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ABSTRACT

The Ilaminasturbulent transition has significant influence on determining the
aerodynamic céracteristics of immersed bodies such as evolution of losses, the
appearance of separation and stall. Also, the trandgbaviorhas a dominant effect

on the distributions of wall shear stress and surface heat transfer. To predict and
manage the turbuhee in different flow cases is beneficial for optimum advantage,
namely, to reduce it when it is harmful (e.g. to decrease the skin friction or heat
transfer) and to increase it when it is desirable (to avoid flow separation). The
prediction of transitiorat high freestream turbulence is of particular importance in
turbomachinery where the boundary layer state defines the blade heat transfer and the
flow separation margins.

This project report presents a study on measurements and prediction of daminar
turbulent transition at high frestream turbulence in boundary layers of the atfoil

like geometries with presence of the external pressure gradient changeover. The
experiments are performed for a number of flow cases with different flow Reynolds
number, turbilence intensity and pressure gradient distributions. The results were then
compared to numerical calculations for same geometries and flow conditions. The
experiments and computations are performed for the flow parameters which are
typical for turbomachiery applications and the major idea of current study is the
validation of the turbulence model which can be used for such engineering
applications.

Key words: Aerodynamg LaminarTurbulent Transition, High FreeStream
Turbulence,Shear Stress, Heat Tré@as Turbulence, Flow Separation,
Turbomachinery, Laminar, Pressure Gradient, Experiments






Preface

In this project some tests have been done to find out the effect of certain flow
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extraordinary processspecially for engineering applications. The project was carried
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Technology, Sweden.

This project has beesupervised byAssociated Professd@r. Valery Chernorayand
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GoteborgJune2011

Bercelay Mauricio Niebles Atencio

CHALMERS, Applied Mechanics Mast er 6s Thesis 2011: 37 11



CHALMERS, Apgdied Mechanics Mast er d6s Thesis 2011: 37



Notations

Roman upper case letters

Cp Pressure Coefficient

K Acceleration parameter

H,, Shape Factor

Re Local Reynolds number

Reg Reynolds number based on the momentum thickness
Tu Turbulence intensity of the freestregmer cent

u Velocity of the freestream

Roman lower case letters

dy Differential of the distance from the wall the boundary layer
du Differential of the velocityn x-direction

dx Differential of positions in the streamwise direction

u Flow velocity inside the boundary layer

X Coordinate in the streamwise direction

y Coordinate normal to the surfac

z Coordinate in the spanwise direction

Lower caseGreek

a* Displacement thickness

g Momentum thickness

Ag Pressure gradient parameter
v Kinematic viscosity
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Subscripts

Beginning of transition

o Freestream value

0 Surface value

ref Reference

rms RMS

max Maximum

Abbreviations

CAD Computer Aided Design

CCA Constant Current Anemometer

CTA Constant Temperature Anemometer
DNS Direct Numerical Simulation

PC Personal Computer

RMS Root Mean Square

T-S Tollmieni Schlichting(wavey
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CHAPTER 1

INTRODUCTION

No flow in nature and engineering applications is disturbdres The disturbances
present in the flow field may enter the boundary layer via its boundaries, which may
be the wing surface and the edge separating the layer from the free stream. An
example is the roughness or vibrations of a wing surface, the sowed waeddies in

the free stream. These disturbances may transfer energy to the boundary layer and
establish boundarlayer instabilities which may amplify and attain amplitudes far
above those of the external disturbances. The sensitiveness of the pdapdato
external disturbances is called Receptivity. Once these disturbances are present in the
flow, a different behavior is often the consequence.

Thetransition fromlaminar toturbulent flow is a series of processes by which a flow,
generally by igreasing its Reynolds number, passes from laminar or regular regime to
turbulent or irregular regime. Understanding the transition is very important for the
efficient turbulence control. Knowing how, when and where this process takes place
is beneficial incases where the turbulence is necessary to be avoided (in cases when it
is harmful), but also in cases where the turbulence might be desirable twtgrdon
instance, better fluighixing or in other words, to manage turbulence efficiently. It is
also krown there is a strong relation between transition and flow separation, which is
a nondesirable phenomena in most tife engineering applicationd.herefore,
understanding the transition may lead to a better control of separation.

Rayleigh established in880, that transition is a stability problem of the flow which

can be seen as a dynamic system subject to perturbations or disturbances. When these
disturbances cannot be attenuated the stability is [Diseé process by which
disturbances penetrate the bdary layer and create instabilites is named
Areceptivityo. | ni-B iwavksl are, gensrated| but waemphe i t ude
amplitude increases, secondary instabilities promote the transition to turbulence.

The receptivity phenomenon has been studied bgymasearchers, but it is not
completely understood and more investigation is needed. Schrader, Brandt et al [1]
have found that the boundary layers in blunt leading edges are more receptive to axial
free stream vortices with low frequencies and in thacess nofimodal instabilities

are generated. Also, in the case of vertical free stream vorticesyoaeal instabilities

are created for low amplitudes. In this case, the vortices pass from being vertical to
axial due to the effect of vortex stretching ditithg. They have also found that span
wise vortices trigger IS instability through wavelength reduction of the upstream
boundarylayer disturbance due to ngarallel effects at the leading edge. Finally,
they observed an adverse pressure gradierawlh the acceleration on the nose
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causes the most pronounced effemighe instability developmenDther works have

been conducted in receptivit@aric et a[2] reviewed the leading edge receptivity to
external disturbances when produced by sound@unti validation of theory aspects

of transition, due to the agreement between theory and experimen3 avughness.

They also found agreement between theory and experiments in regard to leading edge
receptivity coefficients and concluded that the expents together with DNS
simulations are highly important for providing relevant information to help in the
understanding of leading edge receptivity.

