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ABSTRACT

THE EFFECTS OF ROTATION ON THE FLOW FIELD OVER A
CONTROLLED-DIFFUSION AIRFOIL

By
Douglas R. Neal

An experiment has been designed, fabricated, instrumented and validated to study
the effects of rotation on a controlled-diffusion (CD) cambered airfoil. This exper-
iment, called the rotating CD blade, (RCDB) allows for detailed measurements of
temperature, pressure and velocity to be collected using instrumentation that is: i)
rotating with the blade and ii) stationary. The former provides time-resolved data
in the rotating reference frame and the latter provides ensembles of values at desig-
nated positions with respect to the rotating blade. The RCDB was designed so that
the operating conditions make it a true rotating analog of the stationary CD airfoil
experiment and therefore suitable comparisons between the two experiments can be
found. A second (and extensive) body of experimental data were obtained with the
same airfoil shape fixed in open-jet wind tunnel configuration. Hence the comparative
measurements reveal the effects of rotation, as well as other subtle geometric features,
on the flow over the CD airfoil.

These comparative measurements have been carried out using conventional hot-
wire anemometry (HWA) techniques and also particle image velocimetry (PIV). Ad-
ditionally, a new measurement technique that utilizes four-sensor HWA probes in a
double X-array (2X-probe) configuration has been developed and used in this study.
A comprehensive methodology for both efficient calibration and high accuracy data
processing of the 2X-probe has been developed. These techniques have been evalu-
ated against other four-wire techniques that are found in the open literature and have
subsequently been shown to have both a higher accuracy and a much lower compu-

tational time. The 2X-probe has been used in the wake of the stationary CD airfoil



and RCDB to provide detailed information on the three-dimensional flow field of the
rotating and stationary experiments. The differences found between measurements
collected with a conventional X-probe and similar measurements with a 2X-probe
reveal the limitations of using two-dimensional measurement techniques in a three-
dimensional flow field.

The data collected with the 2X-probe include the three components of velocity
and also the full Reynolds stress tensor in the wake of the stationary and rotating
experiments. These measurements reveal that the wake of the RCDB is initially
more energetic (lower peak velocity deficit) and has a higher semi-width than the
wake of the stationary CD airfoil. The wake of the RCDB is also shown to be slightly
asymmetric upstream and it becomes increasingly asymmetric further downstream.
In contrast, the wake of the CD airfoil is consistently symmetric at both upstream
and downstream locations. Different rates decay rates for the peak velocity deficit
were also found for the stationary CD airfoil and the RCDB. This study is the first
to compare the flow fields of a stationary lift generating body and an equivalent body

under rotation with equivalent operating conditions.
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Ue wake edge velocity
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Va /b velocity of the air with respect to the blade
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Woo freestream velocity (rotating reference frame) upstream of the RCDB
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Greek symbols

v Minimization parameter for 2X-probe data reduction (see Fig. 4.16)

rotational speed measured in RPM (revolutions per minute)

a yaw angle for 2X-probe

Qg geometric angle of attack

B pitch angle for 2X-probe

o] yaw angle for 1X-probe
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o momentum thickness

) total uncertainty (see Eq. 5.3)
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w rotational speed measured in rad/s

Other notations
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Chapter 1

Introduction

1.1 Motivation

Axial fans are utilized in an exceptionally wide range of applications. Adequate
performance of such fans can be gained with relatively unsophisticated design tools.
However, as reduced aeroacoustic emissions and higher efficiencies are sought, a much
better understanding of the fundamental flow physics for these fans must be estab-

lished. This study was carried out to further improve this basic understanding.

The focus of the work is to explore the differences between the flow field around a
stationary lift generating body and that of a similar body under rotation. The selected
geometry is a controlled diffusion (CD) airfoil designed by Valeo. The CD airfoil is
the shape that is found at the mid-span region of axial turbomachinery (cooling fans)
designed by Valeo and this profile is used for the pitchline (chord line at the designated
angle of attack) analysis in their preliminary design process. Controlled diffusion
airfoils are a class of cambered airfoils that employ specific design characteristics to
carefully control the flow around the airfoil surface. The term diffusion, which is also
referred to as aerodynamic diffusion, describes the general process that occurs when

a subsonic fluid enters a region of increasing flow area. As the flow area increases, the
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velocity of the fluid will decrease and the static pressure will increase. This exchange
of fluid velocity (kinetic energy) for static pressure rise (flow work) is commonly
called diffusion, as in the term “diffuser”. If the process occurs at a constant total
pressure and constant density, this exchange can be computed by the well-known
Bernoulli equation. Otherwise compressible flow equations must be used (see the
chapter by Wisler in Johnson (1998)). Controlled diffusion airfoils have their camber
and thickness distributions tailored to avoid boundary layer separation on the suction
surface by controlling diffusion (deceleration) from the peak velocity point to the
trailing edge (Johnson, 1998; Gelder et al., 1987).

The reduction of noise emitted by an axial fan is a major objective in the design
process of fans that are used in an automotive engine cooling system, along with
other fans such as those used to cool electronic components (Moreau et al., 2006c).
The noise generated by the scattering of boundary layer disturbances past the trailing
edge, called trailing edge noise or broadband self-noise, is a major source of the overall
noise generated by fans (Sharland, 1964; Wright, 1976; Fukano et al., 1977; Caro &
Moreau, 2000), wind turbines (Glegg et al., 1987; Hubbard & Shepherd, 1991; Parchen
et al., 1999), and other high lift devices (Pérennes & Roger, 1993; Singer et al., 2000).
This noise can be reduced or controlled by properly identifying the sources of self-noise

and modifying the associated design parameters that affect these noise sources.

1.2 Stationary airfoils

Trailing edge noise sources have been studied primarily through the use of nominally
two-dimensional airfoils in open-jet anechoic tunnels (Arbey & Bataille, 1983; Blake,
1975; Brooks & Hodgson, 1981; Schlinker & Amiet, 1981; Roger & Moreau, 2004;
Moreau & Roger, 2005). The experimental studies have focused on incident veloc-

ity fluctuations, wall pressure fluctuations, and far field sound. One study (Moreau
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et al., 2006a) describes details of the velocity profile in the airfoil wake. Sophisticated
computational methods of trailing edge aeroacoustics have involved the use of Large
Eddy Simulations (LES) (Wang & Moin, 2000; Manoha et al., 2001; Oberai et al.,
2002); however the large computational costs of LES have limited previous studies to
simplified devices like airfoils. Since it is too costly to do an extensive experimental
campaign or a computationally expensive unsteady Navier Stokes simulation in an
industrial design cycle, there has been a focus on developing analytical noise models
based on the acoustic analogies. This approach uses limited data in the near-field of
the airfoil to predict the far-field acoustic data. Several of these models were devel-
oped and reviewed by Howe (Howe, 1978). These models evolved in complexity and
accuracy with the availability of Reynolds Averaged Navier Stokes (RANS) simula-
tions used in conjunction with acoustic analogies (Casper & Farassat, 2004; Zhou &
Joseph, 2007). However, studies that compared measurements in the near wake to
CFD simulations showed that commonly-used turbulence closure models did not ade-
quately account for important characteristics of the wake (Hah & Lakshminarayana,
1982). These types of analytical noise models have been applied by only a few re-
searchers for rotating blades (Zhou & Joseph, 2006; Schlinker & Amiet, 1981; Moreau
& Roger, 2007).

Airfoil trailing edge studies that employ an open-jet. wind tunnel configuration
have different boundary conditions than other trailing edge airfoil studies, such as
isolated airfoil studies (Hah & Lakshminarayana, 1982) or cascade studies (Raj &
Lakshminarayana, 1973). The airfoil in the open-jet wind tunnel will have a blade
loading and a wake that are influenced by the jet width (Moreau et al., 2003, 2006a).
In these experiments, the bounding shear layers at the edges of the jet are deflected
by the lift associated with the flow over the airfoil. In contrast, isolated airfoil ex-
periments involve mounting the airfoil in the closed test section of the wind tunnel.

Here the effect of the lift will be manifest in the surface pressure distribution on the
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bounding walls of the wind tunnel. In this case, the opposing surfaces provide the up-
per and lower boundary condition for the far-field region on the pressure and suction
side of the airfoil. Cascade studies also differ from both of the above experimental
configurations since they have an airfoil (with identical shape and incidence angle) for
the upper and lower bounding surfaces. Therefore, the use of open-jet airfoil config-
urations to validate trailing edge noise models requires extensive experimental data
that can provide the required details of the flow field. To date, there exist very few

studies that can provide these necessary details.

