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Abstract

The effect of the ratio of the velocity field integral scale at the injection point
to the scalar injection scale (the injection ratio) on the mixing of a passive scalar
(temperature) is studied in the wake of a circular cylinder. Hot-wire anemometry and
cold-wire thermometry are used to measure simultaneously the velocity and thermal

fields, respectively. A mandoline is used to (slightly) heat the wake.

The injection ratio is varied in two ways. The velocity integral scale at the
injection point is varied by changing the mandoline downstream position. Increasing
the velocity scale, £, (i.e., increasing the mandoline downstream position), increases
the rate at which the scalar variance decays and reduces the integral length scale of
the scalar. The time scale ratio (r = ({¢?)/€)/({6%)/es)) decreases with increasing £,,

in agreement with experiments done in homogeneous and isotropic turbulence.

The scalar injection scale is varied by changing the width, w, of the mandoline.
Increasing w decreases the decay rate of the scalar variance, which is analogous to
increasing the wire spacing in grid-generated turbulence. The integral length scale
of the scalar field (both longitudinal and transverse) and the time scale ratio are,
however, not affected by w, in contrast with experiments done in homogeneous and

isotropic turbulence.



Résumé

Ce mémoire traite de 'effet du rapport de ’échelle intégrale de longueur du
champ de vitesse au point d’injection et de 'échelle d’injection scalaire (le rapport
d’injection) sur le mélange des scalaires passifs dans le sillage d’un cylindre circulaire.
Les champs de vitesse et de température sont mesurés par 'anémométrie a fil chaud et
la thermométrie a fil froid, respectivement. Une mandoline est utilisée pour chauffer
(légerement) le sillage.

Le rapport d’injection est varié en deux fagons. L’échelle du champ de vitesse,
{,, est variée en changeant la position de la mandoline en aval du cylindre. En
augmentant £, (c’est a dire la position de la mandoline en aval du cylindre), le déclin
de la variance scalaire est accéléré et ’échelle intégrale du champ scalaire est diminuée.
Le rapport des échelles de temps (r = ({¢?)/€)/((6%)/€p)) diminue si £, augmente, en

accord avec les résultats obtenus en turbulence homogene et isotrope.

L’échelle du scalaire est variée en changeant la largeur, w, de la mandoline. Le
déclin de la variance scalaire ralentit si w est augmentée parce que cela a pour effet de
diminuer le rapport d’injection. L’échelle intégrale du champ scalaire (longitudinale
et transversale) ainsi que le rapport des échelles de temps ne sont, par contre, pas
affectés par w, contrairement aux expériences réalisées en turbulence homogene et

isotrope.
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Chapter 1

Introduction

Fluid mechanics plays an important role in the wide variety of present-day engineering
applications. In many of these applications, the working fluid has a very low viscosity
such that its motion is almost always turbulent. It is therefore of great importance
to fully understand the dynamics of a turbulent flow, a task that is made difficult by

its complex, three-dimensional, chaotic nature.

Although turbulent flows are more difficult to tackle than laminar ones, in many
engineering applications, the flow is forced to be turbulent to benefit from its ability
to mix momentum, heat, and mass very rapidly. A well-known example of turbulent
momentum mixing is the presence of dimples on a golf ball: by forcing the boundary
layer to become turbulent, the point of boundary layer separation is pushed back
due to the increase in the boundary layer’s momentum. Consequently the pressure
drag (and therefore total drag) is reduced and the distance that the golf ball flies is
increased. In heat transfer, the flow through heat exchangers is generally turbulent
to increase the mixing and, therefore, the amount of heat that is transferred to (or
from) the flow. In fuel injection systems, the mixing of the fuel with the oxidizer is
very important for fast and complete combustion, so the oxidizer is often in turbulent

motion.

On the other hand, turbulence can occur naturally. The turbulent motion of the
earth’s boundary layer affects many engineering applications. The flow in rivers is
always turbulent. This turbulence also affects scalar mixing phenomena. In meteo-
rology, the knowledge of the air’s humidity and temperature is made difficult by the
turbulent motion of the earth’s boundary layer, which renders weather forecasting
difficult. In telecommunications, the propagation of electromagnetic waves is affected
by the refractive index of the atmosphere, which depends on its temperature and
humidity. The turbulent motion of oceanic mixed layer is affected by its salinity and
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temperature. Moreover, the turbulence of the atmosphere greatly enhances the dis-
persion of pollutants from smoke stacks and therefore inhibits the accumulation of

high-levels of pollutant concentrations.
As can be seen in the previous discussion, a number of applications involve the
mixing of a scalar in a turbulent flow. Be it temperature or a contaminant (e.g., salt

in water or moisture in air), the equation governing the mixing of the scalar (assuming

constant properties of the scalar) takes the same form:

00 N
ot

where ~ is the scalar diffusivity. In addition, if the presence of the scalar has a

V.Vl =~V (1.1)

negligible effect on the velocity field, it is said to be passive. In many applications,
this is indeed the case. For small enough temperature variations, buoyancy forces can
be negligible compared with inertia forces so that temperature is effectively a passive
scalar. It is thus insightful to study the mixing of small temperature differences in
air.

A fundamental feature of turbulent flows is that they have a continuous distri-
bution of scales. The turbulent kinetic energy is supplied by the largest scales of the
flow. Given that the Reynolds number (Re = UL/v) is typically large, the viscosity
is not important at the largest scales. Therefore, the largest eddies break down into
smaller and smaller eddies until their Re is small (where both L and U are charac-
teristic of an eddy). At this scale, which is defined as the Kolmogorov scale (also
called the dissipation scale), viscosity becomes important, and the kinetic energy is
converted into internal energy. This is often referred to as the turbulent cascade of
energy. In many industrial flows, Re is large so that the small scales of the flow are
so small and pass by a measurement probe so fast that they are difficult to capture.
This complicates the computation of small-scale statistics, such as dissipation, and

these important quantities often have to be deduced from large-scale quantities.

It is therefore of prime interest to gain a better understanding of the interaction
between the large and small scales of a passive scalar in fundamental flows. A basic
method to this end is to hold the velocity field constant and vary the initial condi-
tions of the scalar injection. This has been done in grid generated turbulence (i.e.,
homogeneous and isotropic turbulence) using a mandoline. A mandoline consists of
an array of parallel, fine, electrically heated wires that presumably do not disturb the
velocity field. Because the mandoline is separated from the source of the turbulence,

it is possible to vary the ratio of the velocity integral length scale at the injection
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point to the scalar injection scale by varying the mandoline’s wire separation or its
downstream position. Interesting and useful insight has been gained following this
method. Hence, the objective of the present study is to advance the success of this
method by relaxing the homogeneous and isotropic constraints of the flow by studying

a free shear flow, viz., the wake of a circular cylinder.

