plane channels and annuli. [74]. The solution of the 3dimensional governing equations is time-dependent, and relevantly cheaper than DNS. The
number of cells, required to resolve the outer layer is proportional to Re0.4. [75] In the viscous
sublayer the resolution has to be increased to Re1.8 (DNS requires Re9/4). Therefore, LES can
be applied at Reynolds numbers one order of magnitude higher than DNS. [76] Furthermore,
the requirement on cell resolution can be decreased by using approximate wall models.
According to this, nowadays LES is becoming more and more widespread, for a wide
spectrum of applications. [77-81]
However, as previously presented, numerous projects are running, which apply DNS or
LES, but for companies with limited resources and budgets, these are still not available,
particularly for early stage development processes. The Reynolds Averaged Navier-Stokes
(RANS) equations are still dominating in most of the ongoing or freshly finished projects
(ESPOSA [82]). By averaging the N-S equations the disturbances, caused by the turbulent
fluctuations, are eliminated from the simulation, but the time-dependent mean parameters
are kept. The generated equations are similar like the original N-S equations, but it is
completed by the Reynolds stress terms, which represent the non-linear terms in the equation
system. To overcome the indefiniteness of the equation system, turbulence model has to be
applied, which will be discussed later.
The fundamentally different solution approaches of the N-S equations result in different
flow patterns in the simulations, see Figure 10. In engineering applications the detailed
mixing process (like the bottom case) is not required, the time averaging of the turbulence
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can provide enough details about the investigated parameters, like thrust power, lift force,
pressure drop, furthermore the reproducibility is satisfactory.

Figure 10: The effect of different turbulent models on the flow-pattern [83]

3.1. Navier-Stokes Equations
During the investigation of fluid dynamics, the interactive motion of a large number of
individual particles is handled. This means it is necessary to consider a continuum that can
be defined by having a sufficiently small element (control volume) of fluid, which still
contains high number of particles, so that the mean velocity and mean kinetic energy can be
specified. This requirement can define temperature, pressure, density and other parameters
of the fluid. [84]
This consideration basically leads to the understanding of the Knudsen number (Kn),
whose dimensionless number represents the ratio of molecular free path length (𝜆) to the
representative physical length scale (𝐿).:
𝜆
(3.1.)
𝐿
Thus, if the mean free path of a molecule is within the length scale of the investigated
problem (Kn > 0.1) the fluid mechanics continuum assumption is not a valid approximation
anymore [85], and Burnett or super-Burnett equations have to be applied to simulate the flow
accurately. [86]
𝐾𝑛 =

The Navier-Stokes equation introduces the vector of convective fluxes (𝐹𝑐 ) and vector of
viscous fluxes (𝐹𝑣 ), from which the first consists the convective transport of quantities but
also includes pressure terms (in the momentum and energy equations). The latter one
comprises the viscous stresses and heat diffusion. The body forces and volumetric heating
are colligated in the 𝑄 source term. So by for a Newtonian fluid, we get: [87]
𝜕
𝜕
𝜕
𝑊+
𝐹𝑐 +
𝐹 = 𝑄.
𝜕𝑡
𝜕𝑥
𝜕𝑦 𝑣

(3.2.)
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The first undefined component of the equation is the ‘conservative variables’, and contains
the next five components: [84]
𝜌
𝜌𝑈𝑥
𝑊 = 𝜌𝑈𝑦 .
(3.3.)
𝜌𝑈𝑧
[ 𝜌𝐸 ]
The vector of the convective fluxes includes the following: [84]
𝜌𝑉
𝜌𝑈𝑥 𝑉 + 𝑛𝑥 𝑝
𝜌𝑈
𝐹𝑐 =
𝑦 𝑉 + 𝑛𝑦 𝑝 ,
𝜌𝑈𝑧 𝑉 + 𝑛𝑧 𝑝
[
𝜌𝐻𝑉
]

(3.4.)

where the contravariant velocity V occurs. This quantity is the scalar product of the
velocity vector, and the unit normal vector, and is normal to the surface element dA. The
definition is: [84]
𝑉 ≡ 𝑣 ∙ 𝑛 = 𝑛𝑥 𝑈𝑥 + 𝑛𝑦 𝑈𝑦 + 𝑛𝑧 𝑈𝑧 .

(3.5.)

The viscous fluxes in a vector has the next form: [84]
0
𝑛𝑥 𝜏𝑥𝑥 + 𝑛𝑦 𝜏𝑥𝑦 + 𝑛𝑧 𝜏𝑥𝑧
𝐹 = 𝑛𝑥 𝜏𝑦𝑥 + 𝑛𝑦 𝜏𝑦𝑦 + 𝑛𝑧 𝜏𝑦𝑧 ,
𝑣
𝑛𝑥 𝜏𝑧𝑥 + 𝑛𝑦 𝜏𝑧𝑦 + 𝑛𝑧 𝜏𝑧𝑧
[𝑛𝑥 Θ𝑥 + 𝑛𝑦 Θ𝑦 + 𝑛𝑧 Θ𝑧 ]

(3.6.)

where
𝜕𝑇
,
𝜕𝑥
𝜕𝑇
Θ𝑦 = 𝑈𝑥 𝜏𝑦𝑥 + 𝑈𝑦 𝜏𝑦𝑦 + 𝑈𝑧 𝜏𝑦𝑧 + 𝜆 ,
𝜕𝑦
Θ𝑥 = 𝑈𝑥 𝜏𝑥𝑥 + 𝑈𝑦 𝜏𝑥𝑦 + 𝑈𝑧 𝜏𝑥𝑧 + 𝜆

(3.7.)

𝜕𝑇
.
𝜕𝑧
These terms are responsible for handling and describe the heat conduction and viscous
stresses in the fluid. Finally, the source terms can be written as: [84]
Θ𝑧 = 𝑈𝑥 𝜏𝑧𝑥 + 𝑈𝑦 𝜏𝑧𝑦 + 𝑈𝑧 𝜏𝑧𝑧 + 𝜆

0
𝜌𝑓𝑒,𝑥
𝜌𝑓𝑒,𝑦
𝐹 =
.
𝑐
𝜌𝑓𝑒,𝑧
[𝜌𝑓𝑒 ∙ 𝑈 + 𝑞̇ ℎ ]

(3.8.)

According to the modern CFD, these equations together are called Navier-Stokes (N-S)
equations in the integral formulation and describe the flux of mass, momentum and energy
through the boundary dV of a control volume V, fixed in space. The set of equations can
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include special turbomachinery applications, like when the control volume is rotating about
an axis. As it will be discussed later, the N-S equations have to be transformed into a rotating
frame of reference, and the Coriolis and centrifugal forces appear in the source term. [87]
By applying additional terms, which include the relative motion of the dA surface element,
the equations can handle the deformation or translation of the control volume [88],
furthermore the Geometric Conservation Law has to be fulfilled.[89]
The N-S equations include five conservative variables (𝜌, 𝜌𝑈𝑥 , 𝜌𝑈𝑦 , 𝜌𝑈𝑧 , 𝜌𝐸) in 3
dimensions, but the number of unknown variables is 7. Therefore, two additional equations
are required to close the system of equations. These desired equations are supported by the
thermodynamic relations between the state variables. [84]

3.2. Ideal Gas Equation of State
Generally, in engineering applications, it is a common approximation that the investigated
fluid acts as a calorically perfect gas or ideal gas. In this case, the equation of state can be
written as: [87]
𝑝 = 𝜌𝑅𝑇,

(3.9.)

where R stands for the specific gas constant. The static enthalpy can be obtained as: [87]
ℎ = 𝑐𝑝 𝑇.

(3.10.)

As definition the specific gas constant has the following expression:
𝑅 = 𝑐𝑝 − 𝑐𝑣 and 𝜅 =

𝑐𝑝
𝑐𝑣

.

(3.11.)

In order to sort out the energy equation the relation between the total enthalpy (H), total
energy per unit mass (E) and pressure (p) has to be utilised: [87]
2

𝐻 =ℎ+

|𝑣|
2

𝑝

= 𝐸 + 𝜌,

(3.12.)

Thus the pressure can be expressed regarding conservative variables by using equations
(3.9.), (3.10.) and (3.12.): [87]
𝑝 = (𝜅 − 1)𝜌 [𝐸 −

𝑈𝑥2 + 𝑈𝑦2 + 𝑈𝑧2
].
2

(3.13.)

As a result, the rest of the terms can be calculated in the function of the initial conserved
quantities, for example, the dynamic viscosity is the function of the temperature only
according to the Sutherland formula. [90]

3.3. Modelling of Turbulence
Insomuch as real flows mostly can be stated as turbulent, the chaotic movement of the
molecules causes the intense mixing of the fluid layers. As a result, the turbulent flow has
higher heat transfer and skin friction compared to laminar flows. The main problem with this
chaotic movement is that the molecules’ paths are deterministic, and consist of many scales
both in time and space. Thus, the direct numerical simulation of the N-S equations is possible
only in simplified cases with relatively low Reynolds number (Re), since the DNS has a
tremendous computation demand. [91-93]. Therefore, recently, the turbulence is simulated
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in an approximate manner, and a wide range of turbulence models have been developed for
specified purposes. Until this point, no single turbulence model has been developed, capable
of predicting all kinds of turbulent flows. The accuracy and computational effort determine
together which turbulence model should be applied.
The turbulence models can be classified into five groups: [76]
1.
2.
3.
4.
5.

algebraic,
one-equation,
multiple-equation,
second-order closures (Reynolds-stress models),
Large-Eddy Simulation.

The first three are the first-order closures. The fundamental of these models is the
Boussinesq’s eddy-viscosity hypothesis [94]. Since in a turbulent flow, the large energetic
turbulent eddies dominate the momentum transfer enforced by the mixing, so it is assumed
that the turbulent shear stress is related to mean rate of strain, just like in a laminar flow.
Here, the proportional factor is the eddy viscosity 𝜇 𝑇 , therefore, the basis for a wide-range
of first-order turbulence closures is the Boussinesq’s approach. The assumption of
equilibrium between the mean strain rate and causes some limitations: the Boussinesq
approach cannot be used for flows with rotation, significant streamline curvature, and
secondary flows in ducts or with sudden change of mean strain rate. So, by applying
correction terms in the turbulence models or using the non-linear eddy-viscosity models the
results can be significantly improved. [95, 96]
In turbulence modelling for a Newtonian fluid, the differential form of N-S equations has
the following (compact tensor) form: [97]
𝜕𝜌
+ ∇ ∙ (𝜌𝑈) = 0
𝜕𝑡
𝜕
(𝜌𝑈) + ∇ ∙ (𝜌𝑈⨂𝑈) = −∇𝑝 + ∇ ∙ 𝜏̿ + 𝑆𝑀
(3.14.)
𝜕𝑡
𝜕
𝜕𝑝
(𝜌𝐻) −
+ ∇ ∙ (𝜌𝑈𝐻) = ∇ ∙ (𝛫∇𝑇) + ∇ ∙ (𝑈 ∙ τ
̿̿̿) + 𝑈 ∙ 𝑆𝑀 + 𝑆𝐸
𝜕𝑡
𝜕𝑡
Here 𝑈 stands for a velocity vector: 𝑈 = (𝑈𝑥 , 𝑈𝑦 , 𝑈𝑧 ). The viscous stress tensor by
utilising the Stoke’s hypothesis, can be written in the compact tensor form: [97]
2
𝑇
̅),
𝜏̿ = 𝜇 (∇𝑈 + (∇𝑈) − 𝛿∇ ∙ 𝑈
3
where 𝛿 marks the Kronecker Delta function.

(3.15.)

3.3.1. Reynolds and Favre Averaging
To handle or predict the effect of chaotic movements of the fluid molecules, models have
to be set up. The first approach by Reynolds was a further step by averaging the conservation
equations to separate the mean flow field – if the local fluctuations and turbulent structures
were integrated into mean quantities, they would be eliminated from the simulation. So by
̅ and a
using the instantaneous U scalar quantity, the averaging it decomposes to a mean 𝑈
deviation from the mean 𝑢: [98]
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̅ + 𝑢 and 𝑢̅ = 0.
𝑈=𝑈

(3.16.)

This is the so-called Reynolds averaging. The mean values can be obtained by three
different forms of averaging: [76]
̅ varies only in space not in time
- time: for steady-state turbulence, because 𝑈
𝑡+𝑇

1
̅ = lim ∫ 𝑈𝑑𝑡 ,
𝑈
𝑇→∞ 𝑇

(3.17.)

𝑡

-

ensemble: can be used for general turbulence
𝑁

1
̅ = lim ∑ 𝑈 ,
𝑈
𝑁→∞ 𝑁

(3.18.)

𝑚=1

-

spatial: for homogeneous turbulence; opposite of the former averaging
1
∫ 𝑈𝑑𝑉 .
𝑉→∞ 𝑉

̅ = lim
𝑈

(3.19.)

𝑉

This last averaging is not expediential, especially with applying infinitely large control
volume, since the turbulence modifying effect of the geometry was eliminated. In this case,
rather spatial filtering is applied, as:
̅ = ∫ 𝐺(𝑥, 𝑥 ′ )𝑈(𝑥 ′ )𝑑𝑥′,
𝑈

(3.20.)

where 𝐺(𝑥, 𝑥 ′ ) marks the filtering function.
The ergodic hypothesis states that in homogeneous and stationary cases the three
averaging forms are equivalent. So, after applying the Reynolds averaging on the NavierStokes equations, the next relations can be obtained from the mass and momentum
conservation, and are called the Reynolds Averaged Navier-Stokes equations (RANS): [76]
𝜕𝜌
+ ∇ ∙ (𝜌𝑈) = 0,
𝜕𝑡
𝜕
̅̅̅̅̅̅) + 𝑆𝑀 ,
(𝜌𝑈) + ∇ ∙ (𝜌𝑈⨂𝑈) = −∇𝑝 + ∇ ∙ (𝜏̿ − 𝜌𝑢⨂𝑢
𝜕𝑡
𝜕
𝜕𝑝
̅̅̅̅) + ∇ ∙ (𝑈 ∙ (τ
̅̅̅̅̅̅)) + 𝑆𝐸 ,
(𝜌𝐻) −
+ ∇ ∙ (𝜌𝑈𝐻) = ∇ ∙ (𝛫∇𝑇 − 𝜌𝑢ℎ
̿̿̿ − ρ𝑢⨂𝑢
𝜕𝑡
𝜕𝑡

(3.21.)

Here 𝜏 denotes the molecular stress tensor. It can be seen, that the continuity equation has
not been altered, but additionally to the molecular diffusive fluxes, turbulent flux terms are
contained by the momentum and scalar conservation equations. These terms are the
̅̅̅̅̅̅ ) and Reynolds flux. The non-linear convective term in the unReynolds stresses (𝜌𝑢⨂𝑢
averaged equations provides these terms and proves the initial state in this chapter as due to
the turbulent velocity fluctuations the convective transport increases the mixing level above
the thermal fluctuations caused mixing at molecular level. Consequently, at high Reynolds
numbers, the turbulent fluxes are much larger than the molecular fluxes (mean path of
thermal fluctuations). In the energy equation, the supplemented diffusive flux is the viscous

26

work term. Another consequence is that six additional relations are required to close
equations (3.21.).
Also important to note that in this case, the total enthalpy has the following form:
1
1
1
𝐻 = ℎ + 𝑈 2 + 𝑘 = ℎ + 𝑈 2 + 𝑢̅2 ,
2
2
2
where k stands for the turbulent kinetic energy.

(3.22.)

Most of CFD investigations treats the subsonic airflow as incompressible fluids when the
density is treated as constant, which is especially handy in the R-S equations, since the can
be significantly simpler, in reality, in a lot of cases the density is not constant. The density
(mass) weighted decomposition can be used to certain quantities in equation (3.14.), and this
is the Favre averaging. [99, 100] Generally, the Reynolds averaging is applied for density
and pressure and Favre averaging is used for other variables, like velocity, internal energy,
temperature, or enthalpy. The method is based on the following integral form (issued for the
velocity):
̅=
𝑈

1
1 𝑡+𝑇
lim ∫ 𝜌𝑈𝑑𝑡,
𝜌̅ 𝑇→∞ 𝑁 𝑡

(3.23.)

where 𝜌̅ is the Reynolds averaged density. From this, the Favre decomposition can be
written as:
̃ + 𝑢′ ,
𝑈=𝑈

(3.24.)

̃ denotes the mean value while 𝑢′ is the fluctuating part of the velocity. Similarly,
where 𝑈
like in the Reynolds method, the fluctuating part’s average is zero: 𝑢̃′ = 0.
The Favre- and Reynolds Averaged Navier-Stokes equations are: [87]
𝜕𝜌̅
̃) = 0,
+ ∇ ∙ (𝜌̅ 𝑈
𝜕𝑡
𝜕
̃) + ∇ ∙ (𝜌̅ 𝑈
̃⨂𝑈
̃) = −∇𝑝̅ + ∇ ∙ (𝜏̃ − 𝜌𝑢⨂𝑢
̃ ) + 𝑆𝑀 ,
(𝜌̅ 𝑈
𝜕𝑡
𝜕
𝜕𝑝
′ 𝐻 ) + ∇ ∙ (U
′ ⨂𝑢 ′ )) + 𝑆 ,
̃) −
̃𝐻
̃ ) = ∇ ∙ (𝛫∇𝑇̃ − 𝜌̅ 𝑢̃
̃ ∙ (τ
+ ∇ ∙ (𝜌̅ 𝑈
̃−ρ
̅̅̅𝑢̃
(𝜌̅ 𝐻
𝐸
𝜕𝑡
𝜕𝑡

(3.25.)

where K denotes the Favre averaged turbulent kinetic energy, and it takes apart in the
Favre averaged total enthalpy as: [87]
1 2 1 ̃
1 2
̃ = 𝜌̅ ℎ̃ + 𝜌̅ 𝑈
̃ + 𝜌̅ 𝑢′𝑢′ = 𝜌̅ ℎ̃ + 𝜌̅ 𝑈
̃ + 𝜌̅ 𝐾
̃.
𝜌̅ 𝐻
(3.26.)
2
2
2
̃ together with the molecular diffusion is often
However, the turbulent transport of 𝐾
neglected in transonic and supersonic flows. Just like in the case of the RANS, here also six
relations are required to close the Favre averaged Reynolds stress tensor and the three
components of the turbulent heat-flux vector.

3.3.2. First-order Closures
The simplest way for the Reynolds stress approximation in the Reynolds or/and Favre
averaged N-S equations is to apply the first-order closure. These methods are based on the
Boussinesq or non-linear eddy-viscosity models and primarily compute the eddy viscosity.
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However, though a wide range of models is available in this group, only the most relevant
and most frequently used models are introduced in this thesis.
Spalart-Allmaras Model
The Spalart-Allmaras model a one-equation model, which solves the modelled transport
equation for the kinetic eddy turbulent viscosity. This relatively simple model the calculation
of a length scale related to the local shear layer thickness is not necessary to calculate. The
model has been developed for specific aerospace applications (recently, it is more and more
widely used for turbomachinery applications), which include wall-bounded flows and can
provide accurate results for boundary layers subjected to adverse pressure gradients.
The Spalart-Allmaras model has the following form in tensor notation: [76]
̃
̃ 2
𝐷𝑈
1
𝑈
2
̃ + [∇ ∙ ((𝜐 + 𝑈
̃)∇𝑈
̃) + 𝑐𝑏2 (∇𝑈
̃) ] − 𝑐𝑤1 𝑓𝑤 [ ] ,
= 𝑐𝑏1 𝑆̃𝑈
𝐷𝑡
𝜎
𝑦

(3.27.)

where 𝑐𝑏1 , 𝑐𝑏2 and 𝑐𝑤1 are constants, 𝜐 is the molecular viscosity, 𝑓𝑤 is a non-dimensional
function (equals to 1 in the log layer) and y is the distance to the wall.
Indeed, it is not suitable for all types of complex phenomena in engineering applications,
like it has a false prediction in the decay of homogeneous, isotropic turbulence, or gas turbine
combustion simulations. Furthermore, it is unable to rapidly accommodate changes in length
scale, like when flow changes abruptly from a wall-bounded to a free shear flow.
The k- ε Model
One of the most widely used turbulence models is the two-equation k-ε eddy-viscosity
model, which includes two extra transport equations to represent the turbulent behaviour of
the flow. Moreover, they make possible to account for history effects like convection and
diffusion of turbulent energy. The transported variables are the turbulent kinetic energy (k),
which determines the energy in the turbulence, and the turbulent dissipation (ε), which
determines the Kolmogorov scale of the turbulence. The two equation turbulence model can
be originated from the work of Chou [101], but it began to become widespread almost two
decades later, when various formulations have been proposed by Jones and Launder [102,
103], Launder and Sharma [104] or Launder and Spalding [105].
To stay valid through viscous sublayer to the wall the k-ε model applies damping function,
but because of that, it is more difficult to solve than the Spalart-Allmaras model since these
functions lead to turbulence equations with stiff source terms. The k and 𝜀 values come
directly from the differential transport equations for the turbulence kinetic energy and
turbulence dissipation rate: [97]
𝜕(𝜌𝑘)
𝜇𝑡
+ ∇ ∙ (𝜌𝑈𝑘) = ∇ ∙ [(𝜇 + ) ∇𝑘] + 𝑃𝑘 − 𝜌𝜀 + 𝑃𝑘𝑏 ,
𝜕𝑡
𝜎𝑘
𝜕(𝜌𝜀)
𝜇𝑡
𝜀
+ ∇ ∙ (𝜌𝑈𝜀) = ∇ ∙ [(𝜇 + ) ∇𝜀] + (𝐶𝜀1 𝑃𝑘 − 𝐶𝜀2 𝜌𝜀 + 𝐶𝜀1 𝑃𝜀𝑏 ),
𝜕𝑡
𝜎𝜀
𝑘

(3.28.)

where 𝐶𝜀1 , 𝐶𝜀2 , 𝜎𝑘 and 𝜎𝜀 are constants; 𝑃𝜀𝑏 denotes for the influence of the buoyancy
forces, while 𝑃𝑘 is the turbulence production due to viscous forces.
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The k-ε model is well applicable for free-shear layer flows with relatively small pressure
gradients. For internal flows, which are wall-bounded, the model can provide accurate results
only, if the mean pressure gradients are small. As soon as the adverse pressure gradients
occur, the accuracy decreases. As a consequence, the k-ε model is not an appropriate choice
to simulate for diffusors and compressors.
The k-ω Model
However, there are a lot of alternative two-equation turbulence models; the most
significant development was the k-ω model, which has become one of the most commonly
used turbulence models. At first, Saffman [106] published the idea, but the actual elaboration
belongs to Wilcox [107-109] to develop a better computing low Reynolds number
phenomena, compressibility and shear flow spreading. Contrary to the k-ε model, this can
be directly integrated into the near-wall regions without using the wall functions as a bridge,
for example, the extended-to-wall method. Consequently, the k-ω model is particularly
suitable for boundary layer problems, where the formulation works from the inner part
through the viscous sub-layer. Instead of the turbulent dissipation, this model uses the
specific rate of dissipation, the turbulence frequency 𝜔. The transport equation, using the
former symbols looks like the following: [76]
𝜕(𝜌𝑘)
𝜇𝑡
+ ∇ ∙ (𝜌𝑈𝑘) = ∇ ∙ [(𝜇 + ) ∇𝑘] + 𝑃𝑘 − 𝛽 ′ 𝜌𝑘𝜔 + 𝑃𝑘𝑏 ,
𝜕𝑡
𝜎𝑘
𝜕(𝜌𝜔)
𝜇𝑡
𝜔
+ ∇ ∙ (𝜌𝑈𝜔) = ∇ ∙ [(𝜇 + ) ∇𝜔] + 𝛼 𝑃𝑘 − 𝛽𝜌𝜔2 + 𝑃𝜔𝑏 ,
𝜕𝑡
𝜎𝜔
𝑘

(3.29.)

where the model constants are 𝛼, 𝛽, 𝛽′ 𝜎𝑘 , 𝜎𝜔 , and 𝑃𝑘𝑏 , 𝑃𝜔𝑏 are production terms.
The standard k-ω has numerous modifications to improve its accuracy. The model gives
good assumptions for far wakes, mixing layers and various jet types, which is especially
convenient for wall-bounded flows or free shear flows. Also, it incorporates modifications
for compressibility, shear flow spreading, and low-Reynolds number effects.
SST Model
Both the k-ε and k-ω turbulence models have their advantages and disadvantages. Menter
was the first to utilise the idea of merging these two models in the Shear Stress Transport
(SST) turbulence model and take advantage of their strengths. [110, 111] Practicably, the
combination employs the k-ω approach in the sublayer of the boundary layer, since it needs
no damping function. Thus it can provide much higher numerical stability for the same
accuracy in comparison to the k-ε model. Also, the k-ω is used in the logarithmic part of the
boundary layer, where it is superior to the k-ε approach in adverse pressure flows and
compressible-flows. [76] But in the wake region of the boundary layer the k-ε is applied,
since the k- ω is highly sensitive to the freestream value of turbulence frequency. The same
reason is behind using the k-ε model in the free shear layer: it is more accurate for jets, wakes
and mixing layers.
Based on the observation of Bradshaw that the principal shear stress is proportional to the
turbulent kinetic energy, the SST model has a distinct feature, which is the modified
turbulent eddy-viscosity function. In the case of strong adverse pressure gradients and
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pressure-induced boundary layer separations, this function improves the accuracy of the
computation. [76]
Of course, the SST model also has some disadvantages, as the distances to the nearest wall
have to be known explicitly, which demands a special provision on multiblock structured or
on unstructured grids. Thus, it fails to accurately predict the onset and amount of flow
separation from smooth surfaces, because neither of the models accounts for the transport of
the turbulence shear stress. As a consequence, the eddy-viscosity can be overpredicted.

