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Abstract

This thesis presents the development, validation and application of a numerical method for the calculation of
laminar to turbulent transition effects for flows related to helicopters.

At certain conditions, as the rotor blades and the helicopter fuselage move through the fluid, the flow changes
from laminar to turbulent. In order to accurately predict the flow, a Computational Fluid Dynamics (CFD) code
should also predict this change and define the transition onsel. The objective of this research would therefore be
to develop a method to incorporate these transition effects inside the CFD solver, HMB. This computational code
is a development of the Liverpool CFD group. The main developments carried out in the present thesis are: (i) the
validation of the transition methods, (ii) the implementation of intermittency based transport models in the above code,
(iii) the extension of the validation for the calculation of the transition flow around a helicopter fuselage and rotors.

Several transition modelling approaches have been proposed in the literature starting from simple algebraic
expressions like the Michel’s method and moving to more advanced multi-equations models. To provide baseline
data for comparisons, this work was first focuscd on the implementation of transition models based on empirical
correlations. Although, these methods are simple to implement, they suffer from two main problems: (i) there is no
theoretical basis for the validity of these models in unsteady flows and (i) the models depend on integration of flow
variables that must be carried out in a streamwise direction.

At a second stage, a recent transition model was also assessed. This model is based on local information and
solves two extra partial differential equations similar to the ones used for two-equation turbulence models. However,
it is not free of empirical correlations and longer CPU times was needed.,

The lack of a universal treatment for modelling transitional flows, combined with the lack of detailed ex-
perimental data, makes the development and evaluation of transition models difficult. The accuracy of the selected
models was assessed against the few existing experimental results. For the validation of the models on aerofoils, the
experimental results from the LABM laboratory and ONERA were used. The data of the LABM laboratory include
steady and unsteady tests cases for a NACA 0012 aerofoil. The second set of cases is from ONERA and includes
experimental data for the steady compressible flows around the ONERA A aerofoil. For further comparison, the mod-
els were also assessed against the experimental data of the NLF-0416 and S809 aerofoils. For each of the aerofoil
cases, the computations were also compared with the XFOIL code. Dramatic improvements in the computed surface
pressure and skin friction distributions have been observed over those computed using conventional fully turbulent
simulations. Corresponding changes are also observed in the computed lift and drag coefiicients when the transition
onset is predicted for the two-dimensional flows.

To validate further the models and improve their implementation on the HMB, another set of tests on more
complex three-dimensional cases were considered. These cases included data from the ROBIN fuselage. This is a
fusclage configuration where the transition boundary on the fuselage has been visualised during recent NASA experi-
ments. Finally, rotor calculations in hover and forward-flight have been attempted and the results have been compared
against existing experimental data.
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Chapter 1

Introduction

Helicopters are important flying machines, equipped with capabilities, enabling them to fly missions impossible for
any other type of flying vehicle. Their unique ability of vertical take off and landing has made helicopters important for
many civil and military applications. Although and regardless of the amount of rotorcraft research that has been carried
out during the last years, the ability to accurately predict the flow field around a helicopter in hover or in forward
flight is still a challenge. In the helicopter flows, there are regions where different flow phenomena coexists while
strong interactions between the different regions can occur. Hence, accurate predictions of power and performance
for helicopters rotors even at conditions inside the flight envelope are challenging for the current Computational Fluid

Dynamics (CFD) methods.

Regardless of the substantial work reported on improving the accuracy of the CFD tools in engineering pre-
dictions, especially in the turbulence modelling areas, numerical simulation of laminar-to-turbulent transitional flows
remains an unsolved problem in fluid mechanics. An understanding of the phenomenon and what is physically hap-
pening in the transitional region, continues to be unknown despite more than a century of research work in this field.
For most CFD calculations, the laminar flow is transformed immediately to turbulent and the transitional region is
ofien ignored, even if the length of the later can occupy a large part of the domain.

The importance of the flow transition region has been recognised by many researchers and it plays a role
in the performance of acrodynamic devices. Failing to accurately predict transition would result in erroneous flow

variables, while transition modelling leads to correct estimations of skin friction and separation flow and results in



CHAPTER 1. INTRODUCTION 2

better predictions especially for CFD codes.

1.1 Literature Survey

The main objective of the literature review was to gain an understanding of published works related to transition flow
modelling and learn from their findings about the basic flow physics of the problem and the existing models. As this
research is concerned with the effects of transition on rotorcraft, the survey was expanded with a search for existing
experimental transition data. The papers are divided into three categories based on the cases used for the validation.
Initially, work related to the work done on aerofoils are presented and are followed by works on helicopter fuselages

and rotor blades.

1.1.1 Data and Work on Aerofoils

Johansen and Sorenson ! compared transition predictions obtained using an empirical model (Michel criterion) with
those obtained using a simplified ¥ method. The flow was computed using the SST x — @ two equation turbulence
model, The results were computed using the EllipSys2D solver which is based on a multi-block finite volume discreti-
sation of the Reynolds averaged Navier-Stokes equations in general curvilinear coordinates. For the pressure-velocity
coupling, the SIMPLE method was used and the solution of the momentum equations was obtained using a second
order upwind scheme. For the calculation of the transition length, Johansen and Sorenson used the empirical method
of Chen and Thyson modified by Cebeci. This model scales the eddy viscosity by an intermiltency function which is
given by:

Gy, =213[log(Reyr) —4.732]/3 (1.1)

For testing, two aerofoils were used, the NACA 0012 at Re = 3 x 10% and a 19% thick FX-66-S-196 V1
Wortmann aerofoil at Re = 1.5 x 105, The predicted transition location obtained with the ¢ method was generally
further downstream than with the empirical models although both methods compared favourably with measurements.
The ¢¥ model resulted in better predictions and was more stable in comparison with the Michel’s criterion. The
transition onset predicted by Michel’s criterion showed a more fluctuating behaviour than that predicted with (he e

method.
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In 2001, Brodeur % presented a boundary layer transition prediction methodology and applied it to a two-
dimensional Reynolds averaged Navier Stokes solver. The baseline code was the incompressible INS2D using the
artificial compressibility formulation. The NFL-0416 and the S809 aerofoils were used for their calculations.

For testing, Brouder considered the one-equation Baldwin-Barth and Spalart-Allmaras turbulence models. Be-
cause of some deficiencies in the velocity profiles generated by the Spalart-Allmaras model, all calculations utilised
the Baldwin-Barth turbulence model. In general, the numerical results agreed well with the experimental data. It was
shown that the transition model could simulate better the experimental data than the fully turbulence model. The model
could even capture the developed bubble, as observed from the negative values of the obtain skin-friction. However,

the model failed to capture some of the finer details of the instability growth in the laminar boundary layer.

Geissler 1! presented results for the performance of various turbulence and transition models for unsteady
separated flows. His findings were compared against existing experimental data and published numerical results.
The time-dependent, compressible, Reynolds averaged Navier Stokes equations were solved using an implicit finite-
difference method on body fitted C-type grids that moved with the aerofoil. The NACA 0012 was solved in harmonic
oscillation and the Beam and Warming factored scheme was used. The spatial derivatives were calculated via central
differences and kept second order accurate. A variety of turbulence models like the Baldwin-Lomax, the Spalart-
Allmaras, the Wilcox’s k — @ model and Menter’s SST x — © model were used. None of the models managed to
fully predict the dynamic stall cases. Only the Spalart-Allmaras model simulated reasonably well some of the flow
physics, although it demonstrated a delay at the transition onset. A buffet case resulted in good agreement with the
experiments although the configuration used was simpler than a normal supercritical aerofoil. Finally, Geissler 13!
showed that even if the same numerical scheme for the Navier Stoke equations and the same turbulence model was
used for other flow cases, the produced results were not satisfactory, probably due to the fact that the details of the
numerical implementation have an important influence on these very sensitive type of flows.

Hill M explored the use of empirical models in the prediction of transition for aerofoils Reynolds averaged
Navier-Stokes equations together with the ¥ — @ turbulence model of Wilcox. The empirical model of Michells]
was used for the onset and extend of the transition flow. The model was demonstrated for two values of Re and for
the NACA 0012 and Aecrospatiale A (or ONERA A) aerofoils. It was also used to study the transitional flow of an
hovering rotor but in a decoupled fashion. For the NACA 0012 aerofoil, the comparison of the computed and measured

data was good for either Re = 10° or 2.88 x 108 which were considered as low and high Reynolds number test cases
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respectively. For small incidence angles, the transition location was measured although for higher incidence angles,
the computed transition location was generally aft in comparison with the experimental data but the prediction was
acceptable. During calculations with the Aerospatiale A aerofoil, it was observed that the computed skin friction,

pressure distribution and boundary profiles showed improvement in comparison with the fully turbulence model.

The employed experimental data were provided by Berton et al. 1% for studying the steady and unsteady bound-
ary layer behaviour and the periodic separation process occurring on a NACA 0012 aerofoil oscillating in pitch. Their
setup can be seen in the figure 1.1(a) and consists of an oscillating device located underneath the wind tunnel test

section which drives the pitching motion of the aerofoil according to:

oft) = oo+ Ao cos wr) (1.2)

where g is the mean incidence and @ the rotational frequency. Flow visualisation was carried out using small
particles illuminated by a laser light sheet near the mid-span plane of the model wing. The optical head of the
Embedded Laser Doppler Velocimeter (as seen at figure 1.1(b)) was installed on the oscillating frame giving it the
ability to move together with the pitching aerofoil. At high angles of attack, the separated flows occurring on the
upper surface of the aerofoil were due to the bursting of the leading edge bubble. On the other hand, at lower pitching
angles with no separated flow, the bubble remained located close (o the leading edge and its size was small. The
height of the bubble can be observed due to the fact that few particles are entering into the bubble. Berton [7) studied
qualitatively and quantitatively the steady and unsteady flow physics around the NACA0012 aerofoil in 2D and 3D flow
configurations. Attention was given to the creation and growth of the laminar separation bubble and the reaction of the
bubble as the angle of attack was increased or decreased. The flow features around the aerofoil were analysed using
flow visualisations and velocity measurements. As the angle of attack increased, the length of the bubble decreased

although its height kept increasing.

Savill ¥ evaluated turbulence models for transition under the influence of free-stream turbulence. The assessed
models include: correlation/mixing length and integral methods,a range of one-cquation models, k-g, k-, k-7 and
k-g/k-1 two-equation models, various RST closures, different sub-grid models for Large Eddy Simulations and finally
Direct Numerical Simulations. The objective was to test the ability of current turbulence models to predict the effect of
variable intensity, isotropic, free-stream turbulence on the initial development and subsequent transition of a laminar

boundary layer, in either zero or favourable-to-adverse pressure gradient representative of an aft-loaded gas turbine






CHAPTER 1. INTRODUCTION 6

Smith’s k¥ — ! were tested at three different angles of attack. It was apparent that the k¥ — @ model overestimated the
pressure peak on the slat and the main wing and did not result in the correct lift coefficient. On the other hand the
Spalart-Allmaras and x — I models were satisfactory. It was observed that as the Reynolds number increased, the
upstream displacement of the transition location at low angles of attack was correctly simulated. For the calculation of
the transition location, the Arnal-Habiballah-Delcourt (AHD) eriterion!!1-12] in combination with the Gleizes criterion
for the Tollmien-Schlichting instabilities were used. For transition due to cross-flow, the C1 criterion!!213) was used.
The computation started with fully turbulent models and then the transition location was calculated up to convergence.
It was reported that the elsA code agreed with the experiments when computations took transition criteria into account

and even captured the separation bubble,

1.1.2 Data and Work on Helicopter Fuselage

For many years, little attention has been devoted to the research of the helicopter fuselage aerodynamics. However,
the fuselage can significantly affect the overall performance of the helicopter at all flight conditions. Fuselage drag
amounts to 50% of total helicopter drag in high-speed flight and its reduction is a major design target. Currently,
several research programmes funded from EU and NASA involve investigation of helicopter aerodynamics. The aim
of fuselage flow modelling is to better predict the drag of the overall aircraft and improve understanding of how this

might be reduced.
Table (1.1.2) presents a summary of the rotorcraft simulations reported in the literature.

It was in 1979 when Freeman and Mineck !4 conducted a series of wind tunnel tests over a helicopter fuselage
at Langley subsonic wind tunnel. The tests were carried out with a specially created fuselage geometry. This geometry
is representative of a wide range of helicopter fuselages without being specific to any and is known as the Rotor Body
InteractioN (ROBIN) geometry. A large amount of experimental data on fuselage were gathered but they were not
analysed. Freeman and Mineck ['*) looked at time-averaged surface pressure measurements, with and without a rotor

present.

After the initial study in 1979, there were several subsequent studies to address the interaction between rotor

wake and fuselage. These studies tried to impose a rotor solution onto a fuselage solution.

In an effort to closely replicate the wind tunnel environment, Mineck ['® included the *sting’ support of the
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Model | Paper Rotor Fuselage CFD Exp
ROBIN | Mineck & Gorton U] ¥ ¥ -
Freeman & Mineck 14 * * "
Freeman [16] * #
Chaffin & Berry [17] # *® #
Mineck 18] * " %
Chaffin & Berry ['] #* ®
Berry et al. (201 x * "
Schweitzer 21 * #
Boyd et al. 221 * ® *
Sides ef al. [ * 0 *
Dauphine | Costes ef al. 1*4] ¥ T
Berry & Bettschart 23 * * *
Sides et al. 23] * ES
BO105 | Splettstoesser et al. 2% ' i
Khier et al. 2] e i *
Apache | Schweitzer 1] * =

Table 1.1: Summary of the rotorcraft simulations.

tunnel model in the simulation. The results were compared against the steady pressure data from the original 1979
report 14 and correlated closely, when evaluated with the sting in place. Without, the predicted flow field in the
vicinity of the sting is not in agreement with experiment, aithough the discrepancies do not propagate widely. Com-
parison between the newer unstructured code and the earlier structured thin-layer Navier Stokes solver %! reveal larger

differences,

In 1999 there was another effort, also at Langley [21), which used the code PUMA to study various difficult
geometries including the ROBIN and the Apache. The steady inviscid solution method was partly adequate for the
isolated fuselage, but future development to rotor-fuselage interaction required a much better solution technique for
unsteady flows. The thesis by Schweitzer 121 was a feasibility study in preparation for an unstructured approach to a

complete rotor-fuselage model.

Till recently, there was a lack of detailed experimental data on the area of transition modelling for rotorcraft
applications. In 2003, collaborations of European universities and helicopter companies launched the Generation
of Advanced Helicopter Experimental Aerodynamic Database for CFD code validation also known as GOAHEAD
project. The project used a model similar to a modern transport helicopter consisting of the main rotor, the fuselage
and the tail rotor and it took place at the DNW LLF wind tunnel in the Netherlands. Beside, the wide range of
measurements, like global forces, steady and unsteady pressures, the GOAHEAD project produced some transition

data. On the other hand, the placement of hot films on the surfaces triggered the flow and the full free development of
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transition was not observed.

1.1.3 Data and Work on Rotor

Rotary wing applications have been the subject of extensive numerical research since the advent of CFD. This is due
to the complexity of rotor flows which makes CFD analyses significantly harder. There are several factors contributing
to this difficulty and they can be grouped into two categories. Initially, the flow physics of a rotating wing is rich
in terms of fluid phenomena. Phenomena like laminar to turbulence transition, strong vortices interacting with each
other and with the rotor blades and formation of wake behind the rotor are some of the issues that CFD methods have
to cope with. Moreover, a second category of problems comes from the strong link between the aerodynamics and
dynamics of the rotor blades. It is almost impossible to consider one without the other and the link between the two is
the balance of forces acting on the rotor, Problems like the trimming problem complicate the numerical simulations of
rotors in forward flight!28],

In 2000 full Navier-Stokes solutions for rotors remained too expensive in terms of CPU-time, so a hybrid
schemes were proposed, Boyd and et al. [22 coupled a thin layer Navier-Stokes with a pressure jump boundary con-
dition based on a Generalised Dynamic Wake Theory Iterative calculation of the rotor loading. The methodology is
similar to that of Chaffin and Berry 1173, At that time, full Navier-Stokes solution of rotors and fuselage with Chimera

grids were too expensive and only proof of concept studies could be conducted.

As the power of computers increased, NASA worked again on the results of their first attempt of 1979114, The
main intention was to provide usable data for validation of more powerful CFD techniques. The tests were carried out
at [our different advance ratios and three thrust coefficients. The rolor was mounted above the fuselage and the entire
rotor system could be tilied, as well as having a fully articulated hub. Rotors loads and moments were measured. The
surface pressure was measured on the fuselage at a range of stations. Pressure drag and skin friction increased with

advance ratio.