1.1 Literature Review

Turbulence includes a large portion of fluid dynamics research. Numerous books have
been written on fluid dynamics: White[1], Batchelor[2], and even an encyclopedia
has been published[3]. For viscous laminar flows, details are given by White[4]. Heat
transfer in moving fluids is called convective heat transfer and is treated by Bejan[5],
and Kays and Crawford[6]. Since the equations of motion for fluids are non-linear,
there exist multiple solutions for a given problem. The stability of these solutions
can be studied and details for the simplest flows, laminar flows, are given in Swinney
and Gollub[7], and Huerre and Monkewitz[8]. It is known that when inertia forces
in the fluid are large compared to the viscous forces, laminar flows will be unstable.
The ratio of these two forces is defined as the Reynolds number (Re). Therefore
turbulence, which is the result of instabilities in the fluid, is more likely to occur for
large Reynolds numbers. Turbulence has been studied for more than a century and
its scaling analysis and physical description are presented in Tennekes and Lumley|9]
and Pope[10]. Unfortunately, such approaches are restricted to simple flows. For flows

that are less simple, mathematical models can help, as can numerical simulations[11].

1.1.1 Passive Scalars

Passive scalar mixing in turbulent flows is a problem that has received a great in-
terest over the last part of the century[12]. Be it temperature, chemical species
concentration, salt in water, or humidity in air, the differential equation governing
these quantities is of the same mathematical form[5, 6]. The implication of the ad-
jective passive is that the scalar does not disturb the velocity field in which it is
being transported. For high concentrations of salt in water, the mixture’s density is
changed, therefore creating gradients in the density of water, which affect the flow
field when in the presence of a gravitational field. Temperature too, can change the
flow by buoyancy effects[13]. However, when the range of temperatures in the flow
field is small, the buoyancy force can be negligible compared to other forces driving
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the flow. Thus temperature can be treated as passive in special cases.

The passive scalar problem can be studied in several ways. The recent devel-
opments in computing technologies promote the use of numerical simulations. The
most fundamental technique is Direct Numerical Simulation (DNS)[14]. It consists of
solving the instantaneous Navier-Stokes equations and requires significant computing
power because every detail of the flow is computed, i.e., it computes all the scales of
the flow. Another technique, Large Eddy Simulation (LES)[15], consists of comput-
ing the largest scales of the flow down to a specified sub-grid size. It employs models
to account for the effect of the smaller scales on the large ones. Other techniques
compute only mean values, like the dissipation rate of turbulent kinetic energy or
the mean flow velocity, for example. They use the Reynolds averaged equations and
apply models to the unknown terms. Lastly, some researchers have tried to develop

new theoretical approaches applicable to mixing phenomena[16, 17].

Another way to study scalar mixing problems is to perform experiments. A
number of methods exist to measure the scalar field. One of them is to record a
time history of temperature fluctuations at some point of interest using Cold-Wire
Thermometry (CWT)[18]. Another popular method is to take a picture of chemical
concentrations in water using Laser Induced Fluorescence (LIF)[20]. To vary the
Schmidt number (Sc = £), one can either change the scalar (if LIF is used) or change
the ambient fluid if CWT is used (some researchers have done experiments in low-

temperature helium instead of air[19]).

Experiments have been performed to study scalar mixing problems in basic flows.
The simplest turbulent flow is homogeneous and isotropic. The closest experimental
reproduction of this flow occurs by passing a uniform flow through a homogeneous
grid. Scalar fluctuations can be introduced in the flow by different methods such as
heating the grid itself[22, 23], placing an array of parallel heated wires downstream of
the grid (a mandoline)[24] or imposing a mean temperature gradient on the flow[25].
Homogeneous, isotropic turbulence is the simplest flow since there is no mean velocity
gradient and is therefore shear-free. There are different classes of flows that contain
shear, the simplest being homogeneous shear flow[27]. There is also a class of shear
flows that are wall-bounded. They include flows like boundary layers[26, 28, 29] and
channel flows[30, 31]. Lastly, free-shear flows such as jets[32, 33, 34], mixing layers[35],

and wakes form another common class of flows.
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1.1.2 The Heated Wake of a Circular Cylinder

The wake generated by a circular cylinder is the most commonly studied wake. The
most natural way to generate temperature fluctuations in such a wake is by heating
the cylinder itself. The velocity field of the wake evolves rapidly in the downstream
direction and can be divided into different regions. Due to experimental limitations,
the whole wake cannot generally be studied at once and a choice has to be made
regarding the region of interest. The region closest to the cylinder is called the near
wake. It spans from the cylinder to /D ~ 5 or 6 [36]. The next region is the
intermediate wake which extends to z/D ~ 80 [36, 37]. This part has been referred
to the primary vortex street-dominated region and its end location is approximately
given by the location where the temperature skewness changes sign, from positive
to negative[38, 39]. The last part is the self-preserving far wake, which starts at
a downstream distance of several hundred of diameters. Different estimates have
been obtained for this position and they vary from 100 to 250 diameters[40, 41].
However, for large enough downstream distances, the wake can be assumed to be
self-similar[42]. Lastly, it should be noted that the limits separating the wake regions

are also functions of Re.

The wakes of bluff bodies, such as circular cylinders, have been shown to posses
different inherent structures which are functions of Re. For example, if 40 < Re <
150, the wake is laminar, but von Kdrméan vortices are shed. The von Karmén vortex
street is also present for turbulent flow. If 300 < Re < 3 x 105, the turbulent vortices
are shed at a constant Strouhal number (S; = fD/Uy ~ 0.21)[43]. This important
structure of the flow for this Re range has attracted the interest of some experi-
mentalists. For example, Ferré and Giralt[44] found that the entrainment process
is accomplished mainly by engulfing external fluid and Matsumura and Antonia[36)
studied how the von Kdrmén vortex street transports the scalar. Antonia and Browne
also studied the anisotropy of the temperature dissipation in the wake of a heated
cylinder and found it to be high[45]. In addition, because this structure in the wake is
not trivial to model numerically, some researchers have developed correlations[37, 42|

and more general numerical models.

1.1.3 Effect of the Initial Conditions

The initial length scale at which heat is injected into the turbulent field is of direct
importance to the evolution of the scalar field. When the heat source is the same as

the turbulence source, for example temperature fluctuations in the wake of a heated
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cylinder, the only possible way of varying the initial conditions is to vary the amount
of heat introduced in the flow. However, the heat input should not affect the dimen-
sionless characteristics of the temperature field when the temperature fluctuations
are passive. Warhaft and Lumley[24] found that in grid generated turbulence, the
decay rate of temperature (related to the structure of the large scales) was affected by
the amount of heat released by the grid. The most reasonable explanation for this is
that, although temperature fluctuations were passive at the measurement locations,
they might not be passive close to the grid. They therefore investigated another
mechanism to inject the scalar by use of an array of fine parallel heated wires. They
called this a mandoline. The use of a mandoline is a novel way to separate the heat
injection scale from the velocity scale and thus provides a new variable to the initial

conditions.

Warhaft and Lumley found that by varying the downstream position of the man-
doline relative to the grid, or by varying the wire spacing, it was possible to vary the
ratio of the thermal to mechanical time scales. Sreenivasan et al.[46], who did the
same type of experiments but using a heated screen (like a two-dimensional mando-
line), found that the decay exponent of scalar variance (m) was hardly changed by the
downstream position of the screen. The downstream position of their screen relative
to the grid was, however, larger than used by Warhaft and Lumley. This difference
was later reconciled by Durbin[47] using a Lagrangian dispersion theory. He was able
to predict m for a given ratio of velocity to temperature scales (£,/4q, £, being the
integral length scale of the velocity field at the scalar injection location). He found
that m was affected by £,/€s up to a value of 2.5 after which it would be constant.
Given the experimental setup of Warhaft and Lumley[24] and Sreenivasan et al.[46],
he showed that the former experiment had values of ¢,/¢y from 0.8 to 2.0 and the
latter exceeded 2.5. Another important point of comparison between the experiments
of Warhaft and Lumley and Sreenivasan et al. is that both varied the wire spacing
but obtained different results. In the case of Warhaft and Lumley, the variation in
wire spacing was always greater than £, and this produced a discernable effect on m.
In contrast, m was constant for Sreenivasan et al. when they varied the spacing for

values smaller than Z,.