3.4. Discretization and Solution of the Governing Equations
The main problem with the Navier-Stokes equations is that in general engineering
applications the analytical solutions do not exist, maybe for the flows under specific and
strongly simplified conditions. To overcome this problem, numerical approaches have to be
applied to obtain solutions for real flows, where algebraic approximations replace the
equations, which can be solved by applying a numerical method. Of course, the computation
of a smooth elliptic problem is a simple task recently. It takes three main steps, which can
be defined as:
1. Selecting a discretization scheme: the three available methods are the finite element,
finite volume or finite difference representations. In numerous fields, all three methods
are equally efficient, but in CFD simulations mainly the finite volume methods are
preferred.
2. To deal with the non-linearity of the density, an iteration method has to be chosen.
3. For the solution of the obtained algebraic system, an algorithm has to be selected.
Of course, the full process consists the determination of boundary conditions between step
2. and 3.
During the recent thesis, the applied software used element-based finite volume method,
based on the discretization of a spatial domain by a mesh. The purpose of the mesh is to
create finite volumes, with which quantities like mass, momentum and energy can be
conserved. Three-dimensional mesh is applied for the highest level of accuracy (see Figure
11). The data, computed during the simulation, is stored in the mesh element centres or
nodes. If the lines, joining the centres of the edges and element centres adjacent to the node,
are connected, the median dual defines the control volume (illustrated by the grey area in
Figure 11).
After integrating the conservation equations of mass, momentum and a passive scalar over
each control volume, and applying Gauss’ Divergence Theorem is used to convert volume
integrals involving divergence and gradient operators to surface integrals. Assuming, that
the control volumes are not deformed in time, the integration form of the conservation
equations can be expressed by moving the time derivatives outside of the volume integrals.
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Figure 11: Definition of control volume in 2 dimensional mesh (left [97]) and 3 dimensional
mesh (right [112])
This step is followed by the numerical algorithm in order to discretize the surface and
volume integrals. The former ones are discretized at integration points, which are located in
the middle of each surface element within an element. After that, they are distributed to the
connecting control volumes. The surface integrals are locally conservative. Thus, they are
equal and opposite for control volumes adjacent to the integration points. The volume
integrals are discretised inside each element sector and accumulated to the control volume
to which the sector belongs. After this step the integral equations can be written as: [97]
𝜌 − 𝜌0
𝑉(
) + ∑ 𝑚̇𝑖𝑝 = 0,
∆𝑡
𝑖𝑝

(3.30.)

𝜌𝑈𝑖 − 𝜌0 𝑈𝑖0
𝜕𝑈𝑖 𝜕𝑈𝑗
̅̅̅̅
𝑉(
) + ∑ 𝑚̇𝑖𝑝 (𝑈𝑖 )𝑖𝑝 = ∑ (𝑃∆𝑛𝑖 )𝑖𝑝 + ∑ (𝜇𝑒𝑓𝑓 (
+
) ∆𝑛𝑖 ) + 𝑆
𝑈𝑖 𝑉,
∆𝑡
𝜕𝑥𝑗 𝜕𝑥𝑖
𝑖𝑝
𝑖𝑝
𝑖𝑝
𝑖𝑝

𝑉(

𝜌𝜙 − 𝜌0 𝜙 0
𝛿𝜙
) + ∑ 𝑚̇𝑖𝑝 𝜙𝑖𝑝 = ∑ (Γ𝑒𝑓𝑓
∆𝑛 ) + ̅̅̅
𝑆𝜙 𝑉,
∆𝑡
𝛿𝑥𝑗 𝑗 𝑖𝑝
𝑖𝑝
𝑖𝑝

(3.31.)
(3.32.)

where the ip subscription marks for ‘integration point’, the mass flow rate is
𝑚̇𝑖𝑝 = (𝜌U𝑗 ∆𝑛𝑗 )𝑖𝑝 , in addition ∆𝑛𝑗 stands for the discrete outward surface vector, and 0
points out the old time level.
These equations are solved mostly with implicit, first or second order Backward Euler
method (latter one is preferred for transient accuracy). During the thesis, Ansys CFX
software has been used, which applies Multigrid accelerated Incomplete Lower Upper
factorisation technique in order to solve the linearized equations. This iterative solver
approaches the exact solution of the equations during several iterations. More information
about the theory of the used software are found in [97].
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4. Defining CFD Worthiness Number
Comparison of different RANS based CFD methods is not an exact problem, since
numerous variations are available to simulate the same flow conditions. Depending on what
kind of method is used, the computational requirements and accuracy can vary in a wide
range. A company has to be aware of the applied method’s requirement from the viewpoint
of engineering skills and knowledge, available man-hours, used hardware, software and its
features. Of course, these factors incorporates a cost (licenses, hardware, payments, involved
outsider professionals, infrastructure) which eventually determines whether the selected
method does worth to use it or not. During the investigations in this thesis, the different
methods were compared to each other both in accuracy and from the viewpoint of
computational requirements. Thus, the need for an independent, numerical number is arisen,
which can be fit to these kinds of problems and indicates the worthiness of the method.
So, CFD Worthiness Number (WCFD,i) has been defined in the frame of present thesis,
which incorporates the mesh cell number of the investigated model given in normal form,
𝑠)
𝑒 ),
resolved to the significant part (𝑁𝑚
and exponent (𝑁𝑚
the iteration number (Nit), which
is necessary to reach the convergence criteria, a correction factor (𝛽𝑔 ) to take into account
the quality of the mesh, the processor performance factor (𝜓𝑝 ) and finally the accuracy (𝜖𝑖 ),
which is given by the average relative error for the investigated model parameter (and 𝜋 is
only a weight in the equation). The CFD Worthiness Number is determined as follows:
𝑊𝐶𝐹𝐷,𝑖 =

𝑒
𝑁𝑚
𝑠
∗ 𝑙𝑛(𝑁𝑚
∗ 𝛽𝑔 ∗ 𝑁𝑖𝑡 ) ∗ 𝑒 𝜋𝜖𝑖
𝜓𝑝

(4.1.)

Neither of the parameters have dimensions, thus 𝑊𝐶𝐹𝐷,𝑖 is dimensionless:
-

𝑒]
𝑒
[𝑁𝑚
= ∅, e.g. if the cell number was 4.2*106, then 𝑁𝑚
= 6,
6
𝑠
𝑠
[𝑁𝑚 ] = ∅, e.g. if the cell number was 4.2*10 , then 𝑁𝑚 = 4.2,
[𝑁𝑖𝑡 ] = ∅,
[𝛽𝑔 ] = ∅, see its possible values later,

[𝜓𝑝 ] = ∅, see the calculation method later,
- [𝜖𝑖 ] = ∅; meaning 5% average relative error equals to 0.05.
As it can be seen, the value of 𝑊𝐶𝐹𝐷,𝑖 can various values, it cannot reach zero, since the
-

𝑒
𝑁𝑚

𝜓𝑝

component is always greater than 0, just like the logarithmic and exponent components.

The 𝑊𝐶𝐹𝐷,𝑖 should be as low as it is possible, in theory it can vary in the interval of [0; +∞[,
but within the realistic boundaries, its values can change from 10 to 45. In an ideal case,
when the simulation perfectly describes the reality, 𝑊𝐶𝐹𝐷,𝑖 converges to 0, depending the
cell number, processor performance factor and iteration number, since it would a reasonable
consideration that if the accuracy reaches 100%, then it worth every effort, but actually this
is far from the practice. That’s why theoretical minimum and maximum values could be
calculated, but practically the 𝑊𝐶𝐹𝐷,𝑖 = 10 ÷ 20 interval should be the basis, where the ideal
state is 10, the worst state is 20. So, in this section the point is to determine a 𝑊𝐶𝐹𝐷,𝑖 value,
which is accurate enough, but the simulation does not require unreal efforts.

32

To settle this value, I carried out a sensitivity analysis to figure out, how every factor
influences the worthiness number, but first let’s see what the different components
incorporate.
1. Mesh cell number (𝑁𝑚 ) incorporates the following information about:
- complexity of the geometry,
- dimensions – size of the flow field,
- turbulence-influencing parameters, such as maximum length scale, Kolmogorov
scale, y+, Reynolds number, boundary layers,
- allocable memory size.
𝑠)
The mesh cell number’s normal form contain the significant part (𝑁𝑚
and exponent
𝑒
(𝑁𝑚 ), from which the significant part is in the logarithmic component, while the
exponent part (which has the bigger role in the computational requirement) takes
place outside as a multiplier.
𝑠
𝑒
The two values can vary as: 𝑁𝑚
= 1.0 ÷ 9.9, while in practical solutions 𝑁𝑚
= 3÷
12. In the latter case, below 1000 cell elements there is no really point to investigate
whether the given method worth it or not, while above 1000 trillion elements there
𝑒
is no point to apply the method (actually 1 trillion element, so 𝑁𝑚,𝑚𝑎𝑥
= 9 was
completely enough for practical problems, 12 is only to establish the theory).
2. The processor performance factor (𝜓𝑝 ) demonstrates:
- performance of the processor (frequency, core number),
- type and efficiency of the solver - discretization and solution of the governing
equations,
- number of useable cores (paid license, number of cores).
The factor can be calculated as the following:
𝜔𝑝 [𝑀𝐻𝑧]
𝜓𝑝 = 𝜔𝑓 ∗ √𝑛𝑐 =
∗ √𝑛𝑐
(4.2.)
3000 [𝑀𝐻𝑧]
ωf is the processor’s frequency ratio, which is a comparison of the applied
computer’s processor (ωp ) to a baseline 3000 MHz basic processor frequency; and
nc is the number of useable cores (the number of total cores can be reduced by the
paid license, the solver’s algorithms, overheat, etc.). The square of core numbers is
taken, since the higher the core number, the more problematic to allocate them all,
in this case the solver has to deal with the core-distribution management also.
So, if the company would own a super computer or cluster, however the cell number
was still relevant, but the worthiness of the given process (by applying more useable
cores) was significantly better. A computer with 2 cores which can run at 3000
MHz 𝜓𝑝 = 2, while a cluster with 500 allocable cores, which each can ran at 4500
MHz, 𝜓𝑝 = 750. Recently available processors have: 𝜔𝑝 = 0.5 ÷ 1.8, while 𝑛𝑐
depends on the number of available computers, processors and paid licenses. This
way 𝜓𝑝 can vary between 1 and 50, values below and above are unrealistic.
3. Iteration Number (𝑁𝑖𝑡 ) contains information about:
- convergence characteristics of residuals,
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-

convergence characteristics of imbalances,
correctness of boundary conditions and initial boundary conditions,
existence of perturbations or other phenomena (e.g.: rotating domain – nonrotating domain interface or additional sources).
The minimum and maximum iteration number practically varies between 50 and
50,000. Below 50 iteration steps, in the most cases, there is no point to run a CFD
simulations, because the imbalances and convergence criteria would probably not
reached, while over 50,000 iteration steps we are talking about research type
simulations, which has a lot of benefits, but for an industrial application this effort
is not remunerative.
4. Correction factor (𝛽𝑔 ) takes into consideration the quality of the mesh (number of poor
elements; type of cell elements – hexa or tetra)
The possible values of 𝛽𝑔 is summarised in Table 2.
Mesh quality

𝜷𝒈 [−]

Simple, hexa mesh

0.9

Complex, structured hexa mesh with boundary layers and
minimal poor elements

0.95

Simple mesh made from tetra elements

1

Complex mesh, made from tetra cells, with minimal poor
elements and boundary layers

1.1

Simple, hybrid mesh

1.05

Complex hybrid mesh with minimal poor elements and
boundary layers

1.15

Table 2: Correction factor values (𝛽𝑔 ) for different mesh types
5. Accuracy – average relative error (𝜖𝑖 ) represent the correctness of:
- the applied numerical scheme and discretisation techniques,
- the used physical settings
- the material properties,
- the boundary conditions and
- the input data (calculated and experimental data).
However, the accuracy is in the exponent of the equation (4.1), thuswise it increases
the 𝑊𝐶𝐹𝐷,𝑖 value in magnitudes; it is recommended to apply a range for the argument.
The accuracy should be: 𝜖𝑖 =]0; 0.05] – the 100% accurate model was the optimal
solution, but the effort does not worth it, while the average relative error above 5%
is not acceptable.

Sensitivity analysis
Although, 𝑊𝐶𝐹𝐷,𝑖 does not have upper limit, because of the described practical limits, it
cannot reach infinitely high values, or zero. In order to investigate how the number reacts to
the change of any of the parameters, a sensitivity analysis had to be completed. By
determining the partial derivatives we get:
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𝜕𝑊𝐶𝐹𝐷,𝑖 𝑒 𝜋∈𝑖
𝑠
=
∗ 𝑙𝑛(𝑁𝑚
∗ 𝛽𝑔 ∗ 𝑁𝑖𝑡 )
𝑒
𝜕𝑁𝑚
𝜓𝑝

(4.3.)

𝑒
𝜕𝑊𝐶𝐹𝐷,𝑖 𝑁𝑚
∗ 𝑒 𝜋∈𝑖 1
=
∗ 𝑠
𝑠
𝜕𝑁𝑚
𝜓𝑝
𝑁𝑚

(4.4.)

𝑒
𝜕𝑊𝐶𝐹𝐷,𝑖 𝑁𝑚
∗ 𝑒 𝜋∈𝑖 1
=
∗
𝜕𝑁𝑖𝑡
𝜓𝑝
𝑁𝑖𝑡

(4.5.)

𝑒
𝜕𝑊𝐶𝐹𝐷,𝑖 𝑁𝑚
𝑠
=
∗ 𝑙𝑛(𝑁𝑚
∗ 𝛽𝑔 ∗ 𝑁𝑖𝑡 ) ∗ 𝜋𝑒 𝜋∈𝑖
𝜕𝜖𝑖
𝜓𝑝

(4.6.)

With the defined limits, neither of these equations can be equal to zero, since there is no
direct minimum point.
𝑒
In equation (4.3.) 𝑁𝑚
falls out in the derivation process, so this equation varies only
depending on the values of the rest of the components. The minimum value of the first
derivative (theoretically) is 0.31, while the maximum value is 3.81.

In equation (4.4.) and (4.5.) the derivatives have hyperbolic form, and regarding to the
arguments of the respective parameters, they also have minimum and maximum values, but
not global minimum or maximum locations. Equation (4.4.) changes from 0.0023 to 3, while
equation (4.5.) varies between 4.68*10-7 and 0.06.
The most interesting parameter is the accuracy, but since it was stated that it should not
be worse than 5% average relative error for a given parameter, this equation is also limited
between 0.98 and 35.88.
As a result, it can be stated, that the exponent of the mesh cell number, the number of
allocable processor cores and accuracy have the most dominant effect on the CFD
Worthiness Number, but the significant of mesh number, mesh quality, processors’ operation
frequency and iteration number is also relevant, and the developed dimensionless number is
capable to demonstrate the resource-requirements of the investigated CFD method.
By selecting an already known simulation method, and in the possession of the geometry,
and the necessary experiment in CFD modelling, this number can be estimated because it
consist only predictable parameters. If the estimated CFD Worthiness Number is
significantly lower than 20, it can be concluded that the applied method is affordable for the
given company. Above 20, however the selected method can be really accurate, the efforts
required to run the simulation and get the results would be too high, and probably not
affordable.
By going through several possibilities, where different scenarios have been compared to
each other, it can be stated that for a small company with limited resources both in manhours, in experience or knowledge, and in computational effort, for earlier stage
development processes those CFD simulation processes should be applied, which has lower
CFD Worthiness Number than 20:
𝑊𝐶𝐹𝐷 ≦ 20

(4.7.)

As it was mentioned earlier, the CFD Worthiness Number theoretically can vary between
0 and ∞, practically a lot of factors will limit its value. Let’s suppose a CFD “simulation”,
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which consists only one cell and runs for 2 iteration steps (1 step is not an iteration), on 500
allocable CPU cores, which operate at 5000 MHz (available maximum processor speed at
the moment), the CFD Worthiness Number is 0.019. Of course, this situation is not lifelike,
in most cases the CFD Worthiness Number varies between 10 and 45, to reach lower or
higher values extreme simulation cases are required. The applicable region is below 20,
where if it is closer lower than 15, the computational requirements are minimal (an notebook
or ultrabook can handle the simulation), while if 15 ≦ 𝑊𝐶𝐹𝐷 ≦ 20, it needs a stronger
Personal Computer (PC) or workstation. Over 20, the simulation needs a high performance
hardware and also it has significant time demand. So, these problems should be taken into
consideration in R&D problems, but for small aerospace companies during development it
generally not worth to apply. Concrete examples are introduced in the latter chapters of this
dissertation.
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5. Fast and Efficient Simulation of the Propeller Effect on
the Airflow
Due to the relatively low costs of different CFD methods compared to the experimental
investigations, it is worth that they can be applied in a wide range of engineering coverage as it is observable today in the state of the publications at different length scales: [113-115].
The goal of the present thesis is to prepare such methods that can reduce the computational
requirements of particular but consistent problems providing low cost and fast solutions to
the early aircraft development stages. The first examined problem is the behaviour of the
propeller-driven airflow. The simulation of the airflow adjacent to a propeller/rotor blades
is not new-fangled since CFD approaches are highly capable of investigating the airflow
around rotor blades – or even to determine accurate propeller aerodynamics [116], or even
the load distribution on the rotors [117].
The goal of the recent section is to establish a RANS based (due to its reduced
computational demand compared to Large Eddy Simulations), cost effective Actuator Disk
Model (ADM), which is capable of providing general, fast and accurate results in the preand serial development phases of a new product by replacing several experimental results.
The actuator disk method originates from the pioneering work of Rankine [118] and Froude
[119], and it still constitutes, in conjunction with the blade element theory, the most used
analysis and design tool for aircraft propellers and wind turbines. A landmark review on this
matter stems from Glauert [120]. Wu [121] gives the exact and implicit solution of the flow
through a generalised actuator disk. Conway [122] introduced the Wu's solution explicitly
through a semi-analytical procedure, which has been later extended by Bontempo and Manna
[123, 124] to ducted rotors with or without an axisymmetric hub of general shape. To reduce
the computational cost related to the simulation of a geometrically resolved rotor, an actuator
disk is often introduced in CFD codes.
The actuator disc method is already a well-determined concept, several papers and articles
have been published to present different applications. One of the most significant fields is
the modelling of airflow adjacent to the wind turbine propellers as represented by the
following papers. An improved ADM was developed by Costa Gomes, Palma and Silva
Lopes [125]. The ADM was applied by porous cells for wake modelling purposes in the
publication of Gravdahl, Crasto, Castellani and Piccioni [126].
Regarding the aeronautical applications, Yu, Samant and Rubbert [127] developed a Euler
solver for predicting flow field for propfan configuration by using the actuator disc method.
Although the theory behind the specification of the downstream disc surface boundary
conditions is based on the total pressure, total temperature and flow angles, the method
provided is rather code-dependent; it is difficult to generalise due to the extrapolation of the
velocity from the computational domain. In other counterparts of the aerospace applications,
this is still a particularly important investigation field, especially for helicopters, hoover or
tilt-rotor applications, like the following relevant examples show: Le Chuiton [128],
Visingardi, Khier and Decours [129], Conlisk [130], Farrokhfal and Pishevar [131], or Wald
[116]. Lenfers [132] performed publications in the design process on turboprop engine rotor,
and Jeromin, Bentamy and Schaffarczyk [117] completed a rotor analyses in wind tunnel.
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As Coton, Marshall, Galbraith and Green have discussed the interaction of rotor, and an
object nearby has been a subject for less than 30 years [133], and most studies focus on the
solution. Indeed, within the frame of the present thesis, the novel actuator disk model has
been developed with such boundary conditions that make it possible to investigate the effect
of a nearby object on the propeller efficiency in general. The need for such a solution is
required, as the actuator disk model generates a uniform induced velocity at the rotor disk
[122], which is a constant boundary condition regardless of the environmental objects and
distributions. Because of this, it is also worth mentioning, that there is a different way in
which the source terms are applied to the actuator disk surface imparting impulse and energy
to the fluid like Le Chuiton published [128]. However, the generalisation and thus the control
of this approach on the blockage in the flow field, for example, is not always possible and
rather complicated in comparison with the presently applied procedure.

5.1. Description of Applied Methods
The governing equations in the present CFD simulations are the Navier-Stokes equations
(together with mass and energy conservation laws) due to the Knudsen number below 0.01
within the framework of the ANSYS CFX. The considered system of the nonlinear partial
differential equation in their conservative form is valid for:
-

both laminar and turbulent flows,
a compressible one component ideal gases in a steady state inertial system,
a homogeneous isotropic material, in which the frictional processes are taken into
account together with no potential field, such as gravity or magnetic forces for example
except for the rotating domain, where the inertial forces and their effects are considered
and with the assumption of no sources or sinks being available.

To avoid the uncertainty, coming from the turbulent fluctuation while preserving the
description of its effect from a momentum transfer and energetics point of view, the
corresponding parameters are Reynolds averaged. Following the Boussinesq hypothesis
based eddy viscosity approach for modelling the components of Reynolds stress tensor, SST
(Shear Stress Transport) turbulence model is used in all investigated cases. It combines the
advantages of the k-ω and k-ε models. Blending functions control the usage of a k-ω
formulation in the inner parts of the boundary layer making the model directly usable all the
way down to the wall through the viscous sub-layer. The SST formulation switches to the kε behaviour by the blending function in the free-stream and thereby avoids the common k-ω
problem that the model is too sensitive to the free-stream value of the turbulence variables
(in particular ω). A further distinction of the SST turbulence model is the modified
turbulence eddy-viscosity function. The purpose is to improve the accuracy of prediction of
flows with strong adverse pressure gradients and pressure-induced boundary layer
separation. The modification accounts for the transport of the turbulent shear stress, which
is based on Bradshaw's assumption that the principal shear stress is proportional to the
turbulent kinetic energy. [76]

5.1.1. Rotating Domain Model
One of the applied models is the RDM. The base of this approach is that the propeller
blades with the hub and the adjacent fluid domain rotate with the angular velocity of the
turboprop. This model is considered the most accurate one, but in order to simulate the wall
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boundary effect correctly, a fine mesh is necessary, which significantly increases the
computational time and performance demand.
Because the fluid also rotates together with the rotating blades with a constant angular
velocity, additional components are required in the governing equations. The effects of
centrifugal force and Coriolis force are included in the momentum equation with the
following sources: [97]
𝑆𝑀,𝑟𝑜𝑡 = 𝑆𝐶𝑜𝑟 + 𝑆𝑐𝑓𝑔 = −2𝜌Ω × 𝑈 − 𝜌Ω × (Ω × 𝑟).

(5.1.)

In the energy equation, the advection of the enthalpy has to be replaced by the advection
of rothalpy (𝐼) in the following form: [97]
1
1 2
𝐼 = ℎ + 𝑈2 − Ω 𝑟 2.
2
2

(5.2.)

5.1.2. Schmitz Method for the Actuator Disk Model (ADM)
The output of the present calculation is the required power of the propeller and the
distribution of the induced velocities. The condition of the calculation is that the given power
be equal to the calculated power at the belonging blade setting. The results of the present
propeller analyses are used for the boundary conditions of the CFD analysis in the ADMs
models. The swirling effect of the propeller is simulated by adopting the actuator disc model
based on the Schmitz method. This model deals with the aerodynamic forces created by the
airflow around the propeller blade elements. The calculation uses the combined Blade
Element and Momentum Theory [130]. The mathematical model has the following input
data:






air density and temperature (depends on the flight altitude, based on International
Standard Atmosphere data; ρ = 0.9048 kg/m3, T = 268.4 K);
the free stream (flight) velocity of the aircraft (112 m/s);
diameter and RPM (Rotation Per Minute) of the propeller (2.08 m and 1950 RPM);
blade number (4 pcs.), blade profile, chord, and the relative blade thickness at 75 %
of the blade length;
𝑐𝐿𝛼 and 𝑐𝐷𝛼 (angle of attack dependent lift and drag coefficients) curves of the profile
NACA 4412.

The aerodynamic forces and velocity triangles are illustrated in Figure 12. The induced
velocity in the “lift” direction is marked as 𝑣𝐿 , while the induced velocity in the “drag”
direction is marked as 𝑢𝐷 .

