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Abstract

Numerical computations using DLR’s finite-volume compressible-flow solver
TAU are conducted to investigate the tip vortex of a helicopter blade. The compu-
tations comprise unsteady Reynolds-averaged Navier-Stokes (URANS) simulations
and detached-eddy simulations (DES).

In all computations, a rotor with a radius of R = 0.65m is simulated with a
constant flow perpendicular to the rotor axis. The chord length ¢ = 0.072m of the
DSA-9A airfoil leads to a Mach number of My, = 0.28 and a Reynolds number of
Reyp = 470000 at the tip. Both two-bladed and four-bladed configurations under
various constant and sinusoidal pitch conditions are examined. In the expected
path of the blade-tip vortex, a fine resolution of a hexahedral block is implemented
to reduce numerical dissipation. The URANS simulations using the shear-stress
transport (SST) turbulence model on the two-bladed configuration demonstrate good
prediction regarding the generation and early development of the blade-tip vortex.
The numerical dissipation, however, inhibits realistic results at more advanced wake
ages. Therefore, a zonal approach with a large-eddy simulations (LES) model is
employed on the four-bladed configuration to reduce numerical dissipation and to
improve physical modeling of the vortex development.

Algorithms deriving the vortex position, shape, swirl velocity, circulation, and
core radius are implemented. The analysis shows that the position of the rotor-blade
trailing-edge mainly drives the vertical location of the vortex core. Furthermore, the
high cyclic pitch case predicts a strong hysteresis between up- and downstroke and a
very elliptic vortex core. This elliptical vortex shape rotates with approximately half
the solid-body rotation speed of the core. The vortex of the attached pitching case can
be modeled as an assembly of the static vortex states. Additionally, the vorticity in
the vortex is well predicted by the maximum circulation on the blade.

The simulations are validated by wind tunnel experiments featuring a complete
pitching cycle at the rotor test facility in Gottingen (RTG). Thrust trimmed compari-
sons show a qualitative and quantitative agreement in the swirl velocity.
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Kurzfassung

Numerische Untersuchungen des Blattspitzenwirbels an einem Rotor
mit axialer Zustromung

In dieser Arbeit werden numerische Simulationen mit dem Finite-Volumen Loser
TAU des DLR durchgefiihrt um den Blattspitzenwirbel eines Hubschrauberblattes
zu untersuchen. Dabei werden unsteady Reynolds-averaged Navier-Stokes (URANS)-
Simulationen und detached eddy-simulations (DES) verwendet.

Die Simulationen eines Rotors mit einem Radius von R = 0.65 m werden mit
einer konstanten, senkrecht auf der Rotorachse stehenden Anstrémung durchge-
fiihrt. Die Blatttiefe von ¢ = 0.072 m des DSA-9A Profils fiihrt zu einer Machzahl von
Mip, = 0.28 und einer Reynoldszahl von Rey, = 470 000 an der Blattspitze. Sowohl
eine Zweiblatt- als auch eine Vierblatt-Konfiguration werden unter bestimmten kon-
stanten und sinusférmigen Nickbedingungen untersucht. Im erwarteten Bereich des
Blattspitzenwirbels ist ein feiner aufgeloster strukturierter Block eingesetzt, um die
numerische Dissipation zu reduzieren. Die URANS Simulationen, die das shear-stress
transport (SST) Turbulenzmodell verwenden, zeigen bei der Zweiblatt-Konfiguration
gute Vorhersagen der Entstehung und frithen Entwicklung des Blattspitzenwirbels
auf. Jedoch verhindert numerische Dissipation realistische Ergebnisse bei dlteren
Wirbeln. Eine zonale Betrachtungsweise mit einem large-eddy simulations (LES) Modell
bei der Vierblatt-Konfiguration hingegen reduziert die numerische Dissipation und
verbessert die physikalische Modellbildung der Wirbelentstehung.

Algorithmen, welche die Position, die Tangentialgeschwindigkeit, die Zirkula-
tion und den Kernradius des Blattspitzenwirbels extrahieren, werden implementiert.
Dabei zeigt sich, dass die vertikale Position des Wirbelkerns hauptséchlich von der
Position der Rotorblatthinterkante abhéngt. Eine starke Hysterese tritt bei hohen
Nickschwingungen zwischen Auf- und Abnicken auf. Die elliptische Gestalt des
Wirbels rotiert ungefdahr mit der halben Starrkorperbewegung des Kerns. Der insta-
tiondre Wirbel kann mit stationdren Ergebnissen angendhert werden und die Vortizitat
des Wirbels wird gut von der maximalen Zirkulation auf dem Blatt vorhergesagt.

Die Simulationen werden mit existierenden Daten aus Windkanalexperimenten
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am Rotorteststand in Gottingen (RTG) validiert. Diese Daten beinhalten einen kom-
pletten Nickzyklus. Schub-getrimmte Vergleiche zeigen sowohl eine qualitative als
auch eine quantitative Ubereinstimmung der Tangentialgeschwindigkeit.

Stichworter: Blattspitzenwirbel, Rotor, Numerische Simulationen
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1 Introduction

Blade-tip vortices are still a challenging flow phenomenon in helicopter aero-
dynamics since they induce drag and, thus, influence the performance of the rotor.
Furthermore, they strongly affect the wake of the helicopter and result in a complex
vortex form due to the rapidly varying lift with time. These vortices arise due to
pressure differences between the lower and upper surfaces, driving the flow around
the tip from the pressure side to the suction side. Depending on the shape of the tip,
several vortices can arise. Blade-tip vortices occur both in fixed-wing aerodynamics
and helicopter aerodynamics. However, fixed-wing aircraft leave their blade-tip
vortices behind, whereas helicopters re-ingest the blade-tip vortices in multiple flight
conditions, resulting in blade-vortex interaction (BVI). These interactions, in turn,
result in a limitation of the flight envelope of the helicopter due to dynamic stall on
the highly loaded rotor.

Additionally, the vortices can strike the tail or be ingested by the tail rotor. The
rapidly changing velocity in the vortex leads to high impulsive loads on the structure
and, thus, an increase in vibration. Moreover, all interactions between vortices and
structures generate impulsive aeroacoustic noise. This noise impact of helicopters
on areas surrounding flight paths and landing platforms is relevant as it influences
the social acceptance of helicopter operations. Therefore, the understanding how
blade-tip vortices are generated and propagated is of great interest.

The vortex roll-up is a challenging numerical problem due to a tendency toward
unphysical dissipation if the computation is under-resolved or uses particular numer-
ical models. Therefore, the vortex roll-up and changes in swirling strength and core
radius are important calibration parameters for computational fluid dynamics (CFD)

codes attempting to reproduce vortex interactions.

Thus, four questions arise from the numerical and aerodynamic point of view:

Is the vorticity that is required by the lift distribution correctly transported
to the vortex?
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Are convection and decay of the mature vortex correct?
How does the blade loading relate to the vortex strength?

How do the time-varying vortices of a pitching blade compare with the
constant vortices of a hovering blade?

The first two questions are related to the prediction capability of the code through
experimental validation, whereas the last two questions focus on the aerodynamic
and physical behavior of the blade-tip vortices.

This study analyzes the blade-tip vortex of a rotor at high cyclic pitch. In contrast
with earlier investigations, the rotor test facility in Gottingen (RTG) is capable of a
very fine particle image velocimetry (PIV) scan of the blade-tip vortex. This scan
allows a direct comparison of experiment and numerical simulations concerning the
evolution of the vortex. Previously, this comparison could only be made at a single
azimuthal point. The focus of this study is a thorough numerical investigation of
the evolution and convection of the blade-tip vortex complete with a comparison to
experimental results by Wolf et al. [117] and Braukmann et al. [14].

Figure 1.1 shows a visualization of the numerical simulations for the pitching
cycle (©, = 24° £ 6°). The highest angle of incidence at the root of ©, = 30° is reached
in the upper left corner. For simplicity, only vortices up to a wake age of ¥y, = 90° are
displayed. A variation in both the blade flow and the generated vortex structures can
be seen.

Figure 1.1: Isosurface of A\ highlights the vortex system of an unsteady pitching
motion ©, = 24° + 6°.



1. Introduction 3

Overview

The subsequent chapters of this thesis are organized as follows: The upcoming
chapter covers the theory, models, and prior investigations of vortices, followed by a
description of the applied tools and methods in chapter 3. It contains the numerical
solver, the experimental setup, the implemented algorithms, and an error estimate.
After that, the main chapters 4 and 5 describe the numerical analysis of a two-bladed
and a four-bladed rotor, respectively. Among other parameters, this analysis includes
position, shape, swirl-velocity, and circulation distribution of the vortex core. In
addition to these results, a grid, a time step, and a convergence study are described.
Comparisons to experimental results complement these investigations. The last

chapter of this thesis gives a summarized conclusion.






2 State of the art - Blade-tip vortices

This chapter presents the theory of a vortex, analytical vortex models, and in
particular blade-tip vortices of a helicopter rotor. Additionally, the most relevant
experimental and numerical works in the field of blade-tip vortices of finite and
oscillating wings are presented. The last section then highlights some of the main

contributions regarding experimental and numerical rotor investigations.

2.1 Vortex theory

A vortex is a rotating movement of fluid elements around an arbitrary line in three-
dimensional space. The fluid elements do not need to rotate around themselves.
In contrast to the simplicity of this intuitive description, a rigorous mathematical
definition is challenging.

Already in the middle of the 19th century, Stokes [104] and Helmholtz [38] per-
formed mathematically motivated research on viscosity. Helmholtz published his
findings being unaware of the earlier work of Stokes; see [105]. The study on the
vortex-filaments led to the well-known Helmholtz’s theorems [38]:

¢ The strength of a vortex tube remains constant along its length.

* Vortex tubes form either a closed path or extend to boundaries since they cannot
end in a fluid.

* Only external rotational forces can produce vorticity.

The order of the theorems is not uniform in the literature. As an example, the
theorems can explain the stability of smoke rings. Helmholtz postulated these theo-
rems for inviscid flows, but they are still valid to some extent for viscous flows, where

viscous effects result in dissipation of enstrophy and diffusion of vorticity.

5
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Figure 2.1: Streamtraces over a wing tip.

Wing-tip vortex

Figure 2.1 shows three-dimensional streamtraces over a wing tip. The driving force
acting on an airfoil in a surrounding flow is the aerodynamic lift, which is perpen-
dicular to the incoming flow. Lift emerges due to the pressure difference between
the upper (suction) and the lower (pressure) side. In the case of a positively inclined
structure, lower pressure emerges on the upper and higher pressure on the lower
side. The airflow always tends to restore pressure equality, which means that the flow
is driven towards lower pressure. On a finite end of every wing, the flow, therefore,
curls from one side to the other side. As a result, the flow on the pressure side has
a spanwise component towards the root. On the lower side, the streamlines bend
towards the tip. These three-dimensional circular motions will eventually establish
the formation of a trailing vortex. The vortex induces a downward component on the

inboard of the surface, which reduces the effective angle of attack.

Lifting-line theory

Every slice of a wing or blade generates lift, depending on the chord length ¢, the
geometric twist O, the angle of incidence, the density p.,, and the incoming flow
velocity v. The lift per unit length of span L’ then is:

L' = pso/20% ¢ c (2.1)

Consequently, the lift distribution differs in the radial direction. Due to the
pressure equalization at the tips, the lift goes down to zero at all ends. In the early
20th century, Prandtl developed the classical lifting-line theory; see Anderson [3]. This
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theory replaces the wings with a bound vortex and attaches perpendicular potential
vortices at the ends in a “horseshoe vortex” system; see Fig. 2.2. The lift distribution is
replaced by the circulation distribution, applying the Kutta-Joukowski theorem. This
theorem links the circulation I with the lift per unit length of span L’; see Betz [6]:

L' = pyul (2.2)

Smaller vortices are added between the two outer vortices since the singularity of
the potential vortices leads to unphysical downwash values. Instead of two single free
vortices, a continuous vortex sheet is obtained. The vortex with all bound vorticity
remains on the line of the wing. The strengths of the free vortices correspond to the
change or gradient of the circulation distribution (dI'/dy) on the wing.

The shape of the wing defines the lift distribution. An elliptical lift distribution
is favorable, as it leads to the least possible amount of unwanted induced drag.
Additionally, a constant downwash occurs. The theory of Prandtl further explains
that the aspect ratio has a significant effect on the induced angle and drag. Wings with
a higher aspect ratio have lower induced drag coefficients, as the effect of the ends
diminishes with increasing aspect ratio. The favorable lift distribution can be achieved
purely by a twisted blade or by an elliptical shape, which is hard to manufacture.

r
dr /dy > 0 dr'/dy < 0
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Figure 2.2: Generic circulation distribution over a finite wing.

The particular case of an elliptic, clean wing is illustrated in Fig. 2.2 by showing
the circulation distribution. The circulation is zero on both ends. On the left-hand
side, there is only a positive gradient (dI'/dy > 0) with the maximum in the middle.
The distribution is symmetrical, with a negative gradient (dI'/dy < 0) occurring on
the right-hand side. The change in circulation is transported away in the vortex sheet.
The sign of the gradient determines the sense of rotation of the shed vortices.
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2.2 Vortex models

Several vortex models have been established in the past. These mostly algebraic
formulations model the swirl-velocity distribution of a trailing vortex. First, a generic
distribution is discussed, followed by essential vortex models in the literature.

Vg

A

Ugp max

R

T r

(a) Swirl velocity. (b) Circulation.

Figure 2.3: Generic swirl velocity and circulation of a blade-tip vortex.

Figure 2.3 shows the swirl velocity and circulation of a generic blade-tip vortex.
There is an approximately linear growth of the swirl velocity towards the peak,
which defines the vortex core. Outside this core, the swirl velocity decreases and
asymptotically approaches zero. The circulation I', see equation (2.3), of the blade-
tip vortex is proportional to the product of the swirl velocity vy and the radius r if
rotational symmetry is assumed. The line integral ds via a closed curve of the velocity
field v can then be simplified to:

I'= fvds = 27V (2.3)

Figure 2.3(b) shows the circulation distribution of a blade-tip vortex starting at
zero in the center. Then the distribution steadily increases towards the total circulation
Lo.

The most straightforward model is the potential approach, which assumes a
constant circulation and, therefore, an anti-proportional formulation of the swirl
velocity. The resulting formula of the potential vortex model is:

vg(T) = ( L ) i (2.4)

2rr. ) T

where 7 = r/r. is the nondimensional radial distance normalized by the core
radius r..
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Figure 2.4: Generic swirl-velocity profiles for different vortex models of a blade-tip
vortex.

The values of the nondimensionalized swirl velocity decrease on the outside of
the vortex core, whereas infinite velocities occur at the vortex core, which can be
seen in Fig. 2.4. An easy solution is named after Rankine [83], which separates the
formulation in two regions. The inner part is replaced by a solid-body rotation, which
is represented by a linear velocity increase. Outside of the vortex core, the potential

regime remains. The swirl velocity is then:

vg(7) = (2.5)

Lamb [54] and Oseen [71] came up with an exponential expression. The Lamb-
Oseen vortex employs the empirical constant o, = 1.256 with the subsequent swirl-

velocity distribution: ( _2
1 —eL" )

_ L,
v¢(r) B 2rr

(2.6)

F

Squire [102] further developed the result of Lamb-Oseen by adding an effective
turbulent viscosity coefficient, which describes a higher diffusion due to the turbu-
lence generation instead of molecular diffusion alone. However, this effects only the
core growth and not the swirl-velocity distribution itself.
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Vatistas [110] derived a more general vortex formulation with an integer variable

n, which is given by:

T, P
v(r) = o0 ((1 n F2")1/”) ' 2.7)

If the integer variable of the Vatistas model is chosen to be one (n = 1), it is equal
to the vortex model of Kaufmann [48] and Scully & Sullivan [92]. Due to its algebraic

velocity profile, it does not have any singularities. The model is given by:

vy (T) L ( r ) (2.8)

- 2rr, \ 1+ 72

The Bagai & Leishman [5] vortex is equal to the model of Vatistas with n = 2 and
is given by:

The swirl-velocity distributions of all mentioned models are shown in Fig. 2.4. All
distributions are normalized by the peak swirl-velocity and the radius at this point.
Inside the vortex core (r < r.), most models predict a slightly concave increase of the
swirl velocity, whereas the Potential and the Rankine model predict a linear increase.
Differences become more pronounced outside of the vortex core (r > r.), where
the swirl-velocity decrease differs significantly. The swirl velocities of the already
mentioned simple models (Potential and Rankine) are inversely proportional to the
radial distance and decrease the fastest. The Lamb-Oseen model is very similar to the
Vatistas n = 2 model. The Vatistas n = 1 model has the shallowest decrease. Further,
more sophisticated models with more than one parameter are shown in Fig. 2.5 and
will be mentioned below.