1.2 Objective of this Work

The main objective of this work is to extend the work of Warhaft and Lumley[24]
and Sreenivasan et al.[46] to the wake of a circular cylinder. A mandoline is to be
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used to vary the ratio of the velocity integral length scale at the injection point to
the scalar injection scale (¢,/Lg). The goal is to verify if some flow characteristics of
homogeneous and isotropic turbulence, like the power-law decay of the velocity and
scalar variances, can be extended to the wake. If such a power-law regime exists, the
effect of ¢,/ Ly on the decay rate and the structure of the scalar field will be studied.
The principal interest is to see how the new terms in the scalar variance budget (the
turbulent transport term (%%—9:—)) and the mean turbulent production term ((1)9)%%))
affect the scalar field (and its decay in particular). Lastly, the longitudinal velocity-
scalar correlation will be compared to the results in Warhaft and Lumley to determine
whether the mandoline dissociates the velocity and scalar fields, as is the case in grid-

generated turbulence.

This thesis is divided in six chapters. The experimental setup and the measure-
ment instruments, as well as their calibration procedure, will be discussed in chapter
2. The third chapter validates the flow and temperature fields. In chapter four, the
effects of varying the velocity scale at the injection point are discussed. A discus-
sion on varying the scalar injection scale is elaborated in the fifth chapter. The last

chapter concludes the thesis and proposes some extensions to this work.
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Chapter 2

Experimental Setup

2.1 Wind Tunnel Facility

The experimental measurements are made in the 3 x 4 foot, low-turbulence intensity
wind tunnel located in the Aerodynamic Laboratory of McGill University. The wind
tunnel is of the suction type with a 9-to-1 contraction area ratio that follows a fifth
degree polynomial contraction profile. The test section is 9 feet long and bevelled
corners slowly decrease in length in the downstream direction (thus increasing the
cross-sectional area) to maintain a zero pressure gradient flow. The test section
is followed by a small-angle diffuser and the axial fan is located downstream of it.
The rotational speed of the fan is controlled electronically to within +1 rpm, which
ensures a good stability (and repeatability) of the mean flow. The experiments were
conducted at a mean flow velocity of 10.2 m/s. For this flow rate, the turbulence
intensity is of the order of 0.1% away from the walls’ boundary-layers, i.e., in the

inviscid core of the tunnel.

2.2 Heat Injection Mechanisms

The wake is produced by placing a 1”7 (25.4 mm) circular cylinder at the entrance of
the test section, where the flow is straight and parallel. The cylinder axis is vertically
aligned (i.e., in the z-direction). The wake is heated using two different mechanisms.
Heating the cylinder itself is one mechanism that has been used in the vast majority
of previous studies of the heated wake. The other mechanism consists of an array of
heated parallel wires oriented in the same direction as the axis of the cylinder. This

more novel heat injection mechanism is called a mandoline. The two mechanisms are
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never employed simultaneously. Moreover, when the cylinder is heating the flow, the
mandoline is removed completely from the wind tunnel.

To maximize the downstream distance at which data can be taken, the cylinder
is placed at the entrance of the test section. The apparatus consists of four parts:
a 1”7 (25.4 mm) external diameter aluminum pipe of Z” (2 mm) wall thickness; an
electric heater of one kilowatt maximum power (rated at 120 VAC) with an external
diameter of £” (6.35 mm); a series of 25 mm (in length) concentric thermal fins that
fill the gap between the electric heater and the pipe; and the end supports fixing
the cylinder to the walls of the test section. The cylinder is heated using AC power
that can be adjusted using a variable AC transformer. A high thermal conductivity
paste is added around the thermal fins to ensure a uniform axisymmetric thermal
resistance between the electric heater and the outside of the aluminium pipe. The
cylinder spans the whole height of the tunnel test section which is 33” (0.84 m) and
91% of this length is heated. In order to minimize the axial heat conduction inside the
cylinder, the end supports are thermally insulated from the cylinder. The cylinder
can produce a maximum mean temperature rise of 0.8 °C at 53 diameters downstream

from it and at free stream speed of 10.2 m/s.

The mandoline is used in different configurations to vary the ratio of the velocity
integral length scale at the injection point to the scalar injection scale. Three param-
eters are studied: the width of the mandoline (w); the spacing between each wire (s)
; and the downstream position from the cylinder at which the mandoline is located

(xg). The three parameters are shown in Figure 2.1.

To I
Y
Mandoline — .
-, Uoo 4 x N w
=
- Cylinder T

Figure 2.1: Physical parameters used to specify a mandoline configuration.

During the experiments, the wires reach a temperature around 250 °C, causing
them to expand. To prevent the wires from sagging, small springs are attached to one

of their ends, keeping them in tension irrespective of their temperature. The wires
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are fixed in space using two end mounts that are electrically and thermally insulated
by small ceramic plates. The mandoline is heated using a variable DC power supply
rated at 75 V and 15 A maximum. The voltage out of the power supply is regulated to
within 0.01%. To obtain the maximum signal to noise ratio, the mandoline is operated
at maximum power. This power depends on the resistance of the mandoline which, in
turn, depends on the number of wires used. The wires are connected in parallel such
that adding wires reduces the total resistance of the mandoline. Because the number
of wires used ranges from 6 to 17 (depending on w and s), two wire materials are used:
nichrome (Type A) wires are used for mandolines composed of more than 15 wires;
and stainless steel wires with enamel coating are used for the other mandolines. The
diameter of the wires (dyire) is kept constant at 0.005” (0.127 mm) since this offers an
acceptable tensile strength and linear resistance, but is small enough to prevent the
shedding of vortices (Reg,, = % < 40) and therefore have negligible influence on
the flow. The influence of the mandoline on the flow will be discussed in more details

in chapter 3.

2.3 Measurement Instruments

In this experiment, extensive velocity and temperature measurements are obtained us-
ing Hot-Wire Anemometry (HWA) in the Constant Temperature Anemometer (CTA)
mode and Cold-Wire Thermometry (CWT) in the Constant Current Anemometer
(CCA) mode, respectively. The CTA is an IFA-300 model made by TSI with two
channels and the cold-wire thermometer was built at Université Laval. Each type of
measurement requires a different sensor. For the velocity measurements, the wires
are made of tungsten and have a diameter of 3.2 um. Their resistance is around 5 Q

which corresponds to a length to diameter ratio of the order of 200.