1.2 Objectives

The main aim of this research is to develop an improved predictive capability for helicopter flows. As transition plays

an important role in aerodynamics, this project aims to develop better CED methods with transition modelling that are
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robust and effective for industrial applications.
The objectives of this research effort can be summarised as follows:

» To investigate the effects and behaviour of transitional flows around steady and unsteady aerofoils, around

helicopter fuselage and around helicopter rotors.
# To develop and implement boundary layer transition models for aerofoils, helicopter fuselages and rotors.

e To validate and verify numerical methods by comparison of computed results with experimentally measured

data and independent calculations.

» To explore newly developed K — @ — ¥ — Reg models for transition predictions.

1.3 Thesis Outline

The remaining of this thesis is organised as follows:

Chapter 2 introduces the governing equations for the compressible fluid flow along with the formulation for
the moving coordinate systems. This chapter contains details for the employed solver used in this work, the Helicopter
Multi-Block (HMB) solver. The different transition models implemented in the code are also explained. Firstly, the
principles of the empirical correlation models of Michel and Cebeci Smith are presented. Then the main points of the

K — @ — Y — Reg model are described. The implementation of the latter model in the solver is presented in Appendix
A,

Chapter 3 summarises the experimental data and conditions for the two dimensional test cases. The experi-
ments carried out by ONERA and LABM are presented in this chapter. These tests took place over a range of param-
eters. Data for different Reynolds number, Mach number and free-stream turbulence intensity are presented. Besides
ONERA A and symmetric NACAO0012 aerofoil, the flow around the NLF-0416 and S809 aerofoil are discussed. Also
in this chapter, the computational results for each a aerofoil are presented. The lift and drag produced from the code
with the implemented transitional models are compared again the existing experimental data and the XFOIL code.
The estimated surface pressure and skin {riction coelficients are presented while the location where transition starts is
indicated.

Chapter 4 discuss the experimental data for more complex three dimensional cases. The ROBIN fuselage

case is explained while data from a fast forward flying UHG60 and a hovering rotor are presented. The results from
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transitional models are compared against the fully turbulent computations and the existing experimental data. The
changes of the surface pressure coefficient and the transition onset on the ROBIN fuselage are presented in this chapter.
The research is also extended to a fast forward flying UHGO and a hovering rotor.

Chapter 5 concludes the thesis and offers suggestions for future work.

The appendices offer more details on the implementation of ¥ — @ — ¥y — Reg model. While, the last part is

devoted on the experimenial work was conducted as part of this thesis.



Chapter 2

Physics and models for transitional flows

2.1 Computational Fluid Dynamics

All computations in this thesis were performed using the Liverpool Helicopter Multi-Block (HMB) solver. The flow
solver has been continually revised and updated over a number of years and has been successfully applied to a variety
of problems including cavity flows, rotors, wind turbine and full helicopter configurations among others. The code is a
3D multi-block structured solver for the Navier-Stokes equations. The Navier-Stokes equations are Partial Differential

Equations (PDEs) that describe the three fundamentat laws of conservation:

1. Conservation of Mass ( Continuity Equation ).
2. Conservation of Momentum ( Newton's 2nd Law ).

3. Conservation of Eneirgy ( 1st Law of Thermodynamics ).

11
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The continuity equation simply states that the mass must remain the same. In Cartesian coordinates, the law is

written as:

ap  2(pw)
o T om

=0 2.1

where p is the density of the fluid, ¢ is the time and #; is the velocity vector. The Einstein’s summation is used here

and subscript i represents Xx,y, or z.

The second principle is Newton’s Second Law and states that momentum is conserved. Written in Cartesian

coordinates, it reads:

d(pw;)  d(pun;) dp O
ot * a‘\fj - pﬁ B ('))J,' ()x]‘

(2.2)

where f; represents the body forces, p the pressure and 7;; the viscous stress tensor. The latter can be defined as

- dui | du;\ 2o duy
=i [(&vi + 8x,-) h 35{‘1 Bxk] (2‘3)

U is the molecular viscosity and §;; represents the Kronecker delta,
The third principle can be written in Cartesian coordinates as

IpE D 2 B
S TER Ere [wi (PE + p)] - Ers (%5 — ;) =0. 24)

and represents the First Law of Thermodynamics. In the above equation of Energy Conservation, E is the total energy

of the fluid, defined as
1
E=|e+ Eu,-ui 2.5)
and e is the specific internal energy with u;u; representing the kinetic energy per unit volume of fluid.
The heat flux vector, g;, is calculated using Fourier’s Law of heat conduction

oT
qi= —ka—xi (2.6)

where & is the coefficient of thermal conductivity which is a material property and 7" is the temperature of the fluid.

An ideal gas approximation is used and the adiabatic index is set to ¥ = 1.4. Sutherland’s law is used to

calculate the viscosity:

%Tref'i‘s

T+S @n

T
n= .ul‘ef(T_;)
1€,

where S is the Sutherland temperature ( S= 110.4[K] ) and }4f is the reference viscosity at the reference temperature

Tef. The values for the last coefficients are 1.716 x 10”5[(,%)] and 273.15 [K] respectively.
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2.2 Vector Form of the Conservation Laws

The three laws of conservation can be combined and written in a convenient compact vector form, which is referred to

as the Navier-Stokes equations of viscous flow and is given below;

d I(F+F) 2(G+G") J(H +H"
oW  dE+F)  I(G+GY) o (H+H)

= 2.8
ot ox ay az 0 28
W is the vector of conservative variables and is defined by
W = (p, pu, pv,pw,pE)” (2.9)

where the variables p, u, v, w, p and E have their usual meaning, density, three components of velocity, pressure
and total energy, respectively. The superscripts / and v in Equation 2.8 denote the inviscid and viscid components of
the flux vectors F (in the x-direction), G (in the y-direction) and H (in the z-direction). The inviscid flux vectors, F/,
G' and H', are given by
Fl = (pzr,pu2 4+ p, puv, puw,u (pE -I-p))T ,
G = (pv,puv,pvz+p,pvw,v(pE+p))T, (2.10)
H' = (pw, puw, pyw,pw? + p,w (pE +p))T .
while the viscous flux vectors, F¥, G and H", contain terms for the heat flux and viscous forces exerted on the

body and can be represented by
, T
F' = (0, %, Txys Tugy Uy + VTgy +WTy + ax)’
G = (0, Tuy, Tyy, Ty, UTxy + VT + Wy, + qy)T , (2.11)

4 T
H' = (0, 1y, Tyes Tegs U Tz + VTyz Wz + qz) -

where the term 7;; represents the viscous stress tensor and g; the heat flux vector.

2.3 Solution Method

The HMB solver uses a cell-centered finite volume approach combined with an implicit dual-time method. This means

that the solution marches in pseudo-time for each real time-step to achieve fast convergence.

According to the finite volume method, the RANS equations can be discretised for each cell as:

4

ar (Wi,j,k"’%,j,k) -}-R,"j’k =0. (2.12)
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where % j x denotes the cell volume and R; ; ; represents the flux residual.

The implicit dual-time method proposed by Jameson!®”! is used for time-accurate calcnlations. The residual is
redefined to obtain a steady state equation which can be solved using acceleration techniques. The following system
of equations are solved in the implicit scheme during the dual-time integration process:

+1 7] +1
AVW:‘?J',k —AV i’:f,/\’ AVW?J k AVW"»J: — Rl (2.13)
AVAT AVA? ik )

where AV is the change in cell volume, A7 is the pseudo time-step increment and At is the real time-step increment,

The flux residual Rj";} is approximated by:

IR
Rija= R.J,Hawif £ (wret-wiy,) 2.14)

By substituting eqn. (D.3) into eqn. (D.2), the resulting linear system can be written as:

1 (R \
< +<aw))AW -R 2.15)

where the subscripts i, j, & have been dropped for clarity and AW is used for (W;'j,f H j‘k) .

Osher’s upwind scheme B9 is used to resolve the convective fluxes although Roe’s flux-splitting scheme [31]
is also available. The Monotone Upstream-centered Schemes for Conservation Laws (MUSCL) variable extrapolation
method!®? is also employed to formally provide third-order accuracy. The Van-Albada limiter is also applied to remove
any spurious oscillations across shock waves. The central differencing spatial discretisation method is used to solve
the viscous terms. The non-linear system of equations that is generated as a result of the linearisation is then solved by
integration in the psendo-time using a first-order backward difference. A Generalised Conjugate Gradient (GCG)[33]

method is then used in conjunction with a Block Incomplete Lower-Upper (BILU)!33! factorisation as a pre-conditioner

to solve the linear system of equations, which is obtained from a linearisation in pseudo-time.

The HMB flow solver can be used in serial or parallel mode. To obtain an efficient parallel method based
on domain decomposition, different methods are applied (o the flow solver Pl An approximate form of the {lux
Jacobian resulting from the linearisation in pseudo-time is used which reduces the overall size of the linear system by
reducing the number of non-zero entries. Between the blocks of the grid, the BILU factorisation is also decoupled
thereby reducing the communication between processors. Each processor is also allocated a vector that contains all
the halo cells for all the blocks in the grid. Message Passing Interface (MPI) is used for the communication between

the processors in parallel.
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A number of turbulence models have been implemented into HMB, The one-equation SA turbulence model(®?],
two-equation Wilcox k — @ B8 and Menter’s k — @ Shear-Stress Transport (SST)3 turbulence models were imple-
mented for this project. All these turbulence models and indeed the simulation techniques are described in greater

detail in the following sections.

2.4 General Description of Turbulence and its Modelling

Turbulent flows contain structures which show rapid fluctuations in time and space. A broad range of scalcs are
observed to exist at high Reynolds numbers where turbulence develops as an instability of the laminar flow. Starting
with the taminar flow, fluid layers slide smoothly past each other and the molecular viscosity dampens any high-
frequency small-scale instability. At high Reynolds number, the flow reaches a periodic state. The character of the
flow also changes and becomes more diffusive and dissipative. This flow has increased mixing friction, heat transfer
rate and spreading rate. Boundary layers consequently become thicker and less susceptible to separation.

The non-linearity of the Navier-Stokes equations leads to interactions between the turbulent fluctuations of
different wavclengths and directions. Wavelengths extend from a maximum comparable to the width of the flow to a
minimum fixed by viscous dissipation of energy. A key process that spreads the motion over wide range of wavelengths
is called vortex stretching. Turbulent structures in the flow gain energy if the vortex elements are primarily orientated in
a direction that allows the mean velocity gradients to stretch them. This mechanisim is called production of turbulence.

The kinetic energy of the turbulent structures is then convected, diffused and dissipated.

Most of the energy is carried by the large scale structures, the orientation of which is sensitive to the mean flow.
The large eddies cascade energy to the smaller ones via stretching. Small eddies have less pronounced preference in
their orientation and statistically appear to be isotropic. For the shortest wavelengths, energy is dissipated by viscosity.
This description corresponds to what is known as isotropic turbulence. For this flow, the ratio of the largest to smaller

scale increases with Reynolds number,

A turbulence model therefore needs to account for some part of the fluctuating motion in order to keep the
computing cost down. The optimum model should therefore be simple to implement, general and derived out of
the flow physics. It is equally important that the model is computationally stable and co-ordinate invariant. These

statistical turbulence models are applied to a special form of the equations of motion called the Reynolds-Averaged



CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 16

Navier-Stokes (RANS) equations.

2.5 Averaged Equations

In a turbulent flow, the fields of pressure, velocity, temperature and density vary randomly in time. Reynold’s approach
involves separating the flow quantities into mean and random parts. The quantitics are presented as a sum of the mean

flow value ¢ and the fluctuating part ¢':
$=0+9¢' (2.16)
This formulation is then inserted into the conservation equations and a process known as Reynolds averaging
is performed. Three averaging methods are possible:
» Time Averaging.
* Spatial Averaging.

* Ensemble Averaging,

2.5.1 Time Averaging

Time averaging is the most common averaging method. It can only be used for statistically stationary turbulent flows,
ie. flows not varying with time on the average. For such flows, the mean flow value is defined as:

1 potT
= lim = i (t) dt 2.17)

T—yoo fo

In practice, T — oo means that the integration time 7 needs to be long enough relative to the maximum period

of the assumed f{luctuatlions.

2.5.2 Spatial Averaging

Spatial averaging can be applied to homogeneous turbulence. This turbulent flow is uniform in all directions, on
average. In this case, a parameter is averaged over all the spatial directions by performing a volume integral. The

mean flow value is defined as:

. 1 _
”:—JE}}O“;///V“:'(’»J)W (2.18)
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where V represents the volume of the domain.

2.5.3 [Ensemble Averaging

The most general type of averaging is called ensemble averaging and is applicable to flows that decay in time, for
instance. This method of averaging is similar to time-averaging but rather than dividing by the integration time, 7", the

mean flow value is obtained by taking a sum over all the measurements or samples, /N, and is defined by:

N
= lim — Zu;(x,f) 2.19)

2.6 Reynolds-Averaged Navier-Stokes Equations in Compressible Flow

Although the Navier-Stokes equations describe adequately turbulent flows, the large number of temporal and spatial
turbulent scales associated with high Reynolds numbers make it difficult to resolve all the turbulent scales computa-
tionally. In such circumstances, the averaging of the equations for the conservation of mass, momentum and energy
leads to the creation of the Reynolds-Averaged Navier-Stokes (RANS) equations. The time-averaged mass and mo-

mentum equations take the following forn

du;

v 0 (2.20)
d(pw) | d(puuy) . dp  d g
o tam - Phm g tay (it

From eqn (2.20) is obvious that the continuity equation remains the same since it is linear with respect to
velocity. However, extra terms appear in the momentum equation due to the non-linearity of the convection term. The
extra terms are called the Reynolds Stresses, '55 and in tensor notation are — pm A similar result is obtained for
the energy equation. The main problem in turbulence modelling involves calculating the Reynolds stresses from the

known mean quantities. One common approach is the Boussinesq's approximation.
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2.7 Boussinesq-Based Models

The Boussinesq approximation is based on an analogy between viscous and Reynolds stresses and expresses these as

a product of the eddy viscosity (1) and the velocity gradient. The Boussinesq’s eddy viscosity hypothesis states that:
—_ du;  duj 2. diy 2
- e R A N o, B
—puju; =Ly [(&\‘j ax'.) 35,1 ax]\-] 3p6,]k (2.21)

where k represents the specific kinetic energy of the fluctuations and is given by

~

i
2

!
i

k

Il

(2.22)

The key idea behind Boussinesq’s hypothesis is that the Reynolds stresses can be calculated as a product of the dynamic

eddy-viscosity, L, and the strain-rate tensor of the mean flow.

2.8 Tuarbulence Closure

To compute the eddy viscosity u, further modelling is required and it is at this point that turbulence models come
into play. Turbulence models are classified into categories based on the number of transport equations required to
caleulate £, According to the number of transport equations needed for the calculation of the eddy viscosity, the

Boussinesg-based models are classified as:

« Algebraic or zero-equation models, such as the Cebeci-Smith B8 and Baldwin-Lomax 1 models.
* One-equation models, such as the Spalart-Allmaras *>! and Baldwin-Barth % models.
» Two-equation models, such as the k — o ¥, k— g 2] and SST 3] models.

 Multi-equation models: three-equation 461, four-equation 7}, five-equation 13491 and multiple time-

scale %321 models.

An additional family of models solves equations for all compenents of the Reynolds stress tensor. These
are also known as Reynolds Stress Models (RSM), second-order closures or second-moment closures and Algebraic

Reynolds Stress Models or (ARSM).
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2.8.1 Viscosity-Dependent Parameters

The non-dimensionalised wall distances for turbulent flow, (¥*), and laminar fiow, (y"), are defined as:

N k2 )
= Yn —, )'+ = )n\ilfc ’ (2.23)

where ¥, is the distance of a fluid point to the nearest wall, 1z = 1/%,/p is the friction velocity and %,
represents the dynamic wall shear stress. Turbulent Reynolds numbers for the & — £ model (denoted by Rr) and for

the k— @ model (denoted by R,,) are given by the following equation:
Rr=—, Rp=—. (2.24)

The term ¢ is the dissipation rate of k per unit mass of fluid, and is usually defined by:

dul, du,

= 2.25
€ v axk axk ( )
while the term @ is the specific dissipation rate and is defined by:
e
_ 2.2
®=re, (2.26)

2.8.2 Algebraic Models

The simplest turbulence models are the algebraic or zero-equation ones, that consist of algebraic relations to define
the local eddy viscosity. The models are based on Prandil’s Mixing Length hypothesis and the most representative
example is the Baldwin-Lomax'®®) algebraic model. It was developed in 1978 and it uses two different formulations
for the inner and outer regions of the boundary layer. It can provide reasonably accurate predictions for turbulent
boundary layers, as long as the pressure gradient is not too large, having the advantage that does not require evaluation
of the boundary layer thickness. However, this model over predicts the drag coefficient!33! and is problematic for
complex geometries and massively separated flows. The Cebeci-Smith’s model is also popular and works well in
subsonic equilibrium turbulent boundary layers. Between these two models, the major difference is in their treatment

of the outer layert*.