So far, the models of Vatistas account only for laminar effects. Therefore, Vatistas
etal. [111] extended the vortex model due to turbulent effects by introducing a new
parameter 3:

(1+B)

Iy 1+ \ed
vy(T) = 27rrcr <1 n Bﬁ") : (2.10)

Setting 8 = 1, the formula collapses to the original laminar vortex model. When
B8 > 1, a turbulent vortex type is modeled . The extended vortex model is depicted
in Fig. 2.5 for n = 2 with § = 1.0, 1.2 and 1.3. Increasing the parameter j results
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Figure 2.5: Generic swirl-velocity profiles for different vortex models of a blade-tip
vortex (arrows depict increase in 8 and Re,,).

in a shallower decrease in swirl velocities, due to turbulent effects that enhance the
mixing of the layers.

Ramasamy & Leishman [80, 81] proposed a new vortex model that considers
the influence of the vortex Reynolds-number (Re, = I',/r) on the swirl-velocity
distribution. First, they formulated a differential equation accounting for a laminar,
a transitional, and a turbulent region in the radial direction. In a second step, they
fitted an analytical function to their numerical solutions, resulting in a generalized
model for the swirl velocity based on the vortex Reynolds-number. This analytical

function is given by the following expression:

r 3 .
L noe T 2.11
2T l Za € ] ( )

n=1

vg(T) =

The corresponding coefficients for some example vortex Reynolds-numbers are
listed in Tab. 2.1.

Table 2.1: Coefficients for analytical vortex model after Ramasamy & Leishman [81].

ReU ay as as b1 b2 b3

100 1.0000 0.0000 0.0000 1.2515 0.0000 0.0000
4.8-10* 0.4602 0.3800 0.1598 1.3660 0.0138 0.1674
1.0-10° 0.3021 0.5448 0.1531 1.4219 0.0122 0.1624
2.5-10° 0.1838 0.6854 0.1308 1.4563 0.0083 0.1412
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The distribution for the vortex Reynolds-number at Re, = 4.8 - 10* corresponds
to the extended Vatistas model with n = 2 and 3 = 1.38; see Vatistas et al. [111]. The
laminar Lamb-Oseen vortex is predicted with a very low vortex Reynolds-number of
Re, = 100. Three customized distributions with different vortex Reynolds-number
are plotted in Fig. 2.5, showing a similar trend as the $-extension of Vatistas. The
higher the vortex Reynolds-number, the more turbulent effects have an influence on
the swirl velocity and widen the distribution towards lower gradients on the outboard
of the vortex core. The customized model by Ramasamy & Leishman predicts the
highest swirl velocity at r/r. = 5 for Re, = 2.5 - 10°.

A A
—— Potential
Rankine
1.0 2.0 Lamb-Oseen
Vatistasn = 1
OO.8 g 1.5 ——— Vatistas n = 2
— o1
0.6 hy
—— Potential = 1.0 |
0.4 Rankine
Lamb-Oseen
0.2 — Vatistasn = 1 0.5
——— Vatistas n = 2
0.0 > 0.0
0 1 2 3 4 5 0 1 2 3 4 5
r/Te /T
(a) Circulation. (b) Frequency.

Figure 2.6: Generic circulation and frequency profiles for different vortex models of
a blade-tip vortex.

On the other hand, Fig. 2.6(a) shows the circulation of the simpler vortex models.
All vortices with an equal swirl velocity at an arbitrary distance have the same
dimensionalized circulation. However, the circulation in this plot is normalized by
the total circulation I'y at infinity, which is different for each model. Both two models
by Vatistas have a different ratio between the circulation within the vortex core and
the total circulation. The model by Vatistas with n = 1 converges far slower towards
the total circulation I'y than the other models. Figure 2.6(b) shows the rotational
frequency of the vortex core, which is derived by dividing the swirl velocity with
the circumference of the vortex core resulting in the frequency f = vy/27r.. Those
values give an insight into the inherent rotation of the vortex, and a comparison with
the rotation of the vortex core shape can be drawn. Apart from the Rankine model,
the inner part of the swirl velocity is not linear. These models lead to even higher
rotational frequencies inside the vortex core and lower frequencies outside of the
vortex core.
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So far, all the vortex models have been normalized with their peak swirl-velocity.
However, different scaled rotors lead to various vortex Reynolds-numbers and models.
The vortex circulation of an ideal rotor operating in hover, see Ref. [56], can be

approximated as: C
I, = 2QRc <—T) . (2.12)
o

Consequently, most sub-scale rotors matching Cr/o and the aspect ratio R/c have
a lower vortex Reynolds-number Re, = I', /v than their equivalent full-scale rotor.
These differences result in different aging processes. Therefore, an equivalent down-
stream distance instead of the azimuthal angle should be used when comparing rotors
of different scales.

i

Figure 2.7: Visualization of a fully developed blade-tip vortex with three zones from
Ramasamy et al. [79].

Iversen [40] divided the regime of a vortex into a laminar, intermediate, and
turbulent region. The region in which the eddy and molecular viscosity are of the
same order of magnitude describes the intermediate region. He already distinguished
the swirl-velocity profile in these regions. Ramasamy et al. [79] visualized those three
zones in a fully developed blade-tip vortex in Fig. 2.7. They divided the vortex in an
inner zone (1) free of large turbulent eddies, an outer zone (3) with a potential flow,
and the transitional region (2) in between with eddies of different scales, as shown in
Fig. 2.7. Turbulent vortex cores both expand and dissipate quicker than laminar vortex
cores. One reason for the different aging processes is the asymptotic decrease of the
velocity peaks. Laminar vortices have molecular diffusion alone, whereas turbulent
vortices have much higher turbulent diffusion. The swirl velocity decreases faster due
to this diffusion. In CFD, vorticity is spread due to numerical diffusion. Therefore,
peak velocities are reduced. The use of a detached-eddy simulation (DES) takes
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advantage of the above conclusion as the models artificially reduce the turbulence in
this area. The smaller eddy viscosity ensures that momentum is mostly transferred
by molecular diffusion.

Bhagwat & Leishman [7, 8] followed the approach of Iversen [40] and introduced
new nondimensional parameters @, and d for the velocity and distance (vortex age),

respectively, which can be used as an equivalent downstream distance for vortices:

L (Vs (SR vge
5 VR r uT

= °) = 2.14
d ( c ) (QRC) Qc? @14)

These formulations contain the wake age W, the swirl velocity v,, the chord length
¢, the rotational speed €2, and the circulation of the vortex I',. Stronger, more turbulent
vortices are characterized to be older by these formulations, whereas a larger chord
length or higher rotational speed results in younger vortices which persist longer.
With the above-mentioned equivalent formulation, a comparison between a sub-scale

and a full-scale test can be drawn.

2.3 Blade-tip vortices of a helicopter rotor

ST TEII LI I LT
1

Figure 2.8: Velocity vectors on a blade in hover and in forward flight (x = 0.2).

The significant difference between helicopters and fixed-wing aircraft is the mech-
anism by which they generate lift and the consequences thereof. The engines of
aircraft produce thrust to maintain a high velocity, which is necessary for the passive
lift production with an incoming flow over the fixed-wings. In other words, the thrust
and lift production is separated. Helicopters, on the other hand, produce active lift
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and forward thrust by rotating blades, which has advantages and disadvantages. For
example, the effective cost per weight is much higher than with fixed-wing aircraft;
see Ref. [114]. However, one of the advantages is that multiple new flight conditions
can be realized with a rotor. For instance, helicopters do not need a long runway
since they can take-off and land vertically. Additionally, they can hover. Maneuvering
is achieved by tilting the swashplate, which controls the pitch of the blades. The
thrust vector tilts accordingly to the varying pitch and flapping of the blades, and
the helicopter changes direction. These capabilities outline the field of application.
Helicopters are used in areas where the operation of an aircraft is not possible or
feasible, which primarily includes rescue or surveillance missions.

Figure 2.8 presents the velocity vectors which impact the blades. The illustration
on the left-hand side depicts the situation in hover when the blade experiences an
incoming velocity depending only on the distance to the rotational axis. While there
is a linear distribution in the radial direction, every profile section encounters only
one specific incoming flow without any change in time. The velocity distribution
changes if the helicopter performs a forward flight or any other horizontal movement.
The right-hand side of Fig. 2.8 illustrates a forward flight with an advance ratio of
p = v/Ugp of p = 0.2. Given the depicted counter-clockwise rotation, the blade in
the upper half (I + II) is on the advancing side, whereas the lower half (III + IV) is
on the retreating side. The effective velocity is higher on the advancing side since
the flight velocity has to be added vectorially to the velocity due to the rotation. On
the retreating side, the velocities are reduced, even leading to a region (blue circle)
with reversed flow as the flight velocity is higher than the rotational velocity close to
the rotor hub. Additionally, the forward flight leads to crossflow on the blade. In the
front half (II + III), a flow towards the root emerges with the highest cross angle at the
root when the blade is pointing in flight direction. On the back half (I + IV), the flow
is pushed towards the tip.

The helicopter has to be free of any remaining torque to fulfill a stationary flight.
Therefore, to compensate the different incoming velocities and the dynamic pressure
the effective angle of attack has to be changed over the azimuth. In addition to the
flapping of the blades a cyclic pitch motion changes the angle of incidence of the
rotating blades sinusoidally over the azimuth by tilting the swashplate.

Possible compression shocks occurring on the advancing side restrict the maxi-
mum advance ratio of the helicopter. However, separation due to the high angle of
incidence, which compensates for the low stagnation pressure on the retreating side,
additionally restricts the envelope of the helicopter. Figure 2.9 sums up possible flow
phenomena during forward flight. Transonic flow on the advancing blade and blade
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Figure 2.9: Typical flow phenomena during forward flight, from Leishman &
Bagai [57].

stall on the retreating blade occur due to the pitch motion of the blade. Interactions
between blades and tip vortices can happen in specific flight situations, e.g., slow
descent flight. Moreover, several interactions like main- and tail-rotor interactions or

wake and airframe interactions take place.
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Figure 2.10: Generic circulation distribution over a rotating blade.
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In contrast to the distribution over a finite wing, Fig. 2.10 shows the generic
circulation distribution over a rotating blade. No lift and circulation is produced at
the rotational axis y = 0 and at the finite end due to the pressure equalization. The
exact distribution depends on several aspects, such as the geometric and aerodynamic
twist and the rotational speed. The maximum value occurs close to the end. The
almost approximately increase starting at y = 0 is due to the linearly varying incoming
flow. The gradient in the inner part is positive (dI'/dy > 0). The tip vortex is fed by
the outer part with the negative gradient dI'/dy < 0. Both root and tip vortices have
the same circulation strength since the integrated gradients on both sides equal the
peak value. However, the rotational senses are reversed due to the different signs of
the slopes.

2.4 Finite wing investigations

Significant contributions on blade-tip vortices started with finite wing investigations
since the complexity of the experimental setup is lower than with rotating blades.
Here, finite wing means that every spanwise section experiences the same constant
inflow condition along the span as there is no rotation around the yaw axis. Par-
ticularly, the experiment of Chow et al. [22] is still widely used by other numerical
researchers [23, 24, 62] for validation purposes. Extensive comparisons between nu-
merical and experimental results were carried out by Dacles-Mariani et al. [24], who
compared their numerical findings with a finite wing-tip experiment, which was later
separately published by Chow et al. [22]. The authors found good agreement with
their structured mesh and stated numerical guidelines of their Reynolds-averaged
Navier-Stokes (RANS) simulations.

The experimental work in the near field of a trailing vortex was carried out by
Chow et al. [22], who used a pressure probe to investigate the wing-tip vortex of a
NACAOQ012 blade with rounded tips; see Fig. 2.11. The results indicate an almost
complete roll-up after one chord length downstream. In particular, secondary and
tertiary vortices dependent on specific blade-tip geometries merge into the primary
vortex within a short distance. The data of the roll-up of the wing-tip vortex and
their turbulence measurements with a triple-wire probe by Chow et al. [22] serves as
validation for numerical investigations. However, the analysis of vortices with a probe
is subject to several systematic errors, particularly regarding the probe positioning.
The static measurements were conducted up to z/c = 0.678 downstream of the trailing
edge, showing a jet-like behavior of the vortex as the core axial velocity reached values
1.77 times the velocity outside the vortex.
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Figure 2.11: Initial roll-up of a wing-tip vortex from Chow et al. [22].

Likewise, Churchfield & Blaisdell [23] performed numerical simulations of the
experiment of Chow et al. [22] using RANS equations. Following the numerical
guidelines of Dacles-Mariani et al. [24], they implemented a grid with 21 points across
the estimated core and 5.3 million grid points in total. All investigated turbulence
models had deficiencies, with the Spalart-Allmaras turbulence model with rotational
correction [94, 98] matching the experimental pressure in the vortex core within 10%.
The Menter [64] shear-stress transport (SST) model showed a diffuse behavior in this
RANS computation. Next, Uzun et al. [109] performed the first large-eddy simulation
(LES) on a tip vortex by computing the experiment of Chow et al. [22]. LES is a
useful tool to study blade-tip vortices, as large structures are resolved directly, and
only small scales need to be modeled. Due to increasing computational performance,
such computations have become more feasible, though the requirements are still very
high for Reynolds numbers of practical applications. For that reason, the authors
reduced the Reynolds number by almost an order of magnitude to keep the simulation
on a feasible level with 29.4 million grid points. Another difference is the natural
numerical transition to turbulence. Some comparisons showed good agreement,
but viscous effects were higher in the LES simulation due to the reduced Reynolds
number resulting in differences. Employing the results by Chow et al. [22], Lombard
et al. [62] validated their LES of the NACAQ012 profile recently. The Reynolds number
was only four times lower than in the experiment, and they corrected the wind tunnel

effect with an increase of 2° of the angle of incidence. Their 243 000 elements had
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around 16.7 million degrees of freedom. However, this coarse grid leads to noisy
results. Nevertheless, they matched both the jetting velocity and the vortex spanwise
location well.

2.5 Oscillating wing investigations

Consequently, investigations on pitching wings were the subsequent step. Extending
prior studies, Spentzos et al. [101] performed investigations on high aspect ratio
twisted wings. They analyzed the interaction of the dynamic stall vortex with the
tip vortex numerically. The unsteady Reynolds-averaged Navier-Stokes (URANS)
simulations matched the available experimental data with good accuracy. The (2-
shaped vortex in Fig. 2.12 was observed at any investigated planform shape once
dynamic stall conditions were achieved even though the formation and evolution
differed according to the tip geometry.
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Figure 2.12: Plan view of the Q-shaped dynamic stall vortex from Spentzos et
al. [101].

Similarly, Zanotti & Gibertini [120] and Nilifard et al. [69] did experimental and
numerical investigations on the three-dimensional effects on a pitching airfoil. The
comparison of the dynamic stall case showed good agreement when 3D numerical

models were employed. With these methods, the three-dimensional effects of dynamic
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stall could be obtained.

Figure 2.13: DES (left) and URANS (right) )2 isosurfaces around NACAOQ015 from
Mohamed et al. [68].

Contrary to the RANS simulations, Mohamed et al. [68] employed DES on a
stationary as well as on a pitching airfoil; see Fig. 2.13. They investigated the wing-tip
vortex at static and dynamic stall conditions reporting DES outperforming the RANS
models in matching the jetting velocity and the vortex spanwise location. The vortex
swirl-velocity and core radius were far more precisely matched with the experimental
data of Birch & Lee [11] when DES was used. The RANS method predicted vortex
radii twice as large. In the pitching case, the DES results exhibited the variation of
vortex parameters, which was found in the experimental data, more clearly, whereas
the plain URANS results almost did not show any hysteresis at all. Correspondingly,
Birch & Lee [9-11] investigated oscillation wings, noting that the overall vortex
structure did not significantly differ compared to a vortex of a static wing. The
similarity was more prominent during the upstroke motion. The unsteady vorticity
distribution appeared even more organized and less diffusive, whereas the circulation
distribution varied considerably. Nevertheless, they showed self-similarity up to
r/r. = 1.4. Additionally, they addressed a solution to the phase-lag problem by
assuming the convection velocity of the propagated flow structure to be constant
and equal to the free-stream speed. This assumption is justified by neglecting any
streamwise distortion. Thus, the angle of attack can be compensated by the past angle
of attack the wing or blade had once the vortex was generated. The reference position
is commonly the trailing edge in the literature.

Wolf et al. [118] analyzed the wing-tip vortex of a finite pitching wing with the
DSA-9A airfoil and SPP8 blade tip. Figure 2.14 shows the instantaneous particle
image velocimetry (PIV) flow fields in the oscillation cycle. A wake-like vortex
occurred with strong separation in the downstroke. Additionally, they observed that

the tip vortex continued becoming stronger with increasing angle of attack even after
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Figure 2.14: Instantaneous axial velocity fields of a tip vortex from Wolf et al. [118].

the flow on the wing stalled. The corresponding numerical investigation has been
carried out by Kaufmann et al. [47], who reproduced the experimental results for the
very young vortex using RANS equations with a sufficiently fine grid. Both studies
provided experimental and numerical data of circulation as well as swirl velocity.
Other investigations of the same nonrotating wing with the focus on dynamic stall
have been carried out by Merz et al. [66] and Kaufmann et al. [46].