For the temperature measurements, the cold-wires are made of platinum and
have a diameter of 0.63 ym. The wire is made to have a resistance of about 180
which corresponds to a length of 0.5 mm (l,/d ~ 800). This length to diameter
ratio is lower than the value recommended by Browne and Antonia[49], who suggest
that it should be around 1500 to minimize end losses and consequently the error on
large-scale measurements. On the other hand, the aforementioned authors also say
that the length of the wire should not be greater than five times the Kolmogorov scale
(n) for spatial resolution reasons. In this flow, l,,/n ~ 4 which is a good compromise
between the two competing effects, given that both the large and small scales of the

turbulence are of interest in this work.
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Figure 2.2: Velocity and temperature probe arrangement. The temperature probe is on
the bottom.

The velocity field is measured using an X-wire probe to resolve two components
of the velocity vector. When simultaneous velocity-temperature measurements are
made, the temperature wire is mounted beside the X-wire. Its separation distance
from the nearest hot-wire is 1 mm. This cannot be smaller due to the hot-wake of
the velocity wire that could contaminate the temperature measurements. In order
to prevent that, the temperature wire is also placed 0.25 mm upstream from the
intersection of the X-wire probe. Figure 2.2 displays the velocity-temperature probe

arrangement.

The velocity field was measured in two ways: With the X-wire alone and using
the velocity-temperature probe holder. There are no significant differences in the
velocity field indicating that the velocity-temperature probe holder has a negligible
effect on the flow at the measurement point.

The mean flow velocity is verified using an 18” (0.48 m) straight pitot static tube
with an external diameter of 3" (3.2 mm). The pressure difference was measured using
an MKS Baratron type 220D pressure transducer with an accuracy of +0.01 Torr.
The air density was computed assuming that the ideal gas law holds, measuring the
temperature with a type E thermocouple and the absolute pressure using a standard
mercury barometer. The pressure difference is transformed into a velocity using

Bernoulli’s equation:

U= [*2F (2.1)
p
In some cases, transverse two-point temperature measurements are made using
two cold-wire probes. One probe is held at a fixed location in the wake while the
other probe is moved away from the fixed one using a traversing mechanism with a

displacement accuracy of 0.02 mm. The two probes are aligned together in the z and
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x directions and are separated by no more than 1 mm in the y (transverse) direction

at the start of each experiment.

2.4 Calibration Procedures

The calibrations of the cold-wires and the hot-wires are different. Before performing
any calibration, it is important that the material properties of the wires have stabi-
lized. The hot-wires are operated at a temperature far above the room temperature.
It is therefore important to operate any newly made hot-wire for at least 24 hours
to allow for the material properties to reach a steady-state. This procedure is known
as the aging or burning process of hot-wires. Aging is not needed for the cold-wires

since they are operated at ambient temperature.

2.4.1 Cold-Wire Calibration

The current passing through the cold-wire is an important parameter to adjust before
the calibration. If the current is too large, the wire will become “hot” and will be
sensitive to velocity fluctuations. On the other hand, if it is too small, the output
signal will be too small compared to the electronic noise. The current that is to
be selected depends largely on the wire diameter. For a 0.63 um wire diameter, the
recommended current is 0.1 mA[48]. In the present work, a current of 0.15 mA is used
to improve the signal-to-noise ratio. At this slightly higher current, the sensitivity to
velocity fluctuations in this flow remains negligible, as seen in Figure 2.3. The dashed
line is the spectrum of the temperature for the case where the flow is not heated
and therefore represents the background “thermal noise”. This background noise
includes the noise caused by the sensitivity of the cold-wire to velocity fluctuations,
the electronic noise, and the noise caused by ambient temperature fluctuations. The
series of spikes (at discrete frequencies) that appears in this spectrum is attributed
to AC electrical noise because the spikes occur at frequencies of 60, 120 and 180 Hz.
This spectrum is several orders of magnitude smaller than the one for the heated
wake (shown as the solid line) and of non-turbulent nature indicating that the wire
sensitivity to velocity fluctuations is negligible.

The cold-wires are calibrated in a circular laminar jet. The velocity of the jet is
chosen to be close to the mean velocity of the experiment and is held constant over
the whole calibration. The air passing through the calibration jet is heated using 3

120 W electric heaters that are attached on the outside of a 2” (50.8 mm) copper pipe
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Figure 2.3: Power spectral density of the temperature field. Solid line: heated wake, dashed
line: isothermal wake.

connected to the air supply. The supply line is carefully insulated so that no irregular
fluctuations in jet temperature occur during the calibration. The temperature of the
jet is measured to an accuracy of 0.1 °C using a type-E thermocouple connected to
a digital display. Once the jet is heated to a high temperature (around 45 °C), it
is allowed to cool down, and after a certain amount of time the temperature of the
jet decreases monotonically. From that time, the calibration may begin. Twelve to
fifteen points are taken over a range of at least 5 °C. A typical calibration curve is
shown in Figure 2.4.

The relationship between the temperature and the cold-wire thermometer output
voltage is clearly linear. Choosing a material whose resistance changes linearly with
temperature permits one to express the temperature as a (linear) function of the
voltage: T'= A x E+ B. A least-square fit to the calibration points is used to obtain

the sensitivity (A) of the wire. A theoretical expression for A can also be obtained[48]:

1
A= GifR,

where (3 is the coefficient of thermal resistivity of the wire material (5 = 0.0039 Q/Q°C

for platinum), 4 is the current passing through the wire, G is the circuit gain, and R,

(2.2)

is the resistance of the wire at room temperature. The circuit gain can be computed

by producing a known change in resistance of the sensor. This can be accomplished
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Figure 2.4: Calibration curve for a cold-wire.

using a simple electronic circuit. Following Ohm’s Law: AE = GiAR, and given that
the current is constant, the gain GG can be deduced. It is therefore possible to compare
the experimental result for A to the theoretical one. For all the cold-wires used here,
the experimental values are within 2.5% of the theoretical ones. The experimental
value of A was used in the data analysis.

The gain was also changed from the calibration to the experiment in order to
best fit the signal to the range of the A/D board (to be discussed in §2.5). The new
sensitivity is computed using Eq. (2.3), which is deduced from Eq. (2.2)

Gemp
Gcal

The offset B in the linear relationship is needed to obtain the absolute tempera-

Aemp = Acal (23)

ture. It was computed every day by placing a type-E thermocouple in the free stream

of the wind tunnel and recording the corresponding CCA output voltage.

The cold-wire also possesses a natural (thermal) frequency, called the cut-off
frequency (f.). If f. is significantly smaller than the Kolmogorov frequency, experi-
mental error (in the form of poor temporal resolution) will to occur. f, is also a good
indication of the state of the cold-wire. If its frequency response is slow, it is because
something prevents the wire from changing its temperature. It may be dust on the

wire (fouling) or some coating that has not been removed during the etching process
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Figure 2.5: Response of a cold-wire to the current injection technique.

of a new wire. Following the current injection technique proposed by Lemay and
Benaissa[50], the cold-wire time constant can be measured before each calibration
and each experiment. A typical wire response to the square wave current injection is
shown in Figure 2.5.

The cut-off frequency of all the cold-wires is computed by performing a least-

square fit on the data using the following equation:

E = Ae "™ + Be™t™ 4 C. (2.4)

This equation was proposed by Lemay and Benaissa[50]. The time constant of
the electronics used here is 7, = 3 us. In general, the results for f, (f. = 1/(277,)) are
lower than the theoretically predicted values when using a wire diameter of 0.63 pm.
A likely reason for this is that the actual diameter is bigger than the value specified
by the manufacturer.