Figure 12: Velocity and force components at a blade element [134]
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The resultant relative velocity of the profile (𝑊) is expressed by the relative velocity
constructed by peripheral and flight speed and induced velocity in the direction of drag:
[134]
𝑊 = 𝑊0 cos(𝜑 − 𝜑0 ) − 𝑢𝐷 .

(5.3.)

Based on Figure 12 notations, the elementary drag force (𝑑𝐷) and lift force (𝑑𝐿) can be
expressed by impulse theory from which the first and second connection equations between
the blade-element and momentum theory can be expressed on the two sides of the right
equation signals: [134]
𝜌
(5.4.)
𝑑𝐷 = 𝑑𝑚̇(2𝑢𝐷 ) = 𝜌(2𝜋𝑟𝑑𝑟)𝑊 sin 𝜑 (2𝑢𝐷 ) = 𝐵𝑐𝐷 𝑊 2 𝑐 𝑑𝑟,
2
𝜌
(5.5.)
𝑑𝐿 = 𝑑𝑚̇(2𝑢𝐿 ) = 𝜌(2𝜋𝑟𝑑𝑟)𝑊 sin 𝜑 (2𝑣𝐿 ) = 𝐵𝑐𝐿 𝑊 2 𝑐 𝑑𝑟.
2
Based on the connection equations, the induced velocity components are the followings:
[134]
𝐵𝑐

𝑐

𝑢𝐷 = 8𝜋𝑟 sin𝐷𝜑 𝑊 and 𝑣𝐿 = 𝑊0 𝑠𝑖𝑛(𝜑 − 𝜑0 ),

(5.6.)

where c is the chord length and B is the number of blades. By combining equation (5.6.)
and (5.3.), the base resultant velocity is: [134]
8𝜋𝑟
𝑊
𝐵𝑐 sin 𝜑 + 𝑐𝐷 .
(5.7.)
𝑊0 =
cos(𝜑 − 𝜑0 ) 8𝜋𝑟 sin 𝜑
𝐵𝑐
By substituting equation (5.7.) to equation (5.5.) (with replacing 𝑣𝐿 by (5.6.)) one gets:
8𝜋𝑟
𝑊
𝐵𝑐 sin 𝜑 + 𝑐𝐷 sin(𝜑 − 𝜑 )] = 𝑊 𝐵𝑐𝑐 .
2𝜋𝑟 sin 𝜑 [2
0
𝐿
cos(𝜑 − 𝜑0 ) 8𝜋𝑟 sin 𝜑
2
𝐵𝑐
After simplifying equation (5.8), it can be written as:
8𝜋𝑟
sin 𝜑 + 𝑐𝑐𝐷 ] tan(𝜑 − 𝜑0 ) = 0,
𝐵
from that, by dividing c we get:
𝑐𝑐𝐿 − [

(5.8.)

(5.9.)

4
(5.10.)
𝑐𝐿 − [ sin 𝜑 + 𝑐𝐷 ] tan(𝜑 − 𝜑0 ) = 0,
𝜎
which is the base equation of the calculations. If the solutions (𝜑, 𝑐𝐿 , 𝑐𝐷 ) were substituted
in (5.10.) the expression becomes 0. But, if different values are used than the solutions, there
would be a non-zero residuum ℜ as found below:
4
(5.11.)
𝑐𝐿 − [ sin 𝜑 + 𝑐𝐷 ] tan(𝜑 − 𝜑0 ) = ℜ.
𝜎
(5.11.) is a non-linear equation for 𝜑, 𝑐𝐿 , 𝑐𝐷 , which are dependent variables of each other.
Thus the numerical calculation can be achieved by using Newton iteration to find the value
𝜑 (and then 𝑐𝐿 and 𝑐𝐷 can be calculated by 𝑐𝐿 − 𝜑 and 𝑐𝐷 − 𝜑 plots): [134]
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𝜑𝑁𝐸𝑊 = 𝜑𝑂𝐿𝐷 −

ℛ
,
𝜕ℜ
𝜕𝜑

(5.12.)

where the derivative of the residuum ℜ is: [134]
𝜕ℜ 𝜕𝑐𝐿
4
𝜕𝑐𝐷
4
=
− [ cos 𝜑 +
] tan(𝜑 − 𝜑0 ) − [ sin 𝜑 + 𝑐𝐷 ] [1 + tan(𝜑 − 𝜑0 )2 ].
𝜕𝜑 𝜕𝜑
𝜎
𝜕𝜑
𝜎

(5.13.)

The tip of the rotor does not produce lift force, and as a result of the induced velocity also
becomes zero. Thus, the iteration method cannot be applied in the rotor-tip. Furthermore, the
velocity-triangle also changes, since 𝜑0 = 0 = 𝜑2 . So 𝑊0 and 𝛼 can be expressed as: [134]
𝑉

𝑊 + 𝑢𝐷 = 𝑊0 and 𝛼 = 𝛽 − tan−1 (Ω𝑟).

(5.14.)

Then, it is assumed that lift force is not generated in the rotor tip, but drag force is, and the
drag coefficient of the rotor-tip profile is the drag coefficient belonging to the geometric
angle of attack and can be selected from the profile’s characteristics. So, by using equation
(5.6.), the induced velocity in the direction of the drag force is: [134]
𝐵𝑐

𝑐𝐷

𝑢𝐷 = 8𝜋𝑟 sin 𝜑 𝑊 and 𝑊 = 𝑊0 − 𝑢𝐷 ⟹ 𝑢𝐷 =

𝐵 𝑐 𝑐𝐷
𝑊
8𝜋𝑟sin 𝜑0 0
𝐵 𝑐 𝑐𝐷
(1+
)
8𝜋𝑟sin 𝜑0

.

(5.15.)

The induced velocities in axial and tangential direction can be calculated, if 𝑣𝐿 and 𝑢𝐷 are
determined: [134]
𝑣 = 𝑣𝐿 cos 𝜑 − 𝑢𝐷 sin 𝜑 and 𝑢 = 𝑣𝐿 sin 𝜑 + 𝑢𝐷 cos 𝜑.

(5.16.)

The tangential and axial velocity components determine the direction of the vector to each
point of the radius: by normalising the vectors the direction components can be calculated
from which a function can be created, where the variable is the radius (distance from the
rotation axis). In the axial case, the cruise speed has to be taken into consideration.
The effect of the rotor is simulated in two ways in the recent dissertation: by inserting
momentum sources into a subdomain and by applying boundary conditions. In the former
case, the forces are calculated as it follows: the imposed power of the rotor on the incoming
airflow is equal to the useful performance, the performance needed to speed up the propeller
stream and the performance required to rotate the stream, as the next equation shows: [134]
𝑑𝑀Ω = 𝑑𝑇𝑉 + 𝑑𝑇𝑣 + 𝑑𝑀𝜔,

(5.17.)

where 𝜔 marks the angular velocity of the air stream. By redistributing equation (5.17.)
the torque can be calculated by the angular momentum theory, while the force can be
determined by the momentum theory: [134]
𝑑𝑀 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌𝑟2𝑢 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌𝑟 2 2𝜔,
𝑑𝑇 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌2𝑣.

(5.18.)

The equality can be expressed as follows:
2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌𝑟 2 2𝜔(Ω − ω) = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌2𝑣(𝑉 + 𝑣)

(5.19.)

The axial and tangential force components of the rotor can be determined with applying
the blade element theory, according to which the lift force (dL) is normal to the resultant
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velocity of the blade element and drag force (dD) is parallel with that. The resultant force
(dR) is the vectorial sum of these forces, which is distributed to axial (dT) and tangential
component (dQ). Assuming known lift and drag coefficients (𝑐𝐿 and 𝑐𝐷 ), the components
can be expressed in the following form: [134]
𝜌
(5.20.)
𝑑𝑇 = 𝐵 𝑊 2 𝑐(𝑐𝐿 cos 𝜑 − 𝑐𝐷 sin 𝜑)𝑑𝑟,
2
𝜌
(5.21.)
𝑑𝑄 = 𝐵 𝑊 2 𝑐(𝑐𝐿 cos 𝜑 + 𝑐𝐷 sin 𝜑)𝑑𝑟.
2
The connection between the air force coefficients, induced velocities and the
characteristics of the geometry is given by the general momentum theory, which combines
equation (5.18.), (5.19.), (5.20.) and (5.21.) So the axial and tangential components of the
resultant force are given by the following expressions:
𝜌
(5.22.)
𝑑𝑇 = 𝐵 𝑊 2 𝑐(𝑐𝐿 cos 𝜑 − 𝑐𝐷 sin 𝜑)𝑑𝑟 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌2𝑣,
2
𝜌
(5.23.)
𝑑𝑄 = 𝐵 𝑊 2 𝑐(𝑐𝐿 cos 𝜑 + 𝑐𝐷 sin 𝜑)𝑑𝑟 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)𝜌2𝑢.
2
These equations describe the volume force distribution, which can be implanted into the
CFD software as momentum source distribution.
If the effect of the rotor was considered as a boundary condition, the computation of 𝑣 and
𝑢 requires additional calculations. In general, at the inlet boundary conditions, the static
pressure is extrapolated from the internal flow domain, and the missing parameters are given
by the specified (imposed) physical parameters or calculated by the basic thermodynamic
equations, which are the followings:
𝑉𝑒𝑙
𝑎
𝜅−1 2
= 𝑇𝑠𝑡 (1 +
𝑀 )
2
𝑀=

𝑇𝑡𝑜𝑡

(5.24.)
(5.25.)

𝜅

𝑝𝑡𝑜𝑡

𝜅 − 1 2 𝜅−1
= 𝑝𝑠𝑡 (1 +
𝑀 )
2

(5.26.)

𝜅

𝑝𝑡𝑜𝑡
𝑇𝑡𝑜𝑡𝑎𝑙 𝜅−1
=(
)
𝑝𝑠𝑡
𝑇𝑠𝑡𝑎𝑡𝑖𝑐

(5.27.)

where a is the speed of sound, Vel is the flow velocity.
If the static temperature and the velocity vector components in axial: 2𝑣 + 𝑉 and
tangential: 2𝑢 directions are imposed as physical boundary conditions, and the static
pressure is extrapolated from the interior, the Mach number, the total temperature and the
total pressure can be calculated by equation (5.24.), (5.25) and (5.26.), respectively. So, if
there is an object downstream of the propeller, which modifies the local flow conditions:
e.g.: decrease the velocity due to the blockage, it will be not considered, because the total
pressure will be determined according to the higher static pressure before the object and the
expected velocity at the propeller exit plane, which does not “see” the blockage behind the
propeller. Hence, the total pressure will be higher than it is expected; higher total pressure
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will be available to be able to push the flow with the expected velocity magnitude into the
computational domain, against the blockage, than it would be realistic.
In order to overcome the situation described above, a slightly different approach is
introduced for specifying the boundary conditions. The density is supposed to be constant
within an infinitesimal volume of the fluid that moves with the flow velocity, so the flow is
considered be incompressible. Hence, the absolute total pressure distribution along the radius
is calculated from the induced speeds and flight velocity (V) with the following equation:
𝜌
(5.28.)
𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝 + [(2𝑣 + 𝑉)2 + (2𝑢)2 ].
2
where p and 𝜌 is the static pressure and density at far field condition, V is the flight speed
and v and u are the induced speeds by the propeller. (In this case it is well visible, that any
increment in the static pressure due to the blockage behind the inlet plane, the incoming flow
velocity will decrease to be the total pressure constant, as it is the case in the reality). Here
the mentioned total pressure, the flow angle (angle between the 2𝑣 + 𝑉 and 2𝑢) and the
static temperature is given as physical boundary conditions. The static pressure is
extrapolated from the internal flow field. The total temperature is calculated by equation
(5.27.). The Mach number and the velocity are determined by equations (5.25.) and (5.24.).
As the static pressure is increased due to the blockage, but the total pressure and static
temperature are not changed, so the total temperature should slightly decrease according to
equation (5.27.). If the total temperature is slightly decreased, the Mach number and so the
velocity (Vel) will decrease also according to equation (5.25.) and (5.24.).
So to sum up the main point: the effect of the propeller is simulated by inserting total
pressure values downstream of the propeller as an inlet boundary condition in the function
of the radius, together with the direction of the entering airflow with the static temperature,
and with static pressure. These two latter parameters are determined by the flight altitude
according to ISA (International Standard Atmosphere). [135]

5.2. Validation Process of the Methods [136]
To apply the ADM to an actual engineering problem, both the rotating domain and ADM
have been validated. This chapter introduces the validation of two computational approaches
which calculate the thermo- and fluid dynamics parameters of a propeller. The goal is to
determine the most economical approach using computational efforts with the required
accuracy. The validation process consists of two main parts as the Near Wake Analyses and
the RPM Sweep Analyses. The geometry of the simulation is based on an experimental
propeller, which was provided by the Delft University of Technology within the framework
of the ESPOSA project. Commissioning tests were also performed in a wind tunnel by the
partner institution to determine the experimental data to be used in the validation of
measured parameters. [137] If the deviation between the computed and measured results was
less than 5 %, the method with the same settings could be used in flow simulations over any
aircraft propelled by turboprop engine at similar operational conditions.
Three computational methods have been investigated, namely the Schmitz method, the
rotating domain and the actuator disc CFD computational approaches. The results of the
three simulation methods have been compared to the experimental data: the velocity
components (in 3 dimensional Cartesian coordinate system) and pressure (both static and
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total) distributions have been exported along a predefined plane, located 56 mm downstream
of the investigated propeller plane (location of the sensors during the experiments). The
purpose of this statement is to develop an accurate method to a stationary or quasi-stationary
state (see Figure 13 upper section). The results have been investigated in one operation
mode, where the advance ratio was 1

Figure 13: The validation chain [138]
From the three methods, the rotating domain method is considered to be the most accurate
one since it use the real geometry of the propeller. However, due to the detailed geometry
and the required high cell number, this method is the most computationally cost-demanding.
The blades are included in a virtually rotated bounding flow domain where the highly
variable length scales demand a smooth mesh and inflation layer. The actuator disk
simulation does not incorporate the propeller’s geometry in the flow field, only its effect is
considered by applying inlet and outlet boundary conditions, whose physical properties –
boundary conditions are provided by the Schmitz method.
The mesh structures, prepared for the validation method, consisted of both tetra and hexa
elements in order to decrease the computation time demand but provide the expected
accuracy level. Mesh sensitivity analysis has been completed to prove the meshindependency of the results and the sufficiency of the hybrid mesh [139]. Moreover, during
the validation, the effect of an unstructured (full tetra) mesh has also been investigated in the
case of rotating domain in the quantitative comparison cases.
The evaluation is divided into two sections: the qualitative and quantitative comparison of
the measured data: first the velocity vector Cartesian components have been illustrated using
contour plots, and then the static and total pressure distribution has been investigated. The
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relative cumulative error is determined for having exact information about the deviation
from the measured data.
The global verification and validation process is illustrated in Figure 13. The scope of the
process is to investigate the effect of different mesh configurations, computational
approaches and settings for the results and compare that with the measured data since the
different scenarios have different accuracy and different computational costs. Thus, one of
the most important outputs is the least computational requirement demand together with an
acceptable accuracy. During the predesign process of an aircraft, it is essential to save time
with applying the best sizing techniques, which can incorporate the airflow behaviour around
the aircraft fuselages since the necessary computer aided technology is already available.
Also, such a method can be applied to a more complex geometry, like the BE2 tractor
configuration of the ESPOSA project (see the left bottom side of Figure 13). [140, 141]
To increase the reliability of the simulation methods, wider RPM intervals were also
simulated corresponding to different operation modes of the propeller. The analysed
parameters are calculated at different advance ratio values from 0.574 to 0.987. Five
simulation cases have been performed using the rotating domain method with a hybrid mesh
and same boundary and operation conditions in order to determine the trust, torque, thrust
coefficients, torque coefficients and propeller efficiencies. [142] The computed results can
be compared in a qualitative manner to the experimental data. More information about the
validation process can be found in Annex 1.

5.3. The Adaption of the Investigated Actuator Disc Method for
a real Aircraft Propeller CFD Analyses
The goal of the ESPOSA project was to provide design methods for small aircraft
manufacturers by implementing new approaches or coupling already well-established
methods. Since this work has been performed during the project, no experimental data were
available for the behaviour of the actual configuration. However, in a separate investigation
for validation purposes show that the rotating domain method can provide results within 5%,
so, this method has been used later as baseline model. The actuator disc method provided
induced velocities have been calculated, from which the relative total pressure increments
have been set on the actuator disc surface.
The investigated aircraft is a high-wing, twin-engine, turboprop, and multi-purpose
aircraft for transportation of passengers and/or cargo designed and produced by a partner
company. [143] The nose landing gear of the aircraft is retractable; tail unit is T-shaped.
Nine passengers can be transported in the unpressurized cabin with two crew members. Type
AVIA tractor propellers are installed on the engines. The propellers have four blades, made
from aluminium alloy and can be hydraulically actuated with the single acting regulation of
constant rotational speed, feathering and reversing with the possibility of rotating speed and
phase synchronisation. The propeller blades are set to low pitch by pressurised engine oil, to
the high-pitch by a spring and counter-balances on the blades. The propeller is equipped with
the electrical de-icing system. [143]
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5.3.1. Introduction to the Geometry of the Aircraft Configuration
The 3-dimensional CAD (Computer Aided Design) model of the analysed configuration
has been provided with a partner institute. To reduce the computation power-requirements
only one symmetric half of the aircraft was investigated without the fuselage. Downstream
of the rotor, at the lower section of the nacelle, there is the air duct inlet which is equipped
with a particle and ice separator device. The separated particles are drawn through the
sidewall duct outlets overboard. Upstream of the gas turbine section there is a static inlet
guide vane air intake device, and downstream of the gas turbine the exhaust pipe, where the
hot gas leaves the engine. At the bottom of the nacelle a cross-flow, oil-to-air type heat
exchanger cools down the engine oil, which uses ambient ram airflow.
Even with this reduced geometry, the complexity of the CAD model was still too high, so
some additional parts have been neglected or simplified. The rotors for the RDM and ADM
have been handled in two different ways (see Figure 14):
 for the RDM all four rotor blades have been kept, and a cylinder was applied to them,
 for the ADM with momentum sources (ADMv1 and ADMv2) the same cylinder has been
built up but with full flow field inside at the propeller also, which has been divided to 10
equally thick rings (10 subdomains), which contain fluid domain (the momentums
sources are defined in the subdomains),
 for the ADM with boundary conditions (ADMv3) inside the same cylinder everything
has been removed, and the plane surfaces of the cylinder have been divided into 10 annuli,
where the boundary conditions are set.

Figure 14: The original geometry [143] and simplified models for the two simulation cases
In order to minimise the time demand and complexity of the discretization process, the
mesh has been built up using tetrahedron elements. 3D volume meshes with boundary layer
subdivisions have been generated for the all domains of all versions to be investigated.
Regarding the flow parameters with high gradients, local mesh-refinement was applied and
inflation layers provided the necessarily low y+ values, to be below 300 depends on the
Reynolds number. [97] The global number of elements for RDM was 19,065,034, for
ADMv1 and ADMv2 was 16.102.003, finally for ADMv3 the cell number was 13,428,609.
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5.3.2. Setups of the Simulation Cases and Common Boundary
Conditions
The solution of the non-linear partial differential equations in discretised form requires
additional definitions. The material of the flow domains was air as an ideal gas (γ = 1.4 and
R = 287.058 J/(kg K). The reference pressure of the domains has been calculated by the
cruise altitude of the aircraft (3048 m) and ISA (International Standard Atmosphere), and
set to 69682 Pa. [135] The effect of gravity is negligible in this case, but the viscous work
term has to be considered within the total energy equation during modelling the heat transfer.
Since there was no experience before about the best fitted turbulence model for the
investigated problem, Shear Stress Transport (SST) turbulence model has been used for the
closure and 5 % inlet turbulent intensity has been applied in each case. [97]

Figure 15: Boundary conditions on the main airflow domain
The flow area was separated to 3 or 4 individual domains. In the case of RDM four
domains, for the ADMv1 and ADMv2 four and for ADMv3 three domains have been
defined.
Main flow
The main airflow contains the bounding surfaces of the flow field, the shape of the wing,
engine nacelle, nosecone, oil cooler, its intake and outlet and the cylindrical surfaces, which
includes the propeller and the engine exhaust surface represents the hot exhaust gas inlet into
the main airflow. The main flow boundary condition settings are illustrated in Figure 15. 112
m/s cruise speed of the aircraft with 268.4 K static temperature has been set as an inlet
boundary condition. 0 Pa relative pressure has been imposed on the outlet surface. Symmetry
boundary condition has been applied to the inner boundary surface, which makes possible
to simplify the model: this boundary condition essentially acts as a frictionless wall. On the
top, side face and bottom of the flow field “opening” boundary condition has been set with
entrainment mass and momentum option and 0 Pa opening pressure. [129] This approach
allows undisturbed inflow and outflow depending on the total pressure of the fluid in the
computational domain and at the boundary. The engine exhaust surface has been represented
to simulate the hot exhaust gas inlet into the main airflow. The mass flow of this inlet has
been set equal to the engine intake outlet air and the fuel mass flow rate: 1.9759 kg/s and the
static temperature of the inflowing fluid has been set to 853.3 K, based on the manufacturer’s
data. [144]
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Heat Exchanger and Air Intake Duct
A local pressure drop is caused by the blockage of the heat exchanger in the main airflow;
thus, a local low-pressure zone is formed downstream of the oil cooler heat exchanger for
which purpose porous domain was used with the same volume as the heat exchanger. The
pressure drop curve in the function of the normal volume flow rate has been provided by the
manufacturer and has been used to determine the input parameters for the porous domain as
resistance and loss coefficient and volume porosity. This method is described in Chapter 7.
The role of the air intake duct is to collect air and forward it to the engine compressor unit
with the lowest possible pressure drop, flow uniformity; and if icing condition occurs, or it’s
raining, separate the ice (or simply dust) particles and water droplets from the airflow to
protect the compressor stage and the further part of the engine. During the investigation
process of ESPOSA project, the air duct optimisation was also the scope. Hence a separate
fluid domain has been created only for the air duct to determine the necessary parameters –
boundary conditions for the individual simulations. A general fluid to fluid interference
connection has been used between the air duct part and main airflow. At the outlet section
of the air duct (inlet of the compressor), the air demand of the engine has been imposed as a
constant mass flow rate of 1.9398 kg/s.
Propeller
1. The configuration of the RDM is the simplest: the same fluid model has to be applied,
as in the case of the main flow or for the air duct domain, but 1950 1/min constant rotational
speed has been defined around the components of the coordinate system corresponding to
the rotational axis of the propeller. The rotation caused rothalpy-increment generates the
thrust and torque by achieving pressure rise. Since this model has been validated already is
considered the baseline model (see Appendix 1.).
2. In the ADMv1 version, the thrust force, generated by the rotor, has been set as a
single momentum source to the rotor domain. In this case, only for comparison purposes,
the force was constant along the radius. This simulation case was executed only for
demonstration purposes.
3. In ADMv2 version, the Schmitz method provided axial and tangential force
distribution has been set to the subdomains, defined by the 10 equally thick rings. The ratio
of the axial and tangential forces determine the direction of the induced velocities.
4. In the ADMv3 case the total pressure, static temperature and flow direction have
been defined as physical boundary conditions in the downstream surface of the propeller
plane. The total pressure is in the function of the radius, constructed from the static far field
pressure and dynamic pressure, which is calculated by the ambient air density and local
velocity vector (see equation (5.28.)). In essence, if there were an object downstream of the
actuator disc, the RANS solver would create the corresponding flow field, compatible with
those conditions. In this particular case to reduce computational demands, the plane surfaces
have been divided into 10 annular sections, and the average total pressure has been calculated
for each annulus with 1/3 Simpson’s method. The directions of the entering airflow are
determined by the induced velocity components, and flight speed, which are the followings
in cylindrical coordinate system:
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𝑛𝑟 (𝑟) =

𝑢(𝑟) 𝑠𝑖𝑛(𝜃)
√𝑢2 (𝑟) + (𝑣(𝑟) + 𝑉)2

𝑛𝑧 (𝑟) =

;

𝑣(𝑟) + 𝑉
√𝑢2 (𝑟) + (𝑣(𝑟) + 𝑉)2

(5.29.)
.