2.8.3 One-equation Models

As an alternative to the algebraic models, one-equation models have been developed to improve turbulent flow pre-

dictions by solving one partial differential equation. This type of model was designed to improve on the ability of
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algebraic models to account for the convection and diffusion of turbulence by capturing some of the flow history ef-
fects on the eddy viscosity. This was accomplished by employing an additional transport equation, usually for the the
kinetic energy of turbulence®¥, & . In his book, Wilcox 3! provides a general form of this transport equation which

has the following form:

ok ok I d ok —
o 2 2 e 2 - 2.2
Par TP ox;j K ox; dx; [ Hox X ZPH’H =Py Hj @27

The first term (7 ‘7"') on the right-hand side represents the production of turbulence. From the terms in

the square brackets, the first (&-g& gk ) is the molecular diffusion term, the second (u

oo, ¢1) is the turbulent flux of the

it 7
turbulent kinetic energy and the third (%— p u}) is the pressure diffusion term, which is usually neglected due to its small

contribution,

The eddy viscosity for one-equation turbulence models is usually calculated by:
= pCulVk (2.28)

where C), is a coefficient specific to the model and 1 is the turbulent length scale, a quantity to describe the size of the

large eddy in a turbulent flow.

The Baldwin-Barth 19 and the Spalart-Allmaras®! are the most common one-equation models. Flow history
effects on the turbulent kinetic energy are better accounted for in one-equation models due to the additional differential
cquation and this can be particularly important in unsteady non-equilibrium flows. Specially tuned for aerodynamic
flows with adverse pressure gradients and transonic flow conditions, the one-equation models work well for flow
regions where the mean velocity gradient is zero. Better prediction of near-wall effects and transition, can also be
integrated into their formulation by adding extra source/sink terms. For the above reasons, one-equation models have
gained popularity in aerospace applications. The disadvantage of one-equation models is that no mechanism for the
computation of the length scale, /, is included making the prediction of highly turbulent flows (with a broad range of

length scales) difficult. In that respect, one-equation models are still similar to algebraic models.

Spalart-Allmaras Turbulence Model

The Spalart-Alimaras!®¥ one-equation model is similar to the Baldwin-Barth, but was developed later. This model

was assembled using empiricism and dimensional analysis. This model is based on a single transport equation for a
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non-dimensional quantity ¥ which is equivalent to the eddy viscosity v; far from the wall. The transport equation for
the model is given as:

O = endV+ V(4 DV (V9 -l

(2.29)
where the turbulent viscosity v; is linked to the variable V¥

3
- X
Vi =fuv, fu=

x =
¥+’
and v is the molecular viscosity.

< | <t

(2.30)

The first term on the right hand side of the eqn. (2.59) deals with the production of turbulent viscosity. The
third term is a sink term and will decrease the eddy viscosity if ¢y fiy > %L fra.

The transport equation requires the knowledge of a number of intermediate functions and variables. The

modified strain rate for the Spalart-Allmaras turbulence model and the function fi» are given as:

v X
S=84+ =/ p=1=—"— 2.31
tamhe fe Ty (230
where S is the magnitude of vorticity.
The wall function f;, is given as:
1--¢§s 11s6
, = p|——wd (2.32)
f;l g [86 + 63,3 ]
where the intermediate variables are calculated as:
v
g=r—oy (r6 —-r), r= ) (2.33)
Values for the Spalart-Allmaras turbulence model are given in table (2.8.3):
Constant Cpl o Cr K Cwa | Cwa | om
Value 01355 {2/3 (0622|041 |03 | 2 |71

Table 2.1: Closure coefficients for the SA modell33],

The constant ¢, is defined as

_Cpl
Cwl = —~

1+(:[;L
+.(_____)_
LY

o

(2.34)
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2.8.4 Two-Equation Models

By far the most popular type of turbulence model used is of the two-equation type. Two-equation models are ‘com-
plete’, ie. can be used for predicting properties of a given flow with no prior knowledge of the turbulence structure or
flow geometry. Two transport equations are used for the calculation of the turbulent kinetic energy, & , and turbulence
length scale, /, or a function of it. The choice of the 2nd variable is arbitrary and many proposals have been presented.

The most popular involves using:

« £ dissipation rate of turbulence.
* @ : k-specific dissipation rate.

» T : turbulent time-scale.

One of the original versions of this type of turbulence models and siill widely used is the X — & model. This
model was developed by Jones and Launder 1) in 1972, The turbulence scale in the k — & model is calculated using
a second transport equation for the turbulent dissipation rate, €. The eddy viscosity for the k— &€ model is typically
derived from:

K?
Hr=Cup— (2.35)

where Cy is a model ceefficient. The advantage of the k — & model is that it performs well for attached flows with
thin shear layers and jets but fails to predict the correct flow behaviour in many flows with adverse pressure gradients,
cxtended separated flow regions, swirl, buoyancy, curvature secondary flows and unsteady flows.

Another widely used model is the k— @ model. In 1988, Wilcox !l developed the famous & — @ model
which was originally conceived by Kolmogorov. The k— @ model is similar to the k— & model but instead uses the &

-specific dissipation rate as a second variable to compute the turbulent length scale. The eddy viscosity is obtained by:
Iy = k (2.36)
Hr=p @ .

Although the k¥ — @ model provides better performance in adverse pressure gradient flows, it suffers largely
from the same problems as the k — £ model. Hybrid versions of the k — w and k — € models called the Baseline k — & and
SST models were later introduced by Menter (], These and in particular the SST version, perform better in separated

flows. The idea behind the Baseline k — @ model is to exploit the robust and accurate formulation of the X — @ model
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near the wall but to also take advantage of the lack of sensitivity to free-stream values of the k — € model away from
the wall. Menter [}] achieved this by transforming the k — € model into the same format as the k — @ formulation.
This process generated an additional cross-diffusion parameter in the @ transport equation. For the SST model 31,
Menter’s idea was to improve the Baseline &£ — @ model by including terms to account for the transport of the principal

shear stress.

Model equations: k — @

The mathematical formulation of the different types of the linear k — @ two-equation turbulence models discussed in
the previous sections are described here. Since the introduction of the linear k— @ model by Wilcox in 1988 11,
the other notable modification to the kX — o model came from Menter in 1994 31 who proposed the hybridisation of
the & — @ model with the k — &€ model, as described previously, Table 2.2 lists the four most popular versions of the

k — ® models.

Researcher Model
Wilcox (1988) [#1] linear k— @
Wilcox (1994) 1501 k—w

Menter (1994) ] | Baseline Model
Menter (1994) [43] SST Model

Table 2.2: Different types of linear £ — ¢ turbulence models

The turbulence transport equations used in the formulation of the k£ — @ models are given by:

d a N Y\ Jk .

ot (pk) dx; (PUs#) = 0x; [(‘u O'k) c')xj} p(P—pok) 237)
9 9 ot = 2 M Jal d B +
ot () dx; (pU;0) = ox; [(“ 0'(0) ax,-] P (V,P /3*(02) PSi (2.38)

In the transport equation for £ and @ above, the production of turbulence, P, and the dissipation rate specific to

k , Py, is defined by:

Au; o
Pk = T{;x_", Pa} = p-;r-Pk. (239)
J

The values of the closure coefficients used in all the types of linear k — @ models discussed here are given in

the Tables 2.3 and 2.4.






CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 25

2.9 Transitional flow physics

When a body travels inside a fluid, the flow is considered to be either laminar or turbulent. For laminar flow, the fluid
moves in ordered and layered streams while for turbulent, the fluid follows a more chaotic motion, In reality, the flow
over the surface of the body cannot be characterised as either fully laminar or fully turbulent. Instead, there are regions
of laminar and turbulent flow joined by regions of transitional flow. The size of the transition regions may increase
and become a large part of the {low. It was Osborne Reynolds who first demonstrated the transition to turbulent flow
during an experiment. Generally, transition is considered as a complex physical process by which instabilities in the
laminar boundary layer result in the breakdown of the ordered laminar flow structure into turbulence.

It is observed that the stability of the laminar boundary layer flow is affected by various types of disturbances
which are either generated from the surface itself or exist in the free-stream. The surface roughness of the body is
part of the surface disturbances, while acoustic waves, particles in the flow, and pressure fluctuations are included in
the outer flow. The onset and the length of transition are influenced by a range of interrelated factors which are given

below:

* Reynolds Number

¢ Mach Number

» Surface Roughness

¢ Pressure Distribution

¢ Free-stream Turbulence

Transition is a complicated process and a thorough description of it for all types of transitional flows is difficult.
In general, transition occurs in three main modes, natural, bypassed and separated flow. In the following paragraphs
these modes will be introduced.

Natural transition occurs when a stream of low level of free-stream turbulence is sheared over a solid surface.
1t is initiated by the growth of unstable, two-dimensional disturbances in the laminar boundary layer. The existence
of these disturbances was first demonstrated in 1949 by the experiments of Schubauer and Skramstad 7] for incom-

pressible flows over fiat plates. In fact, the concept of periodic oscillations travelling in the laminar boundary layer has
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The efforts of different research groups have resulted in a range of models that can be used in different appli-
cations. A range of models were used during this project. The following section will present the various method that

have be used to predict transition, A sumumary of all models can be seen in Table (2.10).

Approach | Method
Rough surfaces Hellsten and Leinel®!]
Knopp et al.[6%]
Trip function models Spalart-Allmaras turbulence model

with transitional trip function 13!

Empirical correlations Michel !
Cebeci and Smith 18!
Abu-Ghannam and Shaw 1031

Models based on Stability Approach | & model
Models based on transport equations Steelant and Dick
Cho and Chung

Suzen and huang
Menter et al.

Table 2.5: Presentation of existing transition models.

2.10.1 Non-Dimensionalisation of Parameters and Equations

In this section, the non-dimensionalisation of the transition equations is discussed. This can be achieved by scaling
length with the aerofoil length (c), velocities with the free-stream velocity (Us), and time by * = #

The variables are non-dimensionalised based on:

R e
AR A 2
. u v W
i :U—w’ V*Z-‘Zo' “}*:W_m
, (2.44)
=
L/Us
« R «_ P «_ P «_ T
"= — —_ = — T:—
} [ p o’ 14 P T

where the quantities with the asterisk are the dimensionless one. More information for this procedure can be found in

Appendix A .
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2.10.2 Roughness Transition Models

In many flows of engineering interest, there are parts of solid surfaces that are rough, like surface roughness due 1o
manufacturing imperfections or as a long-term environmental result. These aerodynamically rough surfaces may have
a strong effect on the flow field and the aerodynamic forces. In computational aerodynamics, these rough surfaces
are replaced by smooth surfaces with modified boundary conditions. To estimate the flow with wall roughness two

extensions of the k- turbulence model were considered, the Hellsten and Lainel®!! and Knopp ef al. [°1 models.

Hellsten and Laine Model

Hellsten and Laine (811 proposed an improved method to predict the behaviour of turbulent flows over rough surfaces.
The method is based on the & — @ SST turbulence model that is modified to incorporate the surface roughness, The

model is based on the alteration of the boundary condition for @ is:

2
o= “stﬂ (2.45)

where Sg is the non-dimensional coefficient defined as:

(50/n1)?2  for b} <25
Sp= : * (2.46)
100/kF  for b} > 25

For the SST k- turbulence model an extra modification was developed. The SST limiter has to be active in

the roughness layer deactivating the initial Menter’s SST k — @ turbulence model limiter and is given as:

_ o pk
- max(oq @, |Q|FRF)

1 (2.47)

where |Q is the absolute value of vorticity and F3 is the addition of Hellsten and Laine model given by:
150
F=1— a‘anh[(mz\i)“] (2.48)

If the dimensionless quantities are used, eqns. (2.45) and (2.48) are wriiten as:

102
W= VT* SrRe (2.49)
150v* . 1.,
_1_ ( 2.50
B=1 m"h[((w*(d*)z)*(}?e)) i (2.50)
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Knopp ef al. Model

Knopp et al. 19! proposed another extension for accurate predictions of the effect of surface roughness. For smooth
walls, the turbulent viscosity is considered zero on the wall. Instead, based on Aupoix and Spalart/®, the turbulent
viscosity close to wall is equal to v;,, = uckd,, where d, is the hydrodynamic roughness length which is approximated

in relation with sand-grain height /; as d, ~ 0.035;.

In order to achieve good predictions for transitionally rough regimes, the boundary conditions close to the wall

for k and @ are defined as:

kw = ¢1‘1krough (2.51)

Uy 60v
@y = min{———, — (2.52)

ﬁfj/z Kd, Pud?

where kyougn and d, are given as
u?
krough = ’SY7) (2.53)
By

d, = 0.03¢,071 (2.54)

The ¢; and ¢,o are blending functions designed so that the results of the model fit well with experimental

data and are given by:
$p1 = min(l ]—I“' ) (2.55)
1 = min(l1, 90 2.

-+ + +
dr2 = min(1, []?')—50}2/3)1111'71(1, [%]1/4)1111'11(1, [%]1/4) (2.56)

Non-dimensionalising the Knopp et al. 21 model, eqns. (2.52) and (2.53) are transformed into:

w; 60v )
‘Bkl/z KJ*D ’ ﬁw(d*)zRe

.
oy, = min(

(2.57)

X (u:)2

ongh = 75 (2.58)
rouglt ;3/2136

2.10.3 Spalart-Allmaras turbulence model

The Spalart-Allmaras (SA) turbulence model®*] solves only one transport equation for the quantity ¥, which is equiv-
alent to the eddy viscosity v; far from the wall. The modified transport equation for the estimation of the transition
flow has been constructed empirically and is given!31:

DV e 1 N N
o = ol = fal8V+ —[V((v+7)V9 + e (V9)?] = [ewrfoe —

Cp1

kaIZ][%]Z + fuAU? (2.59)
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where the turbulent viscosity v; is linked to the variable ¥
Vo= fu¥, fu= x3_____ xgE (2.60)
T vlv, ju X3+C§17 v .
and v is the molecular viscosity.

The first term on the right hand side of the equ. (2.59) deals with the production of turbulent viscosity. The

third term is the destruction term and it will decrease the eddy viscosity if ¢y fiv > ‘T’j'— fr2.

The transport equation requires information from a number of intermediate functions and variables. The mod-
ified strain rate for the Spalart-Allmaras turbulence model is given as:

- v
S=54+ mfvz
and the function fin

(2.61)
X
=1_ — 2.62
S e (2.62)
The wall function f,, is given as;
148 1/6
fo=gl——21"/ (2.63)
80 +cls
where the intermediate variables are calculated as:
¥
g=r—ocw ()'6 -r), r= e (2.64)

To initialise transition, the model requires two additional functions

. As can be seen from eqn. (2.59), the
production and destruction terms are multiplied by the function f;» which is given by:

2
fa= crse(—mx )

(2.65)
The reason for this function is purely numerical and is to keep the computation of models stablel®], Tt is

activated close to the surface and on the wake while it is equal to zero at the farfield.
To initiate transition close to specified points, an extra source term has been added on the model. This term is

nonzero only in a small domain of influence around the trip points. The function f;; at the forth term of eqn. (2.59)
increases the eddy viscosity and is given as:

2
i = g apzl et

(2.66)
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where d; is the distance from the field point to the tip, @ is the wall vorticity at the trip, and AU is the difference

between the velocity at the field point and that at the trip.i

The function g, is given by:

AU
=min(0.1, ——— 2.6
& =min(0.1, o Ax,) (2.67)

where Ax; is the grid spacing along the wall at the trip. The reason for this factor is mainly numerical as guarantee that

the trip function will be activated even for a coarse grid where the trip point can fell between two grid point!33),

For the transition version of the Spalart-Allmaras model, the additional constants are given in table (2.6).