2.4.2 Hot-Wire Calibration

The calibration of a hot-wire is more complicated. The anemometer response to flow
velocities is non-linear. Some researchers use a third order polynomial to account for
this non-linearity. Here, a modified King’s Law (Eq. 2.5) is used because it is derived

from basic heat transfer principles:
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E? = AU™ + B. (2.5)

Eq. (2.5) is applicable to isothermal flows. In the present case, however, the flow
is not isothermal. In order to account for the temperature fluctuations, Lienhard[51]
proposed corrections for A and B based on heat transfer principles and on the em-

pirical effect of the temperature on fluid properties:

0.84
A=T (T“J;—ﬂ“) (T = Too) (2.6)
B = B(Tup — To). (2.7)

T is the flow temperature and is known from the cold wire measurement. The
other parameters (A, B, T, wa, and Ty, ) need to be determined by calibration. T,
and T, both represent the temperature of the hot-wire, but are not forced to be
the same. One way to determine the four parameters is to vary the jet velocity for
different jet temperatures. This calibration is not a trivial task since the heat transfer
to the air depends on the flow rate through the electric heaters. In order to accomplish
this, a 0.5 m? reservoir is hooked up to the supply line of the calibration jet. The
reservoir’s thermal inertia damps out any fluctuations in temperature when the jet
velocity is varied. Even using the reservoir, the velocity range at which the wire is
to be calibrated also slightly influences the temperature of the jet. Consequently, the
velocity range was chosen to be from 5 to 18 m/s, which corresponds to approximately
four standard deviations from the mean velocity of the present experiment. For this
velocity range, the variation in jet temperature for one velocity calibration is between
40.1 and £0.2 °C. An example of this calibration for one channel of an X-wire is

shown in Figure 2.6.

The need to account for temperature variations is clearly demonstrated in Figure
2.6. Equation (2.5) is used to perform a least-square fit to all five velocity curves. The
exponent n is approximately temperature independent and is therefore set constant
for all curves. A set of A and B coefficients is then obtained. These are used with
the corresponding temperatures (T ) to determine A, B, Ty,q, and T,, 5 in equations

(2.6) and (2.7), again by a least-square fit.

In order to determine the u and v components of velocity, the X-wire must also
undergo a yaw-calibration. The yaw-angle calibration is done using the effective angle

method proposed by Browne et al.[52]. The X-wire is calibrated over 8 different yaw
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Figure 2.6: Calibration curves for a hot-wire at different flow temperature.
0:T=225°C, +: T=275°, x: T =31.4°C, o: T=345°C, A: T =37.7°C.

angles ranging from —24° to 24° in 6° increments. Because the two hot-wires are not
perpendicular to the flow, they will be cooled by the cross-flow and the flow parallel
to them. As suggested by Browne et al., the ratio of the two cooling modes (k) is
set constant (independent of the orientation of the wire to the flow). Here, the value
of 0.03 for k?, as recommended by Browne et al., is used. The effective angle is then
taken as the average of the 8 corresponding yaw angle results. Usually, the maximum
variation in effective angle for the different yaw angles is +1.5°. The yaw calibration
is assumed to be independent of the flow temperature. This assumption is verified
for two different temperatures and the difference in the effective angles is within 1°.

Table 2.1 displays typical calibration results for the two channels of the X-wire:

Anemometer Channel 1 2

n 0.44 | 0.44
A(x10°) 5.46 | 5.49
E(xlO?’) 2.11 2.05
Twa 514.5 | 510.5
Twp 594 589

Oery 46.8 | 50.3

Table 2.1: Typical calibration constants for the two channels of an X-wire.
The frequency response of hot-wires is faster than that of cold-wires because
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the temperature difference between the hot-wire and the flow is larger. In the CTA
manual, it is stated that the hot-wires have a frequency response of 260 kHz for
a 3.8 pm diameter tungsten wire and a flow velocity of 100 m/s. It is therefore
not necessary to compute their cutoff frequency because the maximum frequency

encountered in the present flow is approximately 10 kHz.

2.5 Data Acquisition and Analysis

The signals from the CTA and the CCA are connected to a Kron-Hite model 3384
band-pass filter for low- and high-pass filtering. They are then connected to a Na-
tional Instrument PC-MIO-16E-4 DAQ (Data Acquisition) board. The DAQ board is
controlled using LabVIEWS5.0. The probes are moved across the wake using a home-
made traversing mechanism that is also controlled using LabVIEW. The low- and
high-pass frequencies are determined using a Virtual Instrument (VI: LabVIEW pro-
gram) that computes the power spectral density of the electronic signal. The low-pass
frequency is set to the local minimum in the high frequency range of the dissipation
spectrum. This local minimum, when the electronic noise is small, is on the order
of the Kolmogorov frequency. The high-pass frequency is set at the local minimum
of the power spectral density multiplied by the frequency (f x E(f)) (generally 0.05
Hz).

The same VI also displays the voltage range coming from the filter of each chan-
nel. The gain of the DAQ board is adjusted such that the signal covers between 50%
and 80% of the input range. The gain on the CTA is adjusted to have approximately
the same voltage range as the temperature signal, because the gain of the DAQ board
should be the same for the three channels as time delays would occur if the DAQ were
to change its gain between channels. The data acquisition has a resolution of 12 bits
such that each bits represent 0.024% of the data range.

Both components of velocity and temperature are taken quasi-simultaneously.
The DAQ board has a minimum inter-channel delay of 4us. The data can be assumed
to be taken simultaneously since this time lag is only 4% of the smallest time scale
in the flow.

Two types of data files are recorded for every point. One type is used to compute
large-scale statistics of the flow such as the root mean square value, the skewness and
kurtosis or the turbulent heat fluxes. For this type of data, each sample needs to
be independent from the previous one. The samples become independent if the time

that separates them is greater than the integral time scale. In this experiment, the
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integral time scale is smaller than 0.005 sec such that these data were taken at 200
Hz. 10 blocks of 4096 samples are recorded for each position except at the centreline

where 100 blocks are taken for a total record-length of 34 minutes.

The other type of data is used to compute spectra, auto-correlations, or structure
functions such that a complete time series is required. For this type of data file, the
sampling frequency is twice the low-pass filter frequency to avoid aliasing. 100 blocks
of 4096 samples are taken at each position except at the centreline where 1000 blocks
are recorded for the improved convergence of higher-order statistics. In addition, to
resolve the low frequency part of the power spectra, 1000 blocks of 4096 samples are
also taken at 1 kHz (about ten times slower than the Kolmogorov frequency) at the

centreline only. For this last data file, the low-pass frequency is half the sampling
frequency (500 Hz).

The temperature signal for the time series is also corrected for the frequency
response of the cold wire before being analyzed. This is done in FORTRAN90 by
computing the Fourier transform of each block of data, applying a filter function to
it, and then computing the inverse Fourier transform. The filter function that is used

is the one suggested by Lemay and Benaissa[50]:

Hy(f) = |H¢(f)| exp(—ig(f)) (2.8)

with
Hy ()] =« 11{—((]{—/% 29)

and
¢(f) = —arctan(f/ fu) (2.10)

where [, is the cut-off frequency of the wire and its measurement was discussed earlier;
fx is the low-pass frequency. Using this correction, the dissipation increases by at
least 20% and the small-scale collapse in the power spectral density improves. To give
an idea of the importance of the frequency response correction, the scalar dissipation
spectra of the same signal, one is not compensated while the other is compensated,

is shown in Figure 2.7.