Lately, Garmann & Visbal [29-31] performed extensive numerical LES of the
NACAOQ012 profile. They compared the vortex at fixed and various oscillating con-
ditions at up to three chord lengths downstream, observing an orbital rotation of
the vortex core. Furthermore, they found out that the vortex appearance (wake- or
jet-like) is not driven by wake interactions.

2.6 Rotating blade investigations

Blade-tip vortices evolve in a highly complex three-dimensional process. Conse-
quently, the rotating blade is a further step towards the aerodynamics of a helicopter.
The pitching motion, necessary for any translational flight, complicates the aero-
dynamic situation even more. The requirements for experimental and numerical
investigations of blade-tip vortices in a rotating setup are therefore far higher. For
example, a larger refined area is needed as the rotor moves through a much bigger

domain during one period. Simulations with these finer requirements became only
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feasible in the last years with the emergence of massive parallelization. Simula-
tions with URANS equations have been widely used to investigate blade-tip vortex
flows. As computational performance is still increasing, higher fidelity approaches
are becoming more common. This section is dedicated to the prior numerical and
experimental research of wing-tip vortices. Validation of the numerical methods
with experimental results is still necessary. Therefore, investigations, including both
methods and their comparison, are favored.

Early smoke studies by Gray [34] visualized the vortex pattern of a helicopter
rotor, leading to the sketch of the vortex pattern of a single-bladed hovering helicopter
in Fig. 2.15.
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Figure 2.15: Sketch of helical vortex pattern of a single-bladed hovering helicopter
from Gray [34].
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In contrast to earlier investigations, Caradonna & Tung [18] obtained the blade
loading and wake characteristics simultaneously. For this, the authors used hot-
wire measurements and pressure transducers to analyze the vortex geometry and
strength of a two-bladed rotor in hover. They acquired the data by traversing the
hot-wire probe beneath the rotor and gathered data at various points along the
vortex trajectories. To deal with the unsteadiness of the flow and the probe location,
they only used data when a vortex hit the probe. Furthermore, the authors noted
that the trajectory and strength are independent of the tip speed. Srinivasan &
McCroskey [103] solved the thin-layer Navier-Stokes equations in a rotor coordinate
system to compare with Caradonna & Tung [18]. They accounted for the induced
wake effect with a correction of the geometric angle of attack and reached a good
comparison. Furthermore, they transferred the obtained circulation distribution on
an equivalent fixed-wing to calculate a simulated hovering flow field. The surface
pressure showed that the centrifugal forces seem to have only a minimum influence.

Likewise, Joulain et al. [44] constructed a fixed-wing equivalent configuration to
accelerate tip vortex computations. A comprehensive rotor code was used for the
induction of the wake, and a CFD solver accurately simulated the tip region. Their
results were also validated with the experimental data of Caradonna & Tung [18]. The
agreement with the database of Gray et al. [35] was strong, with some differences due
to the missing of centrifugal effects. Non-intrusive measurement techniques, on the
other hand, have advantages over probes when characterizing the flow. Thompson et
al. [106], for example, measured the tip vortex core with three-component (3C) Laser
Doppler Velocimetry (LDV). They reported that cycle-to-cycle fluctuations made it
difficult to extract the size of the vortex core. However, the particle void helped in
finding the vortex locations. Furthermore, they obtained axial- and swirl-velocity
profiles along the radial coordinate and found considerable differences in structure
from a fixed-wing vortex. Likewise, Leishman et al. [58] investigated the tip vortex
of a single-bladed hovering rotor with 3C LDV. They obtained a tangential velocity
profile, which agreed well to the Vatistas vortex model. They stated that the tip
vortex gained its maximum strength within 90°. Leishman & Bagai [57] reported on
the challenges occurring in vortex studies. They focused mainly on LDV and flow

visualization methods, which are shown in Fig. 2.16.

A further development was the additional use of PIV. Raffel et al. [77], for example,
examined the flow field at one rotor azimuth location of a helicopter rotor model in
forward flight with LDV and PIV. They reported a good agreement; however, LDV
was superior in measuring all three components, whereas the faster data acquisition of

PIV allowed capturing the unsteadiness of the flow. Heineck et al. [37] expanded the
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(a) Smoke visualization. (b) Shadowgraph visualization.

Figure 2.16: Visualization of blade-tip vortices from Leishman & Bagai [57].

conventional PIV arrangement with a stereoscopic approach. This technique enabled
extracting all three velocity components of the flow field of a two-bladed hovering
rotor. Bhagwat & Leishman [7] performed 3C-LDV of single and two-bladed sub-scale
rotors in hover. They found self-similar vortices with an almost constant strength.
Burley et al. [17] examined the forward flight of a scaled rotor with the PIV technique
in the HART-II test campaign. The authors thoroughly scanned the resulting wakes
to investigate their evolution, starting from their creation. Furthermore, they defined
new processing methods, which ignore velocity fields with peak vorticity values
not exceeding 20% or 80% of the overall maximum value. These methods exclude
noisy images and isolate the vortex. Also, they discovered a range of different swirl-
velocity shapes over the rotor disk. Richard & van der Wall [84] investigated the
vortices with two-component (2C) and three-component (3C) PIV. They used a scaled
rotor with different revolutions per minute in hover conditions. By following the
vortex half a revolution, they optimized the correlation window size and the overlap.
They also confirmed that a high resolution is necessary to capture young vortices.
Furthermore, they found that swirl velocity and core radius are independent of the
tip speed. Kindler et al. [50] performed hover studies of a full-scale rotor observing
eccentricity effects only up to ¥y, = 1°, at later wake ages the vortex relaxes. A
thorough numerical and experimental study was performed by Duraisamy et al. [26],
who examined the on-blade formation of the tip vortex of a single-bladed hovering
rotor at Rey, = 272000. They identified multiple vortex structures merging into a
single coherent vortex in simulations and experiments.

Ramasamy et al. [78] introduced a new method to account for aperiodic experi-
mental data and found only elliptical shapes of the vortex core. They corrected the
centers by collocating them based on their helicity. In a subsequent study, Ramasamy
et al. [79] compared PIV and LDV results and found a good correlation between those
two measurement techniques.
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Full-scale studies of the UH-60A helicopter have been analyzed experimentally by
Yamauchi et al. [119] and numerically by Potsdam et al. [72]. Yamauchi et al. [119]
performed a full-scale study on the UH-60A rotor tip vortices in forward flight,
investigating the vortex on the advancing side over several wake ages observing a
constant change of circulation and core size; see Fig. 2.17. Milluzzo & Leishman [67]
investigated the twist of the blade by comparing an untwisted and linearly twisted
blade of a hovering rotor. With the twisted blade, a more uniform load was formed,
leading to more uniform convection of the wake sheet. However, the vortex sheet
was more intense with the twisted blade, and it contained almost as much vorticity
as the tip vortex. According to the authors, the characteristics of the tip vortex are
affected by the radial lift distribution.

Figure 2.17: Laser sheets in the 40- by 80-foot wind tunnel from Yamauchi et al. [119].

Using several methods, Chaderjian & Buning [21] performed high-resolution
simulations with plain URANS, hybrid URANS, and LES approaches on the tilt-rotor
aeroacoustics model at several collective angles. They focused on grid resolution and
time accuracy, concluding that at least a drop of 2.2 orders in residual for each time
step is considered converged. The numerical parameters of A¥ = 0.25° and 20 inner
iterations sufficed to reach the desired order drop and have been continued by other
researchers like Ahmad et al. [1] and Potsdam & Jayaraman [74]. Subsequent studies
by Ahmad et al. [1] showed that AV = 0.25° and 18 inner iterations are sufficient for
convergence.

Gardner & Richter [27] studied the effect of rotation on dynamic stall. The single-
bladed rotor was investigated with and without rotation and compared with 2D
computations. A reduction in the strength of the dynamic stall vortex was observed.
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To compare with the experimental results by Yamauchi et al. [119], Potsdam &
Jayaraman [74] performed coupled CFD simulations (Fig. 2.18) of the UH-60A. They
used a weak coupling method for this forward flight configuration and achieved a
drop of 2.5 orders in the residual, employing 40 inner iterations. The available PIV
data on the advancing blade was compared with the simulated wake, allowing the
origin of vortical structures to be effectively traced with good agreement. Furthermore,
the authors state that with sufficient grid resolution wake ages up to a rotor radius
(¥ ~ 60°) can be well computed. With adaptive mesh refinement, they had a grid
with up to 1.7 billion grid points.

% Blade 3

Blade 4

Figure 2.18: Visualization of Q isosurfaces from Potsdam & Jayaraman [74].

Instead, Jain [41] undertook hover simulations, investigating the effect of grid and
solver settings on vortex development. The author concluded that the core radius and
circulation were insensitive to the approach used, but that the low dissipation of DES
appeared to give a critical advantage in the vortex modeling. Consequently, Chader-
jian [20] used a delayed detached-eddy simulation (DDES) approach to investigate
a UH60-A in forward-flight. In contrast, Richez [85] used a second-order URANS
approach to simulate BVI leading to dynamic stall, with considerable success in re-
producing wind tunnel data of the test case. He pointed out that with an engineering
approach, a grid cell in the refinement area is as big as the expected blade-tip vortex.
The computational costs exceed most engineering analysis, restricting a more realistic
vortex core size. The coarse wake grid is sufficient for engineering air loads predic-
tion, whereas a finer grid is necessary to model the rotor-wake interactions accurately.
However, Jayaraman & Potsdam [42], who used a similar approach to investigate
the effects of the fuselage and wind tunnel on the wake, noted that even when the
vortex properties are well predicted, a misprediction of the wake trajectory can have
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a critical effect on the prediction of the interaction aerodynamics. Therefore, Ohrle
et al. [70] used higher-order coupled simulations and adaptive mesh refinement to
avoid vortex dissipation reaching with both a periodic and time-dependent approach
a comparably preserved vortex.

Schwermer et al. [90] experimentally analyzed dynamic stall at the rotor test facility
(RTG) at the DLR in Géttingen [91]. The RTG rotor has been computed using stiff
blades with prescribed motion in a simple far field boundary condition by Letzgus et
al. [59], resulting in good agreement with the experiment performed by Schwermer et
al. [90]. Uluocak et al. [108] analyzed different tip geometries and observed varying
swirl-velocity and circulation levels due to different tip geometries. An anhedral blade
gave the minimum circulation. Most recently, Lietzau et al. [61] compared numerical
simulations with dual-plane PIV measurements of a single-bladed hovering rotor.
They reported difficulties in finding a grid-independent solution. The core radii
of vortices at a young wake age (¥, < 15°) were consistently overpredicted by
all investigated grids, grid stencils, and turbulent models. The peak swirl-velocity
showed a better agreement with the PIV measurements leading to good agreement of
the circulation of the vortex.

2.7 Scope of this work

The literature lacks an analysis combining both experiments and simulations to study
the blade-tip vortex of a full pitching cycle in a rotating setup. This study, therefore,
uses a setup to measure and simulate any azimuthal position of a pitching and
rotating blade. The RTG uses a rotating outer swashplate, which allows moving
any point in the pitching cycle to any azimuth. The drawback of this method is
that no real forward flight situation with the typical Reynolds and Mach number
variation is modeled. Instead, the incoming flow parallel to the rotor axis simulates a
climbing flight. However, the effect of the pitching motion can be analyzed with this
configuration. The stiff blades ensure that no deformation solver needs to be coupled
with the aerodynamic solver. The existing experimental database is for a full pitching
cycle of a rotor blade. A URANS approach is used for the simulations switching to
under-resolved LES models in specific areas, thus resulting in a DES approach. A full
LES simulation is not feasible with the available computing power. Additionally, the
adjacent body area is often computed with RANS simulations, requiring that the first
research question be investigated using a plain URANS approach.

Two primary investigations of a two-bladed and four-bladed rotor are conducted.
A high cyclic motion with dynamic stall is investigated with a two-bladed configura-
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Table 2.2: Root angle ©, of investigated CFD cases.

Two-bladed rotor Four-bladed rotor
Static (no pitching) - 18°;21°;24°;27°; 30°
Unsteady (pitching) 23.7° +6° 24° £+ 6°

tion, whereas non-pitching cases and a pitching case without stall of the four-bladed
configuration are compared. Table 2.2 displays the numerical test cases which have
been investigated. The left side lists the case of the two-bladed configuration. The
pitching case of ©, = 23.7° & 6° extends into the dynamic stall region. Static test
cases are done for the four-bladed configuration (right side) next to a corresponding
pitching case, which is in attached flow despite the higher nominal angles of incidence.
At the same angle of incidence, the four-bladed configuration produces more thrust,
which reduces the effective angle of attack.
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Figure 2.19: Radial lift distribution on the blade for different pitch angles during the
upstroke motion for two and four-bladed configuration with similar
thrust.

A comparison of cases providing the same amount of thrust F, is displayed in
Fig. 2.19, which shows four different lift distributions on the blade. They result by the
integration of the surface pressure distribution at each radial station of two different
azimuthal positions of both configurations. The enclosed area below the curves
corresponds to the total thrust of each blade. Dashed lines represent the two-bladed
rotor; solid lines the respective four-bladed rotor. The comparison is drawn between
two situations during the upstroke motion that produce the same amount of thrust
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per blade. Each blade of the upper lines provides around F, ~ 63 N with a deviation
of 0.5%, whereas the two lower lines represent situations with £, ~ 48.5N with a
difference of 0.3%. For the higher thrust case, the four-bladed configuration needs
a A©, = 4.2° higher angle of incidence to match the same thrust. The difference in
the lower thrust setting is A©, = 3.6. The higher overall thrust when using more
(four) blades generates more downwash, and therefore reduces the effective angle
of attack. Besides, the gradient of thrust over the angle of incidence is steeper for
the two-bladed rotor. The same spanwise lift is produced at around y/R ~ 0.75.
Further outboard, the four-bladed configuration provides more lift, which is then
compensated by the reduced lift over the longer inboard range. The shape of the lift
distribution influences the strength of the blade-tip vortex circulation, which depends
on the peak lift per unit length of span.






3 Tools and methods

This chapter presents the numerical tools and analytical methods employed in
this thesis. The first section covers the finite-volume solver DLR-TAU code. An
introduction of the experimental setup is then given in the subsequent section 3.2.
Afterward, the geometric model is presented. Finally, the chapter finishes with the

coordinate system and an error analysis of the implemented algorithms.

3.1 Finite-volume solver

The DLR-TAU code [87] solves the compressible Navier-Stokes equations of steady
or unsteady flows. The employed method is a finite-volume approach and can solve
RANS, URANS, LES, and DES equation systems. The domain can be organized by
a hybrid grid with tetrahedra, prisms, pyramids, and hexahedra. The differential
equations with boundary conditions are then solved in every cell of this grid. Since
DLR-TAU is a node-based solver, it first creates the finite volume around each given
grid point. The closure of the equations is done by a chosen turbulence model -
either an eddy-viscosity or a Reynolds-stress model (RSM) is chosen for this. These
two approaches distinguish how the six unknown components of the Reynolds
stress tensor are solved. While the RSM opens up six new differential equations, the
eddy-viscosity models are based on the Boussinesq-hypothesis, which adds an eddy
viscosity onto the molecular viscosity. Furthermore, the eddy-viscosity models can be
classified by the number of additional equations. The aim is always to determine the
length- and velocity scales. Pure algebraic models (zero equation) are very specific
and only feasible for few cases in which the geometry, velocity gradient, and distance
to the wall affect the length- and velocity scales. One-equation models solve an
additional transport equation. A possible quantity is, for example, the turbulent
kinetic energy k or the eddy viscosity v;, which is solved in the model of Spalart-
Allmaras [98] of 1992. Two additional equations of the turbulent kinetic energy &,
its dissipation rate ¢, or the turbulence frequency w form the two-equation models.

31
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Popular are the k& — € and the k£ — w models of Wilcox [116]. A combination of both
models results in the Menter [64] shear-stress transport (SST) turbulence model, which
uses in different domains either & — € or £ — w model depending on their superiority.
To simulate unsteady cases, a dual-time stepping approach with physical time steps
and inner iterations is used. Any movement happens in the physical time steps,
which consist of many inner iterations. These iterations are pseudo time steps as
the physical time is held constant. In this study, there is always a fixed number of
inner iterations set. Even the static cases of a non-pitching blade are computed with a

dual-time stepping approach for robustness reasons.