The calculated induced velocity components, momentum sources and total pressure values
in each section (ring) are represented by the column chart in Figure 16. The velocity
𝑚

𝑘𝑔

components are plotted in [ 𝑠 ] dimensions, the momentum sources are represented in [𝑚2 𝑠2 ]
dimensions, while the relative total pressure (RTP) values are visualised in [𝑘𝑃𝑎].
Components of momentum sources and boundary conditions of ADM
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Figure 16: Components of the momentum sources (dT and dQ) for ADMv2; constant
momentum source at ADMv1; boundary conditions of ADMv3 models in the function of
the applied sections moving from the rotational axis outwards and the induced velocity
vector distribution (axial and tangential)
The increased turbulent kinetic energy, caused by the rotor, is considered by applying
turbulent kinetic energy sources in the subdomains in the case of the ADMv2 model (in the
case of ADMv1 the induced velocities are not available). The fluctuation can be calculated
as:
1

𝑘 = 2 𝑉 ′2, where 𝑉 ′ = 𝑢𝑖 = 𝑓(𝑟𝑖 )

(5.30.)

ui is the resultant induced velocity: 𝑢𝑖 = √𝑢2 + 𝑣 2 .
Solver Properties
The model has been treated as a quasi-steady-state simulation since the interest is the flow
parameters and the comparison between the investigated versions during cruise phase when
the flow conditions are assumed to be constant over the time. High-resolution advection
scheme has been used, just like at the turbulence numeric option. The target iteration number
was 1000 for the first approach, but actually this was not enough in the RDM simulation for
the residuum to converge; finally, four times higher iteration number was needed. The ADM
models’ residuum have reached 2*10-6 values sooner; thus the simulation cases can be stated
to be converged. Auto timescale has been applied, and the residuum target for RMS (Root
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Mean Square) values was 10-7. The goal of the present research was to provide a method,
which is achievable with even reduced computation capacities, and not necessarily requires
HPC (High-Performance Computing) solutions to handle the problem. Thus the four
simulations have been executed on the same computer, which is equipped with Intel®
Core™ i7-3770 CPU and 8 GB RAM.

5.3.3. Results and Evaluation: Effect of the Different Actuator Disk
Methods
The RDM model finally required a four times greater iteration number to reach the
convergence criteria – in comparison with the versions of ADM – and this process took
1.3074*106 CPU wall clock seconds. The ADM simulation cases have reached the criteria
after 100 iteration steps, but in order to eliminate any perturbation in the numeric solver
algorithm, the computation duration has been expanded till 200 iteration steps, which took
1.5713*105 CPU seconds for ADMv1 and ADMv2, while required 2.237*104 CPU seconds
for ADMv3.
It is well visible that the ADMv1 and ADMv2 approaches need 8% of the RDM CPU time
demand, while in the case of ADMv3 this requirement reduced to 2%. This is caused not
only by the significantly higher mesh number, but also by the longer time demand of the
different residuals to drop below the convergence limit since the interface between the
rotating and stationary domains need to cause additional disturbances in the algebraic
equations. In summary, it was proven that the ADM has converged in 8% and 2% of the
RDM CPU wall clock time, so if the accuracy of the results is acceptable, the time-factor
would be a serious pro for the ADM method.
One key indicator of the results’ quality and plausibility is the y+ number. Regarding the
recent requirements, for a simulation with the given length scales and Reynolds number, the
y+ value is maximised to 300. [97] In the simulations, the maximum y+ number was 179.3
on the nacelle assembly, meanwhile in the case of RDM on the rotor blades, the highest y+
value was 107.4. Of course, mesh sensitivity analysis has been completed earlier, but in the
framework of this investigation, only the already checked mesh has been used. To reach the
convergence criteria was no problem for the ADM simulation cases, within 200 iteration
steps the residuals dropped below 10-6, and the imbalances below 1 %. The RDM run on the
other hand required 3,500 iteration steps to achieve the same convergence, because the
averaging between the rotating and stationary domains was more challenging to the software.
The airflow pattern is corresponding to the expectations. Upstream of the nose cone, where
the airflow is decelerated, there is an increased static pressure zone. Downstream of the rotor
blade sweep surface the total pressure is increased, and kinetic energy has been added to the
fluid by the propeller, as it illustrated in Figure 17 bottom row. It is also obvious that there
is a high-pressure zone upstream of the air duct highlighted by the absolute static pressure
distribution (middle row). The compressor has a constant mass flow rate. Thus, the
unnecessary air quantity escapes and passes along the nacelle’s side, and this blockage effect,
together with the engine nacelle, also influences the velocity field downstream of the
propeller blades. It can also be concluded, that Mach number, relative static and total
pressure distribution pattern show similarities in the case of RDM and every ADM model
according to Figure 17. Besides the qualitative evaluation, the quantitative has high
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importance, which, together with the CFD Worthiness provides evidences about the
accuracy and relevance.

Figure 17: Representation of different parameters illustrated on the vertical mid-section
plane of the engine nacelle
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The different results are investigated in the function of dimensionless distance from the
rotational axis. Six lines have been created downstream of the propeller, see the right upper
corner in Figure 18. Both the Mach number distribution and total pressure distributions are
averaged over the lines 1,2,3 (200 mm behind the propeller downstream sweep surface) and
4,5,6 (400 mm behind the propeller downstream sweep surface), which mark the significant
differences caused by the different boundary conditions between RDM and ADM. However,
the differences can be found on line 1 or 2 or 3 are minimal, the averaging is necessary for
the better visualisation.
Closer to the rotational axis, the interaction between the fluid flow and engine nacelle
strongly influences the flow pattern. In this particular area, the blockage effect of the nacelle
decreases the efficiency of the rotors, according to that the induced velocities decrease. This
effect has been correctly handled by both RDM and ADM. The main difference between
ADM models, that in the case of ADMv1 and ADMv2 this deceleration of the fluid flow can
be observed also upstream of the rotor, while the ADMv3 due the boundary conditions was
not able to handle this phenomenon. However, for example in an optimisation process, when
the goal is to simulate the behaviour and aerodynamic drag of the engine nacelle, this is not
certainly necessary, when the goal is to simulate the behaviour and aerodynamic drag of the
engine nacelle. The total pressure distribution also has similar pattern.
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Figure 18 Lines from 1-6 downstream of the propeller sweep surface for parameter
investigation (top right) and exported averaged parameters along the specified lines (top
left and bottom)
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The total pressure distribution through the propeller/actuator disk also confirms the
accuracy of ADM, both the characteristics and the values are within the acceptable error
range. As it can be originated from Figure 18 the average relative error for the absolute total
pressure distribution in line 1,2,3 and line 4,5,6 between RDM and ADMv1 is only 0.7 %,
for ADMv2 this error is 0.54 %, for ADMv3 it is 0.72 %. The same error for the Mach
number distribution in line 1,2,3 and line 4,5,6 for ADMv1 is 3.5 %, for ADMv2 is 2.3 %
for ADMv3 is 2.54 %.
The change of relative total pressure along the propeller can be seen in Figure 19. The
effect of the propeller blades is the total pressure increment along the flow-field. The righthand side of the figure shows the locations of the samples: four lines parallel to the rotor’s
axis (the total pressure values are averaged). In this line, the rotor itself is located between
0.3 and 0.38 in the dimensionless distance. Although, large differences can be seen, the
maximum absolute error is ~1200 Pa. The average relative error of ADMv1 is 6.29 %, of
ADMv2 is 4.39 %, and of ADMv3 is 2.91% in case of absolute pressure, which is responsible
mostly for the pressure recovery factor.
Neither of the distributions are symmetrical, the tangential components of the induced
velocities create an asymmetric pattern. Of course, this means asymmetric feedback to the
rotor: in both cases the pressure distribution is neither symmetrical nor axisymmetric
downstream of the propeller blades. However the boundary conditions of ADMv3 cases have
been defined in the latter way. The engine intake duct ensures a constant air-consumption.
Thus propeller-delivered airflow goes through the intake duct inlet. This process decreases
the local absolute pressure in that particular zone. This pressure distribution, by the way, can
be useful in the sizing process of the engine nacelle, to calculate the surface loads, like
Renaud, O’Brien, Smith and Potsdam did it. [145] The twisted nature of the airflow in its
consequences in the different parameters are handled correctly by ADMv2, but not by
ADMv1, since in that case the swirling caused asymmetric flow pattern cannot be taken into
account due to the only axial momentum source, as Figure 20 illustrates.
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Figure 19: The averaged pressure distribution pattern across of the propellers, sampled from
the lines illustrated on the right-hand side
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Figure 20: Pressure distributions downstream of the propeller
In order to compare the results of the different models from the viewpoint of propulsion,
the thrust and torque parameters of the propellers have been investigated. Each aircraft
engine generates 364 kW shaft power in cruise phase, from which the generated torque is
1782.54 Nm. The thrust and torque coefficient can be calculated by the following
expressions: (A.I.3.) and (A.I.4.). In equation (A.I.4.) the density (𝜌) was area averaged
downstream of the propeller, in the same circular section. From these coefficients, the
propeller efficiency in the function of J, advanced ratio, can be determined.
As Table 3 represents, the thrust and torque coefficients in the two cases relatively close
to each other, the relative error in the case of the thrust coefficient is lower than 4% in each
case, just like the torque coefficient. The goal of this evaluation is to determine the propeller
efficiency, which is 91.35% according to the RDM method. The ADM simulation cases
slightly underestimate this efficiency, but in each case the relative error is less than 2%.
Interestingly, the ADMv3 has the most accurate assumption from this viewpoint, but this is
only one of the investigated parameters. Still, it proves that the applied boundary conditions
are a good assumption of the airflow characteristic around the investigated geometry.
RDM

ADMv1

ADMv2

ADMv3

ADMv1
rel. error [%]

ADMv2
rel. error [%]

ADMv3
rel. error [%]

𝒄𝑻 [-]

0.1637

0.158

0.1593

0.1593

3.72

3.46

2.7

𝒄𝑸 [-]

0.0484

0.0476

0.0478

0.0478

1.81

1.75

3.92

-

-

-

1.94

1.75

1.37

1.6568

J [-]
𝜼 [-]

0.8915

0.874

0.8793

0.8793

Table 3 Simulated thrust and torque coefficients of the propeller with its efficiency
compared to the RDM baseline model for error calculation

54

Although for the whole geometry no experimental data is available yet, by observing the
results, it can be concluded that ADMv2 and also ADMv3 model is capable of providing
results close to the RDM model; so accurate results with accepted accuracy in much shorter
time can be achieved.
The disadvantage of ADMv3 method is that it does not take into consideration the history
of the airflow, since the propeller inlet and outlet surface are independent from each other,
the continuity is provided only by the boundary condition, which is bothersome from the
viewpoint of the upstream flow developments and turbulence. However, there are other
options to apply the Schmitz method in a CFD simulation, the received result justified that
to investigate the aerodynamic characteristics of the engine nacelle in a quasi-steady state
simulation case with applying RANS equations, this history of the fluid flow is negligible.
Basically, no disturbance can occur upstream of the propeller which can affect the efficiency
of the propeller, thuswise the airflow distribution around the nacelle. ADMv2 can handle
both the effect of the engine nacelle, both the history of the airflow, but this needs a higher
computational capacity, which can be critical in an optimisation process.
Finally, the worthiness of the introduced simulation cases has been investigated and
summarised in Table 4 for different investigated parameters. Since the RDM model has been
validated in other way (see Appendix I.), in the table the computation effort was calculated
for the overall accuracy, given earlier (2.7%).
WCFD,i [-]
Investigated parameter’s accuracy

RDM

ADMv1

ADMv2

ADMv3

17.4

17.3

16.8

18.9

18.4

17.4

Total pressure distribution along the rotor
(see Figure 19)

20.7

19.5

18.0

Propeller efficiency (see Table 3)

18.0

17.9

17.2

Total pressure downstream of rotor (in line
1,2,3 and 4,5,6 – see Figure 18)
Mach number distribution downstream of
rotor (in line 1,2,3 and 4,5,6 – see Figure 18)

28.1

Table 4: The CFD Worthiness Number calculated for each ADM simulation cases compared
to RDM
It can be seen, that from all perspectives the ADM methods are worth to be used for the
given purpose, since instead of the WCFD,i for the RDM model (28.1), the values are below
20. The only exception is the ADMv1, when the accuracy of the total pressure distribution
along the rotor was investigated, where the relative error was 6.29%, which increased the
CFD Worthiness Number slightly above 20. Although, the ADMv2 provided the most
accurate results from the most perspectives, since ADMv3 has significantly lower
computational effort requirement, it is worth to consider a similarly accurate, but faster
method, especially for base-simulation algorithm for an optimisation method.

5.4. Summary
The goal of the present section is to compare the results of different simulation approaches
and develop an accurate, fast and general method for considering the effect of propeller. By
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simulating the accelerated airflow’s accurate flow patter, an aerodynamic analysis of a
turboprop engine, its propeller and internal flow can be carried out. Four numerical analyses
have been performed and the two different methods to be compared with each other are the
Rotating Domain Modell and Actuator Disk Models.
The first step was the validation of the RDM methods, since no experimental data was
available for the complex, investigated aircraft (see Appendix I.). The validation process
consists of two main parts as the Near Wake Analyses and the RPM Sweep Analyses. Three
different computational approaches are developed, used, tested and validated in the frame of
the Near Wake Analyses and the RPM Sweep Analyses, which are the followings: Schmitz
method (based on blade element theory) for determining the induced velocity vectors,
rotating domain and the actuator disc CFD simulations in order to determine the flow
parameters. The validation for the calculated data as absolute velocity, static and total
pressure is successful, the maximum value of the relative cumulative error between the
measured and the calculated parameters is less than 2.7 %. Regarding the quantitative RPM
Sweep Analyses, it can be concluded that the validation for the calculated data as thrust,
thrust coefficients, torque, torque coefficients and propeller efficiencies is also successful;
the maximum value of the relative cumulative error between the measured and calculated
parameters is less than 4.5 % (see Table A.I.3.).
The present chapter is dedicated for introducing the developments and the results of the
RDM and different variants of the ADM applied for real aircraft’s geometry. In the case of
the RDM, a rotating domain has been set around the blades and rotor hub with the certain
angular speed. In the case of the ADM methods, according to the described calculation
method, the induced velocity vector distribution has been calculated, from which the axial
and tangential momentum sources have been determined for ADMv2 and the relative total
pressure with the flow direction and static temperature was used at the downstream surface
of the propeller blades for ADMv3. In the case of ADMv1 only a constant momentum source
has been defined in the rotor domain. Free stream conditions have been considered for the
static pressure, density and temperature.
The RDM model run for more than three weeks on a personal computer, and it required
20 times more iteration steps to reach the convergence criteria. This means that the ADMv1
and ADMv2 need 8% of the RDM CPU time demand, while in the case of ADMv3 this
requirement reduced to 2%. Consequently, for optimisation purposes the any ADM method
gives a significantly faster result.
According to the investigated parameters for determining the accuracy of the different
approaches it can be concluded, that the implementation of Actuator Disk Method provides
results close enough to the validate RDM method. Based on the desired outcome of the
applied simulation process both ADMv2 method (using momentum sources, calculated with
Schmitz Method) and ADMv3 method (using total pressure boundary conditions with
defined flow directions and static temperature) are a useful simulation tool to consider the
effect of a propeller, without requiring unnecessary high computational hardware
requirement. The average relative error for the absolute total pressure distribution
downstream of the propeller between RDM and ADMv1 is only 0.7 %, for ADMv2 this error
is 0.54 %, for ADMv3 it is 0.72 %. The same error for the Mach number distribution in line
for ADMv1 is 3.5 %, for ADMv2 is 2.5 % for ADMv3 is 1.8 %.

56

6. Efficiency Analysis of an Engine Intake Ice Removal
Device
Moving from the propeller of the aircraft the accelerated airflow enters the engine intake
duct or moves along the engine nacelle. The engine intake device is supposed to direct the
airflow to the gas turbine intake channel, while removing solid or fluid particles from the air
stream to protect the gas turbine components, such as compressor and turbine blades,
combustion chamber, or fuel injector. Furthermore, the separated particles should be
removed from the airflow and ensure they will not be able to get back to a critical area. For
this purpose, smaller aircraft apply ice- and particle separator intake devices. The efficiency
of these separator devices have been investigated experimentally in most cases since the
numerical computation of a particle’s trajectory within a fluid flow demands the
consideration of numerous physical phenomena while simplifying the reality to a model.
This thesis is dedicated to collect all the available models and approximations to point out
the best and most efficient solution for the given purpose.

6.1. Introduction
The need for different calculation approaches is increased significantly due to the highly
cost efficient solutions. Consequently, while for larger manufacturers there are enormous
power and human resource capacities, and different developments are supported by highly
utilised simulation tools and test benches. In contrary, for smaller aircraft developers,
manufacturers the available resources are usually limited. Hence, the main goal of the
present chapter is to introduce a cost efficient calculation method for modelling and
simulating particle filtering by an engine intake ice remover device with special care for the
water droplets and ice particles, while taking into consideration the different behaviour of
fluid and solid particles.
The particle tracking, or particle separation is a significant research field; many
publications are available in this area. Different types of solid or fluid particles can cause
problems in turbomachinery [146]. Several separation techniques and/or methods are
available in aerospace [147], [148], vehicle applications [149] or even in food processing
[150]. Depending on the considered problem, some effects are usually neglected from the
calculation; but others as; gravitation, viscosity or electromagnetics can have determining
effects [151]. The simulation of particle tracking for positron emission [152] or cells and
low sized particles [153] for instances is more and more required since the cost of these
experiments are also high.

6.2. Particle Transport Theory
Besides the general CFD governing equations, several further models have to be taken
into consideration for modelling particle tracking. As the actual movement of the particles –
as it is observed in the reality – cannot be simulated; it would require a time-dependent,
transient simulation case with a wide Kolmogorov and time-scale, furthermore, changing
mesh structure, other approach has to be used. When particles are travelling in the flow the
behaviour of the coupled system can be influenced by the material properties; the size and
the shape of the particles; gravity, inertia and buoyancy forces; interaction effects between
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the particles, flow and the wall; and particle breakup. The modelling approaches of the most
relevant phenomena are introduced in the following subchapters.
Two types of particle transport methods are available in CFD simulations in general: the
Eulerian and the Lagrangian methods. The Eulerian method handles the particle phase as a
continuum and develops its conservation equations on a control volume basis, likewise for
the fluid phase. The approximation of the Lagrangian method is different: it considers
particles as a discrete phase and tracks the pathway of each particle [154]. The Lagrangian
method is used mostly to predict the overall particle dispersion pattern and the temporal
development of the mean concentration, and is the base of further developments, like the
viscoelastic particle model [155].
In the presently used software, in the ANSYS CFX, the particle transport modelling is a
type of multiphase model, where particulates are tracked through the flow in a Lagrangian
way, rather than being modelled as an extra Eulerian phase. The full particulate phase is
modelled by just a sample of individual particles. The tracking is carried out by forming a
set of ordinary differential equations in time for each particle, consisting of equations for
position, velocity, temperature, and masses of species. Then, these equations are integrated
using a simple integration method to calculate the behaviour of the particles as they traverse
the flow domain. [97]
Within the particle transport model, the total flow of the particle phase is modelled by
tracking a small number of particles (solid particles and drops in the present case) through
the continuum fluid. The application of Lagrangian tracking involves the integration of
particle paths through the discretized domain. Individual particles are tracked from their
injection point until they escape the domain, or some integration limit criterion is met. Each
particle is injected, in turn, to obtain an average of all particle tracks and to generate source
terms to the fluid mass, momentum and energy equations. This model can be applied only
in the case of a steady-state flow analysis since each particle is tracked from its injection
point to the surface where it leaves the domain. [97]
Particles can be either two-way coupled (in Ansys CFX it is called fully coupled model)
to the continuous fluid or can be one-way coupled. Two-way coupled particles exchange
momentum with the continuous phase, allowing the continuous flow to affect the particles,
and the particles to affect the continuous flow. Two-way coupling is needed to predict the
effect of the particles on the continuous phase flow field but has a higher CPU cost than oneway coupling. Some fully coupled models are 4-way coupled, since their existence can affect
the turbulence of the fluid flow, but in the investigated case this effect is negligible, since
the flow is strongly turbulent, the flow’s Reynolds number is over 107. One-way coupling
simply predicts the particle paths as a post-process based on the flow field and therefore it
does not influence the continuous phase flow field.
The particle displacement is calculated using forward Euler integration of the particle
velocity over time step, δt. As dxp/dt=Up, the particle displacement is given as: [97]
𝑥𝑝𝑛 = 𝑥𝑝0 + 𝑈𝑝0 𝛿𝑡,

(6.1.)

where the superscripts 0 and n stand for the old and new values, and 𝑈𝑝0 marks the initial
particle velocity. During the computation, the particle velocity can be calculated from the
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initial time step assuming it prevails over the entire step. The new particle velocity is
determined by using an analytical expression to the particle momentum equation at the end
of the time step: [97]
𝑚𝑝

𝑑𝑈𝑝0
𝑑𝑡

= 𝐹𝑎𝑙𝑙 = 𝐹𝐷 + 𝐹𝐵 + 𝐹𝑅 + 𝐹𝑉𝑀 + 𝐹𝑃 ,

(6.2.)

where 𝐹𝑎𝑙𝑙 is the sum of all forces acting on a particle as drag force 𝐹𝐷 , buoyancy force
𝐹𝐵 due to gravity, forces due to domain rotation 𝐹𝑅 (centripetal and Coriolis forces), virtual
(or added) mass force 𝐹𝑉𝑀 , and pressure gradient force 𝐹𝑃 . The Basset force is not considered
since steady state cases are investigated. Equation (6.2.) sometimes is written in a different
expression due to the modified form of the virtual mass term – see equation (6.12.): [97]
𝑑𝑈𝑝0
1
1
(𝐹𝐷 + 𝐹𝐵 + 𝐹′𝑉𝑀 + 𝐹𝑃 ) +
=
𝐹 ,
(6.3.)
𝐶
𝑑𝑡
𝑚𝑃 𝑅
𝑚𝑃 + 𝑉𝑀 𝑚𝐹
2
where the fluid and particle mass values can be given in the function of the particle
diameter 𝑑𝑃 , fluid and particle densities: 𝜌𝐹 and 𝜌𝑃 : [97]
𝜋

𝜋

𝑚𝐹 = 6 𝑑𝑃3 𝜌𝐹 and 𝑚𝑃 = 6 𝑑𝑃3 𝜌𝑃 .

(6.4.)

In the following, those forces and contributors are selected, which actually determines the
path of the particles.

6.2.1. Drag Force
Similarly, like in the case of an airfoil, the aerodynamic force acting on a particle is
proportional to the slip velocity 𝑈𝑠 , which is a difference between the fluid and particle
velocity. The drag force is the main hydrodynamic force that acts on particles and can be
written as: [97]
1
1
(6.5.)
𝐶𝐷 𝜌𝐹 𝐴𝐹 |𝑈𝑆 |𝑈𝑆 = 𝐶𝐷 𝜌𝐹 𝐴𝐹 |𝑈𝐹 − 𝑈𝑃 |(𝑈𝐹 − 𝑈𝑃 ),
2
2
where 𝐶𝐷 is the drag coefficient and 𝐴𝐹 is the effective particle cross section. The drag
coefficient is mostly based on experimental results on a viscous drag of a solid sphere. From
equation (6.5.) the momentum source due to drag can be calculated as: [97]
𝐹𝐷 =

𝑑𝑆
1
= −𝐹𝐷 = − 𝐶𝐷 𝜌𝐹 𝐴𝐹 |𝑈𝑆 |𝑈𝑆 .
(6.6.)
𝑑𝑡
2
The source term S is added to the continuous phase and then multiplied by the number rate
for that particle.
The non-spherical shaped particles’ behaviour is significantly different if drag or collision
is considered. To handle these differences constant factors should be set, which modifies the
drag force, mass and heat transfer correlations:
 A Cross Sectional Area Factor has to be included to modify the assumed spherical cross
section area to allow for non-spherical particles. The factor is multiplied by the cross
section area calculated assuming spherical particles which affect the calculated drag
force.
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 The Surface Area Factor is for a non-spherical particle, the ratio of the surface area of the
surface area of a spherical particle with the same equivalent diameter. This factor affects
both mass transfer and heat transfer correlations.
For a particle of simple shape, immersed in a Newtonian fluid and which is not rotating
about the surrounding free stream, the drag coefficient, CD, depends only on the particle
Reynolds number. The function CD(Re) may be determined experimentally and is known as
the drag curve. Different models are available for the drag curve, and the drag coefficients
can be specified directly. The following drag models are available:
 Schiller-Naumann model (for solid/fluid particles): This should only be used for solid
spherical particles, or for fluid particles that are sufficiently small that they may be
considered spherical. For non-spherical particles, one should supply the drag curve from
an experiment. As the Schiller-Naumann correlation is derived for flow past a single
spherical particle, it is only valid in the dilute limit of very small solid phase volume
fractions. [97]
 Wen Yu model (for solid particles): The Wen Yu correlation is valid for solid phase
volume fractions at least up to 0.2, and probably higher. [97]
 Gidaspow model (for solid particles): For very dense gas-solid or liquid-solid flows, such
as occur in fluidised bed applications recommended. [97]
 Ishii-Zuber model (for fluid particles): This applies to general fluid particles (drops and
bubbles), for any pair of phases. [156]
 Grace model (for solid particles): This model was developed using air-water data and
produces better results for air-water systems. [97]
Both the Ishii-Zuber and Grace Drag Models make explicit use of the gravity vector and
surface tension coefficient. Hence, both are only available for buoyant multiphase flows
when a surface tension coefficient has been specified. The fluid morphologies must be
Continuous and Dispersed Fluid respectively. [97]
At low particle Reynolds numbers (the viscous regime), the drag coefficient for flow past
spherical particles may be computed analytically. The result is Stokes’ law: CD=24/Re (if
Re <<1). For particle Reynolds numbers, such that are sufficiently large for inertial effects
to dominate viscous effects (the inertial or Newton’s regime), the drag coefficient becomes
independent of Reynolds number: CD=0.44 (if 1,000<Re <1-20,000). In the transitional
region between the viscous and inertial regimes, 0.1<Re<1000 for spherical particles, both
viscous and inertial effects are important. Hence, the drag coefficient is a complex function
of Reynolds number, which must be determined from experiment. For spherical particles an
empirical correlation was determined by Schiller – Naumann model back in 1933: [157]
24
(1 + 0.15 𝑅𝑒 0.687 ).
(6.7.)
𝑅𝑒
In the applied software equation (6.7.) is modified to limit the behaviour of the inertial
regime in the following way: [97]
𝐶𝐷 =

24
(1 + 0.15 𝑅𝑒 0.687 ), 0.44).
(6.8.)
𝑅𝑒
To describe the behaviour of the different particles, additionally to the air as ideal gas, a
particle transport solid/fluid model has to be defined in the domain.
𝐶𝐷 = 𝑚𝑎𝑥 (
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6.2.2. Non-drag Forces Acting on the Particles
There are many forces to be considered, which are non-drag forces. The most determining
parameters are the density ratio of the continuous fluid and the dispersed media. In the
investigated cases only one was used in case of the smallest (20 μm) water droplets, but some
more are mentioned as follows.
Buoyancy Force
The lift force is proportional to the continuous phase density. Hence, it is mainly
significant when the dispersed phase density is either less than, or of the same order of
magnitude as the continuous phase density. Also, it is proportional to the continuous phase
shear rate. Hence, it is most significant in shear layers whose width is comparable to the
dispersed phase mean diameter.
In the investigated case, the considered main fluid is air, which is not affected by the
buoyancy force. On the other hand, on the particles, immersing in the fluid, buoyancy force
is acting. This force is equal to the displaced fluid, thus:
𝐹𝐵 = (𝑚𝑃 − 𝑚𝐹 )𝒈 = 𝑚𝑃 (1 −

𝜌𝐹
𝜋
) 𝒈 = 𝑑𝑃3 (𝜌𝑃 − 𝜌𝐹 )𝒈,
𝜌𝑃
6

(6.9.)

where 𝒈 marks gravity vector.
Rotation Force
If the frame of reference was rotating, the rotation term would be an intrinsic part of the
acceleration. For rotating domains, the rotating force is the sum of centripetal and Coriolis
forces and can be expressed as:
𝐹𝑅 = 𝑚𝑃 (−2Ω × 𝑈𝑃 − Ω × Ω × 𝑟𝐹 ).