The transition phenomenon as such has also been investigated previously for sharp
leading edge plates ba unique relation between the transition Reynolds number and
turbulence has not been completely well defined, because some other parameters play
an important role in the transition boundary layer, sudurdmilence intensity of free
stream, streamlineucvature, flow pressure gradient, etc. In a recent work, Zhigulev,
Uspenskii and Ustinoy3] studied the effect of turbulence scale and leading edge
shape on laminaturbulent transition in the flat plate boundary layer due to grid and
found that for plate with sharp edges, the fluctuation growth and the laminar
turbulent transition point depend namnotonically on the turbulence scale.

In trying to understand the transition process, plenty of data and information has been
collected from experiments ifat plates, but not much information and data has been
collected and is available when it comes to understand the effect of free stream
turbulence levels in the development of boundary layers along an airfoil or a vane,
which is worthy to say that has aitgularge application in engineering. Randomsky

and Thole [4] presented measurements of the mean and turbulent flow field in the
inviscid region of a turbine blade for low and highly turbulent flow field. They
showed that in the inviscid region, the tudmi kinetic energy remains relatively high

and also found some augmentation of the heat transfer near the leading edge and the
pressure side as well, due to the high turbulence level. The same authors in another
paper [5], show that for laminar profilediet mean velocity profiles seemed to be
consistent, but when it came to high free stream turbulent conditions, large velocity
fluctuations in the pressure side of the airfoil where observed. They also found that
the transition moved upstream in the sucsate due to free stream turbulence.

The nature of the transition itself allows the identification of turbulenttodsulent
patterns which were first observed by Corrsin in 1943 [6]. This phenomenon was
termed intermittency and later on, Kovasznay ef/lintroduced the intermittency
factor to identify turbulence, so that it is one when the fluid is turbulent and zero
otherwise.

Maybe one of the best papers regarding the study of the effect of pressure gradients
and turbulence levels on transition ig ttne authored by AbGhannam and Shaw [8]
proposing methods to calculate the momentum thickness Reynolds number for the
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start and the end of the transition zone, defined by them as the region in which the
intermittency factor ranges between 0.25 and 0.75.

Some other studies in transitional boundary layers subjected to different pressure
gradients and turbulence levels have been carried out: Gostelow et al [9] found that at
strong adverse pressure gradients, transition occurs quickly but it seems that the
velocity profiles do not reflect this before the transition is completed. In another
paper, Gostelow and Walker [10] carried out experiments under high turbulence
levels and adverse pressure gradients and found that close to the wall region within
the bouwlary layer, a turbulent pattern was found to be not much affected by the free
stream conditions. The outer part of the boundary layer is more strongly affected by
turbulence level and pressure gradieRinally, in another paper together with
Salomon [11],the same researchers presented a new method for calculating
intermittency in transitional boundary layers with rapidly changing pressure gradients,
which is based on experimental studies using the pressure gradient parameter.
Johnson and Ercan [12] alsoepented a new method for predicting boundary layer
transition by modeling the near the wall fluctuations of velocity induced in the
laminar boundary layer.

Mayle in his wellknown paper,[13] mentions some experiments performed by
Gortler in 1940 and Ligpan in 1943, who analyzed the effect of curvature on
transition. From the experiments carried out by the latter, the transition Reynolds
number depends on the turbulence level and ondtawgthe curvature is and seems

to have a nomegligible effect inlow pressure turbines and small engines, where a
delay can be found. For compressors, the effects are negligible but still more data and
studies are needelh the same paper, Mayle keeps the discussion regarding the effect
of curvature on transition and/lusing a curvature parameter, analyses its influence
on transition Reynolds number. Moreover, he goes through the transition in different
components based on what has been observed and found by other researchers and
designers.

Other researchers such aari® and Bera[14] presented in their paper the results of
their boundary layer measurements on pressure and suction sides of a turbine inlet
blade and found on the pressure side that the onset of the transition, for low
turbulence levels, occurs when @ér vortices have been found. On the other hand,

for high turbulence levels, the transition occurs at the beginning of the pressure side.
The turbulence effect in the pressure side is considerable compared to that of the
suction side. On the suction sidey low turbulence levels, the transition occurs
before the flow may get separated and for higher levels of turbulence, the transition
moves upstream to the leading edge.

Van Treuren et a]15] conductedexperiments in the suction side of a low pressure
inlet turbine for low free stream turbulence level and high free stream turbulence
levels. In both cases they worked with low Reynolds numbers (25000 and 50000). At
the lowest end of this range, they found strong and steady separation unable to be
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correced either increasing the turbulence level or using vortex generator jets. When
they worked with Reynolds number 50000, strong separation of the flow downstream
the suction side of the vane was found for low free stream turbulence levels, but also
they fourd opportunities to reattach the flow by introducing vortex generators and
when increasing the turbulence levels.

In spite of the previously mentioned works, more information and study has to be
performed in order to understand the effect of the differantsles on the transition
process over the airfoils, vanes and blades, which are, as previously said, present in
many engineering applications. The aim of this project is therefore, to perform
experiments in the conventional wind tunnel of the DepartmieApplied Mechanics

at Chalmers University of Technology with the help of the-vioé measurement
systems to investigate the effect of nose radius variation on the transition point and
heat transfer rate of an ellipsoid to simulate and generalize thiesres
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CHAPTER 2

THEORETICAL REVIEW
2.1Boundary Layers

As an object moves through a fluid or when the fluid is moving past an object, the
fluid particles are disturbed and forced to move around the object, creating
aerodynamic forces hegeen the object i the fluid. These forces depend in
magnitude on some factors such as the shape and of the object, the mass flow passing
by the object and on two quite important fluid properties, which are the viscosity and
the compressibility.

There is a complex depescy of the aerodynamic forces on the viscosity of the
fluid. As the fluid moves past the object, softued particleswhich are right next to

the object stick to the surface and those just above the surface are slowed down due to
the collisions with thdluid particlessticking to the surface. In turn, theparticles

slow down the ones passing above them. This process occurs continuously and the
farther one moves away from the surface, the fewer the collisions due to the object
surface presence. A thinyler of fluid is then created in which the velocity changes
from zero at the surface to the free stream value away from the surface. This is the so
called boundary layer.