Levels of fidelity

RANS methods solve the Reynolds-averaged version of the Navier-Stokes equations.
The turbulence is modeled to close the mathematical differential equations. However,
some high fidelity approaches use direct numerical simulation (DNS) of the Navier-
Stokes equations without any models. This section gives an overview of approaches
that need less modeling than RANS methods. An LES resolves, in contrast to RANS,
the largest eddies in a separated turbulent flow and uses a sub-grid scale (SGS) model
to treat smaller structures than the filter size. The requirements towards the grid or
solver are more stringent compared to the RANS equations. A higher-order solver is
desired, and the grid should be finer than the chosen filter size. Since these requests
are still too high for many applications, a combination of LES and RANS, called
detached-eddy simulation (DES), can be used. The basic idea behind DES is switching
between the LES and RANS approach. In regions with attached flow, a RANS solution
is preferred, whereas LES is used for regions with separated flow. Therefore, the
switching operates according to the size of the cell and its distance to the wall, see
Spalart et al. [100], who propose to replace the distance in the destruction term with
the minimum of either a scaled cell size or its distance to the wall. Thus, small cells
close to the wall, which occur in the boundary layer, will still be treated with the RANS
approach. Yet, thick and refined boundary layers can exhibit fine cells that would be
treated with the LES model. Therefore, Spalart et al. [99] developed a new version
called Delayed DES (DDES), which preserves RANS behavior in the boundary layer.
Later, Shur et al. [93] formulated a new strategy (Improved DDES) which allows wall
modeled LES if resolved turbulence enters a well discretized region of the boundary
layer. HELIOS, a helicopter overset simulation tool, for example, uses a multi-solver
paradigm [73] with the ability to use different grids. The near body grid is a RANS
solver. LES capabilities are employed in the background grid. In 1997, Spalart et
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al. [100] presented an estimation on the feasibility of LES for wings in an industrial
context. They concluded that 10 points are needed under very favorable conditions.
Back then, simulations with 10® points were impressive. Recently, Slotnick et al. [95]
presented their CFD vision. Looking ahead to the year 2030, they draw a picture that
even the leadership supercomputer will not be able to compute a wall-modeled LES
for higher aspect ratios at the Reynolds numbers of interest.

To resolve even smaller scales, DNS have to be used. This approach does not
model eddies with turbulent models anymore as it resolves them in time and space.
The requirements on the grid are extraordinarily high, since all scales, down to the
Kolmogorow length scale (n = (v*/€)'/4, [51, 52]), have to be resolved. Considering
this requirement, a grid size of Ref in space is requested. A DNS simulation of a
full-scale plane in cruise (Re > 10°) is therefore still beyond the current computer
possibilities. Spalart [97] sees this scenario to be feasible by 2080 with a grid of 10'¢
points.

In the course of this study, DES with a zonal LES approach is carried out with
up to 8- 107 grid points in total. The desired region is defined by geometric shapes
like cylinders or frustums. Then TAU checks the distance to the wall and decides
whether to use RANS or LES models. The purpose of DES is better conservation
of the blade-tip vortices. This is achieved because the eddy viscosity, ensuring a
rapid dissipation, is decreased in the LES region. Another possibility to increase
vortex conservation has been realized by Probst et al. [75] and Lowe et al. [63], who
implemented a low-Dissipation low-Dispersion (LD2) method. The specific numerical

setups are focused on separately in the following chapters.

3.2 Experimental setup

The experimental setup is presented in order to understand the upcoming results. However,
it should be clarified that the experiments were not primarily done by the author. Existing
results are obtained and published by Wolf et al. [117] and Braukmann et al. [14].

Figure 3.1 shows the horizontally mounted, four-bladed rotor from the rotor test
facility (RTG) in Gottingen [90]. An Eiffel-type wind tunnel produces a slow uniform
flow up to Uy, = 14m/s. The rotor is mounted horizontally with the wind tunnel
inflow axially from the side. The setup enables the extraction of PIV data for a
complete cycle. This is possible due to a rotating outer swash plate which moves
any point in the pitching cycle to the measurement plane. The wake is propagated
out of the room through open doors, avoiding recirculation. Algorithms detecting
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Figure 3.1: Overview of the RTG.

vortex parameters can, therefore, be employed. The stiff rotor can be operated with a
high cyclic pitch, allowing the creation of unsteady aerodynamic phenomena that are
relevant to helicopters. The stiff blades allow azimuthal averaging in attached flow
conditions.

The experimental investigations used the RTG operating with a high cyclic pitch.
This generates a highly unsteady and three-dimensional flow, which is periodic in
attached flow conditions. The pitch variation is analogous to that for helicopters in
forward flight, but without the Mach and Reynolds number variation typical of that
flight condition. Therefore, the RTG allows the investigation of the aerodynamical
effects of rotating and pitching blades and their vortices without the need for an
expensive forward flight wind tunnel experiment. The drawback of this simplified
approach is the lack of an advancing or retreating side and realistic BVI, as only one
constant incoming velocity can be investigated. A low velocity approximates the flow
situation on the retreating side. The modeled inflow ensures that the vortices are
pushed downstream.

The RTG, see Fig. 3.2, consists of a rotor (1) with a horizontal axis fed by a wind
tunnel (2) with a square 1.6m by 1.6 m nozzle producing a slow uniform flow of
2.2m/s. The distance to the rotor is 0.65m, and the rotor is approximately 12 m away
from the hall exit (3).

All experiments in this study were run with a rotational frequency of 23.6 Hz, a
chord length ¢ = 0.072m, and a blade radius R = 0.65m, resulting in a tip Reynolds
number of Rey, = 470000 and tip Mach number of My, = 0.28. Load analysis by
Schwermer [89] restricts higher rotational frequencies and therefore higher Mach
numbers at the prescribed pitch motions in Tab. 2.2. Accordingly, the test results
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Figure 3.2: The RTG at the DLR in Gottingen (adapted from Schwermer et al. [91]).
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Figure 3.3: DSA-9A airfoil with experimental sensor positions.
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are not Mach scaled. The focus, however, is on the numerical and experimental tip
vortex in attached and dynamic stall conditions. The numerical settings replicate
these experimental flow conditions to allow equal comparisons. Each of the blades is
equipped with a DSA-9A airfoil, which is a modern 9% industry relevant helicopter
profile; see Fig. 3.3. One of the two or four rotor blades is instrumented with pressure
sensors, four sensors at r/R = 0.53, and nine sensors at /R = 0.77. These sensors are
used to compute sectional coefficients. Since the influence of the numerical error due
to the coarse distribution is not negligible, CFD data is also reduced to these positions
when comparing them. Parameters of the experiment, which were also used for the
simulations, are listed in Tab. 3.1.

rotor head
rot. axis r=53% =77%

N
:0 072.;111

C

/4 line SPP8 tip
R=0.65m

Figure 3.4: Schematic sketch of the rotor-blade geometry.

Similar to real helicopter configurations, the blade tips are parabolic shaped, see
Fig. 3.4, reducing the chord length at the blade tip to c;p, = 0.024 m. The parabolic tip
shape is an SPP8 blade-tip shape without sweep and anhedral; see Refs. [2, 113]. The
blade is, as in helicopter related fields common, negatively twisted towards the tip.
Figure 3.5 displays the linear twist against the span. The angle at the root is defined
as zero. The range from /R = 111/650 ~ 0.17 up to r/R = 160/650 ~ 0.25 is not
profiled and serves as the clamping area. The first profiled section is already declined

by A© = —2/3°. The subsequent linear decrease has a gradient of approximately 19°

Table 3.1: Parameters of experiment and simulation.

Parameter Values
Chord, ¢ 0.072m
Radius, R 0.65m
Airfoil DSA-9A
Tip Mach-number, My, 0.28

Tip Reynolds-number, Reg, 470000
Tip speed, Uyp 96.4m/s

Rotational speed, 2 23.6Hz
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Figure 3.5: Twist distribution of the rotor blade.

per meter, leading to a root tip difference of A© = 10°.

P
/

Figure 3.6: PIV planes at the RTG at the DLR in Gottingen.

Low-speed PIV was performed on the wake of the rotor using a stereoscopic setup.
Figure 3.6 shows some investigated PIV planes which are marked with the wake age
referenced to the ¢/4 line (U = 0°). This nonintrusive technique records pictures of
uniformly seeded flow. Two cameras in a stereoscopic setup took images; thus, all
three velocity components could be extracted. Schwermer et al. [90] give detailed
information on the RTG and show experimental results. The PIV results have been
analyzed and published by Braukmann et al. [15]. First experimental results at the
rotor test facility (RTG) at the DLR in Gottingen were presented by Schwermer et
al. [90], who analyzed dynamic stall experimentally. The corresponding numerical
investigations of the stiff blades have been carried out by Letzgus et al. [59], resulting
in good agreement with the experiment. The PIV setup used in the current study is
similar to that described by Wolf et al. [117] and Braukmann et al. [14]. Stereo-PIV
provided the three-component velocity vectors in a measurement plane, which is
approximately normal to the axes of the blade-tip vortices, enabling a study of both
swirl velocity and circulation. The region of interest extends 1.8 ¢ in the direction of
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the rotor axis and 2.1 ¢ in the spanwise direction. The PIV data was evaluated using
iterative cross-correlation algorithms and the commercial software LaVision DaVis 8.4.
The resolution of the final grid is about 4.2 data points per mm.

3.3 Coordinate systems

Figure 3.7: Coordinate systems employed in this study.

Two coordinate systems are used in this study and are shown in Fig. 3.7. Some
results are expressed in planes captured by the PIV system. They correspond to
planes that cut the rotor hub on the ¢/4 line and are rotated around the rotor axis by
the wake age, as depicted in Fig. 3.6. The origin of this coordinate system with the
subscript p is on the circle, which is described by the rotation of the blade tip. The
planes follow the rotor blade and are described by their curved distance = /c or ¥y,
behind the rotor blade. This coordinate system consists of an z,-, y,- and z,-axis. The
xp-axis points away from the blade. The vorticity of the blade-tip vortex is positive
in this coordinate system. The y,-coordinate points outboard. Therefore, a vortex
movement towards the root results in negative y,-values. The z,-axis complements
the right-hand system and points accordingly downward.

The two-dimensional vortex coordinate system is a translated and transformed
polar description of the y, and z, plane of the p-coordinate system. The origin of this
v-coordinate system is the center of the vortex core. The radial axis , is pointing
outwards. The azimuthal axis ¢, is mathematically positive defined and starts on
the right-hand side when looking towards younger wake ages. Therefore, a value of
¢, = 0° corresponds to the y,-axis.

Table 3.2 shows a conversion chart of the wake age, which is defined in two ways:
The first column states the azimuthal distance in degree between the considered
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Table 3.2: Conversion of vortex age.

Uy in® x/c

0.0 0.0

2.6 0.41
2.3 0.84
15.3 2.42

measurement plane and the trailing edge of the vortex generating blade. The second
column is the curved distance = up to the trailing edge normalized by the chord
length c.

Figure 3.8 shows some example slices for vortex analysis. Two variable techniques
arise due to different experimental methods. All slices cut the blade-tip path nearly
perpendicular, and the alternating effects tend to be negligible. The wake age of each
slice corresponds to the angle towards the trailing edge of the blade. Slices that are
depicted with solid lines are mainly used in chapter 4. These slices cut the rotational
axis at z/c = 0.25 and y/R = 0. However, the slice with the youngest wake age
Uy = 2.6° is created by a plane that is parallel to the trailing edge with a separation
of 8mm and then rotated by 1.8°. The defining process of the dashed slices of the
four-bladed configuration in chapter 5 is different, as the original plane was aligned
on the trailing edge and then rotated by the wake age.

3.4 Vortex analysis

The vortex models from the literature are covered in section 2.2. A broad range is
covered by an algebraic model of Vatistas et al. [110], which fits other models by
tuning the parameter n. Ramasamy & Leishman [81] have created a new parametric
mathematical formulation to cover an extensive scope of vortex Reynolds-numbers
with up to six fit coefficients. Furthermore, vortices can be divided into a wake-like
or jet-like appearance depending on the axial velocity of the vortex. A wake-like
vortex is defined as a vortex with an axial core velocity lower than the surrounding
velocity U, leading to a velocity deficit, whereas a vortex with an axial core velocity
higher than U, defines a jet-like behavior. For rotating blades with negligible inflow,
as investigated here, the definitions are transformed into the p-coordinate system. If
the axial velocity u, is positive, a jet-like behavior is derived, as the flow pushes in
the opposite direction of the blade. A wake-like behavior exists if the axial velocity u,
is negative since the blade accelerates the flow in the direction of the movement of
the blades.
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Figure 3.8: Example slices for vortex analysis.

The vortex characteristics can be investigated from the CFD volume solution,
analogous to the PIV analysis presented by other authors [14, 118]. The experimental
data is derived by planes in the three-dimensional field with in-plane and out-of-
plane velocity components, according to Fig. 3.6. To take the aperiodicity of the vortex
into consideration, all velocity maps were collocated with the vortex core center
before further analysis. The data evaluation of the PIV planes is further described
by Braukmann et al. [15]. To ensure a valid comparison between the numerical and
experimental data, two-dimensional cuts across the tip vortex in the CFD simulations
were extracted.

The density was fitted to the density distribution after Bagai & Leishman [4] of the
vortex model (n = 2) of Vatistas et al. [110] to define the position of the vortex center.
The fitting of the vortex model allows a new sub-grid accuracy for the vortex position.
The alternative, seeking the centroid of the area weighted by the )\, value, results
in similar values. The numerical results were then interpolated onto a Cartesian
grid around the estimated vortex core in the wake plane. Once the position has
been defined, all investigated parameters like swirl-velocity distribution, radius,
circulation, and the shape of the vortex core can be extracted.

After the collocation of the vortex cores, the swirl velocity is obtained with a
binning procedure. The method which is employed in the analysis of the experimental
and numerical data is a binning of the already existing grids into annuli of equal
thickness. All points which fall into one circular bin are combined to a mean swirl-
velocity leading to a distribution over a radial coordinate. Due to noncircular vortices,
this method can smear out aerodynamic effects, but the results are comparable.

This method is used when the radius between experimental and numerical results
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are compared. The radius of the vortex core is defined as the radial position with
the highest swirl velocity. The maximum of the azimuthal-averaged swirl-velocity
specifies the experimental and numerical radius.

An additional method, which is feasible for CFD data, extracts the shape of the
vortex core. Two-dimensional cuts are extracted normal to the path of the blade-tip
vortex, similar to PIV planes. The center of the vortex core is defined by the centroid
of the lowest A\, value. Both methods (A, and density fit) lead to similar results and
do not differ significantly. Radial cuts are then extracted radiating star-like from the
center with a resolution of AU = 2° (180 cuts). This is similar to an interpolation of the
domain onto a polar coordinate system defined by the vortex core. The vortex core
radius is then investigated for every radial cut accounting for non-circular vortices by
extracting the position of the peak swirl-velocity. The information of all cuts defines
the vortex-core shape. The shape is further analyzed by fitting an ellipse onto it. This
method could also be used for extracting the mean radius as Ramasamy et al. [78]
noted that two orthogonal cuts are sufficient to determine a mean value of the radius
if the core seems elliptical. Although both methods show only small differences in the
numerical results, to maintain comparability with the experimental data, this method
is used for plotting CFD results only, like the shape and the parameters of the ellipse.

The circulation I' is proportional to the product of the swirl velocity v, and the
radius r since it is the line integral ds around a closed curve of the velocity field v,
as already shown in chapter 2. If the mean of a radial bin »v,, has already been
extracted, the distribution of the circulation can be derived by multiplying the swirl
velocity with the corresponding radius:

I'= %vds =2m-Yvg, T (3.1)

The bound circulation distribution on the blade is determined by the integration
of the surface pressure distribution at each radial station and azimuthal position. The
circulation is estimated with the Kutta-Joukowski theorem, which relates the lift of
a two-dimensional airfoil to the circulation; see equation (2.2) on page 7. Strictly
speaking, this theorem is only correct for steady and inviscid flows, but it still gives
a useful approximation of the bound circulation on the blade for the relatively low
reduced frequencies considered. The radial distribution of the gradient of the circula-
tion can be integrated to estimate the strength and position of the departing blade-tip
vortex. The vortex moves to the location of the spanwise centroid of vorticity; see
Refs. [6, 86]. Hoffmann et al. [39] analyze the effects of active twist control on the

bound circulation and vortex formulation. They introduce the area outboard of the
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Figure 3.9: Visualization of different vortex analysis methods.

maximum as the radial area of vortex formation. The position of the vortex is defined
in the center of gravity of the circulation distribution. Komerath et al. [53] sum up
diverse observations and experiments. They see blade-tip vortex circulation values up
to 100% of the peak bound circulation at the trailing edge. In addition, they observe a
loss of about half the circulation after aging for 48° because of the fluid being pushed
inboard due to the axial deficit.

The analysis of the unsteady vortex is rather difficult since the vortex line consists
of a vortex-slice combination at each time instant. All of these vortices have varying
wake ages and were produced at different blade angles. Similarly, following a single
moving vortex slice at a constant distance behind the blade in time will result in
a varying vortex. The propagation rate was simplified, assuming that the vortex
slice stayed at a constant azimuthal angle in the laboratory frame with propagation

downward and towards the rotor axis.