The data is processed using a numerical program that was revised and translated
to FORTRANO90 by Sébastien Beaulac in 1999.
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Figure 2.7: Effect of the frequency correction on the dissipation spectra.
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Chapter 3

Flow Field

In this chapter, the flow field characteristics will be described. The symmetry of
the wake will be discussed, and the independence of the turbulence statistics in the
direction parallel to the cylinder axis will be verified. A discussion of the perturbation
of the flow by the mandoline will follow, and a proof of the passivity of the scalar will
be made. Then the temperature field will be validated for the heated cylinder.

3.1 Velocity

All the experiments were conducted at the same free stream velocity, U, of 10.2
m/s. This results in a Reynolds number based on the cylinder diameter of 16.2 x 10°.
At this flow velocity, the Root Mean Square (RMS) of longitudinal velocity fluc-
tuations (ugpms = (u?)3) is 0.61 m/s at the centreline and a downstream position
of 53 diameters which results in a turbulence intensity of 6%. This low turbulence
intensity indicates that Taylor’s frozen flow hypothesis should be applicable through-
out. The RMS of the transverse velocity components is 0.53 m/s. The skewness
(Sy = (u®)/ (u2)3) of both components of velocity is always smaller than 0.06 at the
centreline and the flatness or Kurtosis (F, = (u)/(u?)?) is around 2.86 for each ve-
locity components. Table 3.1 displays the most important turbulent scales at two

downstream positions.

x/D | 53 | 89
¢ (mm) | 40 | 57
A (mm) | 3.8 | 5.2
n (mm) | 0.15 | 0.21

Table 3.1: Principal velocity length scales of the flow at Rep = 16.2 x 103.
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All the length scales in Table 3.1 are longitudinal in nature. ¢ is the integral
scale, A is the Taylor microscale and 7 is the Kolmogorov scale of the velocity fluctua-
tions. The integral scale is obtained by evaluating the integral of the auto-correlation
function up to its first zero (as suggested by Comte-Bellot and Corrsin[54]). The
temperature integral length scale will be evaluated in the same way. A and 7 are

computed using formulae proposed in Tennekes and Lumley[9]:

(3.1)

and

- (2)" o

The value of the dissipation rate of turbulent kinetic energy is required to com-

pute 7. It is obtained assuming small-scale isotropy and Taylor’s frozen flow hypoth-

=) &)

3.1.1 Structure of the Hydrodynamic Wake

esis:

It is of interest to look at the symmetry of the wake. Since the imposed geometry is
symmetric about the x-z plane, turbulent statistics should also be symmetric about
this plane. Figure 3.1 suggests that the mean longitudinal velocity ((U)) is symmetric.
A least-square fit of the form (U) = A— B exp(Ly;iy—"Z) was performed on the data.
Since the cylinder is placed at the middle of the tunnel, the origin for y is also
chosen to be the middle of the tunnel. The value of the offset y, in the curve fit
is 0.02D. The value of h, the half-width of the wake at this downstream location
is 2.85 diameters. The present value is lower than the one obtained by Kang and
Meneveau[37](Rep = 4.1 x 10*) and is higher than the one obtained by Matsumura
and Antonia[36](Rep = 5.83 x 10%). The centreline velocity (Uc) is 8.9 m/s such that
U./Us = 0.86 which is very close to the values obtained by Matsumura, and Antonia.

In Figure 3.2 the RMS profile of the velocity fluctuations displays a larger asym-
metry. The peak of ugpsg is higher for y < 0. However, the axis of symmetry of both

profiles remains close to y = 0.
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Figure 3.3: Mean velocity profile for different heights. (z/D = 53). o: z/D = 0, A:
2D =—2,0: 2/D = —3.5.

Another geometrical property of the wake of a long cylinder (L > D) is that,
far enough from the cylinder ends, statistics should not vary in the direction parallel
to the cylinder axis. In this experiment, the length to diameter ratio of the cylinder
is 34 which should be enough to guarantee a two-dimensional region. In order to
verify if such a two-dimensional region exists, a series of measurements are made at
planes below the mid-plane, namely z/D = —2 and z/D = —3.5. Figures 3.3 and 3.4
show that the mean velocity profile and the RMS of v and u (not shown) are hardly
affected by the height.

The power spectral density of u is shown in Figure 3.5 for three locations along
the axis: clearly, the structure is independent of the height. From Figures 3.3, 3.4,
and 3.5, it appears that the flow is two-dimensional for a central portion of at least 7

diameters.

3.1.2 Influence of the Mandoline on the Flow

The purpose of a mandoline is to be able to inject the scalar at different scales without
disturbing the velocity field. This is, however, ideal and the mandoline may influence
the flow.

The mandoline wire diameter (dyire = 0.127 mm) is chosen small enough to avoid
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the shedding of vortices as discussed in Chapter 2. This is true, however, only when
the wires are hot, because of the increase in the film temperature. For s/D = 0.1,
the flow blockage is 5.5 %. The velocity field along the centreline at /D = 53 was

measured for the following four conditions:

1. Empty tunnel.
2. Mandoline only.
3. Cylinder only.

4. Cylinder and mandoline.

The mandoline was not heated. Therefore, its effect on the velocity field will
be overestimated given that the Reynolds number using a film temperature will be
larger than what it is during the experiments. The mandoline causes the background
turbulence intensity to increase slightly from 0.12% to the (still low) value of 0.17%.
When placed in the wake of the cylinder, the mandoline causes a measurable increase
in ugprs (from 0.58 m/s for the cylinder only to 0.61 m/s with the mandoline), but S,
and F, remain unchanged. The power spectral density shown in Figure 3.6 indicates
that the mandoline affects the large scales primarily. The mandoline has negligible

effect on the lateral component of velocity.

The reason why the influence of the mandoline on the flow is greater when the
cylinder is present could be attributed to excitation of the wires by the von Kdrmén
vortex street. If the frequency at which the von Kérmdn vortices are being shed (f,)
is close to the natural frequency of the mandoline wires (f,,), the wires could start
to vibrate and disturb the flow. It is therefore important to estimate the natural

frequency of the mandoline wires and make sure that f,, > f,.

The mandoline wires behave like vibrating strings with their fixed ends located

at the junction to the springs. Therefore their resonance frequencies are given by:

nt |T

fres = 'i-j— ; (34)

where ¢ is the mass per unit length (Kg/m) of the wires, T is the tension in the wires,
and L is their length. The fundamental natural frequency of the wires is obtained by
setting n = 1. By expressing ¢ in terms of the density, p,,, and the wire diameter,

d., the following formula is obtained:
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For stainless steel, p = 7930 Kg/m? and for nichrome, p = 8430 Kg/m3. The
wire diameter is 0.127 mm and their length is 0.70 & 0.01 m. The most difficult

parameter to estimate is the tension in the wires because the length of the springs

Jm (3.5)

was not constant, therefore affecting the spring constant and they were not stretched
by the same amount. The average spring constant (k) is estimated to be around 150
N/m and their average extension is 30 mm. (This results in a tension of 4.5 N which
corresponds to a tensile stress of 350 MPa. This is lower than, but close to the yield
stress for both, nichrome and stainless steel. As expected since some wires suffered

from permanent plastic deformations when installed.) f, is then estimated to a value
of 1 Khz.