(6.10.)

During implementing the rotating term, it is essential to realise that it contains
contributions from the pressure gradient and virtual mass force due to the rotation.
Virtual Mass Force
The particle, travelling in a fluid, has to accelerate some of the surrounding fluid, leading
to additional drag. The virtual mass force is proportional to the continuous phase density,
hence, is most significant when the dispersed phase density is less than the continuous phase
density. Also, by its nature, it is only significant in the presence of large accelerations, for
example, in transient flows, and in flows through narrow restrictions. It can be written as:
[97]
𝐹𝑉𝑀 =

𝑐𝑉𝑀
𝑑𝑈𝐹 𝑑𝑈𝑃
𝑚𝐹 (
−
).
2
𝑑𝑡
𝑑𝑡

(6.11.)

When the virtual mass force is included in the calculations, the 𝑐𝑉𝑀 coefficient is set to 1,
otherwise it, is usually set to 0. If only steady flow was considered, like in the recent case,
the term can be simplified as:
𝑐𝑉𝑀
𝐹′𝑉𝑀 =
𝑚𝐹 (𝑈𝐹 ∇𝑈𝐹 − 𝑅𝐹 ).
(6.12.)
2
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Turbulent Dispersion Force
Turbulent dispersion forces result in additional dispersion of particles from high volume
fraction regions to low volume fraction regions due to turbulent fluctuations. The Particle
Dispersion model is available to account for the turbulent dispersion force. This force is only
important for small particles (approximately smaller than 100 microns for water drops in air)
and when one wants to see the dispersion. The turbulent dispersion force is only active in
regions where the turbulent viscosity ratio is above the value specified by “Eddy Viscosity
Ratio Limit”. The turbulent dispersion can only be used if a drag force is specified.
Therefore, it is not possible to combine turbulent dispersion with a user-specified momentum
source term for the drag. [97]
Pressure Gradient Force
The pressure gradient force results from the local fluid pressure gradient around the
particle. It can be defined as: [97]
𝑚𝐹
𝐹𝑃 = −
∇𝑝.
(6.13.)
𝜌𝐹
This force is only important if large fluids pressure gradients exist and if the particle
density is smaller than or similar to the fluid density. Neglecting diffusive and source terms
in a steady state momentum equation, it can be replaced by the velocity gradient. When the
fluid density is considered constant, it can be written as: [97]
𝜌𝐹
𝐹𝑃 = 𝑚𝐹 (𝑈𝐹 ∇𝑈𝐹 − 𝑅𝐹 ) = 𝑚𝑃 (𝑈𝐹 ∇𝑈𝐹 − 𝑅𝐹 ).
(6.14.)
𝜌𝑃
Since the particles, considered in the thesis later, are small or solid, the force generated by
the pressure gradient is negligible.

6.2.3. Other Influencing Terms
Aside from the forces, acting on the particles determining its momentum, there are other
phenomena, which can influence the particle path and have to be considered.
Particle Breakup Model
The particle breakup models allow one to simulate the breakup of droplets due to external
aerodynamic forces. However, during droplet breakup, the particle shape may be distorted
significantly, and it might be desirable to modify the drag law to account for the influence
of the particle distortion. There must be distinguished Primary and Secondary breakup: [97]
 Primary breakup model support will only be available for particle injection regions and
not for boundary condition, and on particle injection regions, the primary breakup will
only be available for cone type injection, and only if the nozzle cross-sectional area is
larger than zero.
 Secondary breakup model describes the breakup of a liquid jet into droplets caused by a
combination of different mechanisms: turbulence within the liquid phase, the implosion
of cavitation bubbles and external aerodynamic forces acting on the liquid jet. Depending
on the injection parameters such as the relative velocity between liquid and gas, the liquid
and gas densities, and the liquid viscosity and surface tension, the contribution of each of
the above mechanisms to the spray breakup varies. Breakup regimes are typically
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classified regarding the dimensionless numbers: Weber Number (We) and Ohnesorge
number (Oh), as given by:
2
𝜌𝐹 𝑉𝑠𝑙𝑖𝑝
𝑑𝑃
(6.15.)
𝑊𝑒 =
,
𝜎
𝜇
𝑂ℎ =
.
(6.16.)
√𝜌𝑃 𝜎𝑑𝑃
Here, the Weber number contains the slip velocity (relative velocity of the particle related
to the fluid as mentioned above) and the subscript “P” refers to the droplet (particle) and
the subscript “F” refers to the surrounding fluid. If a droplet is exposed to a gas flow,
significant deformation starts at the Weber number of unity. Above a certain value of the
Weber number, the droplet deformation leads to a breakup. The Weber number values for
the breakup regimes boundary vary based on the applied theory, but typically no breakup
occurs if the Weber number is below 12.

 Reitz and Diwakar Breakup Model: This model distinguishes between two breakup
regimes: bag breakup and stripping breakup only. Breakup occurs if Weber number is
above the “critical” (here the critical Weber number is defined constant value as 6). [97]
 Schmehl Breakup Model: The droplet deformation and breakup times are based on
experimental findings. [158] The defined characteristic time (t*) could be computed
based on the flow (density), the particle (diameter and density) and the slip velocity. The
time to deform a particle from a sphere into a disk shape and this time is approximately
constant: [97]
(6.17.)
𝑡𝑖 = 1.6 ∙ 𝑡 ∗ .
The second phase of a breakup, which is characterised by further distortion of the droplet
to its final destruction based on the local Weber number itself where c(Wb) is a constant
depend on the local Weber number: [97]
(6.18.)
𝑡𝑏𝑟 = 𝑐(𝑊𝑏) ∙ 𝑡 ∗ .
The breakup could occur if the Weber number exceeds the critical Weber number: [97]
(6.19.)
𝑊𝑏𝑐𝑟𝑖𝑡 = 12 ∙ (1 + 1.077 ∙ 𝑂ℎ1.6 ).
There are three breakup regimes if the Weber number is over the critical value: Bag,
Multimode and Shear breakup regimes. A random breakup time computed between the “ti“
and “tbr“ resulted in time values (based on which breakup regime is present). If the particle’s
lifetime (while the particle is tracked from the inlet to the outlet) exceeds the computed
breakup time, then breakup occurs, and the “children” droplets diameter and velocity are
computed. This model could also consider the modified drag on the distorted drop; this
option is the so-called “Schmehl Dynamic Drag Model” which computes the drag coefficient
based on the local Reynolds number (by a 3rd order equation). While many particle drag
models assume that the droplet remains spherical throughout the domain, this is not always
true, and the particle shape may be distorted significantly. In an extreme case, the particle
shape will approach that of a disk. The drag coefficient is highly dependent on the particle
shape, and it is, therefore, desirable to modify the standard drag-laws to account for the
effects of droplet distortion. [97]
 Taylor Analogy Breakup (TAB) Model: O'Rourke and Amsden proposed the socalled TAB model based on the Taylor analogy. [159] Within the Taylor analogy, it is
assumed that the droplet distortion can be described as a one-dimensional, forced, damped,
harmonic oscillation similar to the one of a spring-mass system. This model is assuming
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that the droplet viscosity acts as a damping force and the surface tension as a restoring force
during oscillation. Breakup only occurs if the particle distortion exceeds unity, which
means that the deviation of the particle equator has become larger than half the droplet
radius. There are many model constants to define by applying this method, for further
details see the reference. This model could also consider the modified drag on the distorted
drop by “Liu Drag Model”. It is a linear interpolation between the spherical and disk
geometries for drag coefficients. [160]
 There are two further models (improvements of TAB model) called ETAB and CAB.
ETAB (the Enhanced TAB model) uses the same droplet deformation mechanism as the
standard TAB model but uses a different relation to the description of the breakup process.
It is assumed that the rate of child droplet generation is proportional to the number of child
droplets because it has been observed that the TAB model often predicts a ratio of child to
parent droplet is too small. This error is mainly caused by deformation parameters initial
values. The CAB (Cascade Atomization and Breakup Model) contains further
improvement on the ETAB in child droplet size computation. For all of the further models
(ETAB and CAB) “Liu Drag Model” could be applied just like in the case of the original
TAB method. [97]
Particle Collision
In classical Euler-Lagrange modelling, collisions between particles are not possible
because the presence of other particles is not taken into consideration. The stochastic
particle-particle collision model (by Oesterlé & Petitjean [161], which has been extended by
Frank, Hussmann et Al, and Sommerfeld [162]) takes interparticle collisions into
consideration while the trajectories are still calculated sequentially. The main advantage of
the model is the possibility of sequential trajectory calculation by creating virtual collision
partners sampled from local statistical values. This feature offers a high potential of
parallelization and therefore facilitates – in conjunction with the highly parallelized Solver
for the gas-phase – its use in industrial applications as a major advancement in the simulation
of dense gas-particle flows. The model extension by Sommerfeld additionally takes into
account a possible correlation between the velocity fluctuations of adjacent particles. The
following steps summarise the implementation of this model: [97]




Calculate the instantaneous velocity of the virtual collision partner.
Determine the collision probability and decide whether or not a collision occurs.
If collision occurs:
o Compute position of virtual collision partner.
o Calculate binary collision and adjust particle velocities.
 If a collision does not occur:
o Particle velocities remain unchanged in the event of no collision.
 Discard the virtual particle.
 Update average particle quantities and local statistical moments in each control volume.
The requirements for the applicability of particle-particle collision model are outlined as:
 High mass loading
 Moderate volumetric concentration (<~ 20%)
 The model is limited to binary collisions only and follows the following criteria:
o Inter-particle distance is much greater than the particle diameter
o Aerodynamic forces dominate
o Not suitable for fluidised beds
o ρparticle ≫ ρfluid
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Spherical particles
Coefficient of Restitution (Particle-Particle)

There are two types of COR (coefficient of restitution) which should be distinguished.
The COR for the particle-particle collisions is defined in this section. This coefficient of
restitution is a measure of the amount of bounce between two objects. Specifically, it is the
ratio of the velocities of the objects before and after an impact, and can be described
mathematically as: [97]
𝐶=

𝑉2𝑓 − 𝑉1𝑓
,
𝑉2𝑖 − 𝑉1𝑖

(6.20.)



V1 is the velocity of the first object
 V2 is the velocity of the second object
 i and f subscripts indicate initial and final velocity, respectively.
Since the investigation between two droplets is hard – or almost impossible to carry out,
the initial of the assumption are some literature which estimated the COR during droplets
collide with a surface [163]. These studies are about the heat transfer conditions regarding
the cooling conditions in the case of a liquid stream reaching a heated surface. One of the
studies contains a summary of the others and estimate an equation for the COR as a function
of the Weber-number for heated surfaces above the Leidenfrost point [164]. Behind this
point, just before the collision due to high temperature (heat convection and radiation near
the wall), a thin gas layer could be formed on the surface of the droplet, and the collision
becomes more elastic so that the COR could increase significantly.
Another study investigates a particle separator for sand particles, but these results could
not be applied in the investigation because of the properties and water properties are different
[164]. In another paper super-hydrophobic surfaces were investigated as originally new
technology [165], but because of increased contact angle of a drop on a surface, the measured
COR values are much higher than in the test cases required.
Static and Kinematic Friction Coefficients
The friction of coefficients should be defined between the particles if a collision occurs,
that has an influence on the particles velocity components after the collision. Friction
coefficients in static and kinetic conditions must be distinguished. For water droplets, these
values should be set at zero because of elastic collision estimated, and the drops could deform
despite sliding on each other, and this phenomenon is considered by the applied particle
breakup model.
Particle-Wall Interaction
Although the interaction between a particle and a wall is one of the most determining
aspects in the recent scenario, it has complex physics, moreover not every aspect has been
well established yet. Several parameters influence the particle-wall interaction, such as wall
temperature, wall and particle material and roughness, impact angle and impact velocity,
existence of a wall film and others.
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The particle-wall interaction has to be set for the wall boundary conditions separately from
the main fluid domain boundary conditions. There are two main approaches are
distinguished an “Equation Dependent option” and “Wall film option”.
In the “Equation Dependent option”, the droplet is reflected off a wall, and the momentum
change across the collision is described using the perpendicular and parallel coefficients of
restitution (COR). These values have the same meanings as described earlier, like the
minimum impact angle – below this impact angle, particles will be stopped and sliding along
the wall. However, note that setting the perpendicular coefficient of restitution to a small
positive number is not a valid way to simulate particle sliding along a wall. Currently, there
is no method for accurately simulating this type of particle sliding. [97]
Two models can be selected for the particle-wall interaction in case of considering a wall
film (layer) build-up along the wall: [97]




The Elsaesser Particle-Wall interaction model: This model distinguishes three regimes
as a cold wall with wall film and hot wall with and without wall film. Based on these
regimes, the material of the wall (have to be selected) and its roughness, local
temperature and Weber number values the particle behaviour upon the impact could
be estimated precisely. The main problem with the Elsaesser particle-wall interaction
model is mainly targeted towards the application in internal combustion engines
because most of the correlations used in the model are strictly only valid for gasoline
type of fuels and assume that the wall material is aluminium. The model uses over 50
different model constants internally.
Stick-to-wall model: The model enforces all particles that hit a wall to become part of
the wall film, regardless of their impact velocity or impact angle. Also, particles that
are collected on a wall can interact with their surroundings by exchanging mass and
energy (for example, during the droplet evaporation).

The impact of liquid droplet to a wall can be separated into three regimes, which is based
on the work of Bai and Gosman. [166] They defined two temperatures – pure adhesion
temperature and pure rebound temperature – that separates the following three regimes:
-

cold wall with wall film (cold-wetting wall)
hot wall with wall film (hot-wetting wall)
hot wall without wall film (hot-nonwetting wall)

The further parameters (like particle velocity or drop size) are usually neglected in most
models, since their effect is not well-known, however, they could play important role in the
impact. Ambient pressure and material properties (such as surface tension of a liquid) is
considered. In the investigated scenario, the temperature regime is low, so it can be
considered as a cold-wetting wall. In this case, three outcomes can occur when a particle hits
the wall, as Figure 21 illustrates: [97]
-

when the particle’s Weber number (WeP) is below a critical Weber number (Wecrit)
and a wall film exists, then the impinging droplet is reflected (left side of Figure 21),
when WeP > Wecrit, the particle sticks to the wall and a film is formed (middle part of
Figure 21),
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-

when WeP >> Wecrit, a part of the droplet sticks to the wall, only the rest is reflected
back to the gas phase. Although, in this case a small portion of the wall film is removed
by the impact, this effect is usually neglected.

Figure 21: Particle-wall interaction outcomes for cold-wet walls
Particle Rough Wall Model
Regarding the interaction of the wall and solid particle, it is also complex as it was
introduced in the case of collision between droplets and wall. Similarly, not all aspects are
well understood. Influencing factors are the wall temperature, wall material and roughness,
impact angle and impact velocity, the existence of a wall film and further parameters. The
interaction between a particle and wall has complex physics. Furthermore, not all aspects are
well understood. Influencing factors are the wall temperature, wall material and roughness,
impact angle and impact velocity, the existence of a wall film and further parameters. [97]
On a per-boundary or per-domain basis, rough wall model can be set, meaning if it is
enabled for the domain, the domain settings will apply for all boundaries that do not
explicitly have erosion model settings applied to them. The wall roughness model could be
important if the roughness height has the same magnitude as the particle diameter and the
sufficient information about the surface conditions are available (see Figure 22). In this case,
the Sommerfeld Frank model could be applied.
To account for the influence of wall roughness on the particle-wall collision, the irregular
bouncing model of Frank is used. [167] This model is based on the virtual wall model that
was proposed by Sommerfeld. In this model (see Figure 22), it is assumed that the reflection
of a particle at a rough wall can be modelled as the reflection of the particle at a virtual wall
that is inclined at an angle of “γw” about the real wall.

Figure 22: Interaction of particle-wall at a rough wall [167]
This inclination angle “γw” is sampled from a Gaussian distribution with a mean value of
0° and a standard deviation of “Δγ”. The standard deviation depends on the particle diameter
and the roughness parameters as follows [167]:
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𝑎𝑟𝑐𝑡𝑎𝑛
∆𝑦 =

2∆𝐻𝑟
𝐿𝑟
𝑖𝑓 𝑑𝑝 <
2𝐻
𝐿𝑟
sin (𝑎𝑟𝑐𝑡𝑎𝑛 𝐿 𝑟 )
𝑟

2𝐻𝑟
𝐿𝑟
𝑎𝑟𝑐𝑡𝑎𝑛
𝑖𝑓 𝑑𝑝 >
2𝐻
𝐿𝑟
sin (𝑎𝑟𝑐𝑡𝑎𝑛 𝐿 𝑟 )
{

,

(6.21.)

𝑟

where the parameters should be defined when this model is used:
 Lr is the mean cycle of roughness (the average distance between peaks of wall
material)
 Hr is the mean roughness height (Rz is given the same basically)
 ΔHr is the standard deviation of the roughness height (depends on the surface finish
method and tool parameters)

6.3. Presentation of the Simulation Cases
The recent thesis aims to introduce a proper way for investigating the particle separation
efficiency of an air intake device in a small aircraft. 4 CFD simulation cases have been
carried out to the same geometry, but with applying different particles, as liquid water and
solid ice with two different sizes in each case. The goal is to take into consideration all the
effects and models that have an effect on the particle transport, meanwhile minimising the
required computation capacity.

6.3.1. Geometry and the Created Mesh
The initial CAD model has been developed by VZLU Aerospace Research & Test
Establishment, and it is the base model of the considered already introduced aeroplane, the
EV-55 Outback, which is a high-wing, turboprop, multi-purpose aircraft for transportation
passengers and/or cargo. The power plant is a small gas turbine, which contains a static inlet
guide vane, which deflects the airflow to the compressors, and upstream of that the particle
separator, the de-icing unit is located, which is responsible for removing the rain, ice
particles, or dust from the airflow. The duct intake, the de-icing device and the inlet guide
vane together represent the air intake unit, which was the subject of an improvement process
initially to increase the particle separation efficiency and to minimise the pressure drop
upstream of the compressor.
To improve simulation’s efficiency the air intake unit has been separated into three
domains: the intake duct, the centre part with the de-icing unit and inlet guide vanes with an
extended volume at the compressor inlet, which makes possible to leave the boundary
condition undisturbed. In the inlet surface this extraction could be neglected since the inlet
boundary conditions resulted from the previously completed simulation (where the effect of
the propeller was investigated) and furthermore, the duct intake domain is enough to
eliminate the disturbances. This separation was necessary because the first and third
component are simple compared to the centre unit, so these two have been discretized with
hexagonal mesh elements and the centre unit with tetra elements. The final mesh is
represented in Figure 23.
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The hybrid mesh makes it possible to reduce the computation time demands, while also
making possible to improve the accuracy of the results. The full mesh has been built up from
13,294,772 elements and 6,203,530 nodes. The elements are distributed between the three
domains according to Table 5. 15 inflation layers have been used on the walls to keep the
y+ values below 300, according to the requirements of the applied Shear Stress Transport
turbulence model with wall function.

Figure 23: The geometry of the air intake, and the built-up mesh

Duct intake

Centre unit

Engine intake

Element number

1,090,073

9,785,463

2,419,236

Node number

1,056,000

2,787,530

2,360,000

Table 5: The element and node number of the three applied domains

6.4. Physical Conditions and Settings
The modelling approaches, material properties and boundary conditions were set for each
domain separately. These characteristics are the fluid parameters in general, the inflow and
outflow specifications and particle behaviour for different materials. The flow domains were
set to air as an ideal gas. The reference pressure of the domains has been calculated from the
cruise altitude of the aircraft (3048 m) based on the International Standard Atmosphere
parameters, resulted in 69,682 Pa. The buoyancy model was responsible for simulating the
effect of the gravity field since the behaviour of the particles is affected by it. In all of the
test cases, the Full Buoyancy Model (Density Difference) was applied because it is
recommended for particle tracking even if all phases have constant density, moreover here
the airflow density could vary depends on the temperature and pressure. As buoyancy
reference density, the airflow’s (approx.) density was set as 1 [kg/m3] in any cases.
Although it has a negligible influences, since no heat transfer has been included in the
simulation, the total energy model has been applied, which includes the viscous work term.
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As mentioned already, the steady state model’s turbulence has been handled by using Shear
Stress Transport (SST) turbulence model, and 5 % inlet turbulence intensity has been set on
the inlet surface. The previously completed simulation provided the necessary input
parameters, that are summarised in Table 6. Ambient air section, propeller, nacelle with
engine intake duct and wing were included in that simulation.
Outlet
(engine intake)

Inlet

Interface
(ice remover outlet)

total pressure (relative):
6284.48 Pa

pressure (relative): 10519.9 Pa

pressure (relative): 2139.85 Pa

static pressure (relative):
2579.08 Pa

temperature: 262.037 K

temperature: 267.644 K

Vaverage: 164.534 m/s

density: 0.878686 kg/m3

mass flow: 3.42523 kg/s

U: 160.182 m/s

mass flow: 1.48529 kg/s

Vaverage: 88.3825 m/s

V: 8.78613 m/s

U: 87.35 m/s, V: -12.94
m/s, W: -2.85 m/s

W: -5.41599 m/s

density: 0.9255

kg/m3

density: 0.78648 kg/m3

temperature: 271.96 K,
Mach: 0.267
Table 6: Parameters provided by the previous simulation for particle number and separation
calculation
The particle mass flow rate and injected particle number should be computed and defined
as a boundary condition. According to the engine icing requirements, the “density of the
particles” (g particle/m3 air) was specified by the vehicle manufacturer (see Table 7). The
effect of the two highest-sized contributions as water droplet: 2.66 mm and hailstone: 16 mm
has been investigated for filtering efficiency point of view in the present thesis.
Particle type and size

Particle content (PCmass)
(g particle/m3)

Water droplet: 20 μm

1 g/m3

Water droplet: 2.66 mm

20 g/m3

Ice crystal: 1 mm

5 g/m3

Hailstone: 16 mm

7 g/m3

Table 7: Requirements for particle number calculation
At first, the volume flow rate of the air was determined based on the mass flow rate and
averaged density values at the intake (the boundary conditions are coming from the previous
simulation results introduced above):
𝑉̇𝑎𝑖𝑟

𝑘𝑔
𝑚̇𝑎𝑖𝑟 [ 𝑠 ]
3.42523
𝑚3
=
=
= 3.701 [ ].
𝑘𝑔
0.925486
𝑠
𝜌𝑎𝑖𝑟 [ 3 ]
𝑚

(6.22.)
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A single particle mass could be computed whether it is considered as spherical:
𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

3
4 ∙ 𝜋 ∙ 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑔
[
]=
∙ 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 .
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
3

(6.23.)