Figure 3.9 shows three comparison methods to analyze the influence of the pitching
motion on the wake. On the horizontal axis, there is the wake’s azimuthal position,
which corresponds to a certain angle of incidence at vortex creation, which is shown
on the upper horizontal axis. The vertical axis displays the increasing wake age of
0°-90° from top to bottom. The three colored lines each represent a different way
of looking at the vortex system and will be used when showing unsteady results.
The numerical solver supplies solutions of a fixed time instant. The green lines (@)
represent this numerical approach. If the vortex at a constant wake age is considered,
many instantaneous solutions are required, and the blue line (am®), here at U = 20°,
results. The final approach follows the evolution of a vortex slice produced at a
particular instant as it convects downstream of the blade, producing the vertical red
line () in Fig. 3.9.
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3.5 Error analysis

The vortices are detected by extracting two-dimensional cuts normal to the path of
the blade-tip vortex. Then the density distribution is fitted, or the centroid of the
area weighted by the A, value is looked for. These first steps influence the entire data
evaluation. Therefore, the algorithms should be robust without introducing significant
errors. Figure 3.10 shows the vortex core resulting from two different vortex-center
(VC) positions. The red points will display the situation if the center is detected
correctly found. A wrong center with an offset of half the radius (y,/c = 50%) leads
to the blue points. The absolute position of the detected vortex core edge is virtually
unchanged since all cuts hit the peak swirl-velocity eventually. The dashed lines
comprise a quarter of all cuts and, hence, contain a quarter of all found values. If the
center has an offset, those values close to the edge will dominate the computation of
the mean value. The other side with higher values is less dense and not as dominating.
Therefore, the positional error of the center results in an error of the mean core radius,
which depends on the aspect ratio of the long and short axes of the elliptical vortex

b/a. The shown case leads to an error of the mean radius above five percent.
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Figure 3.10: Extracted vortex core with two different center positions.

This error analysis is done for three different vortex forms (b/a) and a varying
offset of the center position. The resulting error of the averaging is shown in Fig. 3.11.
The error of the radius stays below 0.25% with a given offset in any direction of 10%.
Even an offset of 20% only leads to an error of approximately 1%. Thereby, the error
analysis proves the robustness of the implemented algorithm.

The vortex-core shape is still correctly extracted, even if the center is mistaken in
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Figure 3.11: Influence of offset in center position on radius.

the first place. Assuming the center has an offset of 10%, as shown with dashed lines
in Fig. 3.12, and the radial velocity is negligible (v, < vy). The resulting orthogonal
angle difference reaches a maximum of arctan(0.1) ~ 5°. This difference leads to a
varied swirl velocity by only cos(5°) ~ 0.5%. The diminution, however, does not
change the location of the maximum, which means that the vortex-core shape is not
significantly affected by an offset of the center position.

The computation of the swirl velocity requires a correction of the convection
velocity due to the vortex movement if only one cut is taken. Figure 3.13 shows
the azimuthal variation of the swirl velocity of a blade-tip vortex at ¥y, = 10° with
a constant angle of incidence of ©, = 24°. The correction does not influence the
mean swirl-velocity since all cuts are evenly distributed, and the correction adds up
vectorially. Hence, a correction is not necessary to obtain the mean swirl-velocity.
Additionally, a particular problem is the interaction between the vortex and the wake
sheet of the blade, seen as a bump in the single cycles between 0.15 < 7 /c < 0.35
in Fig. 3.13. In this study, 90 through-cuts (180 star-cuts) are used even though
Ramasamy et al. [78] suggest that extracting two through-cuts (four star-cuts) and
then averaging the four values of the radius core provides a good estimate of the mean
radius. However, this study analyzes also the shape of the vortex core, for which
those 90 through-cuts are required. Figure 3.14 shows the error in the mean radius
due to only taking two cuts for an unsteady case with ©, = 24° — 6°cos(27 t/T). All
possible cut directions are analyzed with some cuts over- and some underpredicting

the radius. The highest discrepancy above and below the mean are shown in Fig. 3.14.
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Figure 3.12: Resulting error of swirl velocity due to wrong center position.

It can be seen that the maximum over- or underprediction of the mean radius is less
than 3% for wake ages older than ¥, = 20°. For very young wake ages, the error can
exceed 5%.



Numerical Investigations of the Blade-Tip Vortex

0.5 T T T

—— Mean
Azimuthal

Normalized swirl velocity v4

Tv/C

Figure 3.13: Azimuthal variation of swirl velocity (0, = 24°; Uy = 10°).

§ ____ maximum —==0, =18°
g 6 [ - - - minimum =0, =21°
&U -—= @7, = 24°
4 ; — @1‘ = 27°
2]
2 |
T4 il
< I
H . !
E \ \ A
> \ /:/“ ‘\
E 2 [~ Il ’/-,:/ \‘ —
P ' ‘v \ A
o, u; % - /\ ¢ r
O bl / }A ‘/
5 l' 1‘ “-‘, A' "N N
3 ! . n\.q’,wg ¥, N 7 -
A 0 L A M Y I
0° 20° 40° 60° 80°
Yy
Figure 3.14: Discrepancy due to two orthogonal cuts (— = maximum; - - - = mini-

mum)



4 Blade-tip vortices of a two-bladed

rotor!

This chapter focuses on the investigations of a pitching two-bladed rotor. First,
the results of a grid and time-step sensitivity-study are shown. Comparisons with the
experimental load characteristics follow. The main part is about general aspects and
other vortex parameters including, circulation, radius, azimuthal analysis, position,
and pressure of the vortex core. The chapter is finished about the effect of rotation by
comparing results with nonrotating data from the literature.

4.1 Numerical setup of the two-bladed rotor

The following aspects describe the utilized grid of the two-bladed rotor, which is
covered in this chapter. The numerical simulations are performed using the DLR-
TAU [87] code. The URANS equations are closed by the Menter-SST turbulence
model [65]. The unstructured hybrid grid is generated using CENTAUR™ [19] and
consists of three grid blocks connected by the grid overset method. The computations
are second order in space and time; the inviscid fluxes were solved by a central
method. The numerical setup corresponds to a simplified experimental setup. The
two rotor blades are modeled as stiff blades, and a far-field free-stream condition is
implemented in a spherical computational domain with a radius of 900 blade spans.
Figure 4.1 shows a top view of the planform of the utilized blade. Both axes are
nondimensionalized with c and R, respectively. The scaling maintains the original
axis ratio. The highlighted root part starting from y/R = 160/650 ~ 0.25 has no
aerodynamic profile but is considered in this chapter. Both blades consist of the same
surface and boundary layer grid. The surface grid is refined in the tip area up to

'Text and illustrations from this chapter appear in:
A. Goerttler, . N. Braukmann, T. Schwermer, A. D. Gardner, and M. Raffel, “Tip-Vortex Investigation
on a Rotating and Pitching Rotor Blade”, Journal of Aircraft, Vol. 55, No. 5, 2018, pp. 1792-1804, DOL:
10.2514/1.C034693, (Ref. [32]).
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Figure 4.1: Planform of the rotor blade.

s/c = 0.0034. The hybrid grid consists of 30 prisms in the direction normal to the
surface. The first cell height is set to y* ~ O(1), and a stretching factor of 1.2 is used
to resolve the boundary layer. The area behind the trailing edge at the tip of one
blade was further refined to resolve the tip vortex. Early models by Landgrebe [55]
and experiments by Kim et al. [49] concluded that only the part of the vortex sheet
outboard of the maximum lift on the blade is entrained in the blade-tip vortex. Since
structured cells have less numerical dissipation, a hexahedral block, see Fig. 4.2(a),
fitted to the tip path was constructed like Braun et al. [16] did for their investigations.
The edge lengths of the hexahedra are s/c = 0.0034, leading to 7.2 million hexahedral
cells only in the small structured block. Due to high computational effort, this fine
resolution was only maintained up to around ¥ = 18°, which corresponds to z/c ~ 2.7
behind the trailing edge. In order to smooth the transition to the unstructured area,
there is a helical tube with tetrahedral cells, having the same edge length as the
hexahedpral cells, around the block. The tube is positioned where the blade-tip vortex
is expected. If not otherwise stated, the simulations in this chapter were run with a
vortical correction like Brandsma et al. [13]. This correction reduces the viscosity and
therefore delays dissipation [115]. The top view in Fig. 4.2(b) shows a slice through
the c¢/4-line, and Fig. 4.2(c) shows the surface grid at the blade tip. A test case that

causes dynamic stall was investigated, with sinusoidal pitching at ©, = 23.7° £ 6°.

o

(;1) Iébmétrié view. h | (b) Tép view. (¢) Surface grid.

Figure 4.2: Numerical grid of the two-bladed rotor.
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4.2 Grid and time-step sensitivity

A grid and time step sensitivity study was carried out numerically. The grid study
focused on the behavior of the tip vortex by comparing the experimental data with
three simulations of different numerical grids. Table 4.1 lists the edge length of the
refined area and the number of nodes of the investigated background grids. One
complete unstructured background grid and two grids with a refined block consisting
of fine hexahedral cells were compared, focusing on the length of the cells in the
blade-tip region.

Table 4.1: Parameters of the background grid.

s/c-10?> mnode no. (million)

CFD unstruct. base 0.69 6.4
CFD struct. base 0.69 4.4
CFD struct. fine 0.34 13.4

Figure 4.3 shows the velocity distribution of the blade-tip vortex at ¥y, = 2.6°
(z/c = 0.39) behind the blade for attached flow during the upstroke motion. Ta-
ble 4.1 list the different grid attributes of the background grid, which are compared
with the experiment. The peak swirl-velocity in the experiment at O,y = 29.55° is
found at v,/ Usp =~ 0.77 at a nondimensional radial distance just below r, Jc=0.07,
which corresponds to approximately 5 mm. The corresponding blade-load coefficient
amounts to Cr /o & 0.18 in the numerical simulations. Both solutions with a struc-
tured hexahedral block predict a slightly larger radius at r,,/c = 0.075, with varying
peak swirl-velocities. The fine grid yields the highest swirl velocities and matches
the experimental data best. Both “base” grids underestimate the swirl velocity with
the same vortex core radius as the fine grid. The unstructured grid yields almost the
same swirl velocity even though it has with 6.4 - 10° more nodes than the structured
grid with 4.4 - 10° nodes. All simulations match each other outside the vortex core.
Although the differences between the simulations at this young wake age are small, all
further investigations were performed with the finest grid to assure similar agreement
at more advanced wake ages.

Figure 4.4 shows a study of the time discretization. There are still changes in the
thrust coefficient after increasing the number of time steps from 360 (A¥ = 1.00°) up
to 1440 (A¥ = 0.25°). Kaufmann et al. [45] used up to 3000 time steps for their pitching
period, whereas Letzgus et al. [60] concluded a time step study on their rotating blade
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Figure 4.3: Swirl velocity of the blade-tip vortex at ¥y = 2.6° (z/c = 0.39) behind
the blade for different grids, ©, = 29.55°.

resulting in 1440 time steps. The solutions with 200 or 400 inner iterations predict
both the overshoot at the highest angle of incidence and match sufficiently each other
during the upstroke. The time step of AV = 0.25° (1440 time steps per period) with

400 inner iterations is therefore used for all following computations.
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Figure 4.4: Thrust coefficient of CFD simulations with different temporal resolution.
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Figure 4.5: Dimensionless coefficients at /R = 0.77.

4.3 Load characteristics

Figure 4.5 shows both the local lift and moment coefficients integrated from pres-
sure sensors at /R = 0.77 over a full period. The CFD data has additionally been
integrated with reduced points corresponding to the experimental sensor positions.
Particularly at the lowest angle of attack, the effect of the free boundary layer transi-
tion in the experiment leads to differences in the lift compared with the fully turbulent
CFD. In the CFD results, there is a sudden drop at the highest angle of attack, which
results in a sharp moment coefficient minimum. The numerical simulation overpre-
dicts the lift hysteresis, which leads to an overprediction of the moment coefficient
minimum since the separation in the experiment is less pronounced. However, aver-
aged unsteady experimental data draws only an incomplete picture, as Ramasamy
et al. [82] illustrated. Thus, the peak and its position of the conditional average are
shown. The numerical results depict these increased values better. The behavior
between the experiment and CFD simulation is similar and should be sufficient to
compare the blade-tip vortices during the upstroke.

4.4 General aspects of blade-tip vortices

Figure 4.6 shows instantaneous isosurfaces of the \,-criterion [43], which are colored
with the vorticity perpendicular to the wake plane at three different stages during the
upstroke motion. Red and green colors represent positive vorticity values; thus, the
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Figure 4.6: Isosurfaces of )\, criterion, colored with rotationwise vorticity.
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Figure 4.7: Slices at the blade tip, colored with rotationwise vorticity.

expected rotation of the blade-tip vortex due to the pressure difference between the
upper and lower surface. Blue colors indicate a counter-rotating vortex with negative
vorticity values. Overall the size of the blade-tip vortex increases with increasing
angle of incidence. At the highest angle of incidence, see Fig. 4.6(c), the blade-tip
vortex moves inboard of the blade tip, as also seen by Kaufmann et al. [47] for a

nonrotating case.

Figure 4.7 highlights the formation of both rotational motions by showing vorticity
colored slices. At the lowest angle of incidence, see Fig. 4.7(a), a domain of negative
vorticity values extends from the position of the trailing edge. This area is then
entrained by the primary vortex, and a positive global rotation is imposed on it. At
higher angles of incidence, see Fig. 4.7(b) and Fig. 4.7(c), negative vorticity already
occurs on the upper surface of the blade. The primary blade-tip vortex evolves at
the blade tip and lands on the upper surface further inboard than at a lower angle of
incidence. The blade-tip vortex indicated by red and green colors does not follow the
blade surface. Instead, it is driven by the inflow due to the rotation of the blade and
therefore separates from the blade-tip surface right after the leading edge.
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4.5 Circulation

-
-

- - - Experiment | |
—CFD

4 |

0.0 L \ \ I
0.0 ren/e 0. 0.2 0.3

o/

Figure 4.8: Circulation of the blade-tip vortex at Uy, = 2.6° (z/c = 0.39) behind the
blade for CFD simulation and experiment [15], ©, = 29.55°.

The circulation is derived, as described in the vortex analysis section on page 39. The
amount of circulation correlates to the lift generated since parts of the produced lift
merge into the growing blade-tip vortex according to the theorems by Helmholtz
and Kutta-Joukowski. The distribution of the circulation of a blade-tip vortex, see
Fig. 4.8, starts at zero in the center, and after a short and rapid increase, it approaches
the total circulation asymptotically. The closer the integration window size is to the
vortex core, the better the match in integrated vorticity between the experiment and
the simulation. Figure 4.8 shows good agreement between experiment and CFD
up to r,,/c = 0.08, after which there is a constant offset between those two methods.
The small decay after the local maximum at around r, ~ 0.1 is the result of the
counter-rotating vortex, see Fig. 4.6, as already shown by Kaufmann et al. [47]. Wolf
et al. [118] identified r, = 0.2 ¢ as a suitable value of a constant radial distance for the
evaluation of the circulation. This circulation I'y . is a good substitute for the total
circulation. The CFD data shows that the circulation is still increasing at that border,
but to compare with the experimental data, which is limited by the PIV region, this
constant radial distance is chosen for the evaluation of the circulation.

Figure 4.9 shows the circulation of the blade-tip vortex at a constant radial position
r, = 0.2c away from the vortex core over the angle of incidence of the root at the
formation time of the vortex. The circulation is normalized by the chord length c and
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Figure 4.9: Circulation of CFD simulation at constant radial distance r, = 0.2 ¢ for
different wake ages.

the blade-tip velocity Uyp. It is noticeable that during the upstroke, the gradient is
fairly constant up to ©, ~ 25°. At larger angles of incidence, the circulation does
not increase linearly anymore. The highest gradient is reached by the oldest wake
age shown (¥ = 15.3°). The shape of these graphs is of a similar shape as the
lift coefficient in Fig. 4.5, but with lower hysteresis. Around the highest angle of
incidence, the circulation still increases during the downstroke motion until a sudden
drop appears. The circulation is higher at more advanced wake ages since the blades
wake-vorticity of the part outboard of the maximum in lift is entrained.

Figure 4.10 shows a comparison of the blade-tip vortex circulation and the lift
coefficient by plotting the ratio (), see equation (4.1), of the circulation I'y 5. to the lift
coefficient ¢, M? at r/R = 0.77 scaled by the ratio Qe,,, att/T = 0.

Q= Lo2e CtMQ(@min)

= . 4.1
CtM2 FO.Qc(emin) ( )

The z-axis shows again the angle of incidence at the formation of the vortex and
not the angle of incidence at that time. The scaling sets the ratio @ = 1 at¢/T = 0.
Again up to half the upstroke (O, ~ 25), the ratio () stays almost constant for all three
wake ages. It should be noted that due to different circulation values within the wake
ages, all three curves are separately scaled, and the curves, therefore, only state the
relation between the lift coefficient and the blade-tip vortex circulation. At angles
of incidence larger than ©, ~ 25°, the ratio slightly increases to values () > 1. At
the maximum angle, the ratio exceeds () > 2 meaning, the ratio between the vortex

circulation and lift is twice as high as the ratio at the minimum angle of incidence.
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Figure 4.10: Comparison between tip vortex circulation and lift coefficient at /R =
0.77 of CFD simulation.