The flow within this layer could be either laminédor low Reynolds number), or
turbuent (high Reynolds number) and the manner in which the velocity changes
through the layer is shown as indicatedFagure 1 by the velocity profiles. Unlike

the laminar profile which grows slowly, the turbulent boundary layer profile is much
fuller with arapid increase of the velocity close to the object surface. The difference
in these profiles is due to the viscous forces. In the laminar case, these forces are
parallel to the flow direction, leading to a gradual increase in velocity between the
layers.In the turbulent case, fluctuations in all directions appear causing an exchange
of momentum between layers and as a consequence, the velocity profile is more
uniform than the laminar case.

I i1
Y

Laminar

— e wes = S

Velocity

Figure 1:Laminar and Turbulentelocity pofiles
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Frictional forces always try to introduce rotation between the particles in motion, but
the viscosity at the same time prevents the rotation to occur. Depending on the relative
value of these forces we can have different flow states.

When the shear rate is low, the iti@rforce is greater than the friction and the fluid
particles move but not rotate, or do so with quite small energy. The result is a
movement in which these particles follow defined paths and all those passing through
a point in the flow follow the san@ath. The flow is laminar.

By increasing the shear rate, the friction between neighboring molecules to the fluid
increases and these acquire a significant rotational energy. The viscosity is lost and
due to the rotation, a change in career is experiengettido molecules, increasing
collisions and the change of direction. The flow is now turbulent. It is worthy to
mention that daminar sublayer, also called théscous sublayer, is formed at this
region of mainlyturbulentflow which is near theo-slip boundary The existence of

such sublayer can be explained taking into account that the flow vetlatteases
towards the nealip boundary, where the influence of the viscosity the largest.
Because of this, thReynolds numbedecreases until at some point the flow crosses
the threshold from turbulent to laminar. Generally speaking, the viscous sublayer
extends from the surface to a distance of about 10 to 20% of the boundary layer
thickness and can be separated mainly into two regions: a linear sublayer where
velocities vay linearly from the wall and the viscous forces are much larger in
magnitude than the turbulent shear stresses, and the other region in the viscous layer is
the buffer layer in which the viscous and forces and turbulent shear stresses are the
same magnitde. Figure Zhows a boundary layer sketch and its basic features.

u=0.99U
Free stream velocity Nominal Limit of
u Boundary Layer —
Transition e i
Region (short)
—_— —>| |<— Turbulent o 5
u
A
—
Laminar l ‘ Y

Leading Edge
Transition Viscous Buffer

Point Sublayer Zone Graph of velocity u
against distance y from

% surface at point x

—- -

Figure 2: Featuresin boundary layersfrom[16]

The thickness of a boundary layer has been defined in different ways. @mesef
definitions considers the boundary layer thickness from the point of zero velocity (at
the surface of the object) up to the point where the velocity of the flow within the
boundary layer is 99% of the main flow velocity. Another definition of bouyndar
layer thickness introduces the term displacement thickinesshich is the distance

that the outer streamlines defliect outwards due to the presence of the object’s
boundary layer. Finally, the momentuimckness, g, is referred aghe distance the
object should move parallel to itself in the inviscid fluideatm in order to get the
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same momentum as the one existing in the viscous fiuigigure 3 it is possible to
see graphically the displacement thickness definition.

T u(y)

Shaded Areas Have Equai Area
Figure 3: Displacement thickness sketdtom [17].

U *andé arecalculatedwith the flowvelocity in the boundary layer andfreestream

velocity U:

5 = J:C(i— %) dy

6 = j:%(i—%) dy

The boundary layer may lift off or "separate” from the body creating an effective
shape quite different from the physical shape. This happens wheowheanflrelation

to the free stream, has very low energy and is more easily driven by pressure changes.
The effects of the boundary layer on lift are contained initheoefficient andthe

effects on drag are contained in thag coefficientThe shape factdfli» defines the

nature of the flow and is the ratio between displacement thickness and momentum
thickness. Hyh values forH:> indicate strong adverse pressure gradient and higher
risk of separation [d].

2.2 Transition

Transition is a series of processes which take place and make a certain flow pass from
laminar regime to turbulent. The existence of disturbann the flow is a necessary
condition for the transition to occur. However, that instability does not lead
inexorably to transition and there might be a significant streamwise distance between
laminar and transitional flows. If disturbances die awaynef the flow is said to be
stable. Otherwise, the flow is unstable and the possibility of transition increases
greatly.

Current studies are devoted to identify conditions for inception and development of
disturbances. It is of particular interest, forample, to predict accurately the
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Reynolds number at which the disturbances are amplified and transition to fully
turbulent flow takes place.

Transition is mainly affected by Reynolds number, but also pressure distribution,
roughness and turbulence intépsof the outer flow.At low turbulence of the
incoming flow the transition occurs as depicted in Figuraviich is taken from
Versteegand Malalasekerfl9]. When a disturbance is present in the flow, the so
called unstable Tollmieschichting (T-S) wawes are developed in the flgwwhich
areoriginally two dimensional (D), amplified in the flow direction and described by
linear theory (these are the primary instabilities). These disturbances grow slowly
until the wave is about at 1 or 2% of the freean velocity. The amplification takes
place over a limited range of Reynolds number. Therefore, a downstream attenuation
of the amplified waves is possible and the flow consequently, remains as laminar. As
the amplitude increases, the disturbances bedoexerably three dimensional-3)

and the linear theory is no longer able to describe its behavior. These disturbances
lead toL -structures or vortices, which are commonly aligned originating tiygo&
transition. A high shear region is induced and thtensified, elongated and rolled

up. Further a cascading breakdown of théh shear layer into smaller units are
followed by the generation of the so called turbulent spots, which then merge
downstream forming the turbulent flow.