1.3 Rotating blades

A recent study (Rozenberg, 2007) has begun to validate analytical models for rotating
blades. These results have focused primarily on the pressure on the surface of the
blade using microphones. This study did not examine the details of the turbulent
velocity field in the vicinity of the rotating blade. The proper validation of these
models does require detailed data of the trailing edge region and the downstream
wake. However, a number of studies have measured the detailed velocity field in
the near wake of an axial turbomachine (Raj & Lakshminarayana, 1976; Reynolds
et al., 1980; Ravindranath & Lakshminarayana, 1980, 1981). Yet these studies lack
a comparable stationary analog by which the effects of rotation can be evaluated.
Lakshminarayana & Reynolds (1980) present data for an axial turbomachine, based
on a symmetric NACA 0012 and compared these results with the isolated airfoil
(NACA 0012) study of Hah & Lakshminarayana (1982). The authors used a triaxial
hot-wire probe in the rotating reference frame and provide some results for the mean
flow and turbulence statistics in the wake. Another study by Lakshminarayana et al.
(1982) studied an axial turbomachine at three different rotational speeds and two

different blade loadings. The authors also use a triaxial probe, but in the stationary
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reference frame, to collect phase-averaged data in the wake. This study showed the
combined effects of rotation and Reynolds number on the wake, although the authors
claim the effects of Reynolds number should be small in the range of Reynolds number
employed in their experiments. They also note that it is difficult to separate these
effects (rotation and Reynolds number) in turbomachinery (Lakshminarayana et al.,
1982). Raj & Lumley (1978) conducted an analytical study of the mean flow and
turbulent characteristics of axial turbulent wakes behind a rotating fan. Their results
show the additional Coriolis terms that appear when the equations for the components

of the Reynolds stress are derived in coordinate system rotating with the fan.

The review article by (Johnston, 1998) and also chapter 14 in the handbook of
Tropea et al. (2007) provide a good overview of the experimental and numerical
studies conducted on the effects of rotation relevant to turbomachinery. In particular,
(Johnston, 1998) notes that “although some excellent data sets have been obtained by
means of laser anemometry in real compressor and turbine rotors, these flow fields are
too complex to allow for the study of the basic physical phenomena systematically, one
at a time”. Consequently basic research investigations have made use of geometrically
simple flows. These investigations have used a variety of experimental techniques and
also direct numerical simulation (DNS) of the Navier-Stokes (N-S) equations. The
simple geometries studied to-date include: developed and developing channel flows
(Johnston et al., 1972), turbulent boundary layers in straight channels (Koyama et al.,
1979; Watmuff et al., 1985; Koyama et al., 1995), boundary layer transition in straight
channels, plane walled (2D) diffusers focusing on the region between separation and
reattachment (Rothe & Johnston, 1979), curved wall (2D) diffusers, pipes and conical
diffusers, and free shear layer flows (Witt & Joubert, 1985). A recent study by
Di Sante et al. (2008) measured the effects of rotation on channel flow, using high-
speed particle image velocimetry (PIV) techniques in the rotating reference frame to

measure the instantaneous relative velocity field. Despite the numerous papers in this
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Figure 1.1: Axial engine cooling fan - upstream view (left); side view (right).

general area, there exists a need for a comprehensive study that can examine, in detail,
the flow field associated with a stationary lift-generating body and an equivalent

rotating body.

The focus of this work is to thoroughly study the turbulent flow field around the
stationary CD airfoil and then compare these results with a rotating version of the
same blade profile. A unique experiment, called the rotating CD blade (RCDB) has
been designed, built, instrumented and evaluated specifically for the purpose of having
a rotating analog of the stationary CD airfoil. The RCDB experiment represents one
additional step of complexity between an airfoil and a modern axial turbomachine.
This allows for the effect of rotation to be separated from other complexities that
are added in the design process, which begins with the CD airfoil and ends up as a
modern axial turbomachine as shown in Fig. 1.1. These complexities include blade
sweep (either forward or backward), variable chord length, variable chord shape, and
modifications to the tip region, such as the addition of a banded ring at the maximum

radius of the blades.




1.4 4-wire probe techniques for measuring turbu-

lent flows

Accurate measurements in the wake of either a stationary airfoil or a rotating blade
require experimental equipment that can reliably resolve the three-dimensional flow
field. Hot-wire anemometry is one of the most widely used techniques for the measure-
ment of turbulent flows, which are three-dimensional in nature. Hot-wire anemometry
is relatively inexpensive, has a high frequency response and unlike laser-based diag-
nostics, does not require the addition of particles in the flow field to measure the
velocity. The most commonly used probes, single-normal (SN) probes, and crossed-
wire (X) probes, can reliably measure one and two-components of velocity (Bruun,
1995). These probes are sensitive to bi-normal cooling effects caused by off-axis ve-
locity fluctuations that cannot be resolved by these probes, as documented by Tutu
& Chevray (1975); Ovink et al. (2001) and most recently by Zhao & Smits (2006).
Extensive efforts have been made to develop a probe that can simultaneously measure
three components of velocity. Initial efforts focused on the use of three-wire probes
and numerous studies have used these probes in the near wake region of airfoils and
turbomachinery (Lakshminarayana & Reynolds, 1980; Lakshminarayana et al., 1982).
However, four wire probes are preferred over three wire probes since they have been
shown to be more accurate and also they have a larger acceptance domain, which is
the range of incoming velocity angles that can be reliably resolved (Maciel & Gleyzes,
2000). Researchers have both developed their own versions of the four wire probe and
there are also commercially available models.

Four-sensor hot-wire probes require that four separate voltage signals must be re-
duced to a three component velocity vector by solving a set of four non-linear, overde-
termined equations. Note that this calculation is considerably more difficult than

standard (one or two sensor) hot-wire techniques. These data reduction schemes are
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typically based on analytical equations or they employ look-up table methods. These
data reduction schemes have been explored by a number of researchers (Dobbeling
et al., 1990a,b; Marasli et al., 1993; Wittmer et al., 1998; Beharelle, 1999; Maciel &
Gleyzes, 2000). An overview of many of the techniques for four-sensor probe mea-
surements was described by Maciel & Gleyzes (2000). Depending on the assumptions
that are implicit in the various reduction schemes and also which pieces of information
are used, it is reasonable to expect that variations in accuracy will be experienced.
A detailed study was undertaken by Lavoie & Pollard (2003) to determine the differ-
ences in the accuracy of four different data reduction schemes that were published in
the literature (and also referenced above). They reported the accuracy of these four
data reduction schemes using experimental data available in the literature and also

using LES data for a free, round jet.

A custom-designed four wire probe was designed and fabricated by the Turbulent
Shear Flows Laboratory (TSFL) for use in the present work and also other studies.
This probe has previously been used by Dusel (2005) to make measurements of the
flow field of a cooling fan from an off-highway vehicle. He used a calibration and
data reduction scheme similar to that of Rajagopalan et al. (1998). The errors as-
sociated with this data reduction scheme are evaluated and the effects of bi-normal
cooling are quantified. A new calibration method has been developed for use with
four-sensor probes and its efficacy is presented. A new data reduction scheme has
also been developed and tested using the methods established in Lavoie & Pollard
(2003). This data reduction scheme is compared with two of the published approaches
(Dobbeling et al., 1990b; Wittmer et al., 1998) described above and its accuracy and
computational time are compared and contrasted. Together, this new calibration and
data reduction scheme provide a comprehensive technique for four-wire calibration

and data processing.



1.5 Overview

This document is divided into six chapters. Chapter 2 presents the necessary back-
ground that brings together the characteristics of rotating flows and also low-speed
airfoils. Chapter 3 provides the details of the design of the rotating CD blade (RCDB)
experiment, along with the validation data that show it truly is the rotating analog
of the stationary CD airfoil experiment. Chapter 4 describes the experimental facil-
ities and specialized equipment, much of which was custom-designed, that was used
for these experiments. Chapter 4 also describes the calibration and data reduction
methodologies that were developed for the 4-wire probe used in these experiments.

Chapter 5 presents the following results:

1. A detailed comparison of the calibration and data reduction methodologies de-

veloped in this dissertation vs. existing techniques found in the literature.
2. Measurements on the suction side boundary layer of the stationary CD airfoil.

3. Data in the wake of the stationary CD airfoil measured using the methodologies

in (1).
4. Data in the wake of the rotating CD blade (RCDB) measured using measured

using the methodologies in (1).

5. Comparisons between the data in the wake of the stationary CD airfoil and the

wake of the RCDB.
6. Comparisons between data collected using a 2X-probe and a 1X-probe.

Finally, these results are concluded in Chapter 6 along with an overview of future
measurement possibilities for the RCDB facility. Appendix A presents a very impor-
tant finding, discovered during the course of this work, related to the effect of probe

quality on the results presented in Chapter 5.