This value eventually reduces and after reattachment returns to ¢ ~ 1. This was
already observed by Wolf et al. [118] in the nonrotating version of this experiment
with a pitching blade. The blade-tip vortex has a stabilizing effect on dynamic stall
as it delays separation on the blade tip. The lift coefficient drops after the highest
angle of incidence resulting in a decreasing denominator of () and, therefore, an
increasing (). The half width of this peak is the time shift between those two drops
and is A©, = 0.4°. This corresponds to a delay of almost five percent in the period
(AT =~ 18°). After the peak of (), the vortex circulation starts then to decrease, which
reduces the counter of () and, therefore, () as well.

Figure 4.11 shows the circulation of the blade-tip vortex for the experiment and
numerical simulation at the wake age Uy, = 2.6°. The two upper lines are derived by
the line integral at the constant distance of r, = 0.2 c. The CFD simulation slightly
underestimates the circulation measured in the experiment. Nevertheless, the overall
trend is in good agreement, except for the dynamic stall region at 0.5 < t/7" < 0.75,
where the numerical and experimental loads do not match well. The underestimation
at this constant radial distance can mostly be explained by different vortex radii. If
the circulation is integrated out to the edge of the vortex core, the experiment and its
simulation agree very well during the attached upstroke (0.2 < t/T" < 0.45). However,
the underestimation at r,/c = 0.2 and the constant offset after r,,/c = 0.08 in Fig. 4.8
lead to the conclusion that in addition to the vortex-core size, the swirl-velocity dis-
tribution also differs between experiment and CFD. In the domain ¢/7" < 0.2, the
two methods do not match anymore since the radius could not be predicted very
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Figure 4.11: Circulation of the experiment [15] and CFD simulation at two different
radial stations for ¥y, = 2.6°.

well in the experiment due to a limit in the PIV resolution. Limitations of the PIV

technique to measure helicopter blade-tip vortices are described by Raffel et al. [76]

and references therein.

4.6 Radius
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Figure 4.12: Vortex radius for experiment [15] and CFD simulation at two different
wake ages.
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Figure 4.12 depicts the vortex radius for a full cycle at several planes behind
the blade. The radius grows during the upstroke since more generated lift results
in a stronger and larger vortex. A small hysteresis is existent since the radius is
bigger during downstroke than during upstroke compared at the same angle of
incidence. There is almost no increase in the experimental results of the vortex
core radius identifiable between the wake ages ¥y, = 2.6° and ¥y = 5.3°, whereas
due to numerical diffusion, the radius of the vortex in the numerical data increases.
With increasing vortex age, the results of the numerical simulation drift away from
the experimental data. The numerical data at ¥y, = 2.6° matches the experimental
radius in the upstroke motion up to t/T" ~ 0.5 well, but during dynamic stall, the
results diverge. The experiment shows a sudden increase in the radius, whereas
the numerical data shows a smooth decrease. Braukmann et al. [15], however, state
that during the stall conditions, high fluctuations and low swirl velocities lead to
difficulties in detecting the radius in the experimental data. After reattachment, the
two methods approach each other again. The radius in the CFD data underpredicts
the experimental data around the lowest angle of incidence (¢/7" < 0.2 and 0.8 < ¢/T).
In this area, the CFD simulation states the radius to be r¢e/c < 0.05. This is below
the spatial PIV resolution and, therefore, the limit of the experimental detection of the
vortex core. Structures smaller than the window size cannot be correctly resolved by
PIV.
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Figure 4.13: Vortex radius for experiment [15] and CFD simulation with a DES
approach at two different wake ages.

Figures 4.11 and 4.12 reveal that the grid or turbulence model could not correctly
predict the changing strength and radius of the blade-tip vortex with time and position.
A grid refinement study concludes that there is still too much numerical dissipation
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with a fine grid at this vortex age. Therefore, a simulation with an LES turbulence
model in the fine discretized region around the blade tip and 300 inner iterations
is investigated. The results of the vortex core radius are shown in Fig. 4.13. The
prediction of the radius at ¥y = 5.3° is compared to the previous URANS solutions
clearly improved. Even for the vortex core at ¥y = 15.3°, there is no diffusion visible,
leading to a slight underprediction compared to the experimental data.

4.7 Azimuthal analysis of the vortex core

The radial cuts through the vortex core are used to identify the shape of the vortex

core by analyzing every cut on its own.

ceee t/T =0.06---t/T =0.15 —t/T = 0.23
memt/T =031 t/T =040~ - t/T =0.48

90°

Figure 4.14: Vortex core shape of CFD simulation for several time instants during
upstroke at ¥y = 2.6°.

Figure 4.14 shows the shape of the vortex core obtained with 90 cuts through the
vortex core center. The radius is detected at the maximum of the swirl velocity in the
respective cut. Ramasamy et al. [78] stated that approximately 60 cuts are suitable to
receive a valid result of the shape. Several shapes at constant wake age but at different
time steps in the period are shown. It is clearly visible that during the upstroke
motion, the vortex-core size increases. Due to the increasing angle of incidence, there
is more lift generated, and therefore, a higher pressure difference at the blade tip
occurs. The shape of the vortex at ¢/T" = 0.23 is not elliptical anymore, as a bulge at
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¢, = 30° is formed. With increasing time, this bulge is not always as clearly visible.
At ¢, ~ 135° the peak swirl-velocities cover a wider range (0.4 < v,/Uyp < 0.7). From
this, it can be concluded that both the radius and the maximum swirl velocity increase
with increasing angle of incidence.
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Figure 4.15: Parameters of the ellipse fitted to the vortex core of CFD simulation.

Figure 4.15 shows the parameters b/a and ¢, of the ellipse, which has been fitted
to the shape of the vortex core. Two parameters define the shape of an ellipse in a
two-dimensional plane. The two axes are divided into the major axis a and the minor
axis b. Figure 4.15(a) shows the ratio b/a of the two axes over the reduced time for
three different wake ages. The smaller the ratio, the more elliptical is the vortex core.
At a vortex age of ¥y = 5.3°, the shape is at the instants of time with low angles
of incidence t/1" < 0.2 and t/7" > 0.8 nearly a circle with a ratio of b/a ~ 0.98. A
vortex two degrees younger (¥ = 3.3°) shows still an elliptical shape with a ratio of
b/a =~ 0.9. In all three wake ages, the shape becomes more elliptical with increasing
angle of incidence. Values in the middle (0.2 < t/T" < 0.8) show a high scatter since
not all shapes can be fitted with an ellipse. The second parameter is the inclination
¢, of the major axis to the y,-axis, which is shown in Fig. 4.15(b). A value of ¢, = 0°
or ¢, = 180° means that the ellipse is stretched along the y,-axis. A positive value
stands for an ellipse, which is tilted towards the mathematically positive direction.
A fully upright ellipse (along z,-axis) is denoted by a value of ¢, = 90° or ¢, = —90°
respectively. Values in the middle (0.2 < ¢/T" < 0.8) have to be taken with care
since the vortex core shape cannot satisfactorily be fitted to an ellipse anymore. A
rotation is already detectable between the three different wake ages. The youngest
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vortex at ¥y = 2.6° is almost fully upright at the smallest angle of incidence, with
an inclination of ¢, ~ 90°. Only AV, = 0.7° later, the vortex core has turned more
than A¢, = 45° in counter-clockwise direction and has an inclination of ¢, ~ 145°.
Two degrees older, the vortex is again, after turning counter-clockwise, in an almost
upright position. In that short distance, the shape of the vortex has therefore rotated
half a counter-clockwise rotation, which is in the sense of rotation of the tip vortex.
With increasing angle of incidence, the inclination first rises and then drops down
doing a clockwise rotation. At the end of the downstroke motion, the vortex does a

counter-clockwise rotation.

4.8 Position

Figure 4.16(a) shows the vortex position at different wake ages behind the blade
throughout a full cycle. The position is extracted with the methods described in the
vortex analysis section on page 39. The position at the lowest angle of incidence is
always in the top right corner. At this point, the generated lift is the lowest, leading to
the smallest inboard drive. The strong vertical movement is imposed by the prescribed
vertical movement of the trailing edge due to the pitching motion. Halfway through
the upstroke, the motion starts to get chaotic with a counter-clockwise rotation of the
shape setting in. Figure 4.16(b) displays vertical corrected results. The position with
respect to the trailing edge exhibits a stronger horizontal than a vertical motion of the
vortex core. The highest position (z, — z, 1)/ is detected during the downstroke
motion. For young vortices up to Wy = 5.3° the vortex always stays above the trailing
edge. The timewise motion of the vortex can be drawn by comparing the different
graphs yielding a consistent downward and inboard movement. During the upstroke
motion, an orbital pattern is revealed in both figures, which occurs at the same time
instant when the axial pressure gradient inside the vortex core reaches a maximum,
and the vortex breaks down. This leads to an asymmetrical appearance of the vortex.
At further increasing angles of incidence, the circle-like vortex core vanishes; the
area with the highest negative value of \, is shifted towards one side, and a spiral
movement sets in leading to a primary shift inboard superimposed with a rotation of
the vortex core itself.

Figure 4.17 shows the tip vortex visualized by the )\, criterion for several wake
ages and time instants. All plots in a horizontal row are extracted at the same time
instant. A value of /T = 0 means that the blade is at its lowest angle of incidence. All
plots show situations during the upstroke motion. The upper row shows the earliest
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Figure 4.16: Position of the vortex core of CFD simulation throughout a full cycle,

the highest angle of incidence is represented with colored circles, and

white filled circles represent the lowest angle of incidence respectively.
situation. Each following row shows the situation At/T = 2/360 ~ 5.5 - 1073 later,
which implies the movement of the blade in that time frame to be exactly AV = 2°,
Every row shows furthermore three different planes that correspond to an increasing
wake age in steps of AUy, = 2°. Every plot in one vertical column is extracted at
the same wake age. This leads to the ability to follow slices of the vortex in time.
The vortex in the upper left plot is At/T" = 2/360 later, exactly AV = 2° older and,
therefore, depicted in the picture diagonal southeast. The black arrows show the
evolution of one vortex in time. This applies to all other pictures too. All columns
correspond to a plane following the blade under a defined angle. Most data in this
study are displayed in this way. In the left column, it can be seen that the area with
the highest negative )\, value (blue color) is not circularly distributed. This area,
which matches the lowest density, has a spin inside the vortex leading to an orbital
movement of the vortex core. This is not just a rotation within the period (column-
wise perspective) since it is also visible row-wise. A row corresponds to a frozen
situation, which is a single solution of the numerical simulation. In the first row,
the blue area starts in the upper right area, and AV = 2° later, the blue area faces
downward. The spin is strongest when following the evolution of a vortex on its fixed
geodesic position (indicated by the arrows). The vortices have a spin with offsets
dependent on the age, which leads to a timewise spin and a spin along the vortex
tube. Gursul et al. [36] describe the vortex breakdown as a dramatic flow disruption

accompanied by a spiral winding in an opposite sense of rotation of the vortex.
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Figure 4.17: Vortex behavior of CFD simulation at different wake ages and time instants dur-
ing upstroke motion visualized by A, criterion, black arrows show the evolution
of one vortex, white unscaled arrows depict the sense of streamlines.
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4.9 Pressure inside the vortex core
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Figure 4.18: Pressure of CFD simulation inside the vortex tube over the period.

All examined vortex cores yield a wake-like appearance that is forced by a positive
pressure gradient along the vortex tube. Figure 4.18 shows the pressure along the axis
of the vortex for a complete period. The pressure inside a vortex is due to centrifugal
forces, lowest on the core axis. The stronger the vortex is, the lower the pressure
is. The arrow (1) indicates the progress at the lowest angle of incidence pointing
towards more advanced wake ages. The pressure increases with increasing vortex
age to an asymptotic value, which conforms to the surrounding conditions once the
vortex disappears. Due to the pitching motion, a secondary effect is superimposed
onto this behavior. During the upstroke motion, the vortex becomes stronger, leading
to a timewise decreasing pressure inside the vortex. The arrow (2) highlights this
effect at a constant young wake age. Both effects work in the same direction; thus,
the overall gradient along with the vortex core, which is similar to a total differential,
increases. Halfway through the upstroke there is a wave-like appearance of a local
pressure maximum visible which moves towards the blade, indicated by the arrow
(3). First this hump occurs at Uy, = 3.3° and ¢/T" = 0.25, which is a sign of vortex
breakdown, as Visbal [112] states that the pressure gradient, along the vortex axis
has a major influence on the initiation of vortex breakdown above a pitching delta

wing. Garmann & Visbal [28] observed vortex breakdown with abrupt flow reversal
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on revolving wings to be driven by the pressure gradient and not by local Reynolds
number. Around ¢/T" = 0.4, the pressure reaches its minimum visible in Fig. 4.18. The
flow separates at t/7 =~ 0.55, which corresponds to the arrow (4) in Fig. 4.18, when the
pressure at young wake ages rises towards the situation that the pressure is almost
constant inside the vortex tube. The arrow (5) marks a drop in the pressure, which
coincides with the reattachment process. This drop moves downstream like a wave.
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Figure 4.19: Pressure of CFD simulation inside the vortex tube over a complete
period at several constant wake ages.

For clarity, three pressure distributions of different wake ages are plotted in
Fig. 4.19. They are extracted from the same data, as shown in Fig. 4.18. Additionally,
the pressure distribution at ¥y, = 3.3° of a simulation without vortical correction
is shown. The arrows are transferred with the same number. At ¢/T ~ 0.2 there is
still a difference between the pressure at ¥y, = 3.3° and ¥y = 5.3°. This difference
diminishes with increasing time by a reduction in the pressure at ¥y, = 5.3° and an
increase at Uy = 3.3°. This timewise maximum moves towards younger wake ages.
The pressure at t/T" ~ 0.4 is almost two percent higher if no vortical correction is
implemented.

Figure 4.20 shows the effect of the vortical correction method by additionally
showing the axial velocity at the wake age of ¥y, = 3.3° of a simulation without
vortical correction. At ¢/T" = 0.2, the absolute value of u, jumps to values higher than
the blade-tip velocity, which coincides with the reduced time when the vortex starts
an orbital, rotational, and meandering movement. The vortical correction reduces

the viscosity in order to delay the numerical dissipation. The production term is
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Figure 4.20: Axial velocity of CFD simulation inside the vortex tube over a complete
period at several constant wake ages.

varied using the ratio of the strain term to the vorticity term as a sensor [115]. In
this study, the ratio is small due to the small free-stream velocity. The increase in the
production term of vorticity leads to a decreased turbulent kinetic energy. It is known
that without vortical correction, the vortex diffuses too quickly since too much eddy
viscosity is produced. The distinct peak at ¢/7" ~ 0.3 is not detectable in both the core
pressure and axial velocity in the simulations without vortical correction. The axial
velocity is smooth and reaches up to 60% of the blade-tip velocity.

4,10 Effect of rotation

Kaufmann et al. [47] showed a comparison between their numerical investigations
and experimental data of a pitching rotor blade-tip model. The same airfoil DSA-9A
is used along the span with a positive twist towards the blade tip, and the same SPP8
blade-tip shape. The blade-tip model has a chord length of 0.27 m, and the pitching
motion leads to dynamic stall on the model. Kaufmann et al. [47] implemented a
higher temporal resolution with only half the resolution in the spatial domain. The
background grid consisted purely of tetrahedral cells. Since their investigation was
without rotation, the effect of rotation on the blade-tip vortex can be analyzed by
comparing the results of both investigations. The circulation is normalized using the
flow velocity Urgr at /R = V2 /2 ~ 0.707. This point separates the amount of flow
on the blade in two equal parts, since the blade experiences in the rotational case a
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linearly increasing flow velocity Uy, - %, see equation (4.2). For the nonrotating case,
Uzor corresponds to Usp.
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Figure 4.21: Circulation of experiment [15] and CFD simulations, nonrotational data
after Kaufmann et al. [47], ¥y = 2.6°(z/c = 0.41).

Figure 4.21 shows the circulation in the blade-tip vortex at a constant radial dis-
tance of r, = 0.2¢ of this study and data taken of Kaufmann et al. [47]. The two
experiments were analyzed at different wake ages. Therefore, numerical data of this
study is additionally shown at the equivalent wake age (x/c = 0.25) of the nonro-
tating investigation. The wake-age difference is negligible since there is almost no
difference between the numerical data. During the upstroke motion (0 < t/7" < 0.5),
the nonrotational results match well. The level of the normalized circulation is in the

same order for both cases.



5 Blade-tip vortices of a four-bladed

rotor?

In this chapter, a cyclic pitching case (unsteady) and light climb cases (static), as
shown in Fig. 5.1, are examined. After introducing the numerical setup, the results
of the simulations with five constant pitch angles ©, = [18°, 21°, 24°, 27°, 30°], with a
focus on the vortex generation and propagation, are presented. These results are then
compared to the corresponding pitching simulation with ©, = 24° — 6°cos(27 t/T).
This computed simulation corresponds to a forward flight situation, but without the

typical Reynolds number and Mach number variation.