Re =Re,;

1
1
Flow =
—— !
|\‘\ —— P
r(/ —
1S —— @
= >—‘ , FONC N
| R~ L -_."_"“_‘:‘-,
3D distortion In-phase arrays Turbulent  Merging of Fully turbulent flow
of T - S waves of hairpin spot turbulent spots
vortices (K-type)  formation
T - S waves

Figure 4: Disturbance developmemluring natural transitionn boundary layers
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Re,

Figure 5 Disturbance development during-pgss transition [20].

2.2.1Types of Transition

Some important processes have been identified and NiE3jenention themn his
paper in 1991

1 Natural transition i s t he mo d e mo s t t hought of
mentioned, and this occurs as a weak instability grows in a laminar boundary
layer until subsequent breakdown and formation of turbulence. This process
involves the completion of several gés. Summarizing, these are: 1) The
Reynolds number momentum thickness reaches a critical \Régg &t which
the boundary layer becomes susceptible to small disturbances, developing
instabilities in the form of the twdimensional TS waves, which 2) gw and
develop into threelimensional instabilities. 3) These instabilities continue
growing and end up into high fluctuation vortices. Finally, 4) these vortices
develop into turbulent spots, which coalesce downstream into a fully
developed turbulent bodary layer.

1 Bypass transitionwhere some or the entire laminar breakdown process does
not occur, and is instead driven by free stream unsteadiness. In other words,
some of the stages in natural transition may be bypassed, particularly in the
presence of kge freestream disturbances, the presence of side walls or large
roughness. In this case, the turbulent spots are directly formed within the
boundary layer due to the free stream unsteadiness. Since the first stages are
bypassed, linear instability is @levant and no -5 waves are foundrigure 5
displays the major transition stages for this case. (I) The initially laminar
boundary layer is modulated by longitudinal streaks. (Il) The-frigduuency
wave packets are generated and the incipient spotsraned as the Reynolds
number exceeds a critical level. (Ill) The turbulent spots are developed and
merged.

1 Separatedflow transition occurs when a laminar boundary layer separates
and transitions in the freghearlayerlike flow near the surface. In thtase,
the flow reattaches as a fAbubbled on tl
occur near the leading edges of blades and near the point of minimum pressure
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on the suction surface sides. Of all of the modes, sepdtatedransition is

the most crual for compressor and low pressure turbine design. By a proper
understanding and utilization of separatieav transition through separation
bubbles, an increase of low pressure turbines, compressors andsgiads
turbines efficiency may be reached.

1 Reversetransiton often call ed firelaminarizati or
turbulent or transitional region is affected, usually by a strong favorable
pressure gradient, so it becomes laminar. An instantaneous snapshot of the
flow over a single airfoilmay include laminar flonnear the leading edge,
followed by a wakeor shockinduced transition which is in turn replaced by a
relaminarization with subsequent transition to turbulence occurring at multiple
locations simultaneously.

2.2.2Effect of PressureGradient on Transition Onset

Continuing with Mayle, in the same paper an analysis of the pressure gradient effect
on boundary layer transition is presented. The onset of transition and its length is
normally presented in terms of the pressure gradient anpeter,

hg = (8% /v)(dU/dx) especially for natural transition processes. This parameter
however, seems to be not very appropriated for other forms of transition and the

acceleration paramete¥ = (v/UZ2)(dU/dx) is used instead, especially for flows
with favorable presure gradients.

In general,Reg, is increased either by increasing acceleration or by decreasing the
free stream turbulence intensity. For low turbulence intensities, the effect of
acceleration is strong but for some engineering applicationsasughs turbines, the
turbulence intensity prevails on transition.

Another conclusion worthy to mention from Mayle’s paper is that the effect of free
stream turbulence intensity on transition is much stronger for favorable pressure
gradient flows than advee pressure gradients.

Abu-Ghannam and Shaw [8] are two of the few researchers who have conducted
studies in nofzero pressure gradients. They found that for decreasing adverse
pressure gradients, the Reynolds number momentum thickness at start @ibtransi
decreases as the reference velocity increases. At lower reference velocities, the
transition starts further downstream.

2.2.3Effect of curved surfaces on Transition onset

Finally, Mayle mentions experiments performed by Gortler (1940) and Liepman
(1943) which according to their observations, the onset of transition on a convex
surface is somehow similar to that for a flat plate at high-dtessam turbulence
levels.

From experiments carried out by Liepm@®43) a concave curvature could either
deaease or increase the transition Reynolds number depending on the turbulence
level and the curvature strength. The curvature seems to have negligible effects on the
transition onset in all cases except probably in small engines and low turbines of
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medium &ed engines where it could cause a delay. For compressors, the effect of

curvature could be neglected, since their blade curvatures are basically larger than
those for turbines. However, more data and study are required, keeping this issue as a
pending tak.

2.3The Hot Wire Anemometer

It is versatile technique used for measuring velocity and temperature fluctuations in
the time domain for investigations in turbulent flows. This technique is useful for over
wide speedanges from low subsonic to high sugonic flows. This is an intrusive
method capable of detecting turbulent perturbations and measuring of instantaneous
velocities and temperatures at a point in a flow with a large dynamic response because
of the small hewire thermal inertia and its caction in the anemometer.

The advantages of using this technique are listed as follows:

1 Goodfrequency responseneasurements to several hundred kHz possible, 1
MHz also feasible.

1 Velocity measurement: measures magnitude and direction of velocity and

velaocity fluctuations, wide velocity range.

Temperatureneasurements

Two phaseflow: measurements in flows containing continuous turbulent

phase and distributed bubbles.

1 Signal to noise ratio: have low noise levels. Resolution of 1 part in 10000 is
accomplishd.

1 Signalanalysis:output is continuous analogue signal, both time domain and
frequency domain analysis can be carried out. Output can also be processed by
digital systems.