For Rep = 16.2 x 103, the Strouhal number (S; = f,D/Uy) is approximately
constant and equal to 0.21. It is therefore straightforward to obtain the frequency of
the vortices (f, ~ 85 Hz). It is thus, very unlikely that the von Karman vortex street
will cause the mandoline wires to oscillate.

Some influence of the mandoline on the flow field is to be expected. Numerous
studies of velocity perturbations in grid-generated turbulence have been conducted.

Townsend|[55] describes the effect of wire gauzes on turbulence as a net damping effect.
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This effect is observed in grid-generating turbulence even if the wire diameter of the
screen is too small to shed vortices and even if the screen has very low solidity. For
example, in Sreenivasan et al.[46], it was observed that the heating screen changes

the decay rate of the velocity fluctuations.

In this case, although the mandoline only causes a slight increases in the back-
ground turbulence when it is placed alone in the tunnel, its small perturbation to the

velocity field seems unavoidable.

3.1.3 Effect of the Scalar

This work treats the mixing of passive scalars. “Passive” implies that the scalar does
not affect the flow field. Here, the scalar is temperature, and since the density of air is
inversely proportional to its temperature (for incompressible flows), the scalar cannot
be passive in the presence of a gravity field. However, if the buoyancy force created
by the temperature fluctuations is small compared to other forces acting at the same
scale, the effect of the scalar on the flow field can be neglected and the scalar can be

treated as passive.

There are several ways to determine whether the temperature can be treated as
passive. T'wo will be used here. The first one will be to compare some turbulent
statistics of velocity for the isothermal case and the heated case. The second one will
be to compare the ratio of the buoyancy forces to the inertial forces in the flow. For
the case of the isothermal flow, neither the cylinder nor the mandoline heats the flow.

Buoyancy can affect any scale in the flow. Table 3.2 illustrates the most impor-

tant flow statistics for the isothermal wake and the wake heated by the cylinder.

Isothermal wake | Heated Wake

URMS (m/s) 0.62 0.61
¢ (mm) 40.3 40.0
A (mm) 3.79 3.73
7 (mm 0.154 0.154

€ (m?/s%) 7.21 7.24
Sy 0.048 0.048

E, 2.87 2.86

Table 3.2: Effect of the temperature on the important velocity length scales.

The differences in Table 3.2 are within experimental error. To examine the effect

of the temperature on every scale in the velocity field, the power spectral density is

37



T T TTTIT T TTTTTT T T TTTTT T TTTTTIT T T T TTTl

T TTTTm

L L1t

1 llIIIII‘

11 HIII!!

......................................................................................................

11 I|Il|||

v

—

<
f=2)

E () (m’/s)

T IIIIllIl

| IIIIIII| { HIIIIII

—
< 3

o
T Illllllt T IHHIIl

10'9 H 1 IIIIIIi | 1 IIIIIIi | | ||lllli { | llIIIIi 1 [
) 10° 10" 10 10® 10*
f (Hz)

k.
(=)

Figure 3.7: Effect of the temperature on the power spectral density of v. solid line:
Isothermal wake, dashed line: Heated wake.

used. In Figure 3.7, the spectrum of v (the velocity fluctuation in the direction of the

largest temperature gradient) shows no discernable effect.

The importance of the buoyancy force compared to the inertial force can be
measured using the Bolgiano length scale (L;). The Bolgiano length scale is computed
by equating two turn-over times. The first one is the time for the energy of the flow
to transfer from an eddy to a smaller one due to buoyancy effects. The second is the
same time for inertial forces. Consequently, if the Bolgiano length scale is larger than
the integral length scale, it means that temperature fluctuations are too small to have
the time to cause an energy transfer in the velocity eddies. The Bolgiano length scale

is defined as follow:

£5/4

G 99y

where ¢ is the volumetric thermal expansion coefficient (¢ = % (%)P =34 x1073

K~! for air under the experimental conditions) and g is the gravitational acceleration

L (3.6)

(g = 9.81 m/s?). For the Bolgiano scale to be small, either € has to be small or €
has to be large. In this flow, € is fixed so that the only parameter is €5. The Bolgiano
scale is closest to £ at /D = 89. At this downstream position, Ly = 2.6 X 10® m for
the cylinder and 2.4 x 10® m for the mandoline with the highest €5. For both of these
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cases, Ly > ¢ which indicates that the temperature is indeed a passive scalar.

3.2 Temperature

The heated cylinder generates a mean temperature rise of 0.8 °C at the centreline and
a downstream position of 53 diameters for the above-mentioned flow velocity. This
mean temperature excess results in a RMS value for the temperature fluctuations
(Orars) of 0.23 °C. The skewness and flatness factors go from -0.08 and 3.00 at z/D =
53 to -0.22 and 3.05 at /D = 89. The value of Fjy agrees very well with Figure 1 of
Mi and Antonia{39]. The skewness cannot be compared directly since it is a function
of Rep. In Figure 1 of Mi and Antonia, the downstream evolution of Sy is measured
for a slightly lower Reynolds number (Rep = 1.2 x 10%) so that the present value
of Sy cannot be compared directly with this graph. However, Figure 4 of Mi and
Antonia indicates that Sy should be negative after z/D =~ 42 for Rep = 16.2 x 10°.

The present results for Sp therefore agree well with the results of Mi and Antonia.

3.2.1 Structure of the Thermal Wake

Like for velocity, the thermal field should be symmetric. Even if the velocity field
is symmetric, other factors (e.g., background temperature gradient) could cause the
temperature field to be asymmetric. The mean temperature excess ((I') — Two) profile
is shown in Figure 3.8. Similarly to the mean velocity profile, a Gaussian least-square
fit is performed on the data. The mean temperature excess is not as well represented
by a Gaussian profile as the mean velocity. However, the profile is highly symmetric.
Again, the origin for y is taken as the center of the tunnel and the offset value y,
from the Gaussian curve fit is small (y,/D = —0.2). The value for the thermal half-
width (hg) is 3.9 diameters. This value is larger than h, in agreement with previous
results[45, 53).

The RMS profile of the temperature fluctuations is shown in Figure 3.9. Unlike
the RMS velocity profile, the RMS temperature profile is close to symmetric.

In section 3.1, the velocity field was shown to be two-dimensional. If the scalar
is injected uniformly along the cylinder, its field should also be two-dimensional.
There are a number of factors that could create some temperature gradients along
the cylinder axis. The cylinder ends are insulated to reduce the axial heat transfer
and the tubular heater occupies 91% of the cylinder length so that the injection of

heat should be uniform in the central part of the wake.
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The temperature statistics (Arums, Se, and Fp) are constant within 2.5% along
the cylinder axis for a portion of 4 diameters located at the mid-height. Figure 3.10
indicates that the RMS profile of temperature does not change significantly with
height, the largest differences being around the peaks for y > 0.