5.1 Numerical setup of the four-bladed rotor

In the following, the numerical grid and setup of the four-bladed rotor are described.

The DLR-TAU code was used for the numerical simulations. This node-based,
unstructured finite-volume solver can treat grids with a range of elements, includ-
ing prisms, pyramids, tetrahedra, and hexahedra. The grid is constructed using
CENTAUR™ [19] to have rotor blade grids with a prismatic boundary layer region
with 30 prisms in the direction normal to the surface. A stretching factor of 1.26 is
used, starting with the first cell height of y* ~ O(1). The surface grid is restricted to
a maximum of s/c = 0.02, reducing to s/c = 0.004 at the leading and trailing edges.
Outside of the boundary layer region, a tetrahedral grid is implemented up to the far
field of the blade grid (z/c = 1.25). A refinement of the tetrahedral grid to s/c = 0.004
in the blade-tip region captures the blade-tip vortex and correctly propagates it from
the surface into the volume grid, as shown in Ref. [32]. Once in the volume flow, a
fine tetrahedral grid (s/c = 0.005) transports the vortex to the edge of the blade grid.

Text and illustrations from this chapter appear in:
A. Goerttler, J. N. Braukmann, C. C. Wolf, A. D. Gardner, and M. Raffel, "Blade Tip-Vortices of a
Four-Bladed Rotor with Axial Inflow”, VFS 75th Annual Forum, Philadelphia, Pennsylvania, 13-16
May, 2019, (Ref. [33]).

67
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Figure 5.1: Visualization of examined cases.

Each of the four blade grids has 9.5 million points. The blades are moved as rigid
bodies with either prescribed static pitch or sinusoidal cyclic pitch, depending on the
test case. In this chapter, only the part of the blade with an aerodynamic profile is
accounted for. Figure 4.1 on page 48 highlights the root part finishing at y/R ~ 0.25,
which is not simulated in this chapter.

The four identical blade grids of the four-bladed RTG rotor are embedded in a
background grid, which primarily uses tetrahedral cells and has a total size of 48
million points. The background grid has a far-field freestream external boundary
implemented as a spherical computational domain with a radius of 900 blade spans.
The data exchange between the blade grids and the background grid is carried out
using the overset grid (Chimera) method using a three-cell interpolation region, which
also transports the second-order flow from the blade grids to the edges of the explicit
cut-outs in the background grid. The tetrahedral background grid has edge lengths of
s/c = 0.015 near the blades, expanding to s/c = 0.2 one rotor radius downstream of
the rotor. A curved, structured grid is introduced into the background grid following
the expected path of the blade-tip vortex; see Fig. 5.2. This grid is a block-structured
H-grid, constructed so that the grid axes are normal and tangential to the vortex core
trajectory at each point. The grid has a spacing of s/c = 0.0034 normal to the vortex
core propagation direction near the blade, increasing to s/c = 0.0091 at a vortex age
of ¥y = 90°. The grid in the vortex core propagation direction is 6:1 coarser than in
the normal direction. The background grid with the explicit cut-out holes is rotated
with the blades so that in the frame of the background grid, the blades undergo only

a pitching motion.
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Figure 5.2: Cuts displaying hexahedral cells at y/R = 0.9 and z/c = 0.

Figure 5.3 gives an overview of the utilized grid. A sphere with a radius of 900
blade spans is used for the far field; see Fig. 5.3(a). The area which is significantly
influenced by the rotor is finer discretized, as is depicted in Fig. 5.3(b). The chimera
setup is highlighted in Fig. 5.3(c). The blade grid has a cylindrical form that is cut
off below the horizontal line. With this approach, some grid cells can be saved, and
wakes of the preceding blade have better chances not to interfere with a chimera
border again. Figure 5.3(d) shows the same slice in an isometric view.

The computations used 1440 time steps per period, with at least 50 inner iterations
per time step, which is sufficient, as shown in Fig. 5.4. All shown static simulations
were computed with 60 coarse periods with 36 time steps per period, followed by
2 fine periods. The cyclic simulations were computed with 60 coarse periods, 10
intermediate periods with 360 time steps per period, and 3 fine periods with 100
inner iterations per time step. The periodicity of the final solution was used as the
time convergence criterion. The Menter-SST model [65] was utilized to close the
URANS equations. In the region of the blade-tip vortex, an LES model [107] is used,
whereas, in all other regions, a conventional SST turbulence model is used. If specified,
an optional Low-Dissipation Low-Dispersion (LD2) scheme [63] was additionally
employed in the LES region. The LES model uses a vorticity-sensitive volume filter to
reduce the grey area at the hybrid RANS/LES interface on anisotropic grids by only
accounting for the grid spacing in the plane normal to the local vorticity vector. In that
plane, the filter reduces to a volume-like formulation. The Smagorinsky sub-grid scale
model [96] is used, with a default Smagorinsky coefficient of 0.17. The computations

are second-order in space and time; the inviscid fluxes are solved by a central method.
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(a) Farfield. (b) Rotor region.

(c) Chimera close-up at y/R = 0.9. (d) Cutsaty/R=0.9and z/c = 1.

Figure 5.3: Numerical grid of the four-bladed rotor.

Convergence

All simulations were done with a dual-time stepping approach, which uses physical
time steps and inner iterations. The blade rotates and changes position from one
physical time step to the next time step. However, after the movement of the blade
and grid, the flow characteristics are still determined by the old time level. Therefore,
several inner iterations are used to compute the instantaneous situation without any
movement towards a pseudo-stationary solution.

Table 5.1 shows the density-residual of different cases. The number of steps
per period Ny and inner iterations Niner are shown. The residual at the start and
end of the inner iterations points out the decrease, which is achieved in one time

step. The last column summarizes the difference by displaying the density residual
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Table 5.1: Residual values of different cases.

N, v N; inner Rp,start Rp,end Ab
URANS 360 50 2.8-107" 4.5.107% 2.8
URANS 360 100 2.8-107° 3.5-107* 29
DES 1440 100 7.0-107' 35-1072 23
LD2 1440 100 7.0-107* 35-102 23

reduction in orders of magnitude (Ab = log(R,start/ Rpend)). The finer discretized
cases reach a lower residuum after all their inner iterations but have a lower reduction
since their start is already on a lower value. Chaderjian & Buning [21] considered a
density residual reduction by Ab = 2.2 as time converged. The above results therefore
strongly suggest being time-converged.

v —— URANS (Ny = 360)
101 | —— Ngp = 100 101 | | —— DES (N\I/ = 1440)
- -~ LD2 (Ny = 1440)
100 | 100 | \
D:Q o o Q:Q o
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(a) URANS (Ny = 360) (b) Ny = 100

Figure 5.4: Density residual of different parameter settings.

Figure 5.4(a) shows the influence of the number of inner iterations for two URANS
solutions (first and second row in Tab. 5.1). If 100 inner iterations are used, a density
residual reduction of 2.9 orders of magnitude is reached, which slightly exceeds the
reduction of 2.8 orders of magnitude when 50 inner iterations are used. Both settings
are sufficient time converged. On the other hand, Fig. 5.4(b) shows a variation of the
number of physical time steps (second, third, and fourth row in Tab. 5.1). Ny = 360
time steps lead to a slightly higher reduction of 2.9 orders of magnitude since the
density residual at the start of each time step is higher. A higher number of time
steps, Ny = 1440, results in a reduction of 2.3 orders of magnitude. The use of DES
or LD2 with this finer temporal discretization does not change the time convergence.
This study concludes that a sufficiently time converged solution is reached after

approximately 30 inner iterations.
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5.2 Thrust polar of static cases

Figure 5.5 shows that the thrust of the rotor is underpredicted. Additionally, it shows
that the static stall angle of the rotor in the experiments is ©, = 29°, such that the
computation at ©, = 30° can be expected to show stalled flow.
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Figure 5.5: Thrust coefficient of experiment and CFD simulations.

The experiments were carried out with a constant velocity in the wind tunnel.
The measured results were then used for the constant far field boundary condition
in the numerical simulation. This assumption results in slightly different flow fields,
as depicted in Fig. 5.6. Here, the downwash velocity w is plotted against the radial
position. There is no difference in the inflow (here 1R above) if the experimental
settings are varied. Both the static (O, = 20°) and the unsteady (6, = 20° & 6°) experi-
mental settings experience an incoming flow just below 4 m/s. Therefore, it is feasible
to compare the experiment with the numerical data at slightly different incidence
angles (O, = 18° and ©, = 21°). In the plane, one rotor radius above the rotor, the
incoming flow in the numerical simulations is around 5m/s. The dashed lines depict
the downwash velocity one rotor plane below, showing an agreement along with their
steep decrease in the outer quarter of the blade. At around /R ~ 1, the velocities
below the rotor approach the velocities above the rotor, which are approximately
constant along the full stretch of the rotor. Further outboard, the velocity is lower
due to the stream tube of the helicopter rotor. Therefore, the assumption of taking the
wind tunnel velocity as far field boundary condition requires a trim according to the
thrust level.



5. Blade-tip vortices of a four-bladed rotor 73

i \
—_ ,’\ : e EXp.: O, = 20°+6°
1
2 S 8: === Exp.: ©, = 20°
€15 /= CFD: ©, = 18° B
- LA ——=CFD: ©, = 21°
I O
3 ! // VO, T
1
\
-'é\. ll ', A g-:' -—1:
9 - : ; —— 1R above s
< 101 NS 1R bel =
ca I S L
< b g
1 1
n Ao i
© )
S Vo gt
g D\ S
ToTs=== o 1
g A —
0 ; \ '
1
0 1 2 3

Normalized radial position /R

Figure 5.6: Phase-averaged downwash velocity against the radial position in two
planes close to the rotor (— = 1R above; ---= 1R below).

Figure 5.7 displays the A, isosurface of five different light climb (hover with axial
inflow) simulations with different collective pitch angles. The creation process of
the vortex starts at the leading edge of the tip, forming a slender vortex. The blade-
tip vortex grows with an increasing angle of incidence, staying slender except at
the highest angle (0, = 30°), which shows a radically expanded vortex covering
Ar/R =~ 5%. This result has been shown to be associated with separated flow, see
Ref. [47], which is in agreement with the expectation from the thrust polar.
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0, =30°

Figure 5.7: Close up view on the blade-tip vortex for five different static cases.
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5.3 Effect of DES compared to URANS
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Figure 5.8: Normalized swirl velocity of blade-tip vortex over radial distance for
different constant pitch angles at ¥y = 15° (— = DES; --- = URANS;
ooo = Exp.;eee = corr. Exp.).

Quantitative results of the tip vortex at a young wake age of ¥ = 15° are shown in
Fig. 5.8 for collective pitch angles of ©, = 21° and ©, = 24°. The radial distributions of
the swirl velocity clearly exhibit the effect of the zonal LES approach, which is shown
as solid lines (—). The plain URANS approach, shown as dashed lines (- - -), exhibits a
much smaller peak swirl-velocity appearing at a larger core radius r,, giving the vortex
a smeared—out appearance. This weakening of the vortices is due to the numerical
dissipation. This effect increases with wake age, as also seen by other authors [68].
The validity of the DES approach is underlined by the experimental results in Fig. 5.8.
The unfilled circles (coo) correspond to the measured values at the same pitch angle
©,, yielding slightly larger swirl-velocity levels due to the higher experimental thrust
coefficient, as displayed in Fig. 5.5. Multiplying the experimental distributions with
a scalar factor derived from the ratio of the corresponding thrust levels yields the
distributions marked by filled circles (see), which are in good agreement with the
DES results. It is noted that the experimental results do not cover data close to the
vortex center (7, — 0). This is due to voids in the PIV tracer particle distributions
resulting from strong centrifugal forces, which yields unreliable or erroneous data;
see Refs. [14, 117]. The voids were mapped in the PIV raw images, and the current
results only show valid data outside of the voids.

Figure 5.9 shows the normalized swirl velocity at two wake ages for different
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Figure 5.9: Normalized swirl velocity of blade-tip vortex over radial distance with
different settings (— = DES; ---=Exp.; eee = trimmed Exp.).

settings. Experimental and numerical data with the same constant angle of incidence
(solid and dashed line, respectively) predict different swirl-velocity distributions due
to the varying thrust produced; see Fig. 5.5. The filled circles present the swirl-velocity
distribution of an experimental run with a reduced angle of incidence (0, = 22.5°).
This trimmed case (F, = 213N) matches the thrust of the numerical simulations
(F, = 215N) with ©, = 24° by less than 1% error. The distributions at both presented
wake ages show a strong agreement. The same thrust levels result in the same swirl-
velocity distribution. This observation justifies the correction by the scalar factor
derived from the thrust levels ratio.

Figure 5.10 summarizes the numerical vortex structures for different collective
pitch angles between ©, = 18° and ©, = 30°. As in Fig. 5.8, the lesser concentration
of the vortex core region of the URANS simulations is visible. Nevertheless, both
URANS and DES agree on an identical or at least very similar swirl velocity towards
larger radial distances, which is due to the prescribed thrust level and, therefore,
the prescribed vortex circulation. The vortex strength (peak swirl strength) and core
radius increase with collective pitch angle ©,, as could be seen in Fig. 5.7. The result
at ©, = 30° is qualitatively different due to flow separation at this collective pitch
angle.

Figure 5.11 shows the swirl-velocity profiles normalized to their values at the vor-
tex core. The lines show self-similar behavior. Vatistas et al. [111] extended the vortex
model due to turbulent effects by introducing a new parameter (3. Table 5.2 shows
the fitting factor 3 for a constraint peak value and different weighting parameters.
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Figure 5.10: Normalized swirl velocity of blade-tip vortex over radial distance for
different constant pitch angles at ¥y, = 20° (— = DES; - - - = URANS).

Table 5.2: Fitting factor 3 for static cases with different weighting parameters.

0, () Blw=0) plw=r/R) Bw=(r/R))

18 1.265 1.284 1.290
21 1.281 1.290 1.291
24 1.255 1.266 1.266
27 1.161 1.182 1.188
30 1.344 1.313 1.300

These options differ in how much they favor the outer part since the numerical errors
are smaller there than in the inner part close to the radius. The 3 values depend on
the case and weighting option, but they are all situated between § = 1.2 and g = 1.3.
The colored lines in Fig. 5.11 back up the mentioned values. According to Ramasamy
& Leishman [81], this corresponds to a vortex Reynolds-number of Re, = 3.5 - 10%.

The circulation of the blade-tip vortex can be estimated by the path integral of the
velocity at a given radius, which is I' = 27rv, for a circular vortex. Figure 5.12 shows
the circulation of the blade-tip vortex over the radial coordinate. The circulation
approaches a saturated value after a first quick rise in the vicinity of the vortex core,
and the URANS circulation is equal to the DES circulation for r,/c > 0.4. For the sake
of comparability with PIV experiments the single value at r,/c = 0.5 is taken as the
circulation of the blade-tip vortex.
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Figure 5.11: Normalized swirl velocity of the blade-tip vortex over radial distance
for five different constant pitch angles at Uy, = 20° and two fits after
Vatistas et al. [111].
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Figure 5.12: Normalized circulation of blade-tip vortex over radial distance for dif-
ferent constant pitch angles at ¥y = 20° (— = DES; - - - = URANS).
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The change of the vortex core radius with increasing wake age is plotted in
Fig. 5.13. Again, the dashed curves show the significant numerical dissipation of the
plain URANS approach, leading to a rapid expansion of the core size and a rapid
linear increase in the core size after ¥, = 45°. The trend of the DES approach is a
slow linear increase in core size with vortex age. The plot starts at the end of the
URANS region in the DES computation, needed to ensure sufficient wall distance
for the correct operation of the Smagorinsky sub-grid scale model. The grid in the
URANS region is constructed with very fine tetrahedral cells to keep the dissipation

to a minimum.
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Figure 5.13: Normalized radius of blade-tip vortex for different constant pitch angles
over the wake age (— = DES; - - - = URANS).

5.4 Vortex generation

Figure 5.14 shows the circulation distribution on the blade, from a path integration of
the surface pressure at each radial station, using the Kutta-Joukowski theorem. The
circulation increases towards the tip since the increase in velocity is not fully offset by
the negative linear twist, reaching a maximum around /R ~ 0.9. At both the inner
and outer end, the lift and circulation are zero. All cases except for the highest angle
of incidence ©, = 30° have a distinct spike close to the tip, caused by the reattachment
line of the blade-tip vortex. The distinctive peak is further inboard for ©, = 30° case,
as the separation/vortex region expands to cover nearly the entire blade tip, as also
seen in Fig. 5.7(e).
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Figure 5.14: Radial circulation distribution on the blade for different con-
stant pitch angles.