Coefficients | ¢;1 [ ¢z | ez | ¢
Value 1 2 112105

Table 2.6: Coefficients for the Spalart-Allmaras one-equation turbulence model with the transition modification.

For computational purposes, the eqn. (2.59) is rewritten in non-dimensional form as:

D\;.* o - 1 1 « ~ ~ ~ 1 Chi \;‘*2 %2
—— =cpi[l =[]V 4+ — =V XYy V)2 — —[ewifw — —= [l [==]2 + Refi A 2.
D cpi[l — fia]S*V +Re0'[ (V" + V¥ )VV* 4 cpn (VV*)?] Re[c“lf‘ sz;z][d*] +Ref AU (2.68)

2.10.4 Empirical Correlation Based Models

One way to calculate the onset and development of the transitional flow is through the use of engineering or empirical
criteria. These criteria are produced based on observed trends in experiments and provide a reasonable degree of
accuracy when used to compute flows similar to which the criteria are derived for. The models usually relate the free-
stream turbulence intensity (7w) to the transition Reynolds number and the momentum thickness Reynolds number.
Characteristic examples of this approach are Michel’s criterionl®, the Cebeci and Smith P81 method and the Abu-
Ghannam and Shaw %3] model. An estimation of the transition onset based on the previous models can be seen in

figure (2.4).

2.10.5 Thwaite’s Method

The empirical models usually relate the free-stream turbulence intensity (Tu) to the transition Reynolds number based

on the momentum thickness Reynolds number, In order to estimate the unknown momentum thickness (8), Thwaite's
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is given by:

F(L) = 0.45— 6.0A @.72)

If a general linear representation for the function F is considered, for example F (1) = ot — A, eqn. (2.71) can

be written as:

62
Uavzcxmﬁk = 2.73)
6?2 8% dU,
Ve = (2.74)
Multiplying eqn. (2.74) by Uf ! then
d UFPe? 6* g1 62 dU,
&) U U T @75
then eqn. (2.74) can be written as
1 d 2 ‘B _ B,__ 1
" a’x(e U?)=al; (2.76)
which upon integration, leads to the the proposed equation by Holsten and Bohlen,
& _ ( / U”-‘dx+c) @.77)
v c o [ .

 xp is considered as the stagnation point, the constant C has to be zero to avoid an infinite momentum thick-

ness. Thwaite showed that for laminar boundary layers the momentum thickness can be calculated accurately by:

0.45v f
U Jxo

0% = Usdx (2.78)

The velocity at the edge of the boundary layer (U,) is required as it can be seen from egn. (2.78). Using
Bernoulli’s equation, the velocity distribution at the edge of the boundary layer around an aerofoil can be calculated

and it can be given as:
Ue =Uwy/1-C)p 2.79)

Equation (2.79) is valid only for incompressible flows. In order for the Thwaite’s method to be used in moderate
compressible flows with greater accuracy the Prandtl-Glauert compressibilily correction should be used. The Prandtl-

Glauert correction is given by:

7
Cp=—2__ (2.80)

V1I-MZ
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where Cp is the surface pressure coefficient for the compressible flows, C} is the equivalent incompressible surface

pressure coefficient and M., is the free-stream Mach number.

If the dimensionless quantities are considered, then the velocity distribution at the edge of the boundary layer

is approximated by:

Uy/1-C .
U;Z%ﬁugﬂ:U—P@w:\/‘“‘Mcp 2381)

Considering a small change at the x-direction, the integral of eqn. (2.78) can be replaced with a summation of
the quantities in the same area, If the dimensionless quantities are also considered, then the equation for the calculation

of the momentum thickness based on Thwaite’s method is given by:

.8 045
0'=—"%0 0°2 = =T (YU dx *) (2.82)

where the summation is from the stagnation point xp till the current computation point

Michel’s Criterion

In 1954, Michel developed a method [*! based on measurements in two-dimensional, incompressible flow. The model
of Michel is based on experimental data for a flat plate with almost no pressure gradient and correlates local values of

momentum thickness with the position of the transition point!!l, Tt states that transition takes place where:
Reg g =2. 9Re‘ o (2.83)

where Reg - is the Reynolds number based on momentum thickness, and Re,,;- is the Reynolds number, based on the
distance measured from the stagnation point!!l. For incompressible flows around two dimensional aerofoils, Michel’s

correlation matches fairly well with the experimental data for Reynolds numbers in the region;
0.4-10° < Re. <7-10° (2.84)

In order to apply Michel’s criterion in CFD codes all required data like: momentum thickness, boundary layer
edge velocity, and momentum thickness Reynolds number have to be calculated. For the calculation of the momentum

thickness Reynolds number (Re,,,i), the eqn. (2.83) is used:

Rewien = 2.9(Re - U, -x)%4 (2.85)
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where the parameter in the power can be easily proved that is the Reynolds number based on the distance measured

from the stagnation point.

_ pUmc&,E _ PpUex

Re-UU* - x* = 2.86
¢ Ve d U Usc I (2.86)
where x is the distance from the computational point to the stagnation point.
The local momentum thickness Reynolds number (Reg) is calculated based on:
Ut U, 6 U.0
Reg=Re-Ur-9* =P7=C e _Pre (2.87)

b Usc M

Finally, the momentum thickness Reynolds number based on Michel’s criterion (Re,y;c,) is compared with the
local Reynolds number based on the momentum thickness (Reg) and the transition position is estimated as the point
where:

Reg 2 Reyjq, (2.88)

Cebeci and Smith Criterion

Due to its simplicity and reasonable performance, Michel’s criterion has been adopted by many authors for both
steady and unsteady flows. Some years later, Cebeci and Smith ¥ developed an improved version of Michel’s model,
compatible with the ¢” method and which was claimed to be more accurate. The Cebeci and Smith’s correlation is
given below:

Reggr=1.174(1+ @9)

Cxtr

Re0:46 (2.89)

N

Equation (2.89) was derived for atlached flows on aerofoils for Reynolds number greater than 2 million and is
based on incompressible flow parameters *8), In comparison with Michel’s method, the Cebeci and Smith model is

applicable for a wider range of local length Reynolds number:

0.1 % 10% < Re, <40 x 10° (2.90)

Similar to Michel’s criterion, the Cebeci and Smith method can be applied to CFD codes as soon as the
momentum thickness and boundary edge are calculated. The momentum thickness Reynolds number based on the
method and the local Reynolds number based on the momentum thickness (Reg) can be calculated from eqns. (2.89)
and (2.87) respectively. Transition occurs when the momentum thickness Reynolds number based on the Cebeci and

Smith method (Re,.;) becomes bigger or equal to the local Reynolds number based on the momentum thickness (Reg).
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2.10.6 Transition Length

Besides the onset of the transition, another important parameter for the phenomenon is the length of the region where
transition occurs. Transition should not be considered as an instantaneous process but as a phenomenon which requires
alength in order to be fully deployed. The distance between the point where the flow is fully laminar to the point where
the flow is considered fully turbulent can be much larger than the length over which the flow is laminar.

Three different ways were selected in order to estimate the extension of the transition region. Firstly, the CFD
user can define the transition length based on either existing experimental data or intuition. This can lead to very
sudden increase of the skin friction coefficient. The second way to estimate the end of the transitional flow is by using
the empirical correlation similar to that of Abu-Ghannam and Shawl®31. This correlation takes into account the effects
of turbulence level and pressure gradient by estimating the local Reynolds number using the information provided at

the transition point. The empirical correlation of Abu-Ghannam and Shaw!%3! for the end of transition is given by:
Reyp = Reys + 16.8(Reys)™® (2.93)

A more sophisticated way for estimating the transition region is by using the empirical model suggested by
Chen and Thyson!®®, that scale the eddy viscosity by an intermittency function. The latter one increases from zero for

laminar boundary layers to one for fully turbulent flows. The intermittency function is given by:

=1-exp|( tg YReT 3 (x — xpp) ' ds] (2.94)
Yer = AP ‘,2GT Yer i S tte .
or in dimensionless form
u*3 _ x ds*
Y= 1—exp[(——£)Re, (v — ) / — -Re’] (2.95)
\Y G-y X HC

The parameter G, was initially suggested to have a value of 1200 for high Reynolds numbers. In order to take

into account the separation at low Reynolds number flows, a different expression was suggested:

Gy= %§ -[log(Rey,) —4.732] (2.96)

2.10.7 CFD Implementation of the Empirical Correlation-based Models

In order to model the influence of the transition phenomena, the transition criteria are coupled with the CFD solver

and are used within each solution iteration. This provides the framework for transition modelling to be applied to
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unsteady cases without any further modifications. Firsily, a compressible pressure distribution is obtained from the
solver, The Prandlt-Glauert compressibility rule is applied in order to compute the equivalent incompressible solution
and Bernoulli’s equation provides the distribution of the velocity at the edge of the boundary layer as seen at eqn.
(2.81).

In order to utilise Thwaite’s method, it is important to determine the location of the stagnation point in the
vicinity of the leading edge. The stagnation point is defined by calculating the surface pressure distribution for the
complete aerofoil and locating the highest surface value. As soon as the stagnation point is defined, the chord-wise
integration of the integral boundary layer quantities can be carried out starting from the stagnation point and proceeding
downstream on both aerofoil surfaces. Thwaite’s method (eqn. (2.78)) is then applied to obtain the boundary layer
momentum thickness over the surfaces of the body. The empirical transition criteria are then applied to determine the
onset of transition. Knowing the onset of the transition, the length of the transition region is then estimated. Finally,
a sigmoidal function increases smoothly the value of intermittency from zero in the area upstream the transition onset

to one downstream of the transition end point.

Figure (3.2) provides a schematic of the transition model implementation with the CFD solver.
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Solve the Navier—Stokes equations

Y

[

Search for the stagnation point

Calculate the boundary layer edge velocity (U, )

[

Computation of the empirical transition criteria

1

Determine the transition onset

|

Determine the transition length

!

Recalculate the Na

vier—Stokes equations

Figure 2.6: Road map for the implementation of the empirical correlation-based models.

s Solution Converged?

No



CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 42

2.10.8 Models Based on Stability Theory

Although the empirical relations are able to produce reasonably accurate transition estimates, they rely on a small
number of experiments at small scale and their applicability in other cases is limited. For example Michel’s method
is strictly for two-dimensional incompressible flows on boundary layers 3?1, At low free-stream turbulence levels,
transition occurs due to the amplification of small disturbances in the laminar boundary layer which leads to the
formation of turbulent spots and finally to the breakdown into turbulence. A number of methods have been developed
that explore the development and the amplification of laminar instabilities. Stability theory is one of them and has
been widely used 67], The theory suggests that a small sinusoidal disturbance is imposed on a steady laminar flow and
attempts to determine whether the instabilities will amplify or decay in time. The theory indicates which of the flow

parameters may delay or accelerate transition(%8!,

As a disturbance can be considered to be a travelling wave whose amplitude varies with respect to y direction.

The sinusoidal travelling wave can be given from the following equation
Wxy,1) = 9 (y)e o0 2.97)

where i = \/( — 1) and the variable Y can be the fluctuating pressure, velocity or densily. The parameter ¢ represents
the dimensionless wave number and @ is the frequency of the disturbance. Both parameters can be considered as

complex numbers.

In the framework of the stability theory, ¢ is considered real and ¢ as complex (& = - +i- ;). Then the

fluctualing quantities are given by the following equation:
¥ =g (y)e el (2.98)

From equaticn (2.98) it is obvious that the amplitude of the disturbances depends on the value of opx. If 0x < 0
the disturbances are damped and if ¢,.x > 0 the disturbances are amplified. If a,x = 0 the disturbances stay neutral. If
the disturbance amplitude grows, then the flow is considered unstable and transition to turbulent flow is expected.

Applying the previous equations (2.97) to the continuity and momentum equations for two-dimensional, in-
compressible, unsteady flow and neglecting the quadratic terms in the disturbance velocity components, the Orr-

Sommerfeld equation for @ and ¢ is derived:

07 —202¢" + ¢ = iR[(au— ) (9" — a2¢) — iRau" ] (2.99)
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where ¢ is the amplitude of the perturbation, the prime denotes differentiation with respect to y and R is the Reynolds
number of the mean flow. Equation (2.99} is a 4 order ordinary differential equation for the amplitude ¢. The stability
problem is therefore reduced to an eigenvalue problem, The solution of the Orr-Sommerfeld equation describes small

disturbances which are called Tollmien-Schlichting waves.

The ¢V Method

The most widely used method based on stability theory is the ¢V derived from the ”¢” method of Smith and Gamberoni!6%)

and van Ingen(™

. This method was based on the observation of Michel, that the transition points corresponded to a
tolal amplification of Tollmien-Schlichting waves equal to A/Aq == 10*. This observation led many other researchers
to evaluate the eigenvalues of various boundary layer profiles and then to compute the total growth of waves of a given

frequency. Smith and Gamberonil®! and Van Ingen[’® proposed that the onset of transition occurs when the total

amplification of Tollmien-Schlichting waves is equal to:
A _Lhrea] o o (2.100)
Ag

with Ay to be initial amplitude disturbance at the first neutral stability point.

This method was later referred as "e™” method and predicts the transition point when the amplitude of the

most unstable frequency exceeds the value of the initial unstable frequency multiplied by a factor of ", The method
is based on the growth of the Tollmien-Schlichting instabilities in the laminar boundary layer which become neutrally
stable at some critical point. Downstreanm the critical point, the disturbances begin to grow. Transition is usually
assumed to occur for N=9 [, This N factor is empirically determined from several experimental data and can vary

from one situation to another.

As mentioned before, the Orr-Sommerfeld equation gives the locus of the neutral points forming a boundary
between stability and instability. When a downstream propagating wave of frequency f; crosses the boundary, its
amplitude begins to increase. The wave inside the stable region will be amplified to a maximum and then it will be
damped again downstream. The wave amplitude at any station inside the stable region can be related to its initial
amplitude at the neutral point and the envelope of the curves for the ratio (A/Ap) is called the *N-factor’.

The eV method involves the calculation of accurate laminar boundary layer velocity profiles at various stream-

wise stations beginning at the stagnation point. These velocity profiles are used to evaluate the stability properties of






CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 45

2.10.9 Intermittency Transport Model

In 1951, Emmon, during experiments in shallow water flows, characlerised (ransition as an eruption of turbulent spots.
He considered a turbulent spot production function g(x,y,z,f) which was related to the probability of the flow being

turbulent at some point, the intermittency factor ¥, given by the equation:
y=1—el-J8borandy) (2.102)

Above a certain Reynolds number the flow becomes intermittent, which means that it alternates in time between
laminar and turbulent states. The intermittency factor y is defined as the fraction of time during which a point in the
flow is occupied by the turbulent spots or in other words the time that the flow is turbulent during the transition phase.
As vy increases from 0 to 1 through the transition zone, all averaged flow properties adjust smoothly from laminar to

turbulent values.

Based on Emmon’s idea, Dhawan and Narasihna [72) developed an algebraic equation to describe the connec-
tion between the spot generation and the stream-wise evolution of the intermittency factor. Their correlation is given

by the following equation:

1—el=0="8] f x>
. (2.103)

0 ifx <
where U is considered to be the free-stream velocity, x; is the point of transition onset, n is the turbulent spot formation
rate and o is the spot propagation parameter.
For these models, the intermittency is implemented in a computer code by multiplying the eddy viscosity of a
turbulence model by the value of intermittency. Upstream of the transition onset the intermittency is considered as zero.
Once the onset of transition occurs, the intermittency is multiplied with the eddy viscosity and as the intermittency

increases from zero to one, a fully turbulent boundary is achieved.

Many researchers, mainly in the field of turbomachinery, worked on intermittency models, The main short-
coming of these models is that they require the solution of a set of turbulent and a set of non-turbulent equation of
mass, momentum and energy. This is computational expensive as the number of equations doubles. Moreover, these
models are based on non-local formulations and typically require information on the boundary layer and the state of

flow outside of it [71],
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Steelant and Dick Model

Steelant and Dick [®! developed in 1996 an intermittency transport model for flows in gas turbines. The model follows
the Dhawan and Narasimha 72! correlation for the intermittency factor in the transitional zone. The transport equation

that Steelant and Dick 73] derived is given in eqn 2.104

apy | Ipuwy
R p 2.104
ot + a.l\‘j ( )
The production term P is
P=(1-yp V2 +v2f(s), (2.105)
where
B(s) =27(s)f"(s) (2.106)
The distribution breakdown f(s) is
!4 13 12 !
as®+bs’+cs +ds t+e
= 2.10
£(s) Py (2.107)
and f'(s) is the first derivative with respect to parameter s
4as3 +3bs? +2cs +d
floy =22 A 2.108)

3gs'2
The parameter s is the streamline coordinate which for two dimensions is given by

[ udx+vdy

§ = ‘ ﬁ (2.109)

and s’ = s+, where s, is the transition location.