According to the results, the particle content can be estimated as [particle/m3] by (16.).
𝑃𝐶𝑣𝑜𝑙𝑢𝑚𝑒 [

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑔
𝑔
] = 𝑃𝐶𝑚𝑎𝑠𝑠 [ 3 ] /𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 [
].
3
𝑚
𝑚
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

(6.24.)

The number of particles injected within a second and the particles mass flow rate is
calculated by the computed volume flow rate of air; 𝑉̇𝑎𝑖𝑟 , PCvolume and 𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 according
to Table 8. The velocity and the direction of the incoming particles corresponded to the inlet
flow velocity.
Particle type
and size
WATER
DROPLET:
2.66 MM
WATER
DROPLET:

mparticle
(g/particle)

PCvolume
(particle/m3)

Calculated
particle
numbers
(particle/sec)

Applied/Injected
particles
(particle/sec)

Particle
mass
flow rate
(kg/s)

9.855*10-3

2029.48

7511.15

7511

7.402*10-2

4.189*10-9

238,732,425

883,550,295

100,000

3.7*10-3

1.967

3.56

13.17

13

2.591*10-2

4.8*10-4

10,413

38,541

38,541

1.85*10-2

20 µM
HAILSTONE:
16 MM
ICE
CRYSTALS:
1 MM

Table 8: Calculated particle weights, particle numbers in unit volume, injected particle
numbers per second and particle mass flow rates
To model the behaviour of the different particles, besides air as an ideal gas, a particle
transport solid/fluid is defined in the duct domain. For the water particles, the already defined
water material is used, but for solid ice particles a new material has been created with the
following properties: pure substance material in solid phase with 18.02 g/mol molar mass;
0.917 g/cm3 density and -2° C reference temperature; thermodynamic state: solid.
In the simulation, the following settings have applied:
 The fully coupled (two-way coupled) option was applied in all test cases because it was
important to consider the two-directional interaction between the fluid and the particles
for higher accuracy.
 The inserted particles were considered as uniform and spherical shaped with the specified
diameter values.
 Regarding the particle breakup of water droplets, the surface tension coefficient is
required to compute the surface energy of the particle. So in the case of water droplets
the surface tension coefficient is set to 0.0756 N/m2 according to the surface tension
coefficient of the water at 273 K. [168]
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 In all test cases, the Schiller-Naumann drag model was applied because all of the particles
are considered as spherical.
 Concerning the non-drag type forces, the Turbulent Dispersion Force option was not
activated, because it does not provide additional information in the investigated cases, but
would increase the computational time demand. Other types of non-drag forces acting on
the particles were not applied also because the particle density was higher than the
continuous (fluid) phase has.
 Rough wall model was not applied because the surface roughness of a hot-rolled
aluminium sheet metal is approximately 1-2 μm. The smallest particle (water droplet) is
the 20 µm, and it has even around ten times greater diameter than the surface roughness
of the intake channel.
 The stochastic particle-particle collision model takes interparticle collisions into
consideration while the trajectories are still calculated sequentially. The main advantage
of the model is the possibility of sequential trajectory calculation by creating virtual
collision partners sampled from local statistical values. This offers a high potential of
parallelization and therefore facilitates – in conjunction with the highly parallelized CFXSolver for the gas-phase – its use in industrial applications as a major advancement in the
simulation of dense gas-particle flows. According to the description above, Sommerfeld
collision model is used in all test cases.
 The Coefficient of Restitution (COR) (particle-particle) was set to 1 (elastic collision) in
the case of 16 mm hailstones (solid phases) and 1 mm ice crystals, while in the case of
2.66 mm rain and 20 µm water droplets it was decreased to 0.1 because of the probability
of inelastic collision (limited surface energy, much more deformable).
 The parallel COR (particle-wall) was set to 1 in the case of ice particles considering there
was no energy loss in a direction parallel to the wall; this velocity component remains
constant. This represents elastic collision for the solid particles. Otherwise, in the case of
water investigated, perpendicular COR (particle-wall) was set to 0 in the case of water
droplets to model the particle stick to the wall.
 The applicable static friction coefficient interval for ice-ice interaction is 0.05-0.5, while
the kinetic friction coefficient range is 0.02-0.09. [169]. Static friction coefficient as 0.1
and kinetic as 0.03 was applied between ice-ice particles.
The location of the boundary conditions is shown in Figure 24, and the corresponding
physical values are extracted from Table 6.
A high-resolution advection scheme has been used, similarly like in the case of the
turbulence numeric option. Auto timescale has been applied, and the residuum target for
RMS values was 10-6. Initially, to reduce the computation time demand, a simulation case
has been created without any particles. The converged results have been applied in each
further simulation case as initial conditions so that the iteration process could be minimised.
Then, additional simulations were completed for particle tracking.
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Figure 24: Boundary conditions of the model

6.5. Evaluation of Results
The base simulation without particles has executed for 1425 iteration steps. Meanwhile,
the momentum residuum has converged below 2*10-4, the mass residuum has reached below
4*10-5. Each particle tracking simulation has run for 1000 more iteration steps. The
simulation itself can be stated as converged since all of the imbalances have converged below
0.02 %. The base simulation required 3.873*105 CPU wall clock seconds, and each particle
tracking case added it with 1.659*105 CPU wall clock seconds in average. On an average
personal computer with 16 GB of RAM, and with an 8 core processor that means
approximately 4+2 days.
The numerical mesh has been created in line with the meshing guideline with especial care
for the determination of the first cell thickness from the wall, the boundary layer thickness,
the expansion ratio of the cell thicknesses and cell sizes. The y+ distribution can found on
the left-hand side of Figure 25. The desired value of y+ is either ≈1 (less than or equal 2 to
take the full advantage of the low-Reynolds formulation) or between 30 and 300 (in the
present case). There is only one point in the domain, where the y+ value reaches 32,
everywhere else it is below 30, so the density the mesh is appropriate. The quality of the
mesh could be improved of course, but the actual configuration is considered as an
acceptable balance between the accuracy and computational cost.

6.5.1. General Flow Conditions
Since, there are four different simulations, in the following only the most relevant results
are presented. Inside the air intake channel the air flow slightly accelerates in the intake
channel, then at the bending it separates, one part leaves the intake channel through the deicing device outlet and the rest is directed through the inlet guide vanes to the engine’s
compressor inlet. The critical point of the system – from the viewpoint of the air flow’s
velocity is the outlet section of the inlet guide vanes, where the highest airspeed (249 m/s)
is achieved due to the convex curvature effect. As the streamlines show the right side of
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Figure 25, the air flow for the most part is uniform, separations can be observed above the
ice separator flap, and adjacent to the inlet guide vanes.

Figure 25: Left: the y+ distribution on the intake walls; Right: Streamlines inside the air
intake
The absolute pressure distribution – see right-hand side of Figure 26 – indicates the
pressure drop of the duct (which should be minimised in parallel to the particle separation
efficiency). In the engine intake cross-section the mass flow-averaged absolute total pressure
was 71,817.62 Pa, this means a significant 4148.86 Pa pressure drop compared to the inlet
total pressure, which was 75,966.48 Pa. This is a 5.46% relative difference caused by the air
intake device.

Figure 26: Left: Relative total pressure distribution in the mid section of the air intake;
Right: absolute pressure distribution in the mid section of the air intake
This high-pressure drop is justified since the de-icing configuration of the construction is
used only in specified flight mode, and is not optimised for the engine air supply. In this
case, the most important factor is to prevent smaller-larger particles from getting into the
compressor rotor stage, because they can cause significant damages to the compressor and
turbine blades, or in the case of heavy raining, if water droplets get into the combustion
chamber of the gas turbine, they can cause flame-out.
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6.5.2. Particle Separation
Two types of particles have been investigated: solid and fluid.
As it can be clearly seen in Figure 27, the following behaviour can be observed for the
liquid particles: the small water particles move together with the air stream, because of their
light weight, their inertia will be significantly smaller. As they are moving together with the
airflow, the drag is not so determining, but the wall-particle interaction means the end of a
moving particle because the deceleration force is greater than the surface tension, so the
particles breakup by hitting the wall. The liquid water particles splash on the walls and do
not rebound. The larger rain droplets travel linearly from the inlet surface because their
impulse is dominant over the rest of the acting forces on the particles. The smaller (20 µm)
water particles’ inertia is relevantly lower. Consequently, some of them travel with the
airstream bending in front of the ice-separator device, but in the inlet guide vane unit sooner
or later all of them hit the wall. Thus, they are also unable to reach the engine intake surface.
As a result, it can be concluded that the water particles are completely separated by the
engine intake unit.

2.66 mm
rain droplets

20 µm water
droplets

Figure 27: Particle path of the 2.66 mm rain droplets (left) and 20 µm water droplets (right)
in the air intake device
The solid particles have fundamentally different behaviour, as Figure 28 represents. Just
like in the case of the larger, 2.66 mm rain droplets, their inertia is relevantly high. Thus,
they are unable to move together with the airflow, the influence of drag is almost negligible.
Furthermore, they are treated as immensely strong particles: hitting the wall does not break
them into smaller pieces, but they rebound buoyantly.
The other outcome, that particles start to continuously bounce between the walls until they
“find” an outlet where they can leave the domain. From the practical viewpoint, this means,
that the particle path is clearly overestimated since the bouncing can deflect some of the
particles to a location, where it actually can get. In reality, the impact can break the original
particle to smaller pieces, meanwhile, decreasing its momentum. The effect of the erosion
was neglected because it would increase the computation requirements significantly, and the
practical benefit compared to that is low.
Moreover, it is not considered, but the impact of a hailstone to the intake device’s wall
can cause serious damages to the unit itself. The dynamic load of the intake device caused
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by hailstones can be an interesting outcome of this kind of simulation and inlet parameters
for a Finite Element Method (FEM) analysis.
1 mm ice
crystals

16 mm
hailstones

Figure 28: Particle path of the 16 mm hailstones (left) and 1 mm ice particles (right) in the
air intake device
The quantitative investigation is based on the mass flows of the particles. All the particles
enter the domain in the inlet surface and can leave it through the engine intake (good case)
or the ice-separator outlet (bad scenario). The ratio between these values provides the
separation efficiency. As Table 9 summarises, the first three case have 100% efficiency:
none of the particles can enter to the engine section. In the case of the 1 mm large ice crystals,
the discussed bouncing effect deflects a few particles to the engine intake. The efficiency in
this case is still remarkable 99.3%, and is satisfactory from engineering point of view.
Table 9: Particle mass flow rates in the simulation cases at the inlet and outlet surfaces, and
the calculated separation efficiency
Particle mass flow rates:

𝑘𝑔

𝑘𝑔

𝑚̇𝑒𝑛𝑔𝑖𝑛𝑒_𝑖𝑛𝑙𝑒𝑡

Separation
efficiency

𝑘𝑔
[ ]
𝑠

𝑚̇𝑖𝑛𝑙𝑒𝑡 [ 𝑠 ]

𝑚̇𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑒𝑑 [ 𝑠 ]

Rain droplet: 2.66 mm

0.07402

0.07402

0

100 %

Water droplet: 20 µm

0.0037

0.0037

0

100 %

Hailstone: 16 mm

0.025415

0.025415

0

100 %

Ice crystals: 1 mm

0.01849

0.018365

0.000125

99.3 %

𝑘𝑔
[𝑠]

The validation of the simulation results was difficult, since no experimental data were
available, also to settle an experiment was particularly cost-demanding. Still, the
collaboration made possible to check the plausability of the results based on other institutes’
solution. The same problem has been investigated by the Czech VZLU, so the used methods
and the provided data have been compared with each other. Since their method based on
different assumptions and applied software it is a good indicator to investigate the
discoverable differences. However, their method has provided exactly the same results, as it
was presented in Table 9, except in the case of ice crystals, where their simulation showed
100 % separation efficiency. [170] Thus, the results of the introduced method with the
specified models and boundary conditions can be accepted as an accurate solution.
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Because only simulation data is available, by assuming 5% average relative error for the
separation efficiency (although, the results were matched to the baseline data), each
simulation case still has the CFD Worthiness Number of 𝑊𝐶𝐹𝐷,𝑖 = 19.7, so it is on the edge
(due to the high presumed accuracy, with 1% accuracy 𝑊𝐶𝐹𝐷,𝑖 = 17.3), but the methods are
still a quite applicable and useful solution to demonstrate the particle separation efficiency
of smaller aircraft engine intake channels, designed by smaller aerospace companies with
limited resources.

6.6. Summary
This section is dedicated to carry out a fast simulation method for modelling the path of
different kind of particles in an aircraft engine air intake device, equipped with a particle
separator component. The main challenge was caused by the different behaviour of liquid
and solid particles.
The investigated methods are based on the RANS equations in order to determine the
behaviour of the airflow, and the Lagrangian method has been applied for particle transport
modelling. The full particular phase was treated as a sample of individual particles. By
forming a set of ordinary differential equations in time, the tracking can be carried out. This
set consists the equations of particle position, velocity, temperature and masses of species.
By integrating the equations the behaviour of particles can be determined as they traverse
through the domain: from the injection point until they leave the domain. In the steady-state
analysis each particle is injected, and source terms are generated to the fluid mass,
momentum and energy equations in order to obtain an average of all particle tracks.
Although, the computational requirement is higher, two-way coupled modeling technic was
applied, since the particle can affect the continuous flow.
There are several phenomena, can affect the trajectory of a particle travelling in a fluid
flow. Within the subchapter it has been inspected that what kind of forces and influencing
factors have to be considered for different particle types. The generation of source terms in
the RANS equations is provided by the drag forces, non-drag forces (such as buoyancy and
pressure gradient), or other influencing terms (like particle breakup, particle collision, COR,
static and kinetic friction, particle wall interaction and particle rough wall interaction).
After collecting the critical operational conditions, a simulation has been created for a
small aircraft engine air intake channel, completed by a particle separator (deicing) device.
The same hybrid mesh has been used for each investigation case and the boundary conditions
have been resulted from Chapter 5.3 simulation outputs and authority requirements. The
simulation takes 6 workdays on an average personal computer. A base simulation was
carried out without injecting any particles, to create a converged, steady-state flow. If the
results of this simulation were used as an initial condition, the required computation time
can be decreased.
Concentrating on the particle transport only, the introduced particle tracking provide
plausible and realistic:
1. The small liquid particles (20 µm water droplets) according to their small weight,
move together with the airstream. Their momentum is comparable with the airflow’s and the
surface tension is higher than the external aerodynamic forces, thus the most determining
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effect is the turbulence and the wall-particle interaction. The effect of buoyancy, drag force,
particle breakup, particle collision, COR, static and kinetic friction is almost negligible.
2. The larger liquid particles (2,66 mm water droplets) have larger mass, so the former
effects are not negligible anymore. Although, the velocity difference between the particle
and air stream is low, so the aerodynamic forces, acting on the particle, have small effect,
they have to be included in the simulation. If the critical Weber number was exceeded, the
particles are tended to breakup. The buoyancy also modifies the particle paths.
3. In the case of solid particles (1 mm ice crystals or 16 mm hailstones) a large percent
of these effects as particle breakup (caused by aerodynamic forces) or particle collision do
not play role in the particle movement. The solid particles are not travelling together with
the air stream, they have roughly point-to-point path, which is modified by the aerodynamic
drag, static and kinetic friction, particle wall interaction and of course the buoyancy. The
only deficiency of the applied models and simulation that the particles are treated as
immensely strong and stiff: by hitting the wall they do not break into smaller pieces. The
particles continuously bounce between the walls until finding an outlet. The consequence is
an underestimation of the separation efficiency. Still, the properly applied models are
completely capable to predict the paths of particles injected into an airflow, as VZLU has
proven the same results with a different method [170], furthermore the CFD Worthiness
Number for the described method is 19.7 (based on the separation efficiency amongst the
other parameters), so the method is useable for smaller aerospace companies, since it has
low computational requirements.
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7. CFD Analysis Method for Investigating Aerodynamic
Properties of Aircraft Heat Exchangers
The next investigated component, which has an influencing effect on the aerodynamic
behaviour of an aircraft engine nacelle, is the oil-to-air, plate-fin type heat exchanger, which
is supposed to decrease the lubrication oil temperature by applying external airflow. As the
airflow, is driven to the NACA ram air inlet and drawn through the heat exchanger fins,
suffers from pressure drop, thus, the varying pressure gradients induce aerodynamic drag.
The detailed investigation of this component requires high computation demand, caused by
the Kolmogorov-scales. Hence, the main goal of the present thesis is to introduce an accurate
and cost-efficient simulation method for modelling the effect of the heat exchanger to the
airflow, by using porous domain, determining the parameters, and validate the method. The
simulation process has to be integrable into a more complex simulation. The carried out
approach handles both the fluid mechanic and thermodynamic behaviour of the heat
exchanger with significantly low time-consuming, which makes possible to use it in more
complex simulations.

7.1. Overview of Literature
According to the scientific literature, it can be seen, that heat exchangers are used in a
wide range of applications and functions. The scope of designing a heat exchanger is to
reduce or increase a fluid temperature with a different temperature levelled fluid flow. [171]
The characteristics of the heat exchangers are determined by numerous parameters, like the
material properties, the shape [172], flow conditions [173], control method [174] and the
airflow turbulence [175], which can be regulated by vortex generators [172]. Besides the
most widespread applications, like lubrication oil cooling, fuel warming, and so on, there are
special applications also, for example, cryogenic purposes. [176] In special cases
supercritical [177] or nano-fluids [178] can also be applied in heat exchangers. Furthermore,
fundamentally new solutions and materials are also experimented, like foams [179], where
even the basic calculation methods have to be developed, and new perspectives have to be
implemented, like the genetic algorithm. [180]
The characteristics of the heat exchangers can be investigated from different viewpoints,
but the most important properties are heat transfer and pressure drop. These were
investigated by Fernández-Sear, Diz, and Uhía [181] and a comparison was made
experimentally between spiral fin-and-tube heat exchangers by Pongsoi, Pikulkajorn, and
Wongwises [182]. To determine the proper heat transfer of different heat exchangers, CFD
simulations have been performed by Cheng, Tsai, Cheng, and Chen [183]; Taler and Ocłoń
[184, 185]; Yang and Li [186]. Besides the heat transfer, the pressure drop is the second
design parameter of the heat exchangers to minimise the required power supply [187]. The
pressure drop can be calculated analytically, as it was described by Parikshit, Spandana,
Krishna, Seetharam, and Seetharamu [188], it can be measured experimentally, as it was
published by Yin, Bullard, and Hrnjak [189], or it can be determined by using CFD methods,
as Saad, Clément, Fourmigué, Gentric and Leclerc have reported [190]. Both the pressure
drop and the heat transfer were investigated experimentally by Kearny and Jacobi. [191]
In the case of the available characteristics of a heat exchanger; its behaviour can be
predicted, and it also makes possible for using optimisation methods for minimising pressure
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drop [192, 193], specific entropy generation rate [194] or determining further, special
parameters like the Colburn factor and Fanning factor. [195]
In the present investigation, the whole heat exchanger has been replaced by a porous
media, where isotropic loss model, and additional source terms have been applied to create
similar conditions for the ram airflow as it is in reality. The porous medium theoretically
consists of a skeletal portion of the material, often called a matrix, and the pores are filled
with fluid. [196] It can be characterised by its porosity, permeability, loss coefficient, heat
transfer features, tensile strength and electrical conductivity. [195]The porous materials can
be used in wide range of the applied sciences and engineering areas, like filtration, soil
mechanics, geomechanics, petroleum engineering, bio-remediation, hydrogeology,
biophysics, material science. [197] The wide range of applicability can be represented by the
following publications. The usage in Stirling regenerators are published by Tew, Simon,
Gedeon, Ibrahim and Rong [198]; Neale, Derome, Blocken and Carmeliet have simulated
the vapour flow between air and porous material for buildings. [199] Similar problem has
been examined by Steeman, Janssens, and Paepe. [200] The heat transfer capability and flow
conditions of different porous media have been investigated by Krishnakumar and Nair
[197]; Menon and Kumar [201]; and Sharafat, Mills, Youchison, Nygren, Williams and
Ghoniem [202]. Heat transfer analysis has been carried out in heat exchangers by Delavar
and Azimi [203] as it is the main goal of the present research also together with introducing
a new calculation method for increasing the accuracy and decreasing the needs for
computational resources with validations and extension for using the present approach in
similar processes including the possibilities to integrating it in more complex simulations.

7.2. Theoretical Fundamentals
A continuum physics approach can be used in the present case because the Knudsen
number is significantly less than 0.01. Hence, the Navier-Stokes equations are applied.
Resolving of the complex unsteady turbulent flows with accompanying fluctuations over the
entire or certain time and length scales does not provide additional information about the
characteristics (as pressure drop, flow non-uniformities and flow forces) to be determined.
Hence, RANS approach is used instead of the computationally costly LES and DNS
methods.
Although the flow field - to be investigated inside the heat exchanger - has Mach number
generally below 0.3, compressible flow is considered due to the density variation.
The flow in a porous media can be simulated by using either one of two models: [97]




using a fluid domain together with a momentum loss model. In this case the
porosity is accounted for only through this loss term, other terms in the governing
equations are not changed. Sometimes this formulation is called “superficial
velocity formulation”.
using a domain that involves one or more fluids and an optional solid. All the terms
in the governing equations are modified by the porosity, as well as the loss term.
This model can be called the “true velocity formulation”, or the “full porous
model”.

Although a simple solution is looked for, the superficial velocity formulation does not
consider the effect of the temperature change, which has an unneglectable effect on the
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porous material behaviour by influencing the airflow density. Another problem with the
superficial velocity formulation that within the porous zone the velocity remains the same
as in the outside region, thuswise the velocity increase in porous zones cannot be predicted.
Consequently the full porous model is considered. [97]
The full porous model is based on the commonly used Darcy’s law for pressure drop
determination and on the generalisation of the Navier-Stokes equations. The model can be
used to simulate flows in rod or tube bundles, or between fins, where such effects are
important, because both advection and diffusion terms are retained by the model. During the
derivation of the continuum equations, the infinitesimal control volumes and surfaces are
assumed relatively large to the interstitial spacing of the porous medium, but on the other
hand, they are small for the applied scales that are wanted to be resolved. Because of this
consideration, the control cells and control surfaces are assumed to contain both solid and
fluid regions.
One of the key parameters of the porous material is the volume porosity (𝛾), which shows
the ratio of the available volume for the flow (𝑉′) in an infinitesimal control cell surrounding
the point, and the physical volume of the cell (𝑉) in the following form: [97]
𝛾=

𝑉′
.
𝑉

(7.1.)

In a porous medium, the general scalar advection-diffusion equation can be written in the
following form: [97]
𝜕
(𝛾𝛿𝜙) + ∇ ∙ (𝜌𝑲 ∙ 𝑼𝜙) − ∇ ∙ (Γ𝑲 ∙ ∇𝜙) = 𝛾𝑆,
𝜕𝑡

(7.2.)

where 𝑡 is the time, 𝛿 is the Kronecker Delta function, 𝜙 is an additional variable (nonreacting scalar), 𝜌 is the density, 𝑲 is a symmetric second rank tensor called the area porosity
tensor, 𝑼 marks the true velocity, ∇ is nabla vector Γ is the diffusivity and 𝑆 is a source
term, which contains transfer terms from the fluid to the solid parts of the porous medium.
Consequently, the mass and momentum conservation equations are: [97]
𝜕
𝛾𝜌 + ∇ ∙ (𝜌𝑲 ∙ 𝑼) = 0,
𝜕𝑡

(7.3.)

𝜕
2
(𝛾𝜌𝑼) + ∇ ∙ (𝜌(𝑲 ∙ 𝑼)⨂𝑼) − ∇ ∙ (𝜇𝑒 𝑲 ∙ (∇𝑼 + (∇𝑼)𝑻 − 𝛿∇ ∙ 𝑼)) =
𝜕𝑡
3
= 𝛾𝑆𝑀 − 𝛾∇𝑝,

(7.4.)

where 𝜇𝑒 is the effective viscosity - either the laminar or eddy viscosity - and 𝑆𝑀 is a
momentum source, which, in addition to other terms such as buoyancy, includes a
contribution (−𝑲 ∙ 𝑼) (where 𝑹 = 𝑹𝒊𝒋 , a resistance to the flow in the porous medium) and
represents a resistance to flow in porous medium.
The applied momentum source is implemented into the software as a force per unit volume
acting on the fluid. The used isotropic losses in the porous regions can be formulated by
using permeability and loss coefficients as follows: [97]
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𝑆𝑀,𝑖 = −

𝜇

𝜌
𝑈𝑖 − 𝐾𝑙𝑜𝑠𝑠 |𝑼|𝑈𝑖 ,
𝐾𝑝𝑒𝑟𝑚
2

(7.5.)

where 𝐾𝑝𝑒𝑟𝑚 is the permeability and 𝐾𝑙𝑜𝑠𝑠 is a quadratic loss coefficient. The linear
component of this source represents viscous losses and the quadratic term represents inertial
losses. The 𝑆𝑀,𝑖 source term is proportional to the pressure drop and to the length of the
porous media (𝐿).