Chapter 2

Analysis

2.1 Effects of rotation on turbulent flow fields

Rotating flows are encountered in many applications of interest in engineering fluid
mechanics. In many of these applications (e.g. compressors, turbines, pumps), system
rotation is a critical aspect of the design and the performance. The vast majority
of engineering applications have the dynamical system cast in an inertial reference
frame. However, the flow fields of rotating machinery are most conveniently studied
in a rotating reference frame, where the coordinates are fixed to the rotating blade.
These coordinate systems can be related in the following manner. Consider a rotating
reference frame which moves with velocity Uo and accelerates with d, relative to the
inertial reference frame. Velocities in the rotating reference frame, U can be related

to the velocities in the inertial reference frame U 1 according to:
Up=Uo+Qx7+0 (2.1)

Q is the angular velocity vector that indicates the rate of rotation and the direction

of the moving reference frame. The time rate-of-change of U T, i.e. the acceleration
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X

Figure 2.1: Relationship between inertial (X,Y,Z) and rotating (z’,3',2’) coordinate
systems.

@y can be written as:

Q1

=G+ QU x7F+Qx (A x7)+ 20 x U +a (2.2)

Coriolis acceleration
Eqgs. 2.1 and 2.2 represent kinematic relationships which are essential for describing
flows in rotating reference frames. The present analysis will consider a steady an-
gular velocity, €2, about the axis of a turbomachine in a rotating reference frame.

Additionally, several simplifying assumptions can be made:

e Incompressible flow. This assumption means that Dp/Dt = 0, which further
implies low Mach number flows for air (M < 0.3) at standard atmospheric

conditions (T = 293.15 K and P,;, = 101.325 KPa).

e Fixed rotation axis. The rotation axis can be changing in geophysical flows, but

turbomachinery flows almost invariably involve a fixed rotation axis.

e Unstratified flow. No stratifications due to temperature variations are consid-
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ered. In water flows, salinity, in addition to temperature variations, can cause

stratifications.

e Body forces such as such as gravity, magnetic and electric fields are not con-
sidered. These can be of primary importance in some problems, such as astro-

physical flows.

The dynamic equation of mnotion for a fluid particle in a rotating reference frame
can be written as (Johnston 1998):
DU

0?2 v
_ 7” + Fy (2.3)

These equations are the well-known Navier-Stokes equations and relate the forces
(per unit volume) acting on a fluid particle to the motion of the fluid. The term
on the left-hand side represents the acceleration of the fluid particle with respect to
the rotating reference frame and the four terms on the right-hand side represent the
forces per unit mass: Coriolis, centrifugal, pressure and viscous. The Coriolis and

[

centrifugal forces are “virtual” forces that result from the rotating reference frame,
whereas the pressure and viscous forces are felt by the fluid particle in any reference

frame. The last term, the viscous force per unit mass, can be written as:
Fyis = vV2U (2.4)

for the incompressible, constant viscosity, Newtonian fluid described by the Navier-
Stokes equations. The kinematic viscosity is defined as v = u/p. The centrifugal
force acts along the local radial direction and has a magnitude of Q%r, as seen in
Fig. 2.2. The Coriolis force has a magnitude of 2U2sina and is perpendicular to
the plane formed by the U and § vectors. Its vector direction follows the right-hand

rule and is oriented as shown in Fig. 2.2. The angle between U and Q, shown as
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Figure 2.2: Vector diagram of Coriolis and centrifugal forces.

a in Fig. 2.2, can range between 0 and 7/2. The effect of the Coriolis force will
vary depending on the angle between the various velocity components and the axis
of rotation. For a velocity component that is parallel to the axis of rotation (axial
component, the magnitude of this force will be zero). The radial component will
be maximally affected, since it will be perpendicular to this force. In radial flow
turbomachines, these effects can be very large.

For flows where p is constant, the centrifugal force can be combined with the
pressure force term to form a single term, —V(pe/p), where pe is called an “cffective

pressure” Johnston (1998) and is defined by:

Q2r2
pe=p+ 2 5 ) (2.5)
The resulting Navier-Stokes equations now become:
DU o x - YPe 4 yu2p (2.6)
Dt p

Eq. 2.6 shows that the centrifugal force plays no independent role in the dynamics

of motion. Johnston (1998) notes that where density gradients, Vp, exist in the
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flow, the centrifugal force is similar to a gravitational body force. It is interesting
to note that the Coriolis force does not directly affect the energy of the flow in
an axial turbomachine (Godeferd & Lollini, 1999). The change of energy in a fluid
particle is created by the applied force, F', across some distance dz, given by the work
relationship F - dZ. Since the flow moves instantaneously in the rotating reference
frame along the vector U, which is perpendicular to the Coriolis force vector, there
can be no work done on the flow by the Coriolis force and subsequently no energy
brought to the flow. It follows that both the mean flow and the turbulence kinetic
energy, k, cannot be produced or destroyed by the Coriolis force. However, the

individual components of the Reynolds stress tensor, —u/u’;, can be affected by this

1)
force (Johnston, 1998). The evolution equations for the normal Reynolds stresses
(—u'’ and —v/v') will have explicit Coriolis production terms which cancel out when
they are summed up to obtain the equation for the turbulent kinetic energy. The
equation for the Reynolds shear stress, (—W), also does not have a direct Coriolis
production term. Here, the effects of Coriolis come indirectly through its effects on
(—u'u/ and —v"v'). Raj & Lumley (1978) derived these terms for a low-speed axial

fan in rotating coordinates and the complete Reynolds stress equations can be found

there.

A common practice in fluid mechanics is to cast the equations of motion in a
non-dimensional form. This is accomplished by introducing a characteristic length
scale, L and a characteristic velocity, U. All pressures can be normalized by pU? and
a characteristic time L/U is introduced. Noting that V* = LV, the Navier-Stokes
now become: B

DU* Vipe | 1

= —RO€Q X [j* -

D S € 4 Ev*zl?'* (2.7)

Where all the independent and dependent variables are dimensionless through the

aforementioned scales and denoted by (*). The unit vector € indicates the direc-
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tion of the axis of rotation of the reference frame. In the form shown in Eq. 2.7,
two important dimensionless numbers are introduced, one of which is the Reynolds

number:

_ pLU
u

Re (2.8)

The Reynolds number includes the fluid properties and the length and velocity scales
for a particular problem. Since flows in rotating reference frames are affected by the
Coriolis force, rotating flows are characterized by the Reynolds number and another
dimensionless parameter, the rotation number:

2L

Ro U

(2.9)

The rotation number is defined so that for a non-rotating case (2 = 0), Ro = 0.

References on rotating flows will often cite the Rossby number:

Ros (2.10)

~2IQIL

It can be seen that the Rossby number is the reciprocal of the rotation number,
Ro = Ros™!. The use of the rotation number is more common for turbomachinery

applications and other engineering fluid mechanics studies involving rotation.

2.2 Low-speed airfoils

Low-speed airfoils, which are typically considered to be those with Reynolds number
based on chord of well below 500,000, have been studied extensively. Lissaman (1983)
provides a comprehensive review article, and several of the features of the fundamental
fluid mechanics are described here. Since all airfoils provide lift, they correspondingly

have regions of low-pressure on the suction side of the airfoil. These low-pressure
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Figure 2.3: Description of the laminar separation bubble on low-speed airfoils.

regions will have an associated flow acceleration that will create high speed flow.
This high speed flow will undergo a pressure recovery that will bring it back to
approximately freestream conditions at the trailing edge for an attached flow. In high
Reynolds number airfoils (> 106), this boundary layer will transition quickly from
laminar to turbulent. These turbulent boundary layers near the leading edge can
remain attached even in the presence of strong adverse pressure gradients. However,
in low Reynolds number airfoils, the boundary layer will often remain laminar near
the leading edge. Since a laminar boundary layer has lower momentum in the near
wall region (as compared with a turbulent boundary layer) it will it will undergo a flow
separation caused by the adverse pressure gradient. The separated laminar boundary
layer becomes a shear layer, which is thought to undergo a rapid transition to a
turbulent flow. The increased entrainment from the turbulent flow makes it possible
for the flow to reattach to the airfoil as a turbulent boundary layer, as described by
Lissaman (1983). This is commonly referred to as a laminar separation bubble, and a
brief description of the physics is shown in Fig. 2.3. This reattached boundary layer

will reorganize itself into an “approximately normal” turbulent boundary layer.
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The reattached turbulent boundary layer will undergo an adverse pressure gradient
to bring the low-pressure, accelerated flow back to the (approximately) freestreamn
conditions at the trailing edge. For low angles of attack, this boundary layer will
remain attached until the trailing edge, but, as described by Lissaman (1983), there
are situations where the laminar separation remains over the entire suction side of

the airfoil.