1 Measurement of turbulent quantities like vorticity, dissipation rate etc.

= =4

But at he same time, this technique has some drawbacks which are:

1 Intrusivetechnique: modification of local flow field
1 High turbulenc&ntensityflows:
A Errors due to neglecting higher order terms
A Rectificationerror i insensitive to reversal of flow direction.
1 Contaminationdeposition of impurities in flow on sensor alters the calibration
characteristics and reduces frequency response.
Probe breakage and burn out
Unable to fully map velocity fields that depend strongly on space coordinates
and simultaneously on time.
Spatial array of many probes would be required.
Fails in hostile environment like combustion.

E

T
T
2.3.1Modes of Operation ofHot Wire Anemometers

Constant Current Anemometer (CCA): where the current is kept constant and
variations in wire resistance caused by the flow are measured by monitoring the
voltage drop variations across the filament.
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Constant Temperature Anemometer (GTAThe temperature and hence the
Resistance of the wire is kept constant by using a servo amplifier. The measurable
signal when a change in flow velocity occurs is the change in current to be fed to the
sensor.

Since the CTA is the technique used for tlypeziments carried out for this study,
more details on it will be further mentioned.

The CTA anemometarperaten the basis of convective heat transfer from a heated
sensor to the surrounding fluid, the heat transfer being primarily related to the fluid
velocity.

The velocitysensolis heated to an elevateglative to the surroundingemperature

by means of control electronicEypical measuring equipmegbnstitutes aneasuring

chan. In the hotwire anemometer guide2fl] the measuring chain is explainat:
consists typically of a Probe with Probe support and Cabling, a CTA anemometer, a
Signal Conditioner, an A/D Converter, and a Compufedicated application
softwareis usedfor CTA setup, data acquisition and data analysis. A traverse system
is usedfor probe traverses space. Probe calibration can either be perforimedu or

in adedicated probe calibrat@ee Figure.

Computer
Anemometer N
Probe  Probe Support Probe Cable CTA Signal Connector A/D W

\ \ \ \ Condr‘r\r'oner Box \ Board
LY

e AL Fﬂié > — 0 = =] ]:[‘011000111

Senvo Filler Gain
Bridge loop

< [O
Application

Software

Figure 6: Typical CTA measuring chaif21].

The hotwire sensoris operated by Wheatstone bridge. The circuit tries to keep the
error voltage zero (the resistances of the two lower legs of the bridge match) by means
of an operationlaamplifier. Air (or another fluid) flowing past the velocigensor
(probe) tends to cool ityhich results in decreasing sensesistance. The operational
amplifier responds by immedgly anddelivers more power to the top of the bridge to
maintain the temperature (resistance) constant. As more air flows pastrber

more electricalpower is required to maintaintmlanced bridge. Thus, the faster the

air, the higher theutputvoltage. This is the basic principal of operation for constant
temperature anemometesse Figurer.
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Error voltage

Bridge /‘
voltage

Probe
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Figure 7: Sketch representing the operating principle of the CTA hot wire
anemometej22]

The Hot Wire Anemometer guide previously mentioned also explains basic types of
sensorsThe anemometer probes are available with four types of sensors: Miniature
wires, Goldplated wiresFiberfilm and Film-sensors. Wires argpically 5 &€ m i n
diameter and 1.2 mm long suspended between two nskedped prongd-(gure8a).
Gold-plated wires have the same active length but are coppdrgoldplated at the

ends to a total length of 3 mm long in order to minimize prong interferéngard

8b). Fibresensors are quarfzi ber s, normally 70 em in dial
active length, covered by a nickel tHim, which again is protected by a quartz
coating Figure 8c). Fibresensors are mounted on prongs in the same arrays as are
wires (Figure 8d). Film sensors consist of nickel tHifms deposited on the tip of
aerodynamically shaped bodies, wedges or cones.

b c d

Figure 8: Types of sensors for hot wire anemometers.
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CHAPTER 3

EXPERIMENTAL ASPECTS
3.1 Design of Experimental Modés

For designinghe experimental modesome factors were taken into consideration: its
geometry should be as simple as possible, easy to manufacture and to place in the test
section but at the same time, its pressure coefficient distribution should bendar

as possible to the one on a NACAG airfylpical profile in turbomachine bladed)

was found that attaching a NACAG6 nose part to a flat box all these requirements were
fulfilled and these are the reasohy which this arrangement was chosentlze
experimentamodel. See Figure 9.

0.8+
06+
0.4+

0.2+

0.2+
04}
06+

0.8+

-0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
X m

Figure 9: Comparison of gessure coefficient distribution aNACAG airfoil and on
a modelhavingNACAG6nosepart attached to a flabox.

3.2 Experimental Set Up

Experiments were performed in a linear cascaadlify at Chalmers University.
Figure10shows the configuration of this facility, which is of open circuit blower type
and operates at velocities up to @0s. The cross section of the working part of the
facility is 200 by 1200mm. The tesfacility corsists of a wideangle diffuser, a
settling chamber with a honeycomb and grids, a contraction, and a test section. A 30
kW fan is used to drive the flow.
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Fan Wide-angle diffuser

Wheels

Figure 10: Test facility.

Frame Settling chamber

Contraction

Test-section

Figure1l shows a sketch of the test section of the facility which isppea with an

endwall boundarylayer suction system. Working flow incidence angles are designed

to vary between 0 and 52 degrees relative to the axial inlet flow angleuffient
experiments O degrees). A giiglused to create disturbances in the sgeam and

two turbulence intensitieare procured for tests: 2% and 4%. For testing at 2% free
intensity,

stream tur bul

ence

t he

@0 i d

mm upstream from thpoint wherex=0 (set up of coordinates explained tate this

section) The grid theris moved so that D430 mm, which is thalistance needed to
get 4% freestream turbulence intensity. Different flow velocities (5, 9 and 18 anés)
used and monitored using a PifrMandtl tube connected to a digital micro

manometer, which also had sensors for temperature and absolute pressure readings.