7.3. Introduction to the Simulation
The subject of the investigation is the oil-to-air type heat exchanger of a turboprop aircraft:
EV-55 Outback. The aircraft is a high-wing, twin-engine and multipurpose aircraft. The
engine nacelle is located below the wing. The air intake of the engine is installed downstream
of the propeller at the lower section of the nacelle. The air intake duct consists of a particle
and ice separator device also; the separated particles leave the air duct at the sidewall through
sidewall-outlets. Static inlet guide vanes are installed upstream of the engine; meanwhile,
the hot exhaust gases leave the engine through the exhaust pipe, installed behind of the gas
turbine, as Figure 29 shows.

Figure 29: The provided original and detailed geometry of the heat exchanger by ESPOSA
partner [144]
The investigated cross-flow, oil-to-air type heat exchanger is located at the bottom of the
engine nacelle and has the role of cooling down the engine lubricant by using ambient ram
airflow. The external air enters in the heat exchanger through an NACA inlet and leaves
through the exchanger outlet, right below the exhaust pipe. According to the aerodynamic
manner of the whole described geometry, the characteristics of the heat exchanger’s cold
side has be analysed from the fluid mechanic and thermodynamic point of view. The most
important parameters are the pressure drop and the temperature increment of the ram airflow.
So, in this investigation, the heat exchanger was extracted from the nacelle to identify the
corresponding CFD parameters. The process applies to relatively small cell number. Thus,
the necessary computation time can be significantly reduced. The established modelling
technique is integrated into the further analysis. The geometry of the heat exchanger together
with its main dimensions can be seen in Figure 29.
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7.3.1. Geometry of the CFD Model
The geometry, used in the simulations is much simpler than the original one because low
computational cost can’t be achieved by complex geometry. The advantage of the method is
that the heat exchanger can be replaced by a porous material, this way, only the bounding
surfaces and the internal volume has been kept, all other internal parts (fins, tubes, rounds
and fillets) have been deleted.
In order to provide undisturbed flow conditions in the inlet and outlet boundaries, the heat
exchanger inlet and outlet surfaces have been extracted with 600 mm (five times the length
of the heat exchanger) in both upstream and downstream directions. In this way, besides the
porous domain, two other fluid domains have been inserted with a connection to the porous
domain.

7.3.2. Meshing of the Flow and Porous Domains
The point of the whole thesis is performing a high level of simplification in the original,
complex model in order to save some CPU time. The detailed structured mesh has also been
generated to compare the simplified computations with the original geometry requirements.
The heat exchanger consists of plates and fins, which are identical to each other.
Consequently, the structured mesh has been created only for one channel, applying
hexagonal grid. The 998 channels this way required 998 * 47,543,125 elements, so to meet
with the turbulence model’s demands nearly 50 trillion elements.
Since the model has to be capable of being integrated within a larger, complex simulation,
for the first investigation the mesh size has been fitted to the overall mesh sizes (of the later
simulation), the volume elements have been set to 20 mm edge length and every surface
element have been set to 10 mm. Since free slipping walls are used, setting of boundary
layers is unnecessary in this simulation.
The full mesh contains 534,591 elements and 178,514 nodes. This means that the
simplified model requires 86,000 times lower computation capacity than the complex mesh
since the CPU time for the same computer is linearly dependent on the mesh number. The
simplified structured mesh is shown in Figure 30.

Figure 30: The generated mesh of the investigated geometry
Of course, for the mesh sensitivity analysis, mesh element sizes have also been created,
with 30, 25, 15 and 10 mm large edge lengths of volume mesh and elements, with 20, 15, 8
and 5 mm large edge length of surface mesh was created respectively. The corresponding
cell numbers of these test cases can be found in Table 11.
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7.3.3. Boundary Conditions
The heat exchanger was designed to remove 1208 Btu/min (21.2418 kW) from 90 lbs/min
(0.6804 kg/s) of SAE 50 oil at 272 K using 0.7838 kg/s of air at 323 K (see Figure 31 lefthand side). The construction is a vacuum brazed aluminium core with fabricated or cast
tanks. [144]

B

A
Figure 31: A: the design point of the oil cooler heat exchanger; B: heat exchanger
characteristics: the heat rejection and cooling air pressure drop in the function of the
cooling air mass flow rate [144]

By converting the given data to SI dimensions, the necessary parameters of the porous
media have been determined. The reference pressure was set to 101325 Pa (𝑝0 ), from which
the inlet absolute static pressure values (𝑝𝑖𝑛𝑙𝑒𝑡,𝑖 ) have been calculated in the following way:
the static pressure drop (∆𝑝𝑖 ) for the given characteristic point has been added to the
reference pressure and the design point outlet static pressure (𝑝𝑖𝑛𝑙𝑒𝑡,6 − ∆𝑝6 ), as equation
(7.6.) shows.
𝑝𝑖𝑛𝑙𝑒𝑡,𝑖 = 𝑝0 + (𝑝𝑖𝑛𝑙𝑒𝑡,6 − ∆𝑝6 ) + ∆𝑝𝑖 ,

(7.6.)

The pressure drop values have to be plotted in the function of the air flow velocities to
apply Darcy’s law. The manufacturer of the heat exchanger provided the pressure drop and
heat rejection in the function of the mass flow rate and not in the function of the superficial
velocity, thus the airflow’s velocity had to be determined to apply Darcy’s law. The used
Ansys CFX uses the true velocity (there are other software that uses with the superficial
velocity, like Fluent). The true velocity was calculated based on the internal geometry of the
heat exchanger cold side; thus the heat exchanger cold side cross section has been reduced
with the thickness of the fins. To obtain the density, it was assumed that the inlet temperature
𝐽

(𝑇0 ) is 323 K in every cases, and also ideal air gas constant has been applied (𝑅 = 287 𝑘𝑔𝐾).
This velocity is the so called true velocity, which is used in the investigation and can be
calculated as follow:
𝑚̇𝑖
𝑈𝑖 = 𝑝
,
𝑖𝑛𝑙𝑒𝑡,𝑖
𝐴
𝑅𝑇0 𝑟𝑒𝑑𝑢𝑐𝑒𝑑

(7.7.)
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where 𝐴𝑟𝑒𝑑𝑢𝑐𝑒𝑑 constant term is the heat exchanger inlet surface reduced by the fins’
thicknesses, and it is 0.0165495 m2. The heat rejection has to be calculated in [kW/m3]
dimension, hence Figure 31 diagram’s heat rejection values have been divided with the
volume of the porous domain: 0.0064756 m3. The calculated data is summarised in Table
10.
Case
Cooling air mass Pressure
number flow rate [kg/s] Drop [Pa]
1
2
3
4
5
6
7
8
9

0.1512
0.3024
0.4536
0.6048
0.7560
0.7938
0.9072
1.0584
1.2096

99.6
261.5
423.5
647.6
946.5
996.4
1270.4
1644.00
2104.8

Inlet relative
pressure [Pa]
946.54
1108.45
1270.35
1494.53
1793.44
1843.26
2117.26
2490.89
2951.70

True Velocity Heat rejection
[m/s]
[kW/m3]
8.281
16.536
24.765
32.948
41.066
43.098
49.124
57.106
64.975

1059.028
1792.201
2362.447
2837.652
3231.393
3367.166
3570.825
3801.639
4005.298

Table 10: The calculated parameters as boundary conditions for the heat exchanger
characteristics
Using the calculated data, the pressure drops have been plotted in the function of the true
velocities, and a parabolic function has been fitted in the form of 𝑦 = 𝐴𝑈𝑖2 + 𝐵𝑈𝑖 , i.e. the
parabola crosses the vertical axis at 0. The parabola is illustrated in Figure 32.
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Figure 32: The true velocity – pressure drop diagram
According to the fitted curve, A = 0.3789 [Pa·s2/m2] and B = 7.4015 [Pa·s/m]. The air’s
dynamic viscosity (μ) has been calculated by using the Crane Company’s methods [204],
which is based on Sutherland’s formula and has a value of 1.9814*10-5 Pas. The 𝐾𝑝𝑒𝑟𝑚
permeability and 𝐾𝑙𝑜𝑠𝑠 quadratic loss coefficient can be expressed, as: [205]
𝐾𝑝𝑒𝑟𝑚 =

𝜇𝐿
𝐵

𝑎𝑛𝑑 𝐾𝑙𝑜𝑠𝑠 =

2𝐴
𝐿𝜌𝑖

(7.8.)

where L is the length of the porous media. In the software pre-processor the two
coefficients have been determined as expressions, and in the case of 𝐾𝑙𝑜𝑠𝑠 the density was a
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variable, which has been computed and substituted by the solver, so in the simulation the
method is even more accurate.
Because in our case the exact volume porosity is not known, the next step is to determine
it. As equation (7.1.) shows, the available and full volume’s ratio determines the volume
porosity, which can be approximated by dividing the reduced and full available airflow
surface:

𝐴𝑟𝑒𝑑𝑢𝑐𝑒𝑑
𝐴𝑓𝑢𝑙𝑙

= 0.357. The remaining domain and boundary condition settings were the

next:



Air ideal gas has been applied as the fluid domain in each case
The domains have been connected to each other with fluid-porous domain general
interfaces,
 Full porous model has been set for the domain of the heat exchanger,
 For the porous domain the already introduced 𝐾𝑙𝑜𝑠𝑠 and 𝐾𝑝𝑒𝑟𝑚 have been set,
 The volume porosity for the first case was 0.357 in every cases.
 In the inlet surface, mass flow rate inlet has been set the values calculated in Table
10 second column,
 In the outlet surface, static pressure has been defined as 0 Pa relative pressure
(compared to p0),
 At the solid walls, free slip boundary condition has been set,
 The inlet pressure was 102171.9 Pa (𝑝𝑖𝑛𝑙𝑒𝑡,6 )
 SST turbulence model have been applied,
 Total energy heat transfer model has been set, which includes the viscous work
term,
The model and the applied boundary conditions are illustrated in Figure 33. A subdomain
has been inserted, where an energy source term was applied, to simulate the heat transfer in
the porous media. The heat rejection at the given location has been divided by the volume
of the porous media, by which 3367 kW/m3 has been applied.

Figure 33: Locations of the boundary conditions in the model
Although, the heat transfer process actually happens in the boundary layer adjacent to the
fins of the heat exchanger, this would require a detailed geometry, with the already
mentioned mesh number. The recent investigation is much simpler: the goal is to determine
the effect of the heat exchanger on the main airflow, for which purpose the introduced model
is capable.
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Because the model is simple, no long calculation time or high iteration number are
required, so only 100 iteration steps have been set. The turbulence numeric was set to high
resolution; the residual target was set to be 10-5.

7.3.4. Evaluation of Results
The convergence criterion for the momentum and mass RMS (Root Mean Square)
residuum were expected to drop below 10-4, for the imbalances to drop below 1%. These
goals have been reached below 50 iteration steps.
The correctness and accuracy of the results strongly depend on the y+ value. Logarithmic
wall function is expected to be applied because there is not supposed to be strong adverse
pressure gradient conditions or separations. Hence the y+ value should be within the [30;
300] interval. Although for correct modelling of heat transfer processes the y+ values should
be lower than 2, the bounding walls are adiabatic, the heat transfer develops within the
porous domain in the present case. The mesh independency has also been investigated; the
simulation has been executed with five different cell numbers. The pressure drop values have
been examined in every case, as Table 11 shows. It can be concluded, that the outputs of the
simulations are independent of the mesh over cell number: 534,591, the results are
acceptable both from the viewpoint of mesh sensitivity and y+ value. Based on the present
investigation, the middle one model (cell number: 534,591) was used for further analysis.
Pressure
drop [Pa]

1200

123,180

1011.83

1100

242,282

1007.51

534,591

988.63

876,414

990.157

2,442,907

994.475

Pressure drop [Pa]

Cell number

1000
900
800
0

1000000
Cell number

2000000

Table 11: Results of the mesh sensitivity analysis
The pressure distribution of the airflow was modified only by the porous media, just like
the temperature distribution. The inlet domain and outlet domain has the role in separating
the inlet and outlet surfaces from the porous media to keep the airflow undisturbed at this
particular parts Figure 34 demonstrates the pressure and temperature distribution in the
model at the design point of the heat exchanger, with especial care for the pressure drop, and
the temperature increment inside the porous media.
The static pressure was determined by area averaging in the inlet surface at the imposed
mass flow rate and temperature. Since the static outlet pressure was fixed (0 bars in a relative
manner), the inlet pressure becomes higher with the pressure drop, due to the wading effect
of the porous media.
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Figure 34: The temperature and relative static pressure distribution along the cross sections
of the investigated model
The outlet temperature resulted 350.4 K, which is close to the initial data in Figure 31
(349.5 K); the relative difference is 0.21 % between the calculated and measured temperature
data (in [K]). Thus, the energy source term has been calculated correctly. The target pressure
drop (996.36 Pa) and the result has 0.78 % relative error, which makes both the volume
porosity, both the porous domain’s coefficients acceptable in this particular point.
The recent method takes into consideration the effect of the changing density, along with
the porous media. According to the boundary condition settings, 𝐾𝑙𝑜𝑠𝑠 can change in the
function of the density. However, there was a preliminary investigation (find in [206]), in
which the temperature-independent quadratic loss coefficient have been used with the same
boundary conditions, but calculating the two parameters manually and setting them as
constants: 𝐾𝑝𝑒𝑟𝑚 = 5.674292 1/𝑚 and 𝐾𝑙𝑜𝑠𝑠 = 3.21243 ∗ 10−7 𝑚2. In this case the
generated pressure difference was 949.12 Pa, meaning 4.74 % relative differences to the
expected value (996.36 Pa). So, it can be stated that if 𝐾𝑙𝑜𝑠𝑠 is not independent from the
density (not constant), more accurate results can be achieved.
The method’s accuracy has been investigated in the full scale of the heat exchanger
characteristics. Simulations have been completed with the calculated boundary conditions
(see Table 10) and the computed porous media parameter.

Relative Pressure
drop [Pa]

The results (relative pressure drop) have been plotted in the function of the air flow
velocity inside the porous domain - true velocity (see Figure 35), and mass flow rate (see
Figure 36). Finally, they were compared with the available experimental data for the
plausibility checking.
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Figure 35: The pressure drop experimental data and simulated results in the function of the
true velocities
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Relative Pressure
drop [Pa]
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Figure 36: The pressure drop experimental data and simulated results in the function of the
mass flow rate inside the porous media
The two diagrams illustrate minor differences, which can be caused by measurement
inaccuracy, or the imprecisely determined inlet total pressure. The accuracy of the model
can be improved by increasing the investigated range of mass flow rate, which would provide
more accurate constants for the linear and quadratic coefficients of the porous media. The
average absolute relative deviation in the full investigated interval is 5.9% and the average
relative error compared to the relative inlet pressure is 1.6%.
As follow up studies to potentially further improve the accuracy of the predicted
methodology, the effects of anisotropic heat flow within the heat exchanger should be further
investigated. Due to the construction and flow patterns within a tubed heat exchanger, there
is a natural orthotropic structure, which could be represented in the CFD analysis, to further
improve accuracy of the analysis, with only small additional computational cost.
Comparisons can be made against the results from the above presented, and validated
isotropic model, and the validity and importance of the orthotropic conductivity effects can
be evaluated in the future.
Although, the accuracy of the present approach can be increased by the mentioned ways,
it can be concluded that the method is capable of being used to simulate the effect of a heat
exchanger from the fluid dynamic and cooling capability point of view, without building up
the complex and computationally expensive internal geometry of the heat exchanger.
Additionally, it can also be integrated into oversized system. Significant amount of time and
so development and simulations costs can be saved by the presented approach.
This is confirmed also by the CFD Worthiness Number for the sample case is 𝑊𝐶𝐹𝐷,𝑖 =
12.0 (the sampling parameter is the relative static pressure drop value - Table 10, row 6),
which means it is particularly useful and applicable for smaller aerospace companies. Even
more, that in the case of applying the detailed mesh and model, the CFD Worthiness Number
was 𝑊𝐶𝐹𝐷,𝑖 = 38.6. So, this method is not only useable for smaller aerospace companies,
but also is a good basic simulation method for optimization processes even with smaller
hardware support.

7.4. Summary
The goal of this chapter is to introduce a simplified CFD procedure, which can predict the
pressure drop together with the heat transfer process of oil-to-air, plate-fin type heat
exchanger cooling airflows (cold side) with the expected high accuracy and with capability
for integrating into simulations that are more complex to reduce computational resource
needs. The carried-out methodology applies porous material with temperature dependent
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parameters. The scope of the investigation is focusing on simulation of how the incoming
ambient air passes through and leaves the heat exchanger cold side, while decreasing the hot
oil’s temperature, and causing pressure drop in the ram air, because of the boundary layer
effect near the plate-fins.
The main parameters of the cold side of the heat exchanger as mass flow rate in the
function of the pressure drop and, at the design point, the mass flow rate, temperatures at the
inlet and at the outlet of the part, inlet relative static pressure and static pressure drop were
given by the partner institution. [144] The static pressure drop has been expressed in the
function of the airflow velocity by Darcy’s law and a parabolic curve has been fitted, from
which the quadratic and linear coefficients have determined as the 𝐾𝑙𝑜𝑠𝑠 and 𝐾𝑝𝑒𝑟𝑚 values
of the porous domain with considering the effect of the local density. The volume porosity
(𝛾) was determined as:

𝐴𝑟𝑒𝑑𝑢𝑐𝑒𝑑
𝐴𝑓𝑢𝑙𝑙

= 0.357.

The heat transfer has been considered in the present case also by applying energy sources
in the porous domain. The calculated outlet temperature was 350.4 K and it is 349.65 K
given in the specification at the operational point. The 0.21 % relative difference between
them is negligible, thus the energy source term has been considered correctly.
Simulations have been executed in the full range of the given heat exchanger mass flow
rates with the calculated volume porosity and the given heat sources, and the results –
focused on the pressure drop – have been compared to the specified (available) data. The
output of the simulation showed the same pattern as the experimental data in the full range
of the investigated interval, the average absolute relative deviation between the simulation
results and the available data was 5.9 %, the average relative error, compared to the relative
inlet static pressure, was 1.6 %. When the linear and quadratic coefficients of the porous
material were temperature-independent, the average relative error, compared to the relative
inlet static pressure, was 4.78%. Consequently, the introduced method is capable for
handling the fluid dynamic and heat transfer processes in a heat exchanger, it provides
accurate results, and because of its low computation requirements, it can be integrated into
more complex environments.
The introduced simulation case has a relatively low CFD Worthiness number: 12.0, so it
is particularly suitable for smaller aerospace companies, even as a good basic simulation
method for optimization processes.
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8. Conclusions and Theses
8.1. Summary
The present doctoral dissertation has the scope to introducing the effect of the
continuously expanding information and technology to the development process models,
applied in small aerospace companies, furthermore to dig into three different timeconsuming fluid-mechanic problems, and suggest relatively shorter, but still accurate
solutions. The connection between these investigation fields that all of them occur in a
development process, furthermore 3 of them have been already applied in an international
research project.
In the first part of the thesis after summarising the recent development processes,
importance of the trend changes in aerospace and R&D the influencing factors have been
presented. This doctoral thesis is dedicated for smaller aerospace companies, which mostly
use 3rd generation innovation and development processes, that are interactive, coupling or
chain-linked models are capable to overcome the shortcomings of the first two, sequentialbased levels. Since, the recent feedback loops and development directions are not the most
efficient solutions to utilise the available resources, a crowdsourcing supported 3rd
generation innovation process has been carried out completed with 6th generation innovation
process elements particularly for small aerospace companies in order to improve their
innovation and development processes.
The second part of the thesis aims to develop 3 CFD based methods that can reduce
computation efforts, meanwhile providing accurate results, within 5 % error compared to
experimental or validated results. The considered problems were the following:
1.
The effect of a turboprop to the aircraft structure and its components’ aerodynamic
behaviour is investigated by implementing the Schmitz method and uses its outputs in
Actuator Disk Models. Axial and tangential momentum sources represent the effect of the
rotor and in another approach, total pressure and static temperature values with defined flow
directions as inlet boundary conditions at the downstream plane of the propeller are
considered. Each ADM model can provide accurate result but in significantly shorter time
than the RDM, thus they can be used for engine intake and nacelle design, improvement and
optimisation processes.
2.
Recently CFD software provide an opportunity to simulate the trajectories of
different type of particles, such as hailstones, dust, or even liquid water droplets. The thesis
summarises and reviews the available modelling technics, and comparing the effect of
different parameters, meanwhile suggests reliable solutions, which can be applied for engine
intake design, improvements and optimisation.
3.
A simple and cost-efficient method is introduced in the present thesis, which can
simulate the heat exchanger caused pressure drop and heat transfer to the ambient airflow
accurately without using the detailed geometry of the assembly. Porous media is applied for
the heat exchanger, which’s parameters (loss and permeability coefficients) are calculated
by applying Darcy’s law. The density dependent loss coefficient is taken into consideration
by user defined function in the applied software. The heat transfer processes have been
modelled with inserting source term in the energy conservation law of the porous media.
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The investigated problems are connected to each other: each one of them belongs to a
complex flow simulation process of a turboprop aircraft: the airflow is accelerated by the
propeller blades, which generate the thrust, downstream of the propellers the air enters to the
air intake duct of the engine, where a particle separator device takes place. Or it can move
along the engine nacelle, generating an aerodynamic drag. Some part of the external airflow
can also be used as a ram air inlet in a plate-fin type heat exchanger, which is responsible
for decreasing the temperature of the lubrication oil. So, by integrating the different section
of the thesis, a complex simulation can be utilised to determine and improve the aerodynamic
behaviour of a small aircraft with minimised computational efforts.
CFD Worthiness number has been carried out to create an indicator to compare different
kind of RANS simulation cases. This indicator incorporates the mesh cell number of the
investigated model given in normal form, resolved to the significant part and exponent, the
iteration number, which is necessary to reach the convergence criteria, a correction factor to
consider the quality of the mesh, the processor performance factor and finally the accuracy,
which is given by the average relative error for the investigated model parameter. By going
through several possibilities, where different scenarios have been compared to each other,
for a small company with limited resources both in man-hours, in experience or knowledge,
and in computational effort, for the earlier stage development processes those CFD
simulation processes should be applied, which has lower CFD Worthiness Number than 20.
Depending on this dimensionless number, the introduced CFD methods have been compared
to each other, as Table 12 shows. Of course, only a few examples have been collected due
to the large amount of data.

𝑁𝑚
𝑒
𝑁𝑚
𝑠
𝑁𝑚
𝑁𝑖𝑡
𝛽𝑔
𝜖𝑖
𝑛𝑐
𝜔𝑝
𝜓𝑝
𝑊𝐶𝐹𝐷,𝑖

1.34*107

HX with
porous
media
5.35*107

HX with
detailed
mesh
4.60*107

7

7

5

10

7

1.6054875

1.6054875

1.34286

5.34591

4.5974826

1.1557515

3500

200

200

200

50

500

250

1.05

1.05

1.05

1.05

0.9

1

1.1

0.045

0.063

0.044

0.029

0.016

0.03

0.05

4

4

4

4

4

4

4

3600

3600

3600

3600

3600

3600

3600

2.4

2.4

2.4

2.4

2.4

2.4

2.4

28.1

20.7

19.5

18.0

12.0

35.4

19.7

RDM

ADMv1

ADMv2

ADMv3

1.91*107

1.61E*107

1.61*107

7

7

1.9065034

Particle
tracking
1.16*107

Table 12: Examples for CFD Worthiness Number values based on the introduced CFD
simulations cases (HX – Heat exchanger from Chapter 7.)
In most cases the CFD Worthiness Number varies between 10 and 45, to reach lower or
higher values extreme simulation cases are required. The applicable region is below 20,
where if it was closer lower than 15, the computational requirements are minimal (a
notebook or ultrabook can handle the simulation), while if 15 ≦ 𝑊𝐶𝐹𝐷 ≦ 20, it needs a
stronger Personal Computer (PC). Over 20, the simulation needs a high-performance
hardware, workstations and also it has significant time demand. So, these problems should
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be taken into consideration in R&D problems, but for small aerospace companies during
development it generally not worth to apply.