The coefficients for the functions are

a b c d e h g
/no /U | -04906 | 0.204(%2)7%% | 0.0 | 0.04444(%2)~1> | 10e | 1.0

Table 2.7: Coefficients for the intermittency transport model of Steelant and Dick,

The parameter n¢ in table (2.7) has been correlated by Mayle 1581 based on intermittency measurements for
ZEero pressure gi‘adient ﬂOWS as:

no=125.10"11,/* (2.110)

Re;, = 420Tu~% (2.111)



CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 47

Steelant and Dick (3 tested their model for zero, adverse and favourable pressure gradient flows. They coupled
their model with two sets of Navier-Stokes equations, one for the laminar and one for the turbulent phase of the flow.
Moreover, they modelled the turbulence by using the ¥ — £ model. In order to derive their conditioned averaged
Navier-Stokes equations, they decomposed all the quantities into mean and fluctuating components. For example:

Gi+9f fory=0
¢=9 q+¢ fory=1 (2.112)
¢+¢' otherwise

where ¢ is the mean component of the quantity ¢ and ¢ is the fluctuating one, The subscripts 1 and t stand for
laminar and turbulent respectively.

Although, the model from Steelant and Dick 3! shows good agreement for the stream-wise variation of 7,
it fails to predict the variation of y at the cross-stream direction. Furthermore, the use of the conditionally averaged
values for the Navier-Stokes equations and for the turbulence model is a basic deficiency for Computational Fluid

Dynamics codes as extra difficulty and time would be needed in comparison with the solution of the averaged Navier-

Stokes equations,

Cho and Chung Model

Cho and Chung [ in 1992 proposed a k — & — y model for free-shear flows. Their model expresses the eddy viscosity

in terms of k, € and y and has been used for plane and round jets, planar far wakes and planar mixing layers.

Their intermittency equations are:

—‘y'sz-i-Sy (2.113)
7

where the diffusion term D, and the source term Sy are:

_9 w9y
Dyg ax,- {(l—y)o_g 8x,} (2.114)

Pes+Pey ¥ /a
Sy=Cay(1 - =2 ('y

2
£
PREERRS iy 8_,1) —Cpay(1=7)7T (2.115)

and the closure coefficients take the valuecs

0 =10, Cu =16, Cp=0.15 Cu=0.16 (2.116)
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The terms P s and P, represent the production of turbulent kinetic energy by shear and normal strains respec-

tively.
Py a2l it B @.117)
ks = —Hiljo—, (I 7] .
S i ja.l‘]
and,
du;
Py =—mij=—, (i=J) (2.118)
n i Ja.'k'j

The first term in the Sy equation expresses the generation of intermittency owing to the production of the
turbulent kinetic energy. While, the second term represents the increase of ¥ by the spatial inhomogeneity. Finally, the
last term represents the amount of the intermittency entrained by the interaction between the mean velocity gradient

and the intermitiency field 41,

Suzen and Huang Model

In 2000 Suzen and Huang "] developed a transition model based on the combination of two transition models. They
blended the transport equation model of Steelant and Dick (3! with the transition model of Cho and Chung "], The
idea was to combine the desired properties of each model into one transport equation. The Steelant and Dick [73]
model was chosen for its ability to produce the stream-wise variation of the Dhawan and Narasimha [7?! intermittency
and the Cho and Chung!”#! model for its ability to provide a realistic variation of the intermittency in the cross-stream
direction.

The transport equation of the model blends the source terms of the two previous models. The equation for the

intermittency has the following form,

aﬂ/+ apu{-y

ot an —DrtHy (2.119)

where the diffusion term Dy and source term H,, are represented by:
0 ay
Dr=155 (1= V) vouu + (1= Y)ou] ox; (2.120)

and

Hy=(1-P[1-F)Hh+F(Ti - )+ (2.121)

where

Gy = Op = 1.0 (2.122)
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The term 7y is the production term from the Steelant and Dick 7] model and is given by

To = 2Cop/uti f(s) ' (s), (2.123)
Co=1.0 (2.124)

where p is the fluid density, uy is the velocity component and the f(s) is the distributed breakdown function which has

the form
as* +bs3+es?rds +e
gs'3 +h

f(s) = (2.125)

s' = 5—5; with s the distance along the stream-wise coordinate and s, is the transition location.

The model’s coefficients are given in table (2.8).

a b c d e h g
50+/nc /U | -0.4906 | 0.204(%2)~05 | 0.0 | 0.04444(2%)~13 | 10e | 50.0

Table 2.8: Coeflicients for the intermittency transport model of Suzen and Huang.

As can be seen, the coefficients for the Suzen and Huang model are the same as of the Steelant and Dick 73]
model except from coefficients a and g that are multiplied by a value of 50.
Ty and T3 are the production terms of the Cho and Chung 4! model. 73 represents the production of turbulence

kinetic energy P and is given by

P, Cl'}’ azt,‘
T = - - 2.126
1 1Y % % Tij ax]', ( )
Ci=16 (2.127)
where the shear stresses are defined based on Boussinesq’s hypothesis as

duj  duj 2 duy 2
AR Db R Wit it ¥, 3 Ry 7 2.128
T,] Hi [ax]‘ + 8):,- 3 axk 6” 3Pk6” ( )

T represents the production resulting from the interaction between the mean velocity and the intermittency

field and is given as:
2w ou ay

h=Gr = i 9% Ox; (2129)
G =0.16 (2.130)

The source termis of the two models are coupled together with of a blending function F which facilitates the

gradual switch from T to (7 — 72) inside the transition region. In regions where ¥ = 0 the Suzen and Huang model
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reduces to the Steelant and Dick 73] model whereas in regions where F == 1 the Cho and Chung!™! term (T} — 1) is

activated, The blending function F is given by:

k/Wv
_ 4
F = tanh [m] (2.131)
where W is the magnitude of the strain rate.
13 is a diffusion related production term which is given by
K ayl?
T3 = — | == 2.132
3=Cap— [ axj] , ( )
3 =0.15. (2.133)

2.10.10 Intermittency and Vorticity Reynolds number Model

Based on the positive results that the intermittency-based models have, in 2006, Menter and Langtry 176! developed
their approach to use only local flow information in order to activate or damp the production term in the intermittency
equation. Instead of using the momentum thickness Reynolds number to trigger the onset of transition, the vorticity

Reynolds number was selected as the link between the correlation and the intermittency equation,

Re,=E2 = -F g 2.134
“Tway n @139

where y is the distance from the nearest wall and S is the strain rate magnitude (§ = (25;;5; j)lf 2). Since the vorticity
Reynolds number is based on the density, viscosity, wall distance and vorticity, it is considered a local property and
can be calculated at every grid point independently of any other.

This transition model do not attempt to model the physics of the transition process but form a framework for

the implementation of transition correlations into the CFD codes.

Intermittency Transport Equation

The proposed model is based on two transport equations. The first one is a transport equation for intermittency y
and is used to trigger the transition process locally. The intermittency funciion is coupled with the SST k — @ based
turbuience model and it is used to turn on the turbulent kinetic energy downstream of transition points. The transport
equation for the intermittency ¥ is given by:

d(py) | dpuyy _ J e\ 9y
T+—ax,- _Pyi—Eyl-i_Pﬂ—Eﬂ_i-Ej [.l+o_—f 8—,\} (2.135)
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where the parameters P and E are the production and destruction terms of the equation.

The source term for this equation are defined as follows:

P’}'l = CalFlengrhpS ('yFonser )Ca (2.136)

and

Py = conpQYFru (2.137)

. - . . du ; : .
where Q is the vorticity magnitude (€;; = %(%’% — a—':f)). The role of these terms is to ensure that the intermittency
remains zero in the laminar boundaty layer and it is active in any other point of the flow. The magnitude of the Py

term is controlled by the transition length function (Fje,gn).

The function Fps is an empirical correlation used to trigger the intermittency production. It controls the
length of the transition region and is a function of the vorticity Reynolds number. It is designed to change rapidly from
a value of zero in a laminar boundary layer to a value of one in every location where transition occurs. The function

Fonser is given by:

Re,
Fonserl = 2.1'93' A R‘ 'ee_c (2138)
Fouserz = Mmi 4
onser2 = Min [Max (Fonser1, Fonsert ) +2-0] (2.139)
R 3
Fonsers =max |1— [ =L} ,0 (2.140)
2.5
F onset — MAX (Fonserz - I onset3s O) (2- 141)
where the turbulence Reynolds number is given by
W pk
Rr="=-"— (2.142)
K HO

and Reg, is the critical Reynolds number where the intermittency begins to increase in the boundary layer. This occurs
upstreamn of the transition Reynolds number (Reg,) as there should be an increase of the turbulence before any change
in the laminar profile occurs. The empirical correlation for the parameter Reg, was proprietary in the initial paper(76]
and was referred as a function of Reg,.

The function Fjepg, in eqn. (2.136) is an empirical correlation that controls the length of the transition region

and the magnitude of the two production terms. This function was also proprietary in the initial paper.
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The destruction/relaminarisation sources are defined as follows:
Eyj =caPny and Ep=caPpy (2.143)

These terms ensure that the intermittency remains close to zero in the laminar boundary layer, The constants ¢, and

c¢2 control the strength of the destruction terms and ensure that these are smaller than the production terms.

The function F,,; is used to disable the destruction/relaminarisation sources outside of a laminar boundary

layer or in the viscous sub-layer and is defined as:
Fy = e~ (Rer/4)* (2.144)

The coefficients used in the intermittency equation are:

Ca | Cel | Cal | Ce2 | Ca2 Of
05]110(20]50(0.06]|1.0

Table 2.9: Coefficients for the intermittency transport equation.

The boundary conditions for the intermittency ¥ is zero normal flux at the wall and 1 at an inlet. The latter
value of intermittency at the inlet is in order to form a framework for the implementation of the correlation-based into
the general-purpose CFD. One of the requirements of the model is the grid has a y* less of 1. This is necessary in
order to capture correctly the laminar and transitional boundary layers /7], If the y* is more than 5 then the transition

onset location is expected to move upstream.

Momentum Thickness Reynolds Number Transport Equation

In addition to the transport equation for the intermittency, another transport equation is solved. This equation is for the
transition momentum Reynolds number and is the link between the local information and the intermittency. With this
way, the model manages to capture the non-local influence of the turbulence intensity which changes due to the decay
of the turbulence kinetic energy in the free-stream and due to changes in the free-stream velocity outside the boundary
layer. Moreover, it ties the empirical correlation to the onset of criteria in the intermittency equation 76}, The transport

equation for the scalar transition momentum thickness Reynolds number Reg, is given by:

BEEQ,
axj'

I(pk. d(pu;R dJ
(”af"’) Lt = je"’) = Py, +5— | Cor (1t + )

5 (2.145)
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The source term Py, is designed to force the transported scalar Reg, to match the value of Reg, which is
calculated from an empirical correlation using information from outside the boundary layer. The source term is

defined as follows
Poi = co: % (Rea ~ Reor) (10— Fiy) (2.146)
where t is a time scale which is present for dimensional reasons and is given by

_ 500u
=20

(2.147)

For is a blending function that turns off the source term in the boundary layer and allows the transported scalar
Reg, to diffuse in the free-stream. It is zero in the free-stream and one in the boundary layer. The definition for the

function Fy, is given by

2

Fg; = min { max | Fyqeet07 5))4, 1.0- —I—ﬂ ,1.0 (2.148)

1.0—1/cp

where

Reg 1L 15 50Qy

OpL = p(y , OpL= TGBL; 0= U Y St (2.149)
2

Rey= p‘%, Foate = et~ @eo/10°))? (2.150)

The function 4, ensures that the blending function is not active in the wake downstream of the aerofoil,

The coefficients for the momentum thickness Reynolds number transport equation are:

Cor Ogy
0.03 | 2.0

Table 2.10: Coefficients for the momentum thickness Reynolds transport equation.

The boundary conditions for the scalar quantity Reg; is zero flux at the wall, while for the inlet its value is

calculated from an empirical correlation based on the inlet turbulence intensity.

Implementation for Separated Flow

For separated flow, it was observed by Menter ef al. [78) that the model predicts the turbulent reattachment location far

downstrean. It was considered that the reason for this behaviour was the fact that the turbulent kinetic energy k failed



CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 54

to reach a value that could lead to the reattachment of the laminar separation boundary layer. The solution was given
by letting the local intermittency to exceed the value of one wherever the laminar boundary layer separates. This will
lead k to obtain values which will cause earlier reattachment. Hence, to overcome this discrepancy, a modification
to the transition model for the case where separation of the laminar boundary layer occurs was introduced and a new

intermittency was calculated:

. Re,
Yoep = Min {5 max [(m) — 1.0} Feattach»2 } For, (2.151)
where the constant 51 is given by
s1=28.0 (2.152)

The value of this constant controls the size of the separation bubble.
For aeronautical applications, Menter and his coworkers (I781) modified eqn. (2.151) into

Re,

'}’sgp = min {S] max [(m

) - 1-0} Freatrach»2 } For, (2.153)

considering the constant s} = 2,
Freanach disables the modification once the viscosity ratio is large enough to cause re-attachment and is given

by

Freattach = e‘A(ReT/ZD)“- (2.154)
Fy, is a blending function defined in eqn. (2.146) and is used to confined the modification inside the boundary
layer.

Afier the calculation of this extra value, the final intermittency factor is given by

Yerr = max (¥, Yeep) (2.155)

Coupling the Transition Model with the Turbulence Model

The transition model is coupled with the Shear Stress Transport (SST) k- turbulence model. It turns on the pro-
duction term of the turbulent kinetic energy downstream of the transition point ["). The equations for the SST k-

turbulence model are:

J 2] L 0 ok
g(Pk)‘l‘ E(Pl*ﬂc) *Pk—Dk+x_j[(ﬂ+Ukur)x_j] (2.156)
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d d R ) do
E(Pm) + 5;;(/’"1‘03) =0y —Dg+Cdp + -a—l;[(ﬂ +Gkﬂt)‘a:;] (2.157)

where the new production and destruction terms for the turbulent kinetic energy are given as:

B = Yop Py (2.158)
D = min[max(y.£5,0.1),1.0] Dy (2.159)

where ¥ry is the effective intermittency obtained from eqn. (2.155). From the previous equations, it is obvious that
the production term for the turbulence dissipation ratio is not modified.

In order the coupling to be complete, a last modification have to be applied in the blending function of the

turbulence model. The modified blending function is given as:

R),=%\/——Ii, F=e ®M29° B — max(Fiong, F3) (2.160)

Empirical Correlation in the ¥ — @ — y— Reg, Transition Model

There is an experimental correlation that relates the momentum thickness Reynolds number at the transition point,
Reg,, with the turbulence intensity and other quantities in the free-stream. A number of improvements have been
proposed and in this project the empirical correlation modified by Langtry 178 was selected. Two different regions for
the local turbulence intensity were taken and the correlation for the transition momentum thickness Reynolds number

is given by:

(1173.51—589.428Tu + 228V F(he) ifTu< 1.3
Reg, = (2.161)

331.50(Tu —0.5658) 0671 F (2) ifTu>1.3
The blending function F has also been modified in order to improve the predictions for natural transition. The

modified function F is given by:

1 (—12.9862 — 123.6612 — 405.689A3)e~[T/151' if 24 <0
F(le) = (2.162)

140.275(1 — ¢ 39%) g~ Tu/03 ifAg >0

Ag is the pressure gradient parameter and is given by:

Ae-( m )d (2.163)

S
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where dU /ds is the acceleration along in the stream-wise direction and is calculated by taking the derivative of the

velocity in the x,y and z direction and summing the contribution of these derivatives along the stream-wise flow

direction:

U=+ +wh)/? (2.164)
dU ) ,2 1/2 )d d
s (u + v w)” [2u +21d -I—?.wd ] (2.165)
au 1 2y—1/2 du dw
Z 2(1! +v*Hw?)” [211 +21d_+213 (2.166)
du 1 2y—1/2 du dv dw
= 2(11 +v +w?)” [211 +2vc—f—+2 e (2.167)

dU vdU vdU wdU
B UR U U (2168

For numerical robustness, the pressure gradient and the acceleration parameter and the empirical correlation

are limited as

—0.1< 45 <0.1, Tu>0.027, Reg =20 (2.169)

The empirical correlation is used only in the source term of the momentum thickness Reynolds number trans-
port equation (2.146). The equations for the empirical correlation have to be solved iteratively as they require the
calculation of the momentum thickness (8) inside the pressure gradient parameter (g). For an initial guess of the

local 8, eqns (2.161) and (2.162) are solved considering zero pressure gradient and local values for U, p and p.