2.3 Characteristics of the asymmetric wake of an
airfoil

The wake region for an airfoil is defined by the following statements. The irrotational
upstream flow that approaches an airfoil interacts with the suction and pressure side
surfaces of the airfoil, creating boundary layers on each of these surfaces. These
boundary layers will continue to grow and eventually separate at the trailing edge,
creating a region of vorticity directly downstream of the airfoil. This region is referred
to as the wake of the airfoil. If the upstream approach flow were rotational, the
interaction of this rotational upstream flow and the airfoil would create distinctive
small scale features that could be used to identify the wake fluid. For asymmetric
airfoils, such as the cambered CD airfoil, or for symmetric airfoils at non-zero angles
of incidence, this wake region will be asymmetric in nature.

The characteristics of an asymmetric wake can be further classified by the following
definitions introduced by Hah & Lakshminarayana (1982). Those authors present

these three categories:

(a) Very near wake: This is the region directly downstream of the trailing edge.
The wake peak velocity deficit is maximum at this location and the shape of

the mean velocity profile is very similar to the upstream boundary layers. The
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viscous stresses dominate the Reynolds stresses in the wake center region and the

viscous sublayer is not completely mixed with the surrounding inertial sublayer.

(b) Near wake: The evolution of the wake in this region is strongly affected by the
physical characteristics of the airfoil (profile shape and chord) and the aerody-
namic loading on the airfoil. This region will be be asymmetric for cambered
airfoils and also symmetric airfoils at non-zero angles of incidence. The absence
of the bounding wall (pressure and suction side of the airfoil) means the viscous
stresses are negligible and the Reynolds stresses become a higher fraction of the

net shear stress.

(c) Far wake: The wake structure in this region is nearly symmetric, regardless
of any upstream asymimetries, and the “history effects” (profile shape, aerody-
namic loading, etc.) have vanished. Also, the physical characteristics of the
airfoil and aerodynamic loading have negligible effects on the evolution of the
wake. The peak velocity deficit has decayed cousiderably and the Reynolds

stresses have decreased from the values found in the near wake region

These definitions will be used to describe the arcas within the wake where detailed

velocity measurements were collected.
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Chapter 3

Design of the Rotating CD Blade
(RCDB)

3.1 Initial design using radial equilibrium equa-

tions

The Rotating CD Blade (RCDB) experiment was designed with the intent of cre-
ating a rotating version of the stationary CD airfoil for use in fundamental studies
of rotating machinery. These fundamental studies can provide valuable information
for understanding the physics of rotating shear flows since they have a stationary
and rotating analog with equivalent operating conditions, making direct comparisons
for the same geometry possible. This motivation required that the rotating analog
be designed without introducing many of the complexities that are found in modern
turbomachines. Figure 1.1 shows a typical engine cooling fan designed and built by
Valeo. The CD airfoil is used as the starting profile for the blade design of this cooling
fan. The chord shape and relative stagger at the mid-span section (halfway between

the tip and the hub) shown in Fig. 1.1 are identical to those shown in Figs. 4.5 and

19



Chapter 3

Design of the Rotating CD Blade
(RCDB)

3.1 Initial design using radial equilibrium equa-

tions

The Rotating CD Blade (RCDB) experiment was designed with the intent of cre-
ating a rotating version of the stationary CD airfoil for use in fundamental studies
of rotating machinery. These fundamental studies can provide valuable information
for understanding the physics of rotating shear flows since they have a stationary
and rotating analog with equivalent operating conditions, making direct comparisons
for the same geometry possible. This motivation required that the rotating analog
be designed without introducing many of the complexities that are found in modern
turbomachines. Figure 1.1 shows a typical engine cooling fan designed and built by
Valeo. The CD airfoil is used as the starting profile for the blade design of this cooling
fan. The chord shape and relative stagger at the mid-span section (halfway between

the tip and the hub) shown in Fig. 1.1 are identical to those shown in Figs. 4.5 and

19



-4°
;{ﬁ"&

i

Figure 3.1: Stationary and rotating flow fields (left - RCDB; right - CD Airfoil).

4.6. However, the blade shape in Fig. 1.1 changes significantly in both the positive
radial direction (towards the tip) and the negative radial direction (towards the hub).
In particular, the blade shape has a higher camber and increased blade thickness for
sections that are close to the hub. Also, the blade of Fig. 1.1 exhibits “sweep”, which
means that the center of the chord line of the blade does not lie along a radial line,
but rather follows a curvilinear path from the hub to tip. This particular fan has a
forward swept characteristic and is often referred to as a “forward swept” fan. The
fan in Fig. 1.1 also has unevenly spaced blades, meaning that the boundary condi-
tions for each individual blade are not consistent. Finally, this fan has a bounding
outer ring at the tip. All of the described features are essential parts of many modern
axial turbomachines; however, each additional design feature represents another level
of complexity when contrasted to the stationary original shape at the mid-span: the

CD airfoil.

The motivation for the present study is to compare the flow fields of a stationary
lift generating body and an equivalent rotating lift generating body. These compar-
isons are difficult to determine if the rotating body contains the additional design
complexities shown in Fig. 1.1. Once these basic two flow fields are characterized,

additional design features (as described above) can be systematically added to un-
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Figure 3.2: Vector diagram of relative (W) and absolute (V) inlet velocities for the
RCDB.

derstand their effect on the turbulent flow field and the aeroacoustic noise levels.
In order to create a true rotating analog to the stationary CD airfoil, the following

criteria were used in the design process:

o Identical chord length (¢ = 133.9 mm) and blade shape (as found on the sta-

tionary CD Airfoil) across the entire radial span.

e No sweep or lean in the blade stacking (combining the 2D shapes to make the

3D blade geometry).

e Matching Reynolds number based on chord (Re. = 1.5 x 10°). This is based on

U for the stationary CD airfoil and the relative velocity, W, for the RCDB.

e Matching the angle of attack for the CD airfoil («g) with the angle of incidence

(1) such that the incoming flow to the blade is -4° for both experiments.

e Equivalent aerodynamic loading (i.e. mean surface pressure profiles). This is

accomplished by comparing the coefficient of pressure (Cp) in both experiments.

These criteria and the associated methodologies used in the design process will be
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explained and described in the following paragraphs. The initial design was con-
ducted using basic equations and considerations that are standard in the design of
conventional turbomachinery. This initial design was then iteratively developed to
achieve the best overall match to the aforementioned design criteria (i.e. a trade-off).
These iterations and the resulting final configuration were designed by Valeo using a
2.5D code termed EQUIOB developed by G. Meauze. Valeo also used the commercial
computational fluid dynamics (CFD) code CFX ANSYS in the design process.

Maintaining the identical chord length and blade shape across the entire radial
span was an important starting point in the design of a rotating blade that is geo-
metrically equivalent to the stationary CD airfoil. This chord length provided the
length scale used to define the Reynolds number that was matched between the two
experiments. The Reynolds number based on the chord length for the stationary CD
airfoil experiments is (Rec = 1.5 x 10°). The characteristic velocity used in those
experiments is the upstream incoming velocity, Ux, =~ 16m/s. However, the charac-
teristic velocity used in the RCDB experiment was the relative inlet velocity, or the
velocity of the air with respect to the blade, W, =~ Wy ~ 16m/s. This velocity will
vary across the radial span of the blade (i.e. it is a function of radial position) and
therefore the Reynolds number can only be matched for one radial location. Since
all of the previous experiments (Moreau et al., 2003; Moreau & Roger, 2005; Moreau
et al., 2006a,b) for the stationary CD airfoil were conducted at the midpoint between
the upper and lower bounding walls of the wind tunnel, the mid-span of the RCDB
was chosen as the radial location for establishing a relative inlet velocity that would
provide a matching Reynolds number. This also makes the measurement location
mostly free of hub and tip effects. The relationship between the relative inlet velocity

and the absolute inlet velocity (referenced to the fixed ground) can be written as:

Va/g = Va/b'+ Vb/g (3.1)
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The subscripts a/g, a/b and b/g in Eq. 3.1 are the relative velocities of the air
with respect to the ground, the air with respect to the blade and the blade with
respect to the ground. The more common convention in turbomachinery literature
(Lakshminarayana, 1996) is to write Va /b 85 W, the relative velocity, and to denote
the inlets and outlets of the various stages with a subscript (“1” would indicate
the inlet to the first stage, “2” would be the outlet of the first stage, etc). The
relationship between the relative inlet velocity, “W” and the absolute inlet velocity
“V” is described by:

V=W+U (3.2)