Grid Pitot-tube
N\ .
— N Hot Wire holder and
\ \ probe
____________ o Motion in x-axis
Test Model

Free-stream
Figure 11: Sketch of the facility test section
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The probe positioning is controlled by an automated traversing system. In these
experiments, the inputs received by thistsgswerex, y, z coordinates and therefore

the motion was @limensional and performed by means of stepper motors with a
resolution of 1. &wasin.the sireamwisealicettioncTheas , t he
perpendicular \Wertica) to x. Preliminary tests ere performed to assurevo-
dimensionality and it was found that velocity profiles alongzfegpanwise direction)

were quite uniform. For that reason, the experiments were carried out keeping a
constantz-coordinate. As mentioned before, 3 different sisesvere used and as
described and shown later, 4 different noses were manufactured, which means 12
cases in total for the same free stream turbulence intensity. For each of the 2% free
stream turbulence intensity cases, 16 different points akesgjs wee taken for
measuring and for eachpoint, 27 points along thgaxis were determined, for a total

of 432X, y, z coordinates or measuring pointEgure 2 shows schematicallyhe
measurement pointsor clarity, the vertical distances of shown measurentmmain

are stretched about three tim&be noses arattachedo a flat box Therefore, their
curved surfaces géiat progressively. At the point where the noses are coupled to the
box, the surface is no longer curved and gets completely flat angytheordinates

are set to be zerx € y = 0). This meanghat the x-coordinates along the curved
surface are negative and tkeoordinates along the flat box are positive. #18
(constant) is set by placing the probe in the middle of the spanwidhf.leng

The CTA anemometer was equippedhwita t ungsten wire of 3 mm
diameter. The probe calibration was performed in a dedicated calibrator and the
results of the calibration are stored in a file. The maximum error in the probe
calibration was within 0.5% for all calibration pts.

(0,0) Coordinate

Figure 12: lllustrative sketch of typical measurement points over the complete model.

The noses used for the test models are manufactured using a stereo lithography
technique which has a typical accuracy of 1#%.Df the model size. ORigure 13 a

photo of three of the noses is shown. Models produced by this method have small
traces on the surface due to a finite resolution of the machine. These traces were filled
with epoxy coating and thereafter the surface was polished.
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Figure 13: Noses used for the complete madel

For every nose, 15 small holes{Inm diameter) wer@esignedn order to place
pressure taps to monitor the static pressure distributions. Those taps are connected to a
16-channel PSI 9116 digital pressure scanner (PresSystem Inc.) which has a
measuring range of £2500 Pa. The accuracy of the scanner in the measurement range
of currentexperiment (x250 Pa) is £2 Féigure14 shows a section of the nose to see

the holes used to monitor static pressures.

Figure 14: Section of one of the noses showing the holes for pressure measurements

The experimental modelsvere designed by usingolidWorks CAD software.The
base configurationgre two modifications of the NACAG6 airfoil nose (a sharper
modification and a more bluntodification). Two other models are created by
changing the aspect ratio of the base configurations. The thietoakswth ratio was
decreased two timeSherefore, 4 different nosefof modelingof 4 different pressure
gradients) were manufactured testing. The resulting modified noses were named as
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95N (largescale sharp nose), 110N (largeale blunt nose), 95sh (short version for
95N) and 110sh (short version for 110N). Tta part of the model is assemblby
usingplexi-glass plateandaluminum profiles.

Width, mm

-50
0

r r
20 40 60 80 100 120 140 160 180

Nose length, mm

Figure 16. Differences imosesused for experiments

A smoothness of the attachment between the noses and the box was ensured by a
specially designed adapter which was also matwfad by a stereo lithography. The
adapter was carefully matched with the box and the noses to minimize any steps in
geometryFigure 15illustrates the complete model and Figuésshows a comparison
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of the different noses. More photos of the set up haddst facility are shown in the
Appendix.

Probe positioning and data acquisition were fully automated and controlled by a PC
with NI LabVIEW software. The software used for controlling motion is written using
the LabVIEW graphical programming languagkowing the user to monitor current
position, enter new coordinates and set speeds for each individual axis. Post
processing of the experimental data was performed in Matlab (MathWorks Inc).

3.3 Data Processing Technique

The data was processed by ussegeralwritten cods in Matlab (MathWorks Inc)

At initial stepthe voltage data was converted to velocity wiit@help ofa calibration

file and major statisticsis calculated, such asean values and standard deviations.
The resulting information was é¢h stored for every case and contained values for
Instantaneous velocities, Mean Velocities, The tRbtean Square of velocity
fluctuations (RMS) and Static Pressuresrther processing included computation of
the boundary layer parameters, filtering arpkdral analysis of datahich are
explained in subsequent chapter
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CHAPTER 4

RESULTS

After processing the data, readable information ready for posterior usage were:
Instantaneous velocities, RMS of velocity fluctuations, Mean velocities and Static
Pressures.

4.1 Pressure Distribution

Different pressure gradients acting on the model boundary layersbaatedby
implementingdifferentgeometry of noses.réssure distributiontr each ofthe four
models are showmiFigure 17 The pressure distribuins for both largescale noses
(95N and 110N) and their short versions (95sh and 110sh) are shown in terms of the
pressure coefficient} defined as in23] versusx-xo (distance from leading edgdt

is clearly seenthat the 9&noseshave the location b the pressure peak shifted
downstream as compared to Iidses and as a result the favorable pressure gradient
extends up to the point of connection with the flat box. For thenb%@s the adverse
pressure gradient starts already on the nose i@e#f110sh nose causéle strongest
favorable pressure gradieand for three other noses the favorable pressure gradient
strength is decreased in the following order: 95sh, 110N, 95N.

—S— 95N-18
—4— 110N-18
—%— 05sh-18
—<— 110sh-18

_1.5 r r r r r r r L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

XXg, M

Figure 17: Static pessuredistributionsfor the different models d@8m/s freestream
velocity.