In Fig. 5.14, the maximum circulation is marked with a symbol. The roll-up process
of a blade-tip vortex depends on the sign of the gradient of the circulation, with a
positive gradient inboard of the maximum and a negative gradient outboard of the
maximum circulation. All the circulation outboard of the maximum feeds the blade-
tip vortex, due to the negative gradient, with the remaining circulation feeding the
root vortex. This analysis allows for a comparison of the blade circulation outboard of
this maximum and the circulation I'y 5. of the blade-tip vortex at ,/c = 0.5. The ratio
of both is shown in Fig. 5.15, showing that about 95% of the blade circulation can be
identified as present in the tip vortex. The analysis of the blade circulation allows
for differentiation between the near field and far field of a vortex, where 100% of the
blade circulation is present in the “vortex”. Almost, the complete blade circulation is
found within r, /¢ = 0.5. Thus, this area is the near field of the vortex and useful for

determining the total circulation.

Figure 5.16 shows a comparison of numerical and corrected experimental blade-tip
vortex circulations over the radial coordinate. The trend in the CFD data inboard of
r,/c = 0.5 shows a linear increase up to r,/c ~ 1.2. Beyond this distance, there is a
rapid increase which is not related to the tip vortex, but to an artifact of the circulation
computation stretching to the shear flow between the rotor wake and the external
flow. Figure 5.16 also shows a comparison of corrected experimental and numerical

normalized swirl velocity, revealing a good agreement between both results.
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Figure 5.15: Ratio of tip vortex circulation I'g 5. and maximum circulation on the
blade I, for different constant pitch angles over the wake age.
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5.5 Vortex propagation

As indicated in Fig. 3.11, the vortex can be fitted as an ellipse with major and minor
axes a and b. After being generated on the blade, the vortex is quite elliptical, as seen
in Fig. 5.17, and becomes rounder with time. In the case with the lowest angle of
incidence (—), the rounding of the ellipse progresses most quickly, reaching a ratio
of b/a = 0.98 before ¥y, = 10°, which is 1.5 chord lengths behind the rotor blade,
consistent with Refs. [12, 22, 25]. Interestingly, there is a pulsation noticeable in the
case with ©, = 24° and ©, = 27°, repeating every AV, = 4° and 5°, which is of the
same order as the solid-body rotation speed. Since the radius is fairly constant in
this area and a pure rotation results in a constant ratio, the change of the ratio b/a
occurs due to an overlaying secondary motion. A complete revolution of the shape is
reached after two pulses, as b/a is symmetric after half a revolution. For ©, = 30°, the
vortex shape is more complex and does not lend itself to an elliptical vortex fit.

1.0

o
©

<
o0

Ratio of ellipse axes b/a

—0, =18° 0, =21°
— 0, =240, =27°

I | |
5° 10° 15°
Wake age ¥y,

e
~J

Figure 5.17: Ratio of the axes of the ellipse of the vortex core for different angles of
incidence.

Figure 5.18 gives insight into the rotation of the vortex core by displaying the
position angle ¢, of the fitted ellipse. An increase in ¢, implies a counter-clockwise
rotation, which is the characteristic rotational direction of the vortex core. With
increasing wake, the vortex-core shape approaches a circle, and the angle detection
is terminated when an angle can no longer be calculated. Linear fits result in slopes
d¢,/6Wy, indicating a frequency of the rotation f ~ 944 Hz, which is 40 times higher
than the rotational frequency of the rotor. The rotational frequency of the vortex core
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can be computed from the swirl velocity and core radius and is of the same order as
the ellipse rotation. This core rotation frequency, often represented as a solid-body
rotation, is on the order of 1500 Hz - 2000 Hz, roughly double the rotation frequency
computed from following the elliptical shape of the vortex.

5.6 Vortex-core position

Both following plots separately show the vertical and horizontal displacement over
the wake age for different angles of incidence. The vertical vortex-core position is
displayed in Fig. 5.19(a), showing that higher collective angles lead to higher lift and
faster downward convection of the vortex. Interestingly, the unsteady pitching case
for ©, = 24° — 6°cos(27 t/T) is shown to cover the range indicated by the cases
with collective pitch only, filling out the region under ©, = 30°, since for the dynamic
pitching, no stall is seen at this maximum angle of attack. For the pitching rotor, the
thrust coefficient is roughly the same as that for ©, = 24°, so it can be seen that the
vertical position of the blade-tip vortex is a function of the instantaneous blade lift,
rather than the rotor thrust. The z—position of the blade-tip vortex for ©, = 21°is
one chord length (Az,/c =~ 1) below the rotor disc at ¥y, = 80°. The vertical vortex
propagation rate was between three to five chord lengths per revolution.

The opposite is seen for the horizontal blade-tip vortex position, as seen in
Fig. 5.19(b). In the cases without a cyclic pitch, the vortex moves more strongly
towards the blade root with increasing thrust, corresponding to the stronger con-
traction of the stream-tube of the rotor wake required by conservation of mass. The
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Figure 5.19: Vertical and horizontal position of the blade-tip vortex for different
angles of incidence over the wake age (Static and unsteady cases).

blade-tip vortex is at Ay, /c ~ 0.8 inboard for ©, = 21° and ¥y = 80°, and in the first
quadrant, the inboard horizontal propagation rates were between two and four chord
lengths per revolution. In contrast, the stream tube contraction in the case with cyclic
pitch is, on average, the same as for O, = 24°, and clearly, the changes in local thrust
do not affect the contraction as much as for constant pitch. The location of the vortices
in the dynamic pitching case, thus, occupies a smaller band around ©, = 24°.

5.7 Unsteady vortex

The dynamically pitching rotor produces flow, which is qualitatively similar to that
seen during the test cases with a constant pitch. Figure 5.20 shows the A, isosurfaces
of the flow around the blade tip, analogous to the static results shown in Fig. 5.7. The
sole exception to the qualitative similarity is that while there is separated flow on
the blade tip for static ©, = 30°, the flow remains fully attached for the dynamically
pitching case. The dynamic distribution of bound circulation on the blade is shown
in Fig. 5.21, including the line of maximum circulation, the circulation outboard of
which contributes to the strength of the blade-tip vortex.

Figure 5.22 shows the static vertical position of the blade-tip vortex and the vertical
positions of their corresponding counterparts during the unsteady motion. Here the
unsteady lines are not connected with the isochronic approach (e line in Fig. 3.9)
but with their geodesic position (e line in Fig. 3.9). This means that the vortex
position is followed in time after it is produced by the blade tip and convects away. By
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assuming that the vortex slice stayed at a constant azimuthal angle in the laboratory
frame, the propagation can easily be followed. At the intermediate angles (0, = [21°,
24°, 27°]), the static vortices are surrounded by the unsteady vortices, with a nearly
equal offset to each side, and vortices which were created during the upstroke motion
have less downward convection than those created during the downstroke motion. At
the minimum angle (O, = 18°), the static vortex is roughly equivalent to the dynamic
vortex, and at the maximum angle (6, = 30°), the dynamic vortex is propagated
further downward due to the higher lift in the unstalled flow. At the extrema, the
upstroke/downstroke lines fall on top of each other.

The result above suggests strongly that the unsteady vortex can be modeled as an
assembly of the static vortex states. In Fig. 5.23, the different vortex parameters are
extracted in the case where the vortex at ¥y, = 45° in each snapshot was produced
when the rotor blade had the instantaneous pitch angle of ©, = 24° and has thereafter
been convected to that position, assuming that each slice remains at a constant
azimuthal angle in the laboratory frame. The difference in the vertical position (a) and
horizontal (b) position are not significantly high. The circulation (c) is constant for
the static case and a steep decrease during the upstroke motion. A positive gradient
results due to the downstroke motion. The increase of the radius (d) is diminished
during the upstroke motion and enlarged during the downstroke motion. It can be
seen that within the small errors produced by the lift hysteresis, that the position,



5. Blade-tip vortices of a four-bladed rotor 87

. 0.0
I — upstroke
=
_-g - - - downstroke
o .
n - . gtatic
o
& —0.51
p—
©
9]
]
o
[«F]
>
T —10f
N
-
(o] 77+ 0, =18° 0, =21°
é =0, =24° O, =27°
®] 7= 0, = 30°
Z 15 ‘ ‘ ‘
0° 20° 40° 60° 80°
Wake age ¥y,

Figure 5.22: Vertical position of blade-tip vortex against wake age (curves display
constant position approach, @ line in Fig. 3.9).

circulation, and radius of the vortex are very similar for upstroke, downstroke, and
static collective pitch at Wy = 45°. For the dynamic cases, the vortex changes, moving
away from the crossing point associated with the nominal ©, = 24° point at ¥y, = 45°,
depending on whether the vortex strength is increasing or decreasing with time. This
suggests that an approach that tracks the blade lift distribution at the moment of
production and the aging of each slice through the propagating vortex should have a
good chance of producing a physically correct vortex.

Figure 5.24 shows the normalized swirl velocity for dynamic and static test cases
at a wake age of ¥, = 40°. The dynamic results have been matched with the static
test cases according to the angle of incidence during vortex creation. It can be seen
that, disregarding the small hysteresis in the unsteady case, that the dynamic vortex
shapes are well predicted by the static vortex shapes associated with the same angle
of attack. Similarly, Fig. 5.25 shows the normalized axial velocity u, /Uy, occurring in
the center of the blade-tip vortex. Negative values characterize a reduction in flow
speed relative to the blade as in a wake velocity deficit region. The axial velocity
magnitude increases (in the negative direction) with an increasing angle of incidence,
which is equivalent to a higher wake deficit. The downstroke situations have a weaker
wake deficit. In contrast with the earlier investigation by Goerttler et al. [32] using
URANS with a two-bladed rotor, which noted backward jetting associated with vortex
breakdown occurring during high thrust and blade stall, here all axial velocities are
negative. This is due to the lack of blade dynamic stall in the test cases investigated
in this paper.
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Figure 5.26 displays the radius of the vortex core throughout an entire pitching
cycle for two wake ages. The radius grows with increasing angle of incidence and
is bigger, the higher the wake age. The static results are close to the values obtained
during the upstroke (—) motion. After the maximum angle of incidence, the radius
decreases again but remains at a higher level than on the upstroke, which agrees with
the observation by Mohamed et al. [68] for a pitching blade.
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Figure 5.26: Normalized radius of blade-tip vortex throughout an entire pitching
cycle for two wake ages (curves display constant wake age, @ line in
Fig. 3.9, — = upstroke; - - - = downstroke; ® = static).

5.8 Variation of the Reynolds number

Scaling rotor vortices is a particular problem and relevant since many investigations,
for example Ref. [88], are only practicable in model-scale, and the results must be
scaled. As a simple test, all parameters of the simulation were held constant, except
the freestream pressure/density, which were increased by an order of magnitude.
Figure 5.27 shows the results, which are each normalized with the relevant freestream
density. Figure 5.27(a) displays a slightly higher circulation (2 — 4%) of the blade-tip
vortex for the higher Reynolds number, which appears to be primarily due to the
slightly higher thrust coefficient for the same pitching motion due to the change in
boundary layer shape. Despite this, the vortex core radius is smaller for the higher
Reynolds number, reducing in size by 2 — 5%. These results indicate that the Reynolds
number is not a useful scaling parameter for vortices; thus, other values must be

found.
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Figure 5.27: Normalized circulation and radius of blade-tip vortex for different instants of
time in the pitching cycle over the wake age (curves display constant position
approach, @ line in Fig. 3.9, — = Reyp = 470000; - - - = Reyp = 4 700 000).






6 Conclusion

In this thesis, blade-tip vortices of a two-bladed and four-bladed rotor were
investigated employing numerical URANS and DES simulations with DLR’s finite-
volume compressible-flow solver TAU. The static and unsteady pitching cases were
simulated in attached as well as separated flow conditions. Grid and time-step studies
were performed, leading to a structured block in the expected path of the vortex and a
timewise resolution of ¥ = 0.25° in the blade rotation azimuth. The numerical results
were compared with experimental data over a complete pitching cycle.

The subsequent analysis of all investigations demonstrates that the CFD simula-
tions are capable of predicting flow structures during the generation and development
of the tip-vortex in the near field of the blade. However, both structured and unstruc-
tured grids struggle to realistically compute more advanced vortices due to numerical
dissipation.

A high cyclic pitch case of the two-bladed DSA-9A rotor was simulated with
URANS. Separation around the peak angle and reattachment on the downstroke
occur in this dynamic stall case. The experimental values fluctuate at these high
angles of incidence and are not met by the simulated values. The numerical investiga-
tion of the four-bladed RTG rotor in axial flow with cyclic and collective pitch test
cases was performed applying a fine grid using an LES model in the vortex region.
These settings result in computed vortices that are comparable to those measured
experimentally and do not display the rapid diffusion of vorticity seen in vortices
computed with URANS solvers.

Algorithms deriving vortex parameters like radius, circulation, and position were
implemented. Then, these parameters were analyzed and compared with experimen-
tal data. The main findings for both investigations researching the two-bladed and
the four-bladed rotor present as follows:

1. The blade vorticity in the computations is correctly transported to the blade-tip
vortex, as the numerical simulations are capable of matching the experimental
circulation results at a vortex age of Uy = 2.6° (x/c = 0.41). Furthermore, the
numerical swirl-velocity distribution and the radius of the blade-tip vortex
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match the experimental results. The maximum circulation on the blade predicts
the vorticity in the vortex well. Up to 95% of this maximum circulation is
contained within r,,/c = 0.5 around the vortex center and stays in this region,
which, therefore, can be defined as the near field of the vortex.

. The decay of the fully formed vortex is poorly modeled with the URANS

approach. Correctly simulated circulation is found at ¥y = 5.3° (z/c = 0.84).
However, numerical diffusion with a URANS solver leads to unphysically large
vortex cores. Numerical diffusion is diminished and the convection of the vortex
is more realistically simulated with the use of under-resolved LES models in
specific areas. The radius of the vortex core decreases and aligns with the
experimental data up to Wy = 15.3°.

. Trimmed computations with similar thrust levels as in the experiment lead to

a strong agreement in numerical and experimental data regarding the swirl-
velocity distribution. Similarly, thrust ratio corrected results are in good agree-
ment with the circulation and swirl-velocity distribution of the DES computa-
tions.

. The unsteady vortex can be modeled as an assembly of static vortex states. The

instantaneous vortex section produced by the rotor blade is comparable in the

static and dynamic cases and can be followed as it convects downstream.

. The position of the rotor-blade trailing-edge mainly drives the vertical location

of the vortex core. The movement relative to the trailing edge is less than 0.05 c.
Therefore, the large pitching motion dominates the position of the descending

vortex.

. The wing-tip vortex becomes stronger with an increasing angle of incidence

even after stalled flow on the wing. The reduction in the circulation of the blade-
tip vortex, due to the blade stall, is delayed by more than ¥ = 18° compared to
the lift coefficient.

. The elliptical shape of the simulated vortex core changes into a circular shape

with increasing wake age. The ratio of the two major axes increases from 0.85 to
0.96 within AWy, = 2.7° in attached flow conditions. The elliptical vortex shape
rotates at approximately half the solid-body rotation speed of the core.
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8. An error analysis quantifies the influence of misidentifying the vortex center
position on the shape, radius, and swirl velocity to be small. A discrepancy in
the location of up to a tenth of the vortex core reduces the radius by less than
0.5% and the swirl velocity by less than 1%. Furthermore, two orthogonal cuts
are sufficient to determine the average radius by an error of less than 3%.

Research questions and outlook

This investigation compared several test cases with experimental data covering a
complete pitching cycle. The analyzing possibilities of CFD can explain situations
such as vortex breakdown, which are otherwise difficult to interpret using experi-
mental data alone. Nevertheless, experimental runs support numerical solutions by
validating specific cases. This symbiosis confidently answers the research questions
of this thesis:

In summary, the results of the two major investigations indicate that the vorticity,
which is required by the lift distribution, is contained in the near field of the vortex
within r,/c = 0.5. The swirl-velocity distributions of thrust trimmed simulations
strongly agree with the experiments and, therefore, verify that the roll-up of the
blade-tip vortex is correctly resolved.

Nevertheless, the numerical simulations struggle with vortex conservation. In
particular when using URANS equations, the decay leads to significant differences
even at relatively young wake ages. However, the use of LES models improves the
agreement to the extent that the comparison at more advanced wake ages quanti-
tatively matches the existing experimental data up to the particle void. Lastly, the
time-varying vortices of a pitching blade can be modeled as an assembly of vortices
of a hovering blade.

The findings of this study further deepen the understanding of blade-tip vortices.
Comparisons with experimental results validate the different numerical approaches
and demonstrate the areas of application by revealing the drawbacks. A DES solver,
here a zonal LES approach, and a fine grid are necessary to get reasonable results.
Based on the primary outcomes of this study, further investigations are conceivable.
For example, the influence of the blade-tip geometry on the blade-tip vortex is promis-
ing. The scaling of results is of substantial interest to the community, and additional
insights could be obtained by simulating more cases with different Reynolds numbers.
Further investigations of similar nonrotating cases would fill the gap between 2D
methods and the complete rotating approach. Finally, a particular focus on matching
the incoming flow close to the rotor would lead to more significant comparisons and

helpful insights into the strength of the blade-tip vortex.
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