In Eq. 3.2, U is the product of the radius and the rotational speed of the fan, 7,
which is = 13.9 m/s at the mid-span location. The relationship defined in Eq. 3.2 is
shown graphically in Fig. 3.2. Also the RCDB needed to have the same geometric
angle of attack, ag = 8°. The geometric angle of attack for the RCDB was defined
using the relative inlet velocity, as shown on the left-hand side of Fig. 3.1. The more
common convention in turbomachinery literature is to refer to this as the “angle
of incidence” (Wilson & Korakianitis, 1998) and to designate it with a;. In the
stationary CD airfoil studies, the blade was oriented at -4° to account for the camber
angle of 12°(see the right-hand side of Fig. 3.1). The CD airfoil also has a 4% thickness
to chord ratio. During the initial design process, the radial variations in the vector
diagrams and flow properties are calculated by assuming that the pressure gradients,
momentum changes and blade forces on the fluid are balanced in the radial direction.
This is commonly known as the radial equilibrium equation of turbomachinery, and
it is simply the radial component of the momentum equation written in cylindrical
coordinates (Lakshminarayana, 1996). Assuming the flow upstream and downstream

of the blade row is axisymmetric, the terms containing variations in the tangential
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direction # are eliminated. The resulting equation can be written as

v, 8V, 8V, VI  19p
ot +Vr8r +Ve or -T—~;E+Fr (3:3)

Equation 3.3 is strictly valid away from the blade row and F; is the body force in
the radial direction, which can be assumed to be zero for the present analysis. This
can be further reduced for the case of steady flow with cylindrical stream surfaces
(i.e. V¢ = 0). The resulting momentum equation is a simplified form of Eq. 3.3
which is commonly referred to as the simplified radial equilibrium (SRE) equation

(Lakshminarayana, 1996):
Vi _10p

r por (34)

3.2 Modified design using computational fluid dy-
namics (CFD)

The initial design was made using the RE equation (Eq. 3.3) as described above. This
design was then subsequently evaluated and iteratively modified by running RANS
CFD simulations at Valeo. These simulations used the commercially available CFD
solver ANSYS CFX. The computational domain is shown in Fig. 3.3.  The flow
is moving from left to right in Fig. 3.3. This figure shows that a converging nozzle
has been added at the inlet and that there is a centerbody device added upstream
of the rotating blade. These were added to the design to ensure that a uniform
velocity profile exists at the inlet, as shown in Fig. 3.4. As stated previously, it was
critical to keep the same CD profile as the blade section across the entire blade span,
which required the large hub-to-tip ratio. This identical blade shape was required to
have a matching Reynolds number at the mid-span (halfway between the root and

tip of the blade), while maintaining minimal radial flow along the blade and at the
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Figure 3.3: Computational domain for the RCDB design.

exit of the profile. Also, it was found that the operating conditions (mass flow rate
and rotational speed) had to be changed to obtain the correct relative inlet velocity,
W; at the mid-span. A plot of the relative inlet velocity, Wi, is shown in Fig. 3.4.
The mid-span corresponds to a value of 0.5 on the ordinate of Fig. 3.4. The desired
relative inlet velocity at the mid-span is 16 m/s, as shown by the circle labeled 'design
target’. The calculated velocity for this location is around 15.95 m/s. By matching
this relative inlet velocity, the same Reynolds number could be obtained for both the
stationary and rotating CD blades.

The outlet radial velocity is shown in Fig. 3.5. The initial designs using the RE
equations assume that because the forces in the radial direction are balancing the
pressure gradient, there is no radial momentum. However, this simplification does
not include the three-dimensional effects caused by the addition of the tip clearance
and hub geometry. Therefore, any “real” turbomachine will exhibit an outlet radial
velocity. This was anticipated and an important goal of the design was to minimize
this velocity. Because of this, no design target is shown in the figure (ideally it would

be zero, but the realistic objective was to make it small compared to the relative inlet
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Figure 3.4: Relative Inlet Velocity (W) for RCDB from CFD simulations.

velocity). Figure 3.5 shows that at the mid-span, the calculated radial velocity is
approximately 0.5 m/s, which is roughly 3% of the relative inlet velocity. This very
low value was achieved by choosing the proper stagger angle! distribution and also
by carefully choosing the operating conditions.

The calculated angle of incidence, as shown in Fig. 3.6, varies across the inlet, but
it is very close to the design target of -4°at the mid-span. This plot also shows that the
original calculations from the EQUIOB code and the initial CFD simulations closely
matched the target; however, as mentioned previously, the operation conditions (mass
flow rate and rotational speed) had to be changed to more closcly match the target
relative inlet velocity. This created a trade-off in the iterative design process. termed
“flow correction” in the plots.

A final consideration was the inlet axial velocity, which is shown in Fig. 3.7. This
plot shows that the axial velocity profile at the inlet is very uniformly distributed

around the mid-span. The design target value of 8 m/s, which is needed for the inlet

!The angle between the chord line and the axial direction
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Figure 3.6: Calculated angle of incidence for the RCDB.
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Figure 3.7: Inlet axial velocity for the RCDB (CFD simulations).

relative velocity W) = 16 m/s, is closely matched by the CFD simulations (7.8 m/s).

3.3 RCDB Final Design

Figure 3.8 shows the final design obtained from the modified design process using
CFD simulations. The final computer generated design shows the hub with 5 blades
and the converging inlet nozzle (or shroud) plus the upstream centerbody. This design
was prototyped and the physical design is shown installed in the AFRD facility at
MSU in Fig. 3.9. The rotor portion of this model has been designed and fabricated
such that it is modular and can accommodate any blade combination from 2 to 8
blades. This is accomplished by removing and adding spacer (i.e. hub) sections
combined with the blade sections, as shown in Fig. 3.10.

Throughout the design process detailed in Sections 3.1 and 3.2, the 9-blade ver-

sion of the RCDB was the selected configuration. However, the final design objective
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Figure 3.8: RCDB final design CAD (left - upstream view; right - downstream
view).

Figure 3.9: RCDB final design installed (left - upstream view; right - downstream
view).
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Figure 3.10: RCDB rotor design showing modular capability.

(listed above) is to have a rotating version of the CD airfoil that has very similar
boundary conditions, or blade loading, which can be represented by the pressure
coefficient (Cp distribution on the suction and pressure sides of the blade). It was no-
ticed in previous experiments on the CD airfoil that the surface pressure distribution
varied strongly depending on the inlet nozzle width (Moreau et al., 2003; Moreau &
Roger, 2005). This was studied since two different wind tunnels (shown in Fig. 3.11)
were used in some of the initial CD airfoil experiments at the Ecole Centrale de Lyon.
Additionally, the jet width in each of these tunnels could be varied, so it was im-
portant to understand how the varying boundary conditions (i.e. jet width) would
affect the experimental results. This effect of the inlet nozzle width in the stationary
CD airfoil experiment was further studied using CFD simulations and verified with
experimental data as shown in Fig. 3.12. This plot shows that the laminar separation
bubble near the leading edge of the airfoil decreases significantly between the free air
(infinite inlet nozzle width) and the 13 cm and 50 cm inlet nozzle cases. These data

show that the blade loading changes depending on selected inlet nozzle size. These
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Figure 3.11: The large and small anechoic wind tunnels at the Ecole Centrale de
Lyon.

results also demonstrate the ability of the CFD simulations to predict the pressure
coefficient on both the pressure and suction sides of the stationary CD airfoil. Fur-
ther insight into the effect of the blade loading as it is influenced by the width of
the flow between the shear layers is shown in Fig. 3.13. Note the differences in the
velocity contours from the CFD simulations for the various jet widths of the ECL
experiments. The stationary CD airfoil setup at MSU is similar to the setup that was
used to measure the experimental 50 cm inlet data shown in Fig. 3.12 at the Ecole
Centrale de Lyon (ECL). The MSU facility was validated against the ECL facility
and this comparison is shown in Section 4. Therefore, the target is to match the Cp

profile of RCDB experiment to the 50 cm inlet data of Fig. 3.12 as closely as possible.

The calculated C, distributions for the RCDB are shown in Fig. 3.14 plotted
against the experimental 50 cm nozzle data for the CD airfoil. These data show that
the 7 and 9 blade configurations have a different overall value for the net lift when
compared against the CD airfoil data (both simulation and experiments). Figure 3.15
is zoomed near the leading edge so that the data in the first 20% of the chord are more

easily viewed. These data show that the pressure values associated with the laminar
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Figure 3.12: () data showing the effect of the inlet jet width.

separation bubble are much different for the 7 and 9 blade cases. Additionally, the
size of the laminar separation bubble is quite different between the 9 blade case and
those with fewer blades. The 9 blade case has a separation bubble which appears
to end around z/c =~ 0.025, whereas the 2 and 5 blade cases are closer to both the
calculated and measured values for the stationary CD airfoil (z/c =~ 0.05).