Since current models were not equipped with pressure taps in the area of adverse
pressure gradient, to illustrate the adverse pressure gradient on the, figueés B

shows also distributions obtained from numerical calculatidhe adverse pressure
gradient is the strongest for the 95sh nose and the strength is decreased in the
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following order: 110sh, 95N, 110Nn detail the CFD calculations will be discussed
in one ofsubsequertections.

—<— 95N-18

A— 110N-18
—%— 95sh-18
—<— 110sh-18

0.5

0.5

'l. 5 r r r r r r r L
-200 -150 -100 -50 0 50 100 150 200

Figure 18: Static pressure distoutionsfor the different models at 18m/s freestream
velocity. Linesshowcorresponding numericaksults

4.2 Effect of Flow ReynolddNumber

From the collected data is possible to plot velocity and profiles for all cases. In
Figure D is possible tesee the velocity profiles obtained for the 95N, 5 m/s and 2%
free stream turbulence intensity case (mild favorable pressure gradient and low flow
Reynolds numberRg and profiles of rms of velocity fluctuations. From thenean
velocity profiles plot it ispossible to say that for the mentioned case, the flow starts
behaving as laminar and not far from the Blasius profilee Blasius solution can be
seen depictethy a dashed lineAnalysis of the profile shape factor, which will be
given further, supportthis fact as wellAs we move downstream over the model, the
flow changes gradually showing turbulent velocity profii@sthe most downstream
stations The mean profiles for last two stations show noticeable similarfig.rms
profiles at first stationsshow typical shape for laminar flow at high turbulence
intensity [3]. With increased downstream position the intensity of fluctuations
increases until reaching a maximunmxa®0 mm. From this position the maximum of
rmsis shifted towards the wall whick typical for turbulent boundary layer. From the
rms profiles it is clearly seen that the turbulence intensity in the freestream is about
2%. Although the profiles give clues regarding the behavior of the flow, boundary
layer thickness and change from laan to turbulent, they don’t give clear
quantitativeinformation about where the transition is occurring.

! Solution of the boundariayer equationor laminar flow with zero pressure gradient
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Figure 19: Velocity (left) and'ms (right) profiles fornose 95N9m/s and freestream
turbulence intensityTu=2%

Contour plots of the mean velties and thems of velocity fluctuations were also

obtained, to see more graphically the effects of different parameters on transition.

Figure20 shows a contour plot of the mean velocity. In this case, from the 95N nose
at differentRe It is possible tosee how the boundary layer is gradually becoming
thinner and thinner as the local Reynolds number increases.

-20 0 20 40 60 80 100 120 140 160 180 200
Streamwise distance, mm

-20 0 20 40 60 80 100 120 140 160 180 200
Streamwise distance, mm

—

S

-20 0 20 40 60 80 100 120 140 160 180 200

Streamwise distance, mm

Figure 20: Contour of mean velocities for 95N nose. From top to bottom 5, 9 and 18
m/s.
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Figure 21: rmscontour plots for different Re and m@85N. From top to bottom 5, 9
and 18 m/s

From contour plots in Figur2l, drawn for the same cases, it is cleaibible how a
turbulent region moves upstreamR®&increases. It also shows thrats amplitudeis
higher wherReis higher.Therelative ampitude of rmsfluctuations is however same
in all cases, around 15%, as seen from Figure 22.

3.5+
—©— 95N 5m/s
3l —S— 95N 9m/s
95N 18m/s
2.5
o~
i
T
2 =
150 oo o6 o9 8o o9
1 r r r r L
-50 0 50 100 150 200
Streamwise distance, mm
0.25
—S— 95N 5m/s
—<— 95N 9m/s
L 02r- 95N 18m/s
[
2
3
g 015
(%}
£
D
0.1~
0.05 r r r r L
-50 0 50 100 150 200

Streamwise distance, mm

Figure 22: Shape factor andms plots (top and bottom respectively) for different Re,
using nose 95N and Tu=2%
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According to AbuGhannan and Shaw [8], transiiican be expressed in terms of
Reynolds number based on the momentum thickness and the shape factor. For a
certain flow condition, their paper shows that the transition onset is at the point where
the shape factor starts decreasihgs well-known [24] tat for the Blasius boundary

layer the shape factor is 2.59, for a boundary layer at the limit of separation the shape
factor is 3.85 and for a turbulent boundary layer on a flat plate the shape factor is 1.3.
Figure 22 shows two plots: the variation ofdhshape factorHi2) and therms of
velocity fluctuations along the streamwise distance for the same cases mentioned
previously (with nose 95N, differenRe and Tu=2%). Keeping in mind the
experimental set up, the negative values for the streamwise d@istamdhe plot
correspond to the points along the nose of the model (curved surface). From 0 (zero)
on, the distances indicate those positions along the flat suFem®. Figure22 one

can observe that the shape factox=a0 mm where the pressure gt is zero is
indeed very close to the value for Blasius boundary layer. At stations downstream, in
adverse pressure gradient, the shape factor is increasing while is staying below the
separation value of 3.85. At the most downstream positions the sheje fs
approaching value of 1.5 which is a typiealue for aturbulent boundary layeAs

can be seen from the plot, a drop in the shape factor for low and mBgioocurs

more downstream than for the case at HRg{for 5 m/s this is occurring at @und

+70 mm, for 9 m/s occurring at around +40mm and at aret&dnm for 18 m/s).
Moreover, the highest shape factor is obtained for the IoRestse, indicating that

for this case, the risk of flow separation is the highest [16]