8.2. New Scientific Results
I have completed knowledge-management and Computational Fluid Dynamics based
researches for improving the effectivity of small and medium sized aerospace companies,
and the theses are presented as follows:

Thesis 1:
The conventional 3rd generation innovation process has to be redesigned in order to meet
with the demands of small aerospace companies and their suppliers with reduced innovation
capabilities. (The flow chart about the innovation model is found in Figure 2.)
1.1. The proposed innovation model is based on the idea generation, which applies 6th
generation open funnel model to select the useful and efficient ideas and integrates
knowledge management. The idea generation have to be supported by crowd sourcing,
knowledge sharing and the conventional scientific breakthroughs, new technologies.
1.2. The model considers the crowd as potential option for participating in innovation
processes by means of knowledge sharing, freelancer engineers and financial
stakeholders, rather than to be simple customer.
1.3. The cost of a development process is optimised by involving outsider participants in the
idea generation, development process and by outsourcing the marketing and sales.
1.4. To meet with the strict rules of aerospace industry, “state-gates” must be applied as
feedbacks and drivers in the process. While the idea generation and development phase
is carried out as a quasi-open innovation process, actually the company has
responsible, so the closed innovation processes are also combined.

Crowdsourcing supported 3rd generation innovation model addressed for small aerospace
company innovation and development
Related publications: [13, 23, 34, 41, 207-209]
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Thesis 2:
To compare different RANS based CFD methods’ effort requirement, the presently
developed and below described dimensionless CFD Worthiness Number (WCFD,i) can be
used, which incorporates the mesh cell number of the investigated model given in normal
𝑠)
𝑒 ),
form, resolved to the significant part (𝑁𝑚
and to the exponent (𝑁𝑚
the iteration number
(Nit), which is necessary to reach the convergence criteria, a correction factor (𝛽𝑔 ) to take
into account the quality of the mesh, the processor performance factor (𝜓𝑝 ) and finally the
accuracy (𝜖𝑖 ), which is given by the average relative error for the investigated model
parameter (the 𝜋 is a weight function in the equation):
𝑊𝐶𝐹𝐷,𝑖

𝑒
𝑁𝑚
𝑠
=
∗ 𝑙𝑛(𝑁𝑚
∗ 𝛽𝑔 ∗ 𝑁𝑖𝑡 ) ∗ 𝑒 𝜋𝜖𝑖 .
𝜓𝑝

2.1. The processor performance factor must be calculated as follow:
𝜔𝑝 [𝑀𝐻𝑧]
∗ √𝑛𝑐 ,
3000 [𝑀𝐻𝑧]
where 𝜔𝑓 is the processor’s frequency ratio, which is a ratio of the applied computer’s
𝜓𝑝 = 𝜔𝑓 ∗ √𝑛𝑐 =

processor (𝜔𝑝 ) to a baseline 3000 MHz basic processor frequency; and 𝑛𝑐 is the
number of useable cores.
2.2. The correction factor (𝛽𝑔 ) is responsible to take into consideration the quality of the
mesh, and it has to be the following values:
Mesh quality

𝜷𝒈 [−]

Simple, hexa mesh
Complex, structured hexa mesh with
boundary layers and minimal poor
elements
Simple mesh made from tetra elements
Complex mesh, made from tetra cells, with
minimal poor elements and boundary
layers
Simple, hybrid mesh
Complex hybrid mesh with minimal poor
elements and boundary layers

0.9
0.95

1
1.1

1.05
1.15

2.3. For small companies with limited resources both in man-hours, in experience or
knowledge and in computational infrastructure, the CFD Worthiness Number for an
applied simulation technic have to be lower than 20:
𝑊𝐶𝐹𝐷,𝑖 ≦ 20.
Furthermore, simulation cases with CFD Worthiness Number between 10 and 15 are
suitable for applying them in optimisation methods.
Related publications: [210]
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Thesis 3:
For computational cost reduction purpose, RANS based CFD simulation of small and
medium sized, propeller driven aircraft operating in M≤0.35 speed range, the effect of the
rotor have to be taken into consideration by applying the Schmitz method in order to achieve
the desired CFD Worthiness Number.
3.1. The geometry of the propeller has to be replaced with a cylinder cavity, divided to
equally thick (∆r=const.) rings. The need for modelling the actual rotor geometry and
fine meshing can be spared by this way. The rings have to be filled with fluid domain,
connecting to the rest of the airflow by general interfaces. The effect of the propeller
is taken into consideration with applying sources terms.
3.2. The Schmitz method (combined Blade Element and Momentum Theory) have to be
used, which provides the source terms in each ring, as it is described by the following
equations:
i. 𝑑𝑇 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)2𝜌𝑣,
ii. 𝑑𝑄 = 2𝜋𝑟𝑑𝑟(𝑉 + 𝑣)2𝜌𝑢,
iii. 𝑑𝑉 = 2𝜋𝑟𝑑𝑟𝑥𝑑𝑖𝑠𝑐
where, V marks the flight speed, v and u are the axial and tangential induced velocities,
𝑑𝑇 and 𝑑𝑄 are the elementary axial and tangential components of the resultant force,
𝑥𝑑𝑖𝑠𝑐 is the thickness of the rotor, finally 𝑟 is the radius and 𝑑𝑟 is the elementary radius.
The change of Turbulence Kinetic Energy downstream of the rotor can take into
consideration with a source term in each ring (𝑟𝑖 ), determined by the results of the
Schmitz method as follows:
1

2

iv. 𝑘 = 2 𝑉 ′ , where 𝑉 ′ = 𝑢𝑖 = 𝑓(𝑟𝑖 )
ui is the resultant induced velocity: 𝑢𝑖 = √𝑢2 + 𝑣 2 .
3.3. To optimise the engine nacelle downstream of the propeller in a stationer flight phase,
the history of the airflow before the propeller is indifferent. Thus, by neglecting the
propeller domain, the induced velocities have to be considered as total pressure
increment in the propeller downstream surface, calculated by the Schmitz method. The
inlet boundary conditions are the next:
𝜌

v. 𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝 + 2 [(2𝑣 + 𝑉)2 + (2𝑢)2 ],
vi. 𝑛𝑟 (𝑟) =

𝑢(𝑟) 𝑠𝑖𝑛(𝜃)
√𝑢2 (𝑟)+(𝑣(𝑟)+𝑉)2

; 𝑛𝑧 (𝑟) =

𝑣(𝑟)+𝑉
√𝑢2 (𝑟)+(𝑣(𝑟)+𝑉)2

vii. 𝑇 = 𝑇𝑓𝑎𝑟𝑓𝑖𝑒𝑙𝑑
where 𝑝 is the static pressure, 𝜌 is density, 𝑇 stands for static temperature. 𝑛𝑟 and 𝑛𝑧
are the unity directional vectors in the (r, 𝜃, z) cylindrical coordinate system.
Related publications: [206, 211-213]
Related scientific reports: [170, 214-216]
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Thesis 4:
In a RANS based CFD simulation of a small aircraft engine intake channel, with especial
care for the behaviour of different particles, in order to create a base simulation for an
optimisation with lower CFD Worthiness Number than 20, the collected and proposed
physical effects, model, approaches and considerations have to be used.
4.1. Two-way coupled solutions have to be used with homogenous, spherical-shaped
particles, which quantities and diameters depend on the international regulations: 20
µm and 2.66 mm water droplets, 1 mm ice crystals and 16 mm hailstones.
4.2. The wall roughness have to be neglected according to the relatively large particle sizes,
but the high Reynolds Number requires the Schiller-Naumann drag force.
4.3. In the case of 2.66 mm water droplets, the Weber number is much higher than the critical
Weber number, thus the particle break-up model has to be applied. The smaller, 20 µm
water droplets on the other hand are affected by the turbulent dispersion force, so it
must be considered.
4.4. In every case, the particle collision has to be simulated by applying Sommerfeld model:
 the coefficient of restitution is 1 (fully elastic collision) when considering the
collision of solid ice particles with each other, while it is 0.1 in the case of
interaction between fluid particles,
 the coefficient of restitution is 1 (fully elastic collision) when considering the
collision of solid ice particles with walls, while it is 0 in the case of interaction
between fluid particles and walls.

Related publications: [213, 217]
Related scientific reports: [218-220]
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Thesis 5:
To investigate the effect of an oil-to-air heat exchanger on the small airplane’s
aerodynamic characteristics, with special regard to the drag, the best CFD Worthiness
Value (between 10 and 15) can be obtained by implementing a RANS based CFD simulation
applying porous media and the model has to be the following specifications:
5.1.

5.2.

True velocity model is applied, for which the volume porosity have to be
determined as the ratio of the available (reduced) and the full cross section of the
heat exchanger as follows:
𝐴𝑟𝑒𝑑𝑢𝑐𝑒𝑑
𝛾=
𝐴𝑓𝑢𝑙𝑙
By applying Darcy’s law, using the heat exchanger’s supplier characteristics, the
quadratic (A) and linear (B) coefficients have to be calculated and the quadratic
loss (𝐾𝑙𝑜𝑠𝑠 ) coefficients and the permeability (𝐾𝑝𝑒𝑟𝑚 ) of the porous media have to
be calculated as follows:

𝐾𝑝𝑒𝑟𝑚 =

𝜇𝐿
𝐵

and 𝐾𝑙𝑜𝑠𝑠 =

2𝐴
𝐿𝜌𝑖

where 𝜇 is dynamic viscosity, L stands for the length of the heat exchanger and 𝜌𝑖
is the density of the fluid.
5.3.

If the loss coefficient from the previous equation is temperature dependent, the
accuracy of the simulation can be increased by 3 % in case of using temperature
dependent density (𝜌𝑖 (𝑇)).

5.4.

Volumetric energy source have to be used for modelling the heat transfer
processes between the heat exchanger and cooling air.

Related publication: [206]
Related scientific reports: [214, 215]
Indirectly related publications: [221-223]
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Annex I.
A.I.1. Simulation Cases
The necessary inputs for the simulation cases were prepared in MATLAB environment:
first, the necessary input data for the calculation were determined from the propeller
geometry. Afterwards, the functions of the lift cL and drag cD coefficients – angle of attack
α were generated from the propeller geometry as well. It is a high priority, that one should
develop such a model, which provides results as close to the reality as possible. Hence, the
calculation includes the modified Prandtl blade-tip loss correction by approaching to the 3D
flow. The results of the procedure as the induced axial and tangential velocity distributions
in the function of the radius have been used in the actuator disc CFD simulations as boundary
conditions for the propeller domain outlet cross section.
The simulated propeller geometry was surrounded with a cylindrical body, which has been
separated into three sections: the start, mid and end domain, which was completed by the
rotating domain in such cases. The flow geometry can be seen in Figure A.I.1.

Figure A.I.1. The flow domains and parts of the structure (blue) in case of the rotating
domain simulation [140]

A.I.2. Qualitative Comparison of the Experimental and
Simulated Data [136]
The experimental data, provided by the Technical University Delft – has been compared
to the simulation results in qualitative and quantitative manner. The evaluation has been
carried out in a plane 56 mm downstream of the propeller plane, as shown in Figure A.I.2.
A

B

C

Figure A.I.2. A: CFD model and the applied coordinate system; B: The examined plane is
coloured by grey; C: the observation line which is defined by two points [140]
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The base of the investigation is the velocity vectors downstream of the propeller. The
magnitude of velocity vectors in the x direction at the advance ratio of J = 1 is illustrated in
the upper left corner of Figure A.I.3. As the free stream velocity is 30 m/s, it is clear that the
propeller blades accelerate the flow to 40 m/s mean value in the investigated plane. Although
the legends of the simulated and experimental data are close to each other, so the velocity
magnitude is belonging to similar colours, there is a minor difference between the scales,
but it is negligible. Still, it can be seen that the highest level agreement is between the
measurement and rotating domain simulation method with hybrid mesh.
A

B

C

D

Figure A.I.3.: Velocity vector distribution of the rotating domain model (with hybrid mesh),
actuator disc model (with hybrid mesh and experimental data A: x directional components,
C: y directional components, D: z directional components – B: the coordinate system of the
model, plane and the direction of the view [138]
The left, lower corner of Figure A.I.3 demonstrates the y-components of the velocity
vector downstream of the rotor. This component is zero in the far field and positive for any
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positive z direction in the investigated plane, corresponding to the clockwise rotational
direction of the propeller (from downstream-side), which can also be followed in the right,
lower corner of Figure A.I.3, where one can see that the vertical velocity component of the
flow field is upward-directed on the left-hand side and downwards-directed in the right-hand
side of the examined plane. The highest semblance in the case of y directional velocity
components of the measured and simulated data can be found in the case of the actuator disk
simulation method with hybrid mesh. Contrary, the z-directional velocity component
distribution of the rotating domain fits with the best agreement with the experimental results
since the actuator disk method’s downstream velocity distribution is slightly different.

A.I.3. Quantitative Comparison of the Experimental and
Simulated Data [136]
For the quantitative evaluation the same plane was used, on which lines have been defined.
The simulation results have been exported from this line, shown in Figure A.I.2Figure
A.I.2. A: CFD model and the applied coordinate system; B: The examined plane is
coloured by grey; C: the observation line which is defined by two points [140]
. Consequently, the following cases are investigated (after each case a coloured line
represents the uniform legend of the characteristics) shown in Figure A.I.4 – Figure A.I.7:






Measured data by TUD, (
)
Rotating domain with hybrid mesh, (
)
Schmitz method, ( )
Rotating domain with structured (fully tetra) mesh, (
Actuator disc with hybrid mesh (
)

)

In each curve the relative cumulative error has been determined by the following
expression:
𝜀=

(𝑎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑎𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 )2
100
∫√
𝑑𝑍.
𝑍
𝑎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 2

(A.I.1.)

The investigated parameters are the absolute velocity, the velocity components in x, y, z
directions on the dedicated plane and the static and total pressure distributions.
The first investigated parameter is the absolute velocity, which is shown in the function
of the z-axis), see Figure A.I.4. As the left-hand side diagram shows, the absolute velocity
outwards from the propeller tip is disturbed by the rotor-tip vortices. Thus, between 0.15 m
and 0.22 m the absolute velocity drops below the far field velocity. This phenomenon can
be followed only by the rotating domain method with hybrid and structured mesh. Adjacent
to the rotor blades the velocity increment varies between 30 m/s and 42.3 m/s. Also, the
actuator disk method slightly overestimates the induced velocities along the whole radius of
the blades, but this error stays below 1.75% in this particular area. Outwards, the error of the
actuator disk method increases up to 2.7%, but this is caused by the accumulation. As a
consequence, it can be stated that the rotating domain method with hybrid mesh provides the
most accurate results with lower than 1% cumulative error along the whole propeller. The
actuator disk method, however, is not as accurate, but still can stay below 2.7%. Of course,
in each case, the benchmark of the calculation is the experimental data.
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Note: the Schmitz method can calculate velocities only to the tip of the propeller, but to
verify the applied calculation method it is also represented.
B

A

Figure A.I.4. A: Absolute velocity of the simulations and the measurement in the function of
the z coordinate axis; B: Relative cumulative error of the absolute velocity compared with
the measured values (the yellow line represents the blade tip) [138]
The values of the relative cumulative error of the absolute velocity regarding the
measurement are shown in Table A.I.1 for each simulation case. The rotating domain method
provides the best approximation to the measurement. The highest deviation rate belongs to
actuator disc method, but the 2.7 % error rate is significantly lower than 5%, which is the
acceptable limit based on the expectations.
Absolute velocity

ε [%]

Rotating domain simulation with hybrid mesh

0.99

Rotating domain simulation with unstructured mesh

1.17

Actuator disc simulation with hybrid mesh

2.66

Schmitz method (until the blade tip)

0.96

Table A.I.1. Relative cumulative error of the absolute velocity in each investigated case
In order to gain a more detailed introspection to the airflow structure the velocity
components have been investigated in each direction (x, y, z) and plotted in the function of
the z direction, and for each case, the cumulative error was also calculated. The dominant
component of the velocities are the x components because the tangential and radial induced
velocities have at least one order lower value. According to that, the x directional velocities
are quite similar to the absolute velocity distribution. The rotating domain method with
hybrid mesh is still the best assumption of the flow field: the x components’ cumulative error
is within 1% along the radius of the propeller blade.
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A

B

Figure A.I.5. A: x, y and z velocity components of the simulations and experiment in the
function of z coordinate axis; B: the relative cumulative error of the corresponding velocity
components (the yellow line marks the blade tip) [138]
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In the case of the y and z-directions, the relative error values are significantly higher, since,
in equation (A.I.1.) the denominator contains one magnitude lower value. Thus, the result is
higher, however, the absolute error is approximately the same like in the x direction. In the
y direction, the velocity vectors correlate the measured values; the pattern along the propeller
blades is similar in each case. On the other hand, in this case, the rotating domain model
overestimates the velocity components, since the rothalpy constantly produces a rotating
movement, despite the fact that between the blades there is no actual fluid rotation.
Therefore, while the actuator disk model can stay below 3% till the propeller tip and below
3.8% along the whole line, the rotating domain method’s cumulative error is 6.4% with
hybrid mesh, as Figure A.I.5 represents.
The z-directional velocity component has the lowest value of all: the maximum measured
velocity being -1.4 m/s. Thus, the cumulative error values become so high, that in this case,
they are not representative. Still, the actuator disk overestimates the z-directional velocity
components, while the rotating domain method with both meshes can follow the
experimental results very accurately along the investigated line. The maximum cumulative
errors are summarised in Table A.I.2 for better understanding.
εx [%]

εy [%]

εz [%]

Rotating domain simulation with hybrid mesh

0.97

6.44

9.66

Rotating domain simulation with unstructured mesh

1.22

7.83

9.98

Actuator disc simulation with hybrid mesh

2.69

3.51

7.49

Schmitz method (until the blade tip)

0.95

3.33

-

Velocity distribution

Table A.I.2. Relative cumulative error of the x, y, z velocity components in each
investigated case
The evaluation of the velocity distributions is followed by a comparison of the computed
and measured pressure distributions. In theory, the static pressure is higher downstream of
the propeller blade, and outwards from the rotor tip, it drops to the ambient pressure level.
As Figure A.I.6 shows, behind the propeller the static pressure of the airflow is higher; the
increment depends on the propeller profile’s characteristics – closer to the rotor base the
efficiency is lower, and at the rotor tip also decreases rapidly. The total pressure change is
more intensive, since, the induced velocity caused dynamic pressure component also takes
place, as the right-hand side of Figure A.I.6 illustrates. At the same time, the total pressure
distribution is more congruous downstream of the propeller, because the inequalities of the
static pressure distributions are slightly compensated by the induced velocity differences.
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A

B

Figure A.I.6. A: Static pressure of the simulations and the measurement in the function of
the z coordinate axis; B: Total pressure of the simulations and the measurement in the
function of the z coordinate axis [138]
Contrary to the relative small induced velocities in the case of the absolute and total
pressure the cumulative error values are expectedly much lower since the denominator’s
value in equation (A.I.1.) is significantly higher. According to the expectations, the absolute
pressure distributions’ cumulative errors stay below 0.09% in all cases, while for the total
pressure the cumulative errors are even lower than 0.06%, as it can be observed in Figure
A.I.7.

A

B

Figure A.I.7. Relative cumulative error of the static pressure (A) and total pressure (B) in
each investigated case (the yellow line marks the blade tip) [138]
The maximum cumulative error values have been summarised in order to better represent
the accuracy of the different methods. As Table A.I.3 shows, the less accurate method is the
Schmitz method itself, although this difference comes from the absolute pressure
overestimation. Based on the results, it can be stated that each simulation types show
excellent agreement with the measured data. Furthermore, the differences between the
hybrid and unstructured (full tetra) mesh are negligible. The maximum values of the relative
cumulative error of the pressure distributions do not reach the 0.1 % in case of the CFD
simulations.
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εstatic_p [%]

εtotal_p [%]

Rotating domain simulation with hybrid mesh

0.05

0.06

Rotating domain simulation with unstructured mesh

0.05

0.062

Actuator disc simulation with hybrid mesh

0.09

0.055

Schmitz method (until the blade tip)

1.97

0.045

Pressure distribution

Table A.I.3. Relative cumulative error of the static and total pressure in each investigated
case
Finally, regarding the validation scenarios in the cases of the quantitative part of the Near
Weak Analyses approach, it can be concluded that the validation for the calculated data as
absolute velocity, static and total pressure distribution is successful, the maximum value of
the relative cumulative error between the measured and calculated parameters is less than
2.7 %, but it belongs to only one operating condition, namely J = 1. In the following, the
earlier presented rotating domain simulations are presented with hybrid mesh at several RPM
values (several operating conditions), which aims to examine the correctness of the
simulation approaches over wider RPM spectrum and then detract conclusions for further,
global applications.

A.I.4. Evaluation of the Results of the RPM Sweep Analyses
[136]
After the local parameter evaluation, the global characteristics of the airflow adjacent to
the propeller has been compared to the experimental data, such as thrust, thrust coefficients,
torque, torque coefficients and propeller efficiencies. The difference between the simulated
and measured results are highlighted by using the relative cumulative error (RCE), which
can express from equation (A.I.2.) with replacing the z coordinate to J – advance ratio:
2

(𝑎𝑒𝑥𝑝 − 𝑎𝑐𝑎𝑙𝑐 )
100
𝑅𝐶𝐸 =
∫√
𝑑𝐽.
𝐽
𝑎𝑒𝑥𝑝 2

(A.I.2.)

For the RPM sweep analysis the thrust and torque values can be directly determined by
measurement or export from a simulation, but the coefficients must be calculated as it
follows: the thrust coefficient is: [224]
𝑐𝑇 =

𝑇
𝑛2 𝐷 4 𝜌

,

(A.I.3.)

and the torque coefficient is given by:
𝑐𝑄 =

𝑄
.
𝑛2 𝐷 5 𝜌

(A.I.4.)

From these coefficients the propeller efficiency in the function of the advanced ratio (J),
can be determined according to the next expressions:
𝐽 𝑐

𝑉

𝜂 = 2𝜋 𝑐𝑇 where 𝐽 = 𝑛𝐷.
𝑞

(A.I.5.)
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Since in the simulation, only one blade has been modelled to reduce the computation
requirements, the received thrust values are multiplied by 4 to match with the real geometry.
The computed values are shown in Figure A.I.8 together with the experimental data. As it
can be seen, the measured data is closely followed by the simulated results; the largest error
can be found close to J = 1.

Figure A.I.8. Thrust of the propeller and thrust coefficient in the function of the advance
ratio [225]
Although, the output of the investigation contains three sources of the errors as the
inaccuracy of the measurement, the effect of the mesh and the applied numerical approach
(governing equations, turbulence modelling and discretization), the RCE values are
acceptable because their maximum values are less than 2.5 %.
Relating to Figure A.I.9, the torque, based on the propeller revolution, acts around the ‘x’
axis. This torque is generated by the tangential component of the forces and must be covered
by the engine at the required RPM. Similarly to the force, the simulated values are multiplied
by four due to the quarter model. The left-hand side of Figure A.I.9 shows the torque in the
function of the advance ratio, while the right-hand side represents the calculated torque
coefficients.

Figure A.I.9. Torque of the propeller and torque coefficient in the function of the advance
ratio [225]
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Comparison of the measured and the calculated data of torque provide somewhat different
information than at the thrust. In this case, the best accuracy is received in the middle of the
investigated interval (the gradient of RCE is the lowest in that area). Even though the
cumulative error of the torque is greater than the thrust force has, it is still below the
acceptable level (5%). However, RCE can involve both the inaccuracies of the simulation
and the measurement.
The last investigated parameter is the efficiency, which is one of the most important. It is
usually a design factor, thus wise it has a strong influence contributes on the market sharing
of the product by means of fuel consumption. Hence, and due to the cost, time and capacity
saving of the design process, it is indispensable to have the ability to calculate its value with
reasonable accuracy. The propeller efficiency is determined by using equation (A.I.5.).
Figure A.I.10 shows the measured and calculated values.

Figure A.I.10. Propeller efficiency in the function of the advance ratio [225]
As it was defined in equation (A.I.2.), the relative cumulative error was determined for
each parameter along the investigated advanced ratio interval. The highest values have been
collected in Table A.I.4 each one of them was under 5%.
RCE-T [%]

RCE-cT [%]

RCE-Q [%]

RCE-cQ [%]

RCE-η [%]

2.25

2.26

4.21

4.22

3.35

Table A.I.4. Relative cumulative error of the static and total pressure in each investigated
case
Regarding all validation scenarios in cases of the RPM Sweep Analyses by means of
quantitative approaches, it can be concluded, that the validation of the calculated data as
thrust, thrust coefficients, torque, torque coefficients and propeller efficiencies is successful;
the maximum value of the relative cumulative error between the measured and calculated
parameters is less than 4.3%. Because of the fact, that the maximum relative cumulative
error in the case of the rotating domain and actuator disc methods with hybrid meshes
compared with the measured data is less than 2.7 % together with the strong agreement
between the result of the hybrid and unstructured (full tetra) meshes, the actuator disc method
with unstructured mesh can be used for CFD analyses of more complex configurations as
B2 tractor with wing, nacelle, propeller, air intake and nozzle domains in case of the same
settings.
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