These data strongly suggested that the number of blades used in the RCDB exper-
iment has an effect that is similar to varying the inlet nozzle width in the CD airfoil
experiment. This indicated that there is a correlation between the nozzle width used
in free jet airfoil experiments and the solidity used in an equivalent rotating machine.
The lift is reduced for both the narrower jet width in the stationary CD airfoil exper-
iment (13 cm) and it is also reduced for the higher number of blades in the RCDB
simulations. Experiments were subsequently conducted on the various blade config-

urations (2-7 blades) to determine which blade configuration would be closest to the

32



Free Air Small ECL chamber

400 mm

Small & Large ECL chambers Large ECL chamber

Figure 3.13: CFD simulations showing the velocity contours.

15 |
2 Blades
1
05 — -5 Blades
0 — 7 Blades
Un.
-0.5 —9 Blades
-1 ——Exp CD
15 Airfoil
i = CalcCD
2 Airfoil
0 0.2 0.4 0.6 0.8 1
x/c

Figure 3.14: CFD RCDB C), data for various blade configurations.
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50 cm jet width CD airfoil experiment.

The experimental Cj, for various blade configurations (2-7) are shown in Fig. 3.16.
These data confirm the trends predicted by the CFD simulations shown in Fig. 3.14,
specifically that the lift is reduced as the number of blades used on the RCDB is
increased. The stationary CD airfoil data are also included for comparison purposes.
These data further confirm that the overall shape and general trends for the Cp data
of the stationary experiment are matched in the RCDB experiment. These include the
separation bubble at the leading edge and also the trends of increasing and decreasing
pressure along the suction and pressure side surfaces. These data were used to select

the final blade configuration, which is the 3-blade version of the RCDB.

Figure 3.17 shows the Cp data for the 3-blade RCDB along with the stationary
CD airfoil. Two independent tests of the 3-blade configuration, which were shown
to be typical tests for repeatability considerations, are also shown. Although the

overall agreement is very good between the stationary and rotating experiments, two
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notable differences are apparent in Fig. 3.17. First the pressure side values for the Cp
data in the 3-blade RCDB are consistently lower than those for the stationary CD
airfoil. This was shown to be true of all configurations of the RCDB (see Fig. 3.16).
This is explained by noting that although the effect of solidity (in the RCDB) and
jet width (in the CD airfoil) had a similar effect on blade loading, the boundary
conditions are distinctly different between these experiments. Furthermore, the lower
values measured on the pressure side were also expected per the CFD results shown
in Fig. 3.14 (albeit the levels are different). The second difference that is apparent
in Fig. 3.17 is the different sizes of the separation bubble at the leading edge. In
the RCDB, the laminar separation bubble extends to approximately 8-9% of chord,
whereas the separation bubble on the CD airfoil reattaches around 5-6% of chord.
Figure 3.17 additionally shows that the pressure at the pressure tap on the suction
side that is closest to the leading edge is also very close between the RCDB and the
CD airfoil. This was the closest match of all the RCDB configurations and strong

variations were noticed between the other blade configurations, as shown in Fig. 3.16.
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Figure 3.16: Experimental RCDB C), data for various blade configurations.
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Figure 3.17: Cp data final RCDB configuration and the CD airfoil.
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Chapter 4

Experimental Apparatus and

Methodologies

4.1 Controlled-diffusion (CD) airfoil

4.1.1 CD airfoil configuration at the ECL

Initial data were collected in the large anechoic wind tunnel at the Ecole Centrale
de Lyon (ECL) in Lyon, France. This tunnel has a free-jet configuration, and the
airfoil was held between two horizontal end-plates fixed to the nozzle of the open-jet
anechoic wind tunnel as shown in Fig. 4.1. The nozzle dimensions of the tunnel are
50 cm wide by 25 cm tall and the airfoil is mounted so that the airfoil span covers
the entire 25 cm height. Initial tests were run in both the large ECL anechoic wind
tunnel (nozzle dimensions 50 cm x 25 cm) and the small ECL anechoic wind tunnel
(nozzle dimensions 13 cm x 25 cm). However, it was found that the width of the jet
had a significant effect on the measured surface pressure distribution (Cp) data and
also these data varied significantly from previous CFD simulations of the Valeo CD

airfoil computed for an infinite jet width (Moreau et al., 2003). Upon realizing the
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Figure 4.1: ECL Large Anechoic Wind Tunnel.

substantial effect that the nozzle width had on the loading of the blade, all subsequent
experiments were carried out in the large anechoic wind tunnel (and subsequent CFD
simulations included the sidewalls of the nozzle, as described in (Moreau et al., 2003)).
It can be noted that an airfoil in open-jet wind tunnel is similar to, but different from
isolated airfoil studies (see Raj & Lakshminarayana (1973)) which have a single airfoil
installed in closed test sections (i.e. with parallel bounding walls as the boundary
conditions on the pressure and suction sides). It is also different from various cascade
studies (see Hah & Lakshminarayana (1982)) which have airfoils that are identical
to the airfoil being studied as upper and lower boundary conditions. These ideas are
further discussed in Sec. 5.3 and comparisons with isolated airfoil and cascade studies

are presented.

4.1.2 CD airfoil configuration at MSU

Two different measurement campaigns were conducted in the large ECL anechoic
wind tunnel in 2003 and 2005. The former were reported in (Moreau et al., 2006a).
The crucial dimensions of the large ECL anechoic wind tunnel were subsequently

replicated in the MSU-TSFL, but without the anechoic capability. The MSU facility
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Figure 4.2: The free jet configuration for the CD airfoil (left - MSU, right - ECL).

allowed for additional velocity and pressure measurements to be collected. All of the
data collected in the MSU facility have the same conditions (free-stream velocity, an-
gle of attack, etc.) as those of the ECL measurements. This configuration is shown in
Fig. 4.2. Two disks, with angular positioning capabilities on the end-plates, allow for
the adjustment of the angle of attack of the airfoil with respect to the flow. The CD
airfoil has a 0.134 m chord length, a 0.3 m span, a 4% thickness-to-chord ratio and
a camber angle of 12°. The selected configuration for these studies is the CD airfoil
in the large ECL wind tunnel at a nominal speed, Ux, of 16 m/s (corresponding to
a Reynolds number based on the airfoil chord length Re. = 1.6 x 10°) and a geomet-
ric angle of attack, ag, of 8°. These conditions corresponded to the largest possible
domain within the jet potential core while, at the same time, providing a Reynolds
number that allowed for the on-going numerical simulations. In addition, this con-
figuration has a suction side flow with an adverse pressure gradient but the suction
side boundary layer is still attached at the trailing edge. The conditions yielded by
this configuration are appropriate for noise predictions based on the pressure spectra

at the trailing edge (Amiet, 1976).
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Figure 4.3: Coordinate system used for the CD Airfoil experiments.

4.1.2.1 Coordinate system

The coordinate system with the origin at the trailing edge was used for all of the CD
airfoil experiments, as shown in in Fig. 4.3. The x-axis is aligned with the upstream
flow and its positive direction points downstream. The y-axis is aligned so that the
positive direction points towards the suction side of the airfoil. The z-axis (not shown)

points out of the page.

4.1.2.2 Reference pressure

The operating conditions of the wind tunnel were established by using an upstream
Pitot-static tube shown in Fig. 4.4. This provides the scaling velocity, Ux for nor-
malizing the mean velocity and turbulence data. The location of this Pitot-static
probe is approximately the same as for the ECL experiments and its location did not

change throughout the data collection.

4.1.3 Surface pressure taps and RMPs

The airfoil is equipped with 21 flush-mounted remote microphone probes (RMPs)
(Pérennes & Roger, 1998) as shown schematically in Fig. 4.5. (Three additional RMPs
are located in the spanwise direction at the same streamwise location as RMP No.
25.). These RMPs measure both the mean and fluctuating wall pressures within the

frequency range 20 Hz—25 kHz and they characterize the corresponding noise sources.
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Figure 4.4: Location of Pitot tube used in CD airfoil experiments.

The RMP concept was developed for measuring surface pressures in very small areas,
such as the trailing edge region of thin airfoils, which can typically have a thickness
on the order of 1 mm. The physical configuration is pictured in Fig. 4.6 and the small
tubes that are embedded into the airfoil (with the ends protruding out one side) are
shown. These regions with very small wall thickness make it very difficult to utilize
flush-mounted microphones. Furthermore, the use of “remote” microphones allow for
very small spacing of the measurement locations; however, careful in-situ calibrations
of the microphones must be carried out. This technique was described in (Hoarau
et al., 2006). The present dissertation only used the mean surface pressure capabilities
of the RMPs, but the ability to measure unsteady pressure is an important feature of
this set-up and a similar capability was implemented into the rotating analog to this

experiment, as described in Sec. 4.2.2.3.
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Figure 4.5: Locations of measurement stations on the CD airfoil.

Figure 4.6: CD Airfoil with RMP probes (pressure taps at mid-span region).