The correlation for the critical momentum thickness Reynolds number is defined as follows:

Regr —396.035- 1072 + (—120.656 - 10~*)Reg, + (868.23 - 10~)Reg, + (—696.506- 10~?)Regy, if Reg, < 1870
Rege. =

Reg, — (593.11+0.482 - (Reg, — 1870)) if Reg, > 1870
(2.170)

The last correlation that describes the length of the transition model based on the T3B, T3A and T3A- experi-
ments, The empirical correlation for the Fieng, is based on Reg, and is given by
39.8189 — (119.27 - 10#)Reg, — (132.567 - 10~6)Re), if Reg; < 400
263.404 — (123.939 - 1072)Reg, + (194.548 - 10-5)Re5, — (101.695- 10~8)Re,  if 400 > Reg, < 596

Ffength = 4
0.5—3.0-10"* - (Reg, — 596.0) if 596 > Reg, < 1200

0.3188 if 1200 > Reg,
) 2.171)
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2,11 Summary

In this chapter, the physics and the models related to the complex phenomenon of transition are presented. The
discussion in the chapter, starts with the presentation of the two-dimensional form of the Navier-Stokes equations and

how they are reformed in a formula more suitable to calculate the flow around bodies.

Then the approach to turbulent modelling has been discussed and more details have been provided for the
k— o and k¥ — @ SST models, These models are presented as more suitable in the current study.

The key physical processes of the complex phenomenon of fransition are presented. Then a hierarchy of
transition prediction and modelling techniques have been presented. These methods vary in complexity from simple
engineering criteria to complex transport equation models.

The criteria of Michel, Cebeci and Smith, and Abu-Ghannam and Shaw were selected for the prediction of the
onset of natural transition, These correlation based models require the knowledge of non-local information in order
to predict the transition onset. Thwaite integral boundary layer method has been adopted in to provide a source of the
required laminar boundary layer data for the criteria. The transition models have been integrated with the turbulence

model to provide the onset of transition.

Finally the new transition model of x — @ — ¥ — Reg, is introduced. The model is developed based on local
information and has eliminate the need of any non-local operation as required from the empirical correlation models.
As a result, the transition model is more compatible with the existing CFD codes. It requires the solution of two extra
transport equations, one for the intermittency and one for a transition onset criterion in terms of momentum thickness

Reynolds number. The model has been calibrated in order to be used with ¥ — @ SST turbulence model.



Chapter 3

Modelling of 2D cases

The transition models described in the previous chapter have to be validated. This chapter describes the available
experimental data and the grid generation for the 2D validation test cases used in this work. The test cases include
the Aecrospatiale A (ONERA A), the NACA 0012, the NLF-0416 and the S809 aerofoils. For all these aerofoils,
the available experimental data were compared with the XFOIL results. XFOIL uses the e method for transition
prediction and is a popular tool for acrofoil aerodynamics. If specified, the free-stream turbulence levels were matched
during calculations. If the free-steam turbulence intensity is not known from the experiments then an estimate was

made.
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Two sets of experiments were carried out for this aerofoil. The first was conducted at the ONERA Fauga-
Mauzac F1 wind tunnel, at Mach numbers of M = 0.15, 0.22 and 0.3 and a range of Reynolds numbers from Re =
2 % 108 to 7.5 x 108, For each Reynolds number, a large range of incidence angles was considered. The F1 test
cases provide measurements for the lift, drag, skin friction and surface pressure distributions. Table (3.1) provides the

paraineters for the F1 test case.

A second experiment was also performed for the ONERA A aerofoil in the CEM/F2 wind tunnel. This wind
tunnel is of closed-circuit type, working at ambient pressure. It has free-stream twrbulent level less than 0.06%.
Measurements were conducted at Mach and Reynolds numbers of 0.15 and 2 x 10° respectively. Table (3.2) presents
the conditions of the test. The F2 wind tunnel not only provided measurements for the same parameters as in the FI
test case but also boundary layer quantities like displacement thickness (), momentum thickness (8) and detailed

experimental profiles of the velocity and turbulent stresses at incidence angles of 7.2, 12.3, and 13.3 degrees.

F1 Wind Tunnel |
Measurements Mach number | Reynolds number (109) |
Drag Coefficient (Cp) 0.15 2.08, 3.13, 5.25, 7.57
0.22 5.22
0.3 5.25
Skin Friction Coefficient (Cr) 0.15 2.05,3.13,5.24,7.54
0.22 522
0.3 5.25
Lift Coefficient (Cy) 0.15 2.07,3.13,525,7.54
0.22 5.22
0.3 5.25
Pressure Coefficient (Cp,) 0.15 2.07,3.13,5.25,7.54
0.22 5.22
0.3 5.25
Lift-to-Drag ratio (L/D) 0.15 2.07,3.13,5.25,7.54
0.22 5.22
0.3 5.25

Table 3.1: Summary of the parameters of the F1 tests of the ONERA A section.
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Figures (3.3(a)) and (3.3(b)) present the results for the lift coefficient as a function of the Mach and Reynolds
numbers, respectively. Considering a constant Reynolds number of Re = 5.22 x 109, figure (3.3(a)) presents the lift for
three Mach numbers, of M=0.15, 0.22 and 0.30. The lift decreases as the Mach number increases. It is obvious from
the figure (3.3(a)) that the case with Mach number at M=0.3 produces the smallest peak C;. On the other hand, the case
at lower Mach number presents the higher 1ift peak. In figure (3.3(b)), the Mach number is kept constant at M = 0.15
and the Reynolds varied from Re = 2.07 x 10° to 7.54 x 10, For incidences angles lower than 10 degtees the aerofoil
produced similar amounts of lift, As the angle of attack increased and at Reynolds number of Re = 5.25 x 105, the
section produced the highest amount of lift and highest lift peak. The case for Reynolds number at Re = 2.07 x 10°
presents some discrepancies close to stall.

Similar to the previous comparisons, figures (3.3(c)) and (3.3(d)) illustrate the total drag coefficient initially as
a function of Mach number and then as a function of Reynolds number. For the first case, two Reynolds numbers with
close values are considered while the Mach number is varied between M = 0.15 and 0.22. As can be seen from figure
(3.3(c)), the case with the higher Mach number produces the lowest drag coefficient. On the other hand, when the Mach
number is kept constant at M = 0.15 and the Reynolds number increases from Re = 2.07 x 10° to Re =7.57 x 106,
the drag reduces for incidence angles higher than 10 degrees. For angles of attack lower than 10 degrees, the case with
the lower Reynolds number produces the most drag. It is characteristic that the cases with higher Reynolds number
produces similar amounts of drag.

Figures (3.4(a)) - (3.4(d)) show the skin friction distribution for a range of Reynolds numbers. Considering
a constant Mach number of M = 0.15 the skin friction coefficient around the ONERA A aerofoil is presented for a
variety of incidence angles. There is a small reduction of Cr as the angle of attack increased. Similar results are
observed in figures (3.5(a)) - (3.5(b)) where the skin friction distribution is presented for a variety of angles while the

Mach and Reynolds numbers are considered constant at M = 0.22 and Re = 5.22 x 105, respectively.
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edge on the upper surface and therefore the flow is stalled like for the fully turbulent case. The lift coefficient calculated
by the HMB code for both sets of empirical criteria show a tendency to follow the F1 experimental data. The results of
the code for the fully turbulent conditions underpredicis both experimental data for low angles of attack. Moreover, for
incidence angles greater than 12 degrees HMB approximates better the F1 experimental data showing similar lift peak.
The XFOIL code for the fully turbulent conditions (N, = 2.6) follows the F1 experimental measurements showing
of similar peak for the lift. On the other hand, for Ny = 9, the XFOIL code agrees better with the experimental
data. For the case where Re = 3.13 x 10°, the lift coefficient can be seen in figures 3.19(b)). The results show a
similarity with the case of Re = 2 x 10% where the empirical correlations of the Michel and Cebeci Smith overpredict
the experimental data. Both models continue to overestimate the lift even for angles of attack higher than 15 degrees
where the experiments show a reduction of lift. This reduction of the lift is captured from the fully turbulent conditions
but it is not observed in the transition calculations. The XFOIL code, on the other hand, underestimates the produced
lift. Even for the case where Re = 5.25 x 105, transition calculations overpredicted the estimated lift as it can be seen
in figure (3.19(c)).

Figure (3.20(a)) shows the comparison of the drag cocfficients calculated by the HMB and XFOIL codes
with the experimental data for the case of Re = 2 x 10%. Both codes fail to predict correctly the drag, although
they follow a similar trend with the F1 experimental data. The HMB code overpredicts the drag coefficient for all the
incidence angles using either fully turbulent conditions or one of the empirical correlations. Michel’s criterion predicts
similar values of drag coefficient with the Cebeci and Smith correlation, a behaviour that was also observed during the
calculation of the lift coefficient. On the contrary, XFOIL underpredicis the experimental F1 data when fully wirbulent
conditions are considered. For higher turbulence intensity, the XFOIL code shows a somehow better agreement with
the F1 experimental data but not with F2, Cases with Re = 3.13 x 10% and Re = 5.25 x 10° can be seen in figures
(3.20(b)) and (3.20(c)) respectively. The predictions for the drag coefficients based on the transition models fail to
agree with the experimental data for both Reynolds numbers. The HMB code overpredicts the drag for fully turbulent

and transitional calculations. The XFOIL code for N, = 9 underpredicts the produced drag.
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7.2 degrees, the computed surface pressure distributions show good agreement with the experimental data, although,
the suction peak in all calculation is slightly lower than the experimental value. Moreover, close to the trailing edge,
the HMB code predicts better the surface pressure distribution in comparison to the XFOIL code which indicates
flow separation. For incidence angles higher than 7.2 degrees more substantial differences are seen between the
experimental and the computational results. For incidence angles higher than 13.3 degrees, the empirical correlations
start to overpredict the surface pressure on the suction side of the aerofoil and fail to predict correctly the pressure
close to the trailing cdge duc to flow separation. Post stall, HMB and XFOIL fail to predict the measured pressure
distribution.

For Reynolds number at 3.13 x 109, the surface pressure distribution is shown in figures (3.25(a)) - (3.25(b)).
The results are for incidence angles of 8.1 and 17.1 degrees. For angles of attack lower than the stall angle, all
computations show good agreement with the experimental data. The calculations based on empirical criteria manage
to compute the suction peak while the fully turbulent calculations underpredict it. The surface pressure distribution
estimated with the empirical correlations is in better agreement with the experimental data. There is also an obvious
surface pressure coefficient peak close to the leading cdge which was also observed at lower Reynolds numbers.
At 17.1 degrees, both empirical criteria failed to predict the measured surface pressure coefficient overshooting the

experimental data.
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| Test Conditions Pitching NACA 0012 |
Mach Reynolds (M) 0.2
Reynolds Number (Re,) 10° and 2 x 10°
Mean Incidence (o) 6° and 12°
Half-amplitude (S¢t) +6°
Reduced Frequency (k) 0.188

Table 3.8: Conditions for the oscillating NACA 0012 test case.

These conditions were selected to provide some comparison with the steady state results for the NACA 0012

aerofoil,

Lift and Drag Calculations

Figures (3.91(a)) and (3.91(b)) show the lift and drag coefficients as function of the incidence angle. Both empirical
models present similar results for the pitching oscillations. For incidence angles lower than G degrees, for down-
stroke and upstroke, the transition models predict higher lift than fully turbulent computations. For angles higher than
10 degrees this behaviour changes and the fully turbulent calculations show an increased lift coefficient. The drag
coefficient is showed in figure (3.91(b)). The transition models predict higher drag during the upstroke move of the

aerofoil. Similar, during downstroke the fully turbulent calculations produce higher drag than the transition models.
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3.10 Summary

In this chapter, two roughness models, the three empirical correlation models and the ¥ — @ — ¥ — Reg; model were
validated with the use of two-dimensional flows. In general the roughness models showed the known effects of
roughness on aerofoils!®?], where the lift slope and the maximum lift are lower, Due to the existence of roughness, the
production of drag was increased. The skin friction coefficient on the suction side of the aerofoil decline faster than

the fully turbulent calculations.

When the Spalart-Allmaras turbulent models were used with the transition modification, the model required
the knowledge of a predefined point to trip the flow. Predictions of lift and drag coefficients agreed better with the
fully turbulent calculations. The models predicted the sudden change of the skin friction indicating transition between
the laminar and turbulent solutions,as did the XFOIL code,

The empirical correlation transition models showed a fair agreement with the experimental data especially for
cases at high Reynolds number. The slope of the lift curve and the maximum lift coefficient are higher compared
with the experimental data while higher stall angle is estimated with the transition models. The two models, Michel
and Cebeci and Smith, showed similar results with the latter predicting slightly earlier transition. The Abu-Ghannam
and Shaw model estimated an early start of transition on all cases. Moreover, the model showed a sensitivity to its
parameters, with the end of transition region to vary based on them.

The x — @ — ¥ — Rep, model showed satisfactory results. Even if the onset of transition was estimated slightly
earlier than the empirical correlation models, the slope of the lift curve and the maximum lift coefficient was closer to
the experimental data. The CPU cost of the ¥ — @ — ¥— Reg, model was due to the addition of exira terms in the HMB

code.



Chapter 4

3D Cases: Rotor and Fuselage

As this work is concentrated on transition modelling for helicopter applications, this chapter details the few available

experimental data for three dimensional test cases. The 3D cases include the ROBIN helicopter fuselage, the UH-60A

rotor in fast-forward flight, the Caradonna-Tung rotor and a model tail rotor, both, in hover.

A summary of the flow conditions for the test cases can be seen in table (4).

Cases Rey Mach | My, H Bsnaft o) 015 O1c Bic Bo Bic
ROBIN Helicopter Fuselage | 4.47 x 10° | 0,064
UH-60A 4% 100 0368 | 0.67 | 7.3 | 14.6 | 8.63 | -2.39 | 3.43 | -1.04 | -0.7
Caradonna-Tung Rotor 2 % 108 0.439
Model Tail Rotor 1.1668 x 105 0.6

Table 4.1: Flow conditions for the 3D test cases.

4.1 ROBIN Fuselage

For many years, little attention has been devoted to helicopter fuselage acrodynamics. However, the fuselage can

significantly affect the overall performance of the helicopter in all flight conditions. This is the reason why several at-

tempts to simulate the flow around helicopters was undertaken both in american and european research community 14,

One of the oldest geometries developed by NASA in the late 70’s was the ROtor Body Interaction (ROBIN).

Freeman and Mineck ' described a general fuselage with a set of "super ellipse’ equations. The following
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equations show the generic form used for producing the family of these elliptic shapes.

f
e

x—al? y—>b 2

[ ‘ ] + [ 7 ] (4.1)
maj Tinin

The coordinates for the fuselage are defined in rings’ whese size, shape and vertical position vary with location

along the length of the fuselage (x-direction). Four parameters govern the characteristics of each ring: height (H),

width (W), vertical position of centre (Zp), and degree of corner sharpness (V). These are evaluated as a function of

the x coordinate using the following:

1,
Cg

= Ct+Cq

YL\ G
i+ 3) (4.2)

Cy

C1+C2(

Zy

N

Having obtained the controlling parameters (C) ...Cs), a super-elliptical equation expressed in polar form is

used for calculating the radial magnitude as a function of angular location:

()" !
. 4.3
' [(%singb)N-l-(%cosqb)N} @

Transforming back to Cartesian coordinates, each geometry point is given by:

X X

! ]

'}' = rsing @4
£ rcos +Zy

where 1 is the length of the fuselage.