On the other hand, thems plot of velocity fluctuations show peaks at different
streamwise distances (for every case) which correspond to those points on the shape
factor plot where the shape facttarts to decayThe points at which theelocity
fluctuations has reached masum values indicate those where it is possible to find
turbulence andhdicates tie end of the transition region. As it will be shown later this
point correlates with the point of 75% intermittenéymore strict definition of the
transition end assumebat a fully developed turbulent boundary layer formed

which happens as the shape fa@pproachingsalue of 1.5Finally, it is possible to

note that the lowesfkeproduces the longest transitional region.
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4.3 Effect of Pressure Gradient
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Figure 23: Turbulence promotion for different pressure gradient (95N top and 110sh
bottom). Same Rat(9 m/s) and Tu (2%).
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Figure 24: Turbulence promotion for different pressure gradients (95N top and 95sh
bottom). Same Re (at 9 m/s) and Tu (2%).
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The contour pits in Figure 3 show turbulence moving upstream whesteonger
adverse pressuigradientis present. The level of maximum turbulence is also higher
in that case, when compared toless strong adversgradient case. Turbulence
promotion is also observed Kigure 21, when the boundary layer is subjectedie
strongestadversepressure gradient. In Figugb the onset of transition igisualized

in terms of shape factor amohs At the same speed and freteeam turbulence level,
the effect ofincreased acerse pressure gradieist as might be expected, an earlier
transition start (start cdhape factor decayThe rms plot in samefigure shows the
peaks indicating the end of transition. By looking at the points where the transition
starts and finishes, i$ seerthat the length of the transitional regioraiso decreased

in case of stronger adverpeessure gradiefitom 100 mm to 50 mm
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Figure 5. Shape factor and RMS plots (top and bottom respectively) for same Re and
Tu, but different pressure giants

In Figure & a comparison of the effects caused by different local Reynolds numbers
and pressure gradients is shown. From this plot is possible to obserae stranger
adversepressure gradient the shape fastariation with changingf flow velocity is
decreased

The effect of pressure gradients on Reynolds number based on the momentum
thicknessRe is shown in Figure 2 By observing the negative streamwise distances
(from -50 to 0), it is easily inferred th&g increases as the nose of the model is
elongated. It is noticeable that for short 118sseRg has nearly same values in the
favorablegradient, ax=-35 for different velocities. As soon as the pressure gradient
becomes adverse, the effect Bg is greater and together with the flow velocity
variation, the impact oRe is much more noticeable.
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Figure 26: Comparison: Shape factorsrfdifferentRe and pressure gradients.
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Figure Z7: Reynolds number momentum thickness for same Tu, different speeds and
pressure gradients

4.4 Effect of Freestream Turbulence Intensity

The plotin Figure 28 shows graphically howoundary layeturbuence varies when

the free-streamTu is different. As it is expected, high&u promotes the transition
onset. Figure29 shows the shape factor plot which confirms an earlier decay when
increasingTu. This plot also shows that for the saRe the shape faor seems to be
more sensitive to frestream turbulence effects, but for mild and higRerboth the

flow velocity and the frestream turbulence level have almost the same effect on the
shape factor values and therefore, on transition inceptionrnigyeeaks show that the
length of the transitional region seems to decreadai&s higher. Noticeable tham
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the case ofTu=4% andhighest velocitythe transition occurs already in the zone of
favorable pressure gradient.
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Figure 2: RMS contour plots fodifferent Tu (2% on top and 4% at bottom). Same
Re (at 9 m/s) and pressure gradient
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Figure 2. Shape factor and RMS of velocity fluctuations (top and bottom
respectively) influenced by frestream turbulence intensity.

The next plot (Figure0) showsthat the pressure gradient effebisve about same
influenceon the shape factor valuasthe effect caused by changiiig for the same
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Re It is noticeable that the peak value of the shape féota shorter noses lower
than the peak obtained for tl@ger nosevith higherTu. Moreover, the shape factor
decay moves more upstream for the former case.
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Figure 30: Comparison: effect of pressure gradient and Tu on shape factors at 9m/s.

Figure 31 shows the effect of frestream turbulence intensity d®e. At constant
mild favorable pressure gradients, higher flow velocities together with higher free
stream turbulence intensity causesiacreasein the Reynolds number momentum
thickness. At low velocity, the fregtream turbulence intensity haboutthe same
effect as the flow Reynolds number Bg. As thestreamwise distance increasée
effect of theturbulence intensity of the fretfream orkRg becomes more pronounced.
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Figure 31: Reynolds number momentuhicknessat differentfree-stream turbience
intensity and pressure gradients.
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4 5Filtered RMS

Figure 32 shows a typical instantaneous velocity signal from the t€stsn this
signal ispossible to sethatas we movealowrstream the tracesget more and more
chaotic and with higher frequees. Thosehigh frequencytraces indicate the
presence of burst or turbulent regions in the flow. In order to identify the place where
these high frequency regions within the flow are taking place, it is necessary to filter
out low frequency signals.

x=180 mm
x=150 mm

i P gt Pt P | g

WMWMWWMW\JMW
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Figure 32 Typical instantaneous velocity signélase 95N, velocity 9 m/s.

The high-pass filtering was performed temovefrequencies which correspond to the
wavelengths/=U;y/f which arelargerthan10 mm (~54d). After high-pass filtering the

data to takeout the low frequencies, thems of fluctuations for the remaining data

was graphically shown by meanof contour plots. The resultirmpntours are shown

in Figure33. From these plots, it can be seen that the transition onset occurs when the
contours chage its color from dark blue. These plots show how the transition onset
behaes as the local Reynolds numbpressure gradierdind turbulence intensity
change.
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Figure 33: Filtered rms contours for different speegressure gradientnd free
stream tubulence casesContour levels are 0, 0.25, 0.5 and 0.75 of the maximum
amplitude.

The intermittencywithin the flowwas also calculatefr one of the cases and shown

in Figure 34. This figure shows how it varies when calculated at different streamwise
positions. Atx=150 mm is noticeable that the intermittency value is equal to unity,
indicating that at this position the flow is fully turbulent. %180 mm however,
variation fom 0 to 1 in the intermittencyalues is found, indicating transition
(specifcally reverse transition), caused by a relaminarization of the flow. Figure 35
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