4.1.4 Comparison of CD airfoil configuration at ECL and
MSU

Tests were conducted in the MSU experimental configuration to ensure that the two
facilities (ECL and MSU) were equivalent. A comparison of the pressure coefficients
measured at MSU and ECL is shown in Fig. 4.7. These data show that there is
a good comparison between the pressure coefficient data at MSU and ECL. The
absolute values for the ECL data are slightly higher, which is likely a bias error
caused by a slightly different calibrations between the pressure transducer used in
those experiments and the one used at MSU. There are also some slight differences
on the suction side at the leading edge, which could be caused by slight variations in
the installation of the airfoil (since the separation and reattachment regions are most

likely very sensitive to shifts in boundary conditions). Finally, the MSU data show
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Figure 4.7: CD Airfoil Cp data in the MSU and ECL wind tunnels).

excellent repeatability amongst the three data sets that are shown.

4.2 Rotating CD Blade (RCDB) experimental con-

figuration

4.2.1 Axial Fan Research and Development (AFRD) facility

The RCDB experiments were conducted in the Axial Fan Research and Development
(AFRD) facility at MSU. The facility has been used extensively for a variety of low-
speed axial fan studies (Morris & Foss, 2001; Neal & Foss, 2007; Dusel, 2005). The
exterior of the AFRD facility is shown in Fig. 4.8 and the salient features are labeled
in the right-hand side of that figure. The features are also described in detail in the
following paragraphs. The AFRD facility is a vertically mounted wind tunnel that

draws air from the atmosphere into an upper receiver. The airflow from the upper
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Figure 4.8: The Axial Fan Research and Development (AFRD) Facility.

receiver, through the metering system and into the lower receiver is induced by a
large (Chicago Design 36 SISW SQA Airfoil) centrifugal fan. A novel flow metering
system (see Morris et al. (2001)) makes use of the moment-of-momentum flux through
a 90-degree turning vane system to measure the total mass flow rate. A wall tap in
the ceiling of the AFRD facility is used to evaluate the pressure change across the
fan (from atmosphere to receiver). A +/-1% feedback speed control unit powers the
11.2 kw (15 HP) motor that drives the fan. Many of the previous studies have used
a Himmelstein 22.5 N-m torque meter to determine the shaft power input to the fan.
This was replaced for this study with a slip ring, which is described in Section 4.2.2.1.
A once-per-revolution sensor on the main shaft provides the trigger signal needed for
phase sampled measurements. The installed traverse system permits radial, axial
and azimuthal positions of hot-wire sensors to record the wake region of the fan.

The inlet contraction, the hub with its multi-blade attachment capability and the
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Figure 4.9: RCDB mounted in the AFRD (left - upstream view, right - downstream
view

centerbody to cover the installed instrumentation were all supplied to the TSFL by
Valeo. These components are shown schematically and via photographs in Fig. 4.9.
The installation details, such as the immersion, follow guidelines that were developed

during the design process that is described in Chapter 3.

4.2.2 Instrument cluster in the RCDB hub

A custom instrumentation cluster was designed and assembled for the RCDB ex-
periment, using a combination of stock components and a custom circuit board. An
overview of the cluster can be seen in Fig. 4.10. The details of the various components

that comprise this instrumentation cluster can be found in the following sections.

4.2.2.1 Slip ring

The design of the instrumentation cluster for the RCDB required electrical connec-
tions between the stationary (i.e. lab) and the rotating (RCDB hub) reference frames.
This was accomplished through the use of a single shaft-mounted slip ring which is
shown in Fig. 4.11. The model used was the SR20M made by Michigan Scientific cor-
poration. The SR20M uses gold alloy rings and precious metal alloy brush contacts.

The contact resistance variation is typically 0.05 ohms and the typical contact life
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Figure 4.10: RCDB instrument cluster

is 200 million revolutions. This assembly imparts very low noise on the transferred
signal and also it requires no maintenance to ensure high performance. The SR20M
allows for 20 individual circuits to be connected, each with a maximum current draw
of 500 mA. This slip ring assembly also mounts on the end of the shaft, as shown in
the right-hand side of Fig. 4.11, which allowed it to be retro-fitted into the existing
AFRD configuration. This type of slip ring was used by in the paper by Fukano
& Jang (2004), where measurements were collected in the rotating reference frame
with a single normal (SN) hot-wire probe. In their experiment, the hot-wire cable
was split through the slip ring, allowing them to use a stationary anemometer with
a rotating probe. The authors noted that the very low-noise characteristics made
this particular model desirable. Despite these low-noise characteristics, the design
of the RCDB instrumentation cluster omitted the need for transferring analog data
connections, which can be adversely affected by the noise (i.e. variable resistance and
the corresponding variable impedance) imparted through slip rings. The concern is

that this fluctuating resistance would be indistinguishable from any fluctuating flow
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Figure 4.11: Slip ring assembly (left - uninstalled, right - installed in the AFRD
Facility)

phenomena that may exist in the flow field. Therefore, only three connections were

made through the slip ring:

1. The DC power connection that transferred power into the RCDB instrumenta-

tion cluster.

2. The USB 2.0 connection for two-way communication between the stationary

computer and the rotating (hub mounted) A/D board.

3. The sync line to send the clocking pulse from the stationary A/D to the rotating
(hub-mounted) A/D. The stationary A/D was required to measure the needed
variables in the stationary reference frame, such as the optical encoder, the

AFRD upper receiver pressure and the AFRD flow rate.

The current limit of 500 mA for each circuit on the slip ring required that the DC
power connection be divided over several slip ring circuits. Also, both the USB 2.0
and A/D clock use cable types that have multiple wires, so each wire inside these

cables used a separate channel on the 20-channel slip ring.

47



Figure 4.12: Pressure taps embedded into RCDB

4.2.2.2 Level 1: A/D board

All measurements made in the rotating reference frame were digitally sampled by an
analog-to-digital (A/D) converter that was mounted in the RCDB hub. The model
used was the DaqBoard/3035USB manufactured by I0Tech, Inc. This device has 32
differential or 64 single-ended data channels available and its compact design (15.24
cm x 15 cm) was well-suited for mounting in the RCDB. Additionally, this device is
both powered by USB 2.0 and also transfers data by USB 2.0. This connection was

made using the slip ring described in Section 4.2.2.1.

4.2.2.3 Level 2: Pressure and temperature mezzanine board

The ability to measure the pressure on the RCDB required the mounting of pressure
transducers inside the hub. The RCDB, like the CD airfoil, was equipped with 24
total pressure taps that were embedded into one of the blades of the RCDB. A
set of 22 small MEMS-based pressure transducers (see Fig. 4.13) are mounted on
the instrumentation cluster. These devices were made by Allsensors Corporation
(model-type 1-INCH-D2-4V-MINI) These are capable of measuring pressures ranging
from 0-249 Pa, which is nominally the range for most of the surface pressure data,

particularly for the operating condition used for the velocity measurements. Two
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Figure 4.13: Allsensors MEMS-based pressure transducer

additional pressure transducers were added to measure the two pressure taps near
the leading edge on the suction side, which had values that would saturate the low-

range (0-249 Pa) transducers for the lower solidity cases (as seen in Fig. 3.16).

Additionally, a set of amplifiers to be used with condenser microphones are mounted
on a platform in the hub. These microphones allow for the unsteady surface pressures
to be measured. The MEMS pressure transducers and microphones can be combined
using an RMP that is very similar to what was used in the stationary CD airfoil and
also described in Sec. 4.1.1 and also in Pérennes & Roger (1998). The amplifiers are

installed in the RCDB, but the microphones were not mounted for this study.

Temperature measurements in the rotating reference frame, primarily used for
temperature compensation for the rotating reference frame hot-wire anemometry mea-
surements, were accomplished through two small IC thermocouple units. These units
were also mounted on the same board/level as the pressure transducers and micro-
phone amplifiers. The specific device is manufactured by Analog Devices (model
ADA595), and it is a complete instrumentation amplifier and thermocouple cold junc-
tion compensator that can be used with type J, K or T thermocouples. Readily
available type-T were used in this experiment. Additionally, the AD595 is able to

produce a (10 mV/°C) output directly from a thermocouple signal.
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Figure 4.14: Compact anemometers in RCBD instrument cluster

4.2.2.4 Level 3: Hot-wire constant temperature anemometers

Two TSI 1750 anemometers were mounted in the instrument cluster in the RCDB.
These devices were tested and evaluated in advance and shown to give sufficient
frequency response (fo > 20k H z) when used with the custom fabricated probes for the

rotating reference frame measurements. These anemometers are shown in Fig. 4.14.