The correct set of coefficients for the ROBIN body is presented in table (4.2), and the {uselage can be seen in
figure (4.1). On the other hand, there are two major drawbacks of the equations. Initially, the nose of the fuselage and
the nose of the hub shroud cannot be computed directly from the equations. A further problem with the definition of
the equations and the coordinates is the possibility of raising negative numbers to real powers. Due to this and for the
purposes of the geometry definition, each the super-ellipses was constructed and then mirrored to form the complete

shape.
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Table (4.2) shows a summary of all values for the coefficients used in the super-ellipse equations to compute
the geometry of the ROBIN fuselage. The values are divided into sections: front of the fuselage, start of the hub
shroud, end of the shroud, tail. The first part of the table presents the parameters for the analytical definition of the

main body, while the last part, the parameters for the analytical definition of the pylon.

4.1.1 Steady Calculations

In 1979, Freeman and Mineck!!# produced an experimental database for ROBIN. The flow around this generic fuse-
lage body was calculated at a range of incidence angles, from -5 degrees to 5 degrees. For the calculations, a
Mach number of 0.064 and a Reynolds number of 4.47 x 10° were considered. All model dimensions were non-
dimensionalised by a reference length equal to one half of the model length!!'8], This distance was selected to be

consistent with the results of Freeman and Mineck!!*! which used the rotor radius as the reference length,

Freeman and Mineck [ conducted their experiments at the NASA Langley subsonic wind tunnel. The model
was mounted on sting at the mid-section of the body. The pressure data was gathered from taps located along the
ROBIN fuselage. Figures (4.2(a)) and (4.2(b)) show the layout of the taps. The hub shroud of the helicopter was not

equipped with any taps.
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4.2.1 Grid development - UH-60A Rotor

Mesh generation and mesh quality are of fundamental importance in all aerodynamics simulations and even more
in rotorcraft. The construction of a mesh around a rotor case has to follow a specific procedure. In order to save
computational effort, the symmetry of the rotor system is used, If the rotor at hand is a four bladed rotor, ninety
degrees of azimuth is meshed with the rotor blade placed at the centre of the mesh. The rotor is considered to be at
the centre of a tube. The outer surface of mesh is defined as the far-field of the computational domain. The two cut
through sections are denoted as symmetry surfaces. The mesh points on these surfaces have to be identical. The top
surface where the flow enters the tube is known as the inflow and the lower surface is denoted as outflow. The hub of
the rotor is placed where the two symmetry planes intersect. Moreover, slices are placed between the two symmetry
surfaces at every station where a blade section is defined. The domain geometry and the grid topology for the forward

flight UH-GOA rotor is shown in figures (4.45(a)) and (4.45(b)) respectively.

The rotor blade is modelled in space so that the point of azimuthal rotation lay upon the origin of the system.
The blade was positioned so that the blade pitch axis is aligned with the quarter chord line which was positioned
along the x-axis. The z-axis runs vertically in the plane between the inflow and the outflow surfaces and the y-axis
runs parallel to the inflow and outflow surfaces. The chord of the blade was unit of length and everything was scaled

relative to this. A C-grid is wsed around the aerofoil and steps similar to the creation of a 2-dimensional topologies.

The blade for the UH-60A rotor consists of two different aerofoil sections, the SC-1095 and the SC-1095R8.
The inboard section runs from 0.1925R to 0.4658R and uses the SC-1095 section. Between 0.4658R and 0.4969R, a
linear transition into the section SC—1095R8 is used which continues to 0.823R. Another linear transition occurs from
0.823R to 0.854R where the blade section is again the SC-1095 aerofoil. The blade finishes into a swept tip. This is
achieved by rotating the section about the trailing edge at 0.9286R for 20 degrees. The total number of grid points for
the UH-60A rotor is 7,980,000 points. Experience has shown that 1073 chords in the normal direction gives enough
resolution in the boundary layer. An exponential law perpendicular to the wall is used. The mesh around the blade can

be seen in figure (4.46).







































Chapter 5

Conclusions and Future Work

This thesis documents the importance of transition models in rotorcraft applications using Computational Fluid Dy-
namics (CFD). The objective was to model the physics behind the transition {low based on Tollmien-Schlichting insta-
bilities and to implement and validate existing transition models in Liverpool’s Helicopter Multi-Block (HMB) solver.
This work, also, tries to implement and validate the transition models of several families and presents a framework for

the implicit treatment of these models in CFD solvers.

5.1 Summary - Conclusions

To start with, simple transition models based on empirical cosrelations used in the existing CFD model were presented
in this work. These models are developed based on observed trends in experiments and produce acceptable results for
flows similar to the cases they were derived for. The correlation based models relate transition Reynolds number to
the momentum thickness Reynolds number and require the knowledge of non-local information in order to predict the
transition onset. The correlation based models were implemented in the HMB code and used in conjuction with the
k — @ two equation turbulence model for flows around aerofoils, fuselages and rotors. Their results were compared
with experiments and if no experimental data were available, XFOIL was used instead. For steady and unsteady
2-dimensional flows, the Michel and Cebeci and Smith criteria gave similar results and the agreement with the test
data was fair., The models managed to capture the transition and showed the same trend like the experiments. The

Abu-Ghannam and Shaw model showed a sensitivity on the flow conditions and overpredicted the onset of transition
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in the majority of the test cases.

Moreover, a recent transition model was also presented. This model is based on local information but it is not
free of empirical correlation. It requires the solution of extra two transport equations similar to the existing two of
the SST k — @ model with which it is coupled. The results for this category of transition models were satisfactory for
two-dimensional cases. They showed good agreement with the existing experimental data and hold the promise for

efficient computations of three-dimensional flows.

The CPU cost of the correlation based models was minimal although some extra CPU time was needed in
comparison with the fully turbulent cases. The cost was mainly associated with the iteration process needed to establish
the transition point and adjust it until convergence. On the other hand, the k¥ — @ — y— Reg; model was implemented
in the HMB code adding extra terms on the implicit calculations. The code has to solve two extra transport equations
added in the calculation of the SST k— @ model which almost double the CPU time needed. On the other hand, no

special care is needed for solving complex 3D flows.

The validation of the models against a number of diverse and challenging test cases were presented in this work.
Starting from steady flows around 2D aerofoils, then unsteady 2D flow and finally on the more complex test cases such
as a 3D helicopter fuselage body, a forward flying and a hovering rotor. In general the transition models improved
the predictions. They resulted in acceptable agreement with the available experimental data. For the 2D aerofoils and
for certain conditions the transition models appear to be comparable with the ¢V model as it is implemented in the
well-known XFOIL code. The models showed a dependency on incidence angle with the transition onset moving with
the angle of aitack for both steady and unsteady acrofoil cases. Moreover, when skin friction was calculated, lower
values of friction were estimated and a low drag bucket was predicted. The skin friction was in general overpredicted
for fully turbulent calculations but all transition models gave realistic Cy curves with laminar and turbulent parts. For
the complex three-dimensional flows around a helicopter fuselage or rotor, this work is the first were such cases were
computed with the use of transition models. For the simple correlation based models, the three dimensional flow had
to be transformed into two-dimensional sections by cutting the body in slices or following the streamlines along the
surfaces. These slices showed the difficulty of the correlation-based flow to calculate three-dimensional flows. The
K — @ — Y— Reg; model, on the other hand, by using only local information was able to calculate the transition flow
easily.

It has to be mentioned that this work covers transition mechanisms due to Tollmien-Schlichting instabilities
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and laminar separation. During the calculation of the transition point for three-dimensional flow no consideration was

given to cross-flow dependency. This was left as an area of future investigation.

5.2 Suggestions for Future Work

The transition models presented in this thesis provided encouraging results for improvement of simulations of flows
relates to rotorcraft applications. However, a number of extensions to the work presented in this thesis have been

identified that would enhance further the understanding of transitional flow.

The investigation of the unsteady flow of the NACA 0012 aerofoil identified the limitation of the empirical cor-
relation models to predict satisfactory the onset of transition leading to a very interesting idea for future development
that would extend the kK — @ — Y — Reg; model for predicting transition on unsteady calculations. This has so far never

been attempted. The key difficulty is the lack of experiments for validation.

Moreover, as both the flow around the helicopter fuselage and the rotor were investigated, it will be beneficial
to investigate the interaction of the rotor with the fuselage or the main rotor with the rear rotor. This has so far never
been aitempted. The complexity of the flows combined with the lack of experimental data for validation would be the

main difficulties.

This work was basically concentrated on transition occurring due to Tollmien-Schlichting instabilities and
laminar separation. However, the flow around a forward flying rotor or a rotor in hover is considered as very complex
and many other transition mechanisms occurred. It would be beneficial to investigate the transition based on crossflow
instabilities and bypass mechanism and extend the k¥ — @ — ¥— Reg, model to boundary layer flows with strong three-
dimensionality. There exists a large amount of work on crossflow transition and the selection of empirical correlation
for transition onset in ordei to account for the crossflow instability mechanism would not be difficult. The promising
criteria would be based only on local flow variables in order to trigger the production of eddy viscosity inside the

boundary layer.

While the importance of transition flow is recognised by many researchers, the need for experimental data that
will used to validate the existing transition models and improve their accuracy is more than obvious. Asthe k —w—y—
Reg; is a fairly new transition model and it is not free of empirical correlations like the one for the length of transition

or the critical momentum thickness Reynolds number, there is always a need to continue validating the model on
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additional test cases. An experiment would help develop empirical correlations for the kK — @ — ¥ — Reg, model that will
be more appropriate for use in rotorcraft applications. Moreover, it could provide the opportunity to validate the models
on additional test cases. Such test cases could be on simple rotors with measurement techniques including surface-
mounted hot-films and possibly surface flow visualisation combined with pressure taps. Alternatively pressute- or

strain-sensitive paint could be used.
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The pressure gradient parameter (4g) can also be estimated with the use of momentum thickness Reynolds
number (Reg) by solving for it

puUod
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2
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then the pressure gradient parameter (Ag) can be given as:
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v\ dU V¥ \ dU* Vel
K=(72) % = (72) & t2e
_(v:,)dU* 1 7(v*)dU*L
- \U2J ds* Ye T \U2/ ds* Re
. (V' \dU* K
K= (U*Z) ds* ~ 1/Re A7
e The viscous stress (7):
1 du; au
G = shr(3— ' j)
1 8u Buj Uw
2 T(al .._.k )mewCT
1 au 5
oolUs
= S Hr( o o *)p
1 . alﬁ’ a“J Tij
® = 2 T(ax ox; )= PU2 (A8)
o The strain rate tensor (5;;):
1 du Buj
Sij = 2°9x; _)
=l au allj)_
2 [-),x 3,\
1,dut O Sij
S Lty YH A,
8= 2 ox; ax;-") Uwfc (A.9)
¢ The absolute value of strain rate (S):
S = (28;5%) 1/2 U
c
&8 = (28585 = 0T (A.10)
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e The vorticity tensor (£2;;):
=L dusy
U2\ Ok ;o ox;
- E(_‘?_fir_ _ __J)_
T 2ax o
.1 ouwr duj Q;;
* o= All
&= (ax ox} )= U /c (A-10)
¢ The absolute value of vorticity (€2):
— (29* Q* 1/?.
c
* *® * Q
& Q" = 050" = o (A.12)
& The viscosity ratio (Rr):
_ Pk _ Pk puUs
T ao pro* o T2
p*k* pco wc p*k*
T ptet e prof
** R
©Rh= 5 = (A.13)
# The momentum thickness (8):
_ Regpt  Repli* Re i
©pU T prU* pula
o= 8 _Real” po
¢ prU* pelec
R
o or= Rl 8 (A14)
prU* c
o The displacement thickness (&)
50Qy 508y 15
8 = T= e
g o U 2
SOQ*y“‘ 156 —c  50Q7y —1-59"
u* 2 Um U+
d 50Q%* 15
Y _2Re ) Y A.15
e == 2% (A1)
o The momentum thickness Reynolds number (Reg,):
Rew — PUG  p U™ 0" puliac
o TR
B S ETALS
_P U*G Re
i
. PTU*6*  Rey
S Reh ="—-= —RG' (A.16)

TS



APPENDIX A. IMPLEMENTATION OF THE SOURCE FUNCTIONS FOR THE k — @ — ¥~ REgr
TRANSITION MODEL 194

¢ The vorticity Reynolds number (Re,) based on strain rate:

_PYS _ pry?S* puc?(B)

Re, =
H ur Hea
5,52 goe #.,%2 0%
_ P78 pulluc _ pTyS
I Hoo ux
. p *},$2 $* R ey
= = Al
& Re,, e 7o (A17)
¢ The Reynolds number based on specific dissipation rate of turbulence (Reg):
Req = 220 _ P70 puc(8)
I 1 Hoo
H 52 ok Ty e
:py*w memczpy*(u Re
u Hea KM
. p*y*Z w* R Co
< Repy = I =~ Re (A.18)
e The wall distance based turbulent Reynolds number (Rey):
Rew — PIVE _ Py VE pucy/UZ
o IS Heo
_ pa.ya\/F memC _ p*),* T+ Re
I Hea I
*y*vk*  Rey
@Reizp_ygzﬁ (A.19)
: ik Re
A.2 Transport equation for the turbulent kinetic energy (k)
The equation for the the turbulent kinetic energy (k) of the k¥ — ¥ — ® — Reg, model can be written as follows:
a d A d ok
= = ) = —mi : 1), 1.0 _— T ) =— A2
y (pk)+ 7 (pkuj) = YorsP — minmax(v.57,0.1),1.0]- fp ok + P [(u—l—o*,p\pr) 8va] (A.20)
In order to no~dimensionalise the equation, the following terms have to be considered:
) v, o, .
3, (PR = [p==2] - 5 (p"k") (A21)
i( Fary) = | gé] J (p7K*u}) (A.22)
c')xjp'—pmc ax;p ! )
Based on eqn. (A.4), the dissipation term of eqn. (A.20) can be written as
0 Ak, 13 , , . U2 9k
e [(n+ Gkﬁr)glij] =con (1" oo + G"”T“"”)Tﬁfj]
Uz, 9, . o Ok
= [1==5] 'gj[(ﬂ +Gkur)g;_-] (A23)
The production term from the X — @ model based on eqn. (A.) is written as
du; U o
P = Tt =[p U] g2 A24
KL 9x; [e c ) T ax’} ( )
us., ., ou} us., .
= [ij] K [ij] P
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The destruction term is given as

U3
Bpok = [p.—=]- Bpro'k* (A.25)

After the appropriate simplifications and considering that

2
bl B g

<R < ke (a.26)
¢ Hea

the dimensionless equation for & is given by

Kp® =rE %) __ _ % PRy 1 a % * ik:_
3 (p k) + P *(P K*u3) = YersP* — min(max(¥es7,0.1),1.0)p Bok Re 9 [(u +Gk'uT)3x;f] (A27)

A3 Transport equation for the specific turbulence dissipation rate (o)

The equation for the specific turbulence dissipation rate is given by the following equation:
d
(pcu)+ (pcouj)_ -u—P Bpw? +"""‘[(].l+(5mﬂ.l,)a ]+pS, (A.28)

Similar to the manipulations for the k-equation

UZy 9 s s
(p ) =[P 5z (p"0%) (A29)
a U°2° a * LI
E(Pwur) = [Pm'c—z] . —3_«\—;‘-(’3 (0] ll,-) (A.30)
and
J ok 1 Un d0*
5;;_[([»1+Gmur)g] [(u oo Gt fh) o ]

U,, d . N 8&)*
= [Houc—g] '5;;[(14 +Gmﬂr)'§;3g'] (A3D)

The production and dissipation terms are written as

. o U?

o

—P = o * oo UooC 5

p/.t, PP ,u;p.,qucP Pl e
U2 o .