4.2.2.5 Level 4: Pressure reference chamber

The differential pressure transducers require a known reference pressure. The desired
reference pressure for the RCDB experiment is the ambient atmospheric pressure,
Pgatm, since this is used the stationary CD airfoil experiments. However, locating Py¢m
in the rotating reference frame is a non-trivial task. This was accomplished through
the use of an isobaric reference chamber, as shown in Fig. 4.15. This chamber provides
a known reference pressure for each of the 22 small pressure transducers. The top of
the chamber is left open so that it feels the pressure under the cover of the RCDB
hub, which is assumed to be the same as that of the upper receiver of the AFRD.

This configuration allows for the surface pressure measurements to be corrected so
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Figure 4.15: Isobaric reference chamber in the RCDB

that the reference pressure is the atmospheric pressure, since the relationship of the

upper receiver pressure to the atmospheric pressure is known.

4.2.3 Centrifugal correction for pressure transducers

The 22 pressure transducers that are mounted in the RCDB hub are used to measure

pressures that exist at the mid-span of the blade. There is a radial separation that

exists between the pressure taps at the blade’s mid-span and the pressure transducers

(see Fig. 4.16) and this creates a pressure gradient in the rotating reference frame:

o _ v?
Br_pr

where V = rw, so Eq. 4.1 becomes:

BP_ 7'20.}2_ 27"
ar_p r =l

Separating variables and integrating both sides

oP 9
—8—;dr = /pw rdr
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yields the following relationship:

P(r) = P(0) + 22T (4.4)

Since the radial location of the pressure transducers, Tsensor, is different from the
radial location of the pressure taps on the blade, 744y, the measured pressure will be
altered due to the centrifugal accelerations and a correction must be applied. Note

that all the taps are at the same radial position (774ps = 303 mm).

2,2
PWTtq

Praps = P(0) + —52* (4.5)
2.2

Psensoﬂr = P(O) + W (4‘6)

Subtracting Eqgs 4.6 and 4.5 yields the pressure correction that must be applied to

the input pressure:
2( 2 2 )
Pw\Ttaps — Tsensor

2

APeorr1 = (4.7)

The pressure correction, A P.,-r1 represents the correction needed to accurately mea-
sure the pressure, Pygpg at a smaller radius than where the taps are located (i.e.
remote mounting). This correction must also be applied to the reference pressure
(since the pressure transducers are differential, i.e. APmneas = Piap — Pre f), which is
measured at a larger radius, Tsensor > Trej- The reference pressure must be corrected

to account for the larger radius:

20,2 2
pw (Tref - Tsensor)

AP, corr2 = 2

(4.8)

The radial distance from the center of rotation to the measurement locations for Pyqp
and Py is denoted by rtgp and 7y, resp. Given that the location of the isobaric

reference chamber is at the center of rotation, 7.t = 0. In the current configuration
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Figure 4.16: Description of centrifugal correction terms
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Tsensor > Tref, SO the reference pressure must be reduced to account for the larger

radius. These two corrections are combined in the following manner:
[Ptaps - Pref] = APmeas + APcorr1 + APcorr2 (4‘9)

The expression APpeqs represents the differential pressure as measured from the
MEMS pressure transducers and AP, is actual pressure difference that would be
measured if the both the P, 7 and Pygps existed at the same radial location. Eq. 4.9

can be written as follows:

2.2 2
pw (rtaps - 7'sensor)

2

2

200~
— (‘PTef + p"d (0 TS@HSO‘T‘ ) (4'10)

APmeas = Ptaps + 2

Which yields the final relationship between the actual differential surface pressure,

Piap, and the measured (in the present experiment) differential surface pressure:

2,2
pw Ttaps

[Ptaps - Prej] = APmeas + 2

(4.11)

4.2.4 RCDB coordinate systems

4.2.4.1 Conventional turbomachinery coordinates

The conventional coordinate system, used in axial turbomachinery, is a polar coordi-
nate system, r—0-z, where z is along the axis of rotation, @ is in the plane of rotation,
and r is along a radial line that is normal to the axis of rotation. This coordinate
system is shown in Fig. 4.17. The data collected for this study have been processed
using this coordinate system; however, they are not presented here in this from. It
is anticipated that data processed in this coordinate system would be of primary use
for CFD simulations. Since the primary purpose of this study is to evaluate the flow

field of the RCDB in contrast to that of its stationary analog, a different coordinate
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Figure 4.17: Polar coordinate system typically used for turbomachinery studies

system is used. This coordinate system is presented in the following section.

4.2.4.2 Rotated coordinates for comparisons with stationary CD airfoil

The coordinate system used to present the data in the RCDB studies is shown in
Fig. 4.18. This is unconventional for typical turbomachinery studies, but it allows
for the data to be presented in a form which allows for a relatively direct comparison
with the CD airfoil. However, one important distinction remains between the two ex-
periments. Because of the Hmitations of the traverse in the AFRD facility, the u—v-w
velocities are presented in traverses along the r—6-z directions, with the streamwise
direction being the z—direction and the normal direction being the #—direction (typi-
cally presented in 76 coordinates to yield proper dimensions). The r—direction in the

RCDB is consistent with the z—direction in the CD airfoil experiment.

4.2.5 Rotating hot-wire traverse

Rotating HWA data were collected using a rotating traverse, shown in Fig. 4.19. This
traverse was designed to position the probe at the midspan of the blade (r = 303 mm),
while allowing for the probe to traverse in fine increments in the §—direction. The
features of this traverse are marked by letters in Fig. 4.19. The related content is

described below:
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Figure 4.18: Coordinate system used for comparisons with CD airfoil data

(A) Collar that supports the probe positioning assembly. This component was criti-
cally important to ensure that fine adjustments could be made during the mea-

surements.
(B) Counter weight to ensure balance.

(C) Radial arm that allows the probe tip to be accurately spaced near the blade’s

trailing edge.

(D) Vertical support to provide counterweight for centrifugal forces imparted on X-

probe. This maintains the radial position of the X-probe.
(E) Probe used for the measurements.

The vertical alignment of the probe is accomplished by an adjustment that is enabled
in the vertical support, shown in item (D). A close-up view of item (A) is shown
in Fig. 4.20. This figure shows the lead screw that is positioned between two brass
inserts. The two brass inserts and lead screw can be removed prior to spinning
the RCDB to reduce the weight (and added potential for imbalance). However, it
was found that leaving these pieces installed did not affect the rotational balance
of the RCDB experiment. Adjustment of the lead screw (back and forth) allows

for the angular position (rA#) of the rotating X-probe to be moved relative to one
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blade of the RCDB assembly. The angular position was adjusted while maintaining
a constant radial position (r = 303mm). This allowed for various points in the wake
to be measured at the midspan in the rotating reference frame. Angular adjustments

of rAf = 0.4 mm were possible with this rotating traverse.

Figure 4.19: Rotating traverse assembly used for rotating X-probe measurements
(see Sec. 4.2.5 for the legend entries A-E).

4.3 Particle Image Velocimetry (PIV)

Planar PIV measurements were collected for both the CD Airfoil and the Rotating
CD Blade (RCDB) experiments. A commercially available system from LaVision,
consisting of an ND-Yag laser (New Wave Minilase III, 50 mJ/pulse at 532 nm), and
a LaVision Imager Intense CCD camera (12-bit, 1376 x 1040 pixels and the ability to
collect two images with 500 ns interframing time) were the core components of the
system. Proper seeding of the flowfield was accomplished through the use of a Laskin
nozzle seeder. Processing was performed using DaVis 7.2 from LaVision, which has
the highest accuracy of any commercially available software (Stanislas et al., 2008).

In both PIV experiments, it was not easy to directly image at a 90° angle to the laser
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Figure 4.20: Close-up view of the fine positioning assembly of the rotating traverse.

plane, so it was necessary to image at an angle substantially greater than 90°. A
Scheimpflug adapter was added to the camera to provide a uniform depth-of-field by
creating an intersection between the image, subject and lens planes. Image correction
was accomplished using DaVis 7.2 to account for distortions introduced using the

Scheimpflug adapter and imaging at an obtuse angle.

4.3.1 CD Airfoil in the 0.61m x 0.61m wind tunnel

The PIV experiments for the CD airfoil used two different measurement planes: i)
one with the image at the trailing edge and ii) one slightly downstream, as shown in
Fig. 4.21. A slight overlap between the two image planes was present. The image
planes were slightly trapezoidal, as result of the image correction described above.
The general layout of the system is shown in Fig. 4.22. The left picture in Fig. 4.22
shows the experimental configuration in normal lighting conditions. The laser is posi-
tioned downstream and fires upstream towards the trailing edge. The CCD camera is

positioned below the jet flow and points upward and slightly downstream to properly
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Figure 4.21: Two measurement planes used for PIV experiments

Figure 4.22: Left: PIV set-up for the CD Airfoil. Right: PIV set-up during data
collection.

image the trailing edge region. The Laskin nozzle seeder is shown just below the
downstream tunnel inlet. The smoke particles are introduced downstream and then
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