(P J'P*EP (A.32)

I

2 Uo% PPy
Bpo® = [p-—3] Bpe (A33)

Considering that

o= (A.34)

the resulting dimensionless equation for the @ is given by

1

2 (pron)+ a*(” W) = p Pt = Bpa oo +RE) [+ ouni) S

Jor ] (A.35)

J
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The left hand side of the equation is becoming dimensionless as follows

J, . Uy 8, .=

57 (PReor) = [Pm—c—] "5 (P Regr) (A47)
d 5 Uy 9, 4 us
EEJ_-(’J“"R'?G‘) = [PwT] 'X}(p ui Reg, ) (A48)

The dissipation term is written as

) dReg; 129 1 dRey,
E[(;¢+ck;17) o, 1 = =3 ;[(u Hea + OL T lea) == - ] (A49)
oy O dRe
= [%{]'B‘T[(# + opliy) er]

For the non-dimensionalisation of the production term the following has to be considered

5004 5000 pe

Tscale = pU2 = p*U*Z PmU.Z: (A.50)

which has dimensions of time. In order to make it dimensionless, #sq1¢ has to be divided with time (), hence

5004 g
Iscale _ *U‘“2

Iseale a (A.51)
U 7
o 2 Mol 50007 1
= fracS00u*p*U* olZe = o e
Hence the production terms can be written as
Pa = cor(Reor—Reo))(1-Fuy) (A52)
= Celff (Res:—Reer)(l—Fe:)
scale Uua
Uw
= [po—] co—— (Resr —Reg;)(1— Fy)
¢ fscalc
oo
Finally after the appropriate simp]iﬁcatious,p—% = ﬁ the equation for the Reg,
a %75 * 1 3 x . aRNt?e;
= ") = — L) — A.
Er Reetllj) Pel +RB I I:(#’ +0-1\H'T) ax* ] ( 53)
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Initially, the blades rotate and in each azimuth angle the velocity of the speed will be the sum of the free stream

velocity and the velocity due to the rotation. @, is the rotational speed and is given by:

ij ok
Unew = Upig + ﬁw XF=Uyq+| 0 0 —;
Xy oz
where the rotational speed is given by
U”?p COZR
Uip=wR = —=—"—
tip (A .. U,
1 R U
— T — a)z —_——
L Us UR
The cross product from eqn. (B.1) is calculated as
ik .
By XxF=|0 0 —aw, |=yw,i—x0,]
Xy z

Hence the new non-dimensional u component of the velocity would be
@, 1
! ! Z !
Uneyw = Uppg + Z'J:y = Ugrg + ﬁy

;o @, 1
Vaew = Yold — 'U_')” =Uolg — [.I,_R'x

where the z component of the velocity remains the same,
Considering that the flapping angle is defined by a positive Fourier series :

B{w) = Bo+ Prssin(w) + Biccos(y) +...

where fip is the collective pitch and only the first posifive harmonic lerms are considered.
The new velocity vector will be given by

Unew + a_)'ﬁ x7

where the cross product is calculated as

ﬁﬁ Xr= = —zyi +xayk

o
£
NO oA

The rate of rotation about the y axis (@) is given as

_ df _dBdy _dp
@ = wTavar = %ay
= a)},(ﬂ“COS(W)—ﬁICSin(W))

Us. ,
= 7 (Bucos(y) ~ Presin(w))
The new velocity components will be given as
Wy 1 ,
thow = ota = 772 = Vota + 3 (Brscos(w) — Presin(y) )

and

Wy 1 .
Whw = Wota + 7 = Wita = (Brscos(y) ~ Bresin(y) )

(B.1)

(B.2)

(B.3)

(B4

(B.5)

(B.6)

(B.7)

(B.8)

3.9
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For the pitch, the same idea is followed. The pitch angle is given by the equation
0(y) = 6y + O155in(y) + By ccos(W) +. .. (B.10)

where the positive series are considered rather than the negatives.
The rate of rotation about the x axis will be

46 dody  do
o de _ _ 090 B.i1
O ar ayar Zdy (B.11)

Us .
= uR (91scos(l,ll) — Glcsm(w))

Finally, the new velocity components will be

/
. . , old |
4 -
Uiew = Upqg+ 0O x7== Vord — "i'Z = (B.12)
’ @
Wold + ﬁi‘)’

Uorq
= ( Vo — HLR(Glscos(l]!) — Oresin(y))z )
Wora + 13—1{(913005(‘}’) — Ouesin(yr))y
(B.13)

B.2 Equations for the calculation of the velocity field during hover

In hover, the blade encounters a constant blade normal velocity and as a results no pitch is needed. Moreover, if
constant collective is considered, them the velocity field is estimated by the equation:

T J ok
Unew = Usta + Cl—)'w XF=Upq+| 0 0 —Q);
Xy oz

Uip=0R= @, = R (B.14)
Hence the new non-dimensjonal u component of the velocity would be
’ ' oy ' Y
Upoyw = Ugrg +——Y =1l 4+ = (B.15)
new old Uu‘p old R
, ’ @, ’ X
View = Volg — X = tppg — = B.16
new old Utip old R ( )

where the z component of the velocity remains the same.
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During the test, a number of displays are used , showing the height of the probe during the data logging phase.

LabVIEW Measurement
Writer Version (.92
Reader_ Version 1

Separator Tab

Multi_Headings No

¥X_Columns One

Time_Pref Absolute

Operator Giorgioc Zografakis
Date 2010/03/08

Time 16:17:56.3126

*x+*End_of_Headerxx

Channels 1

Samples 10000

Date 2010/03/08

Time 16:17:56.328125
Y_Unit_Label Volts

¥ _Dimension Time

X0 0.0000000000000000E+0
Delta_X 0.000100

«xxEnd_of_ Headerxxx

X_Value Devl/ai0 Comment
0.000000 2.40745%7
0.000100 2.405587
0.000200 2.406224
0.000300 2.401769
0.000400 2.397314
0.000500 2.397314

B) and the n parameters for the King’s Law (E* =A +B=U™).

0.500000 2.397002

Before manipulating the data, the user has to create two initial files that would provide the post-processing
codes with the necessary input. Tables (C.8) and (C.8) present examples of these initials files. The number of steps/y-
locations, the initial height, number of samples, frequency, pressure and temperature of the experiment are included in
these files. Also, the user has to define a deviation factor and a window for the signal. Based on the method selected
for the calculation of the velocity, the user has to provide the four parameters of the trendline or the Ep (or A), b (or

Number of y locations
Initial station

Initial height

Initial voltage
Number of samples
Frequency
Temperature
Pressure(mmHg)
Deviation factor
Window of signal
factor for 3rd power
factor for 2nd power
factor for 1st power
factor for 0 power

1 50

145

1 0.05

: 1.422495

: 150000

: 10000

1 21.5

1 746.2

16

101

1 25.76513

1 -112.538935
1 169.178568
: -87.094746

Table C.4: Example of the initial file for the polynomial method.

In order to process the data, two different programs written in C language have to be used. Each of these
programs are divided based on the method that is used for the calculation of the velocity, The name of the executables
and the commands that have to be given, can be see below.
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Number of y locations : 50
Initial station 145
Initial height < 0.05
Number of samples : 150000
Frequency : 10000
Temperature 215
Pressure(mmHg) 2 746.2
Deviation factor 16
‘Window of signal 1 0.1
E0 - King’s Law constant  : 1.422495
b - King’s Law constant : 0.754356659

n - King’s Law constant : 0.487202

Table C.5: Example of the initial file for the King’s Law method.

For the case where the King’s Law is used, the following command should be used:
./WTC_PRE_DATA_KING.EXE meas_140211_x0045
and followed by:
. /WIC_DATA_KING.EXE velo.dat.KL meas_140211_x0045.1s

For the case where the polynomial method is used, the command to execute is:
./WIC_PRE_DATA_TRENDLINE.EXE meas_140211_x0045
followed by
./WTC_DATA_TRENDLINE.EXE velo.dat.trendline meas_140211 x0045.1s

The C program WI'C_PRE_DATA is the first executable that has to be run. The program reads the data for
each step and provides a file where all information will be concatenated. The new file that would be created would
be named as {data_name}.Is.h{step}.dat. The file will have four columns where the first one will be the time of the
measurement while the second one includes the voltage that the hot-wire has measured at each step. For each vertical
position, and for every time step, the velocity is calculated based on either King’s Law or the polynomial method and
it is included at the third column of the file. The latter values of velocity are correct for the case that the hot-wire is
at the free-stream. As the hot-wire is close to the surface of the flat plate, a correction has to be taken into account in
order to avoid the wall proximity effect. For this reason, the Will’s correlation (see eqn.(C.5)) has been used.

The second file, this program creates, is called velo.dat and includcs the information for all steps of the specific
station. The file includes five columns where the first one indicates the height of each step/y-location starting from the
first y-location that the user has initially defined. The following columns include the mean values and the RMS values
for the velocity and the voltage. The mean velocity is calculated as the average of the points while the RMS is

_ I ()
Upps = ['—

2 1

30000 - “mean] 2

The second C program WI'C_DATA is used Lo produce the required information [or the specific station of the

boundary layer. It requires the velo.dat and the name of the file with the concatenated data {data_name}.ls. The

velocity values from the velo.dat are used in order to obtain the boundary layer integral parameters. Hence, the
displacement thickness, §* and the momentum thickness, 8, are given as

(C.7)

§* = 8(1fi)d’ (C.8)
T h=o" Up ? ’

Jy=

and

5y I
—(1— —)dy (C.9)
o Uﬁ_( )dy

8=
Upr
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For the high pass filter, a frequency of 2—5{5Hz was selected (U is the free stream velocity and § denoted
the boundary layer thickness). This frequency was selected as it is the frequency of the largest vortices that can be
accommodated in the boundary layer.

The output of this program contains information about the skin friction, boundary layer height and momen-
tum thickness along with the turbulence intensity and the local Reynolds number. Also, a new file under the name
gamma.dat is created and includes for each vertical step of the station the value for the intermittency as long as the
mean, RMS and fluctuations values for the velocity and the voltage respectively.

C.9 Wind Tunnel Measurements

The following table (C.6) presents the free-stream turbulence intensity created at the leading edge of the flat plate.
These results are for different type of grids. GO is the case where no grid is placed in the wind tunnel.

Grids Tu(%) at Tu(%) at Tu(%) at Grid
leading edge ZPG | leading edge FPG | leading edge APG | Blockage (%)

GO 0.744 0.968 0.56116

Gl 1.188 1.4421 1.0282 10.66
G2 2.173 2.2688 1.6748 31.42
G3 2.154 2.3928 1.2942 30.59
G4 5.485 5.2314 3.3993 26.84
G5 3.002 3.02 2.3528 31.16
G6 6.45 7.3684 5.2609 47.113

Table C.6: Free stream turbulence intensity for the different grid cases. ZPG: Zero Pressure Gradient, FPG: Favorable
Pressure Gradient, APG:; Adverse Pressure Gradient

The following tables present the onset of transition for the different cases. Table (C.7) show the onset of transi-
tion based on the empirical correlation model of Michel. In order to estimate the onset of transition, the experimental
data from the six different free-stream turbulence intensities and three pressure gradients were used for estimating the
momentum thickness and the local Reynolds number required for the Michel criterion. It is characteristic that for the
zero pressure gradient and as the free-stream turbulence intensity increases, the onset of transition is moves forward
closer to the leading edge. This characteristic behavior is observed for the favorable pressure gradient (FPG). In the
case of the adverse pressure gradient (APG) the onset of transition is estimated near to the leading edge.

Grids Xgrape (0] Xseqrr [m] Xstare [mm]
Michel ZPG | Michel FPG | Michel APG
GO 745 45
Gl 595 795 45
G2 395 295 45
G3 295 205 95
G4 245 195 95
G5 295 295 45
G6 95 195 95

Table C.7: Onsct of transition flow based on the empirical correlation model of Michel. Comparison between the three
different pressure gradients, zero (ZPG), favorable (FPG) and adverse (APG).

The onset of transition flow based on the Cebeci Smith criterion can be seen at the table (C.8), A similar
behavior as for the Michel criterion is observed.

Table (C.9) presents the onset of transition based on the experimental data. As the transition location is con-
sidered to be the point where the intermittency (y) has values higher than 0.1 . In comparison with the previous tables,
it can be seen that the onset of transition is estimated slightly earlier than with the empirical correlations for the zero
pressure gradient.















Appendix D

Overview of the HMB flow solver

D.1 Introduction

The Helicopter Multi-Block (HMB CFD code is a sophisticated computational tool able to perform analysis for a large
number of applications. The HMB solver was developed at University of Liverpool and it is a living organisation in
which new characteristics and tools are added continuously.

The HMB solves the Reynolds Averaged Navier-Stokes equations on block-siructured grids using a cell-centre
finite volume approach combined with an implicit dual-time method. This means that the solution marches in pseudo-
time for each real time-step to achieve faster convergence, The computational domain is divided into a finite number
of non-overlapping control-volumes, and the governing equations are applied in integral-conservation form at each
cell. For imposing boundary conditions or to allow communication between adjacent block, two layers of halo cells
are used in HMB solver.

The solver has a library of turbulence closures which includes several one- and two-equation turbulence models
and even non-Boussinesq version of k — @ model. Turbulence simulation is also possible using either the large-eddy
or the detached-eddy approach, Lately, the effects of roughness and transition were included in the HMB, The solver
was designed with parallel execution in mind, hence the MPI library along with a load-balancing algorithm is also
used.

D.2 Data Structures

The HMB solver has to operate with a large amount of data produced from the models and the test cases. Hence
an extra attention has to be taken during the manipulation of them. The addition of extra functionality into HMB
requires that extra data have to pass through many different layers of subroutines. Hence, a specific data structure
has been added. Above all is the global data structure which is constant for all blocks and contains all the data of the
block. Below this data is a structure which contains all the information about all the blocks in the mesh. Each block is
connected to six sides and each side has a structure related to faces. An overview of the data structure into HMB can
be seen in figure (D.1).

D.3 TImplicit formulation

A unique feature of HMB is the implicit time-marching technique that is used and which comes in contrast to the
mainsiream flow solvers that rely on explicit methods and multi-grid algorithms for convergence acceleration. As it
was already mentioned, the Navier-Stokes (NS) equations are discretised using a cell-centred finite volume approach.
The computational domain is divided into a finite number of non-overlapping control volumes, and the governing
equations are applied to each cell in turn. The spatial discretisation of the Navier-Stokes equations leads to a set of
ordinary differential equations in time, l

[«

77 (Wija ¥ jx) 4 Rije =0. ®.1)
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D.5 Jacobian Formulation

For a block-structured mesh, equation D.4 represents a large, sparse matrix which arises from the implicit discretisation
in pseudo-time. The Jacobian matrix is calculated analytically by repeated application of the chain rule. The residual
for one cell is built up as a summation of the fluxes through the cell faces. The result of the above is that the Tacobian
matrix which appears in the left hand side of the discretisation has a number of non-zero entries per row. By trying to
reduce the number of those non-zero entries has several advantages as the low memory requirements and the reduced
required CPU-time. With the use of the GCG method, the linear system is easier to solve since approximate Jacobian
matrices can be used that are more diagonally dominant. All equations are solved simultaneously for the next time
level which allows flexibility if the cross-terms are added to the Jacobian matrix. Advantages of this formulation is the
lower memory requirements as long as the lower required CPU-time. Solving the Navier-Stokes equations augmented
with the transport equations of turbulence and transition models, the resulting Jacobian matrix has a given sparsity
pattern. For one and two equation turbulence models, the block structure is given by

[Boo 301}
B Bn

The By is an 5x5 matrix and is associated with the flow variables of p, u, v, @ and p. The By is either a scalar
for a one-equation turbulence model or a 2x2 matrix for a two-equation model. The term Byp; is related to how the
fluid variables depend on the turbulent variables while block Bjg describes how the turbulent variables depend on the
fluid variables. Otherwise, one or both blocks can be considered zero and drive to more sparse system. In the case of
a transition model is in use, an extra row is added. The matrix is given by

By Boit B,
B Bun Bn
By By Bn

where the first row is associated with fluid variables p, u, v, @, p, the second row is related to the turbulent model, k¥
and o, while the last row is related to the LCTM model (y and Reg;).

D.6 Variable extrapolation - MUSCL

The Monotone Upstream-Centred Scheme for Conservation Laws (MUSCL) was introduced by Van Leer 321, Tt is
a compact scheme which is used to discretise the convective part of the Navier-Stokes equations. In one dimension
using a uniform spacing, the extrapolation to both sides of the face at i +1/2 is

Ufl—.l—l/z =Uri—@[(l—X)A_Ui+(1+X)A+Ui] (D.5)
Ultije = Ui — Q%il—) (1= 2%)A4Uipr +(1+X)A U] (D.6)

where AL U; = Uy — Up, AUy = Uy — Uiy, ¢(17) is the limiter and r; = A_U; /AL U;. T ¢(17) = O then this is only
a first order scheme but if ¢(r;) = 1 then higher order schemes are activated which are at least second order for all
values of x.

The current scheme in HMB solver uses the alternative form of the van Albada limiter 6! namely

2r

N — D.7
¢ (’ ) 2 N
it should be noted that this limiter is not second order TVD since for any r € (1,2) , ¢ (r} < 1. Then value of ¥ is set

to zero giving the final formulation

A_UiA+Uf

AU+ ALY D.8
2(A+U,?+A_Ui2)[ i+ ®5)

L
Ui =Ui+