The power spectral densities shown in Figure 3.11 indicates that the structure
of the temperature is almost the same for different heights along the centreline. The
largest difference is at small frequencies (large scales). These results suggest that,
like the velocity field, the temperature is indeed independent of the z direction for a
central portion of at least 7 diameters.

The same test could be made for the mandoline. However, the mandoline wires
have a much larger length to diameter ratio (lyire/dwire =~ 6000) and therefore end
effects should be smaller and the temperature should be injected more uniformly in

the z-direction.
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Chapter 4

The Effect of the Velocity Integral
Scale on the Scalar Field

Studies in grid-generated turbulence have shown that the decay rate of the scalar
fluctuations depends primarily on the ratio of the velocity field integral length scale
at the injection point to the scalar injection scale (herein referred as ¢,/Ly or the
injection ratio). At this point, it is important to differentiate between the scalar
injection scale, Ly, and the velocity field integral length scale, ¢,. The latter is the
actual integral scale of the velocity field at the injection point and can be computed
as described in section 3.1. The scalar field is created at the injection point, zg,
and its integral length scale cannot yet be computed. Therefore, the scalar injection
scale refers to the physical configuration of the mandoline, i.e., its width and wire
spacing. The idea of the scalar injection scale originates from Durbin[47]. Durbin
estimated Lg ({7 in his text) by assuming Ly = 0.2Mr (M7 is the wire spacing
of the mandoline) in order to compare his theoretical results with the experiments
of Warhaft and Lumley[24] (herein referred to as W&L) and those of Sreenivasan,
Tavoularis, Henry, and Corsin[46] (herein referred to as STHC). The scalar injection

scale is different from the integral length scale of the scalar field, 4.

W&L showed that it is possible to vary the injection ratio by use of a mando-
line. They varied the velocity integral scale by moving the mandoline downstream
of the source of the turbulence (a grid) and also varied the scalar injection scale by
changing the mandoline wire spacing. This chapter will extend W&L’s work to an
inhomogeneous free-shear flow by moving a mandoline of fixed size (fixed scalar in-
jection scale) downstream in the wake of a cylinder. The effect will be a variation of
the injection ratio by changing the velocity integral length scale. Emphasis will be
put on the “response” of the scalar field to changes in the velocity field scale in the

presence of the inhomogeneity. The results of changing the scalar injection scale will
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Figure 4.1: Evolution of the integral length scale of u downstream of the cylinder.

be presented in Chapter 5.

4.1 Evolution of the Velocity Integral Scale

To understand how the injection ratio influences the scalar field, it is important to
study the downstream evolution of the velocity field length scales. The relevant
velocity field scale is the integral length scale, £. In the wake of a cylinder, £ is
proportional to the half-width of the wake. £ increases in the downstream direction
since the wake widens. Figure 4.1 displays the evolution of ¢ for different downstream
positions (see §3.1 for details on how £ is computed). According to Tennekes and
Lumley[9], ¢ should grow with the square root of x. The solid line in Figure 4.1,
which represents a least-square fit of the form £ = b\/x/—D, fits the data well over the
entire range. Clearly, moving the mandoline downstream of the cylinder increases the
injection ratio.

In this chapter, only the downstream position of the mandoline, zy, will be
changed, which consequently changes the velocity scale at the injection point, £,.
The mandoline width is fixed to the diameter of the cylinder (w/D = 1). The wire
spacing is fixed to 11—0 of the cylinder diameter in order to have a good signal to noise

ratio while keeping the flow blockage to an acceptable level. The choice for the width
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Figure 4.2: Decay of the variance of u downstream of the cylinder for the entire range of
z/D.

of the mandoline appears to be natural. Léveque et al.[56] also used this width for

their mandoline.

4.2 Decay Rate of the Scalar Variance

To gain a better understanding of the effect of the injection ratio on the scalar field,
we first look at its downstream evolution. Using his dispersion theory[47], Durbin
was able to show that, although the decay of fluctuating quantities is not described
by a power-law for all downstream positions, there does exist a large range in which
one holds. In Figure 4.2, the decay of the variance of u is shown over the entire range
of downstream positions for this experiment. This range includes the early part of
the decay of the velocity variance. It can be observed that a power-law regime exist
for z/D > 50.

The range of downstream positions of interest is that where Figure 4.2 exhibits a
power-law decay. Therefore, the next figures showing decay laws will be shown only
for 53 < x/D < 89. This is the case in Figure 4.3, where the decay of u?v?, and ¢?
(the turbulent kinetic energy per unit mass), are plotted. The solid lines represent a

power-law least-square fit of the form:
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This form has been often used in grid-generated turbulence, where the value of
n is about 1.3. In this case, n = 0.63: half the value obtained in grid turbulence.
The explanation is most likely that, in the case of the wake, turbulent kinetic energy
is produced by the mean flow and therefore reduces the decay rate of the fluctuating
kinetic energy. Also shown in Figure 4.3 is the decay rate of (v*), which is faster
than that of u (n = 0.78 for v). The decay rate of the mean kinetic energy of the
fluctuations, (¢%) (= 1((u?) + (v*) + (w?))), is also well fitted by a power law (w
is obtained by rotating the X-wire probe 90° about the x-axis). Since w decays at
the same rate as v, the decay exponent for {¢?) is 0.72, a value between that of u
and v. The value for the virtual origin (z,/D = 30) is larger than in grid turbulence
(typically, z,/M =~ 3, where M is the mesh size of the grid - see for example W&L).
This larger value for x,/D might result from the developing region of the wake or of
the von Karman vortex street.

The same procedure is applied to the scalar field using a similar equation with

different constants:

6% _p (“’ - %)_m (4.2)
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Figure 4.4: Decay of the temperature variance as a function of mandoline downstream
position. o: Cylinder, A: z9/D =2, ¢: z9/D =4, X: zp/D = 10, +: x4/D = 20.

where AT is the mean temperature excess ((T') — T ). W&L varied the downstream
position of their mandoline and obtained different values for m which signifies a non-
unique ratio of m/n. STHC also varied the downstream position of their heated
screen (for a different range of downstream positions) and found that m was hardly
affected, i.e., m was independent of £, and m/n was therefore unique. Durbin’s
dispersion theory shows that the relevant parameter governing m is the injection
ratio, ¢,/ Lg[47]. According to Durbin, if £,/Ly > 2.5, then m will be independent of
l,.

The goal of this experiment is to study the effect of the velocity integral scale
on the decay rate of the scalar, m, and other important parameters such as the
ratio of mechanical to thermal time scales, r. Hence, £, needs to be kept small,
i.e., the mandoline must not be positioned too far from the cylinder. Therefore,
the range of mandoline downstream positions (zy) is chosen to be between 2 and
20 diameters. Figure 4.4 displays the decay of the scalar variance for the different
mandoline positions and the decay of the scalar variance behind a heated cylinder for

comparison.

The decay of the scalar variance is well fitted by the power-law described in

Equation 4.2. In Figure 4.4, the scalar variance is not normalized by AT? because
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Figure 4.5: Decay rate exponent as a function of mandoline downstream position.

the latter could not be measured accurately. In a wake, AT? is a function of z/D.
(Although the heat flux is conserved, the width of the wake increases.) However, the
decrease in AT? is independent of zg. Therefore, computing m based on (6?) alone

will not affect the following discussion.

The virtual origin, z,, is the same as for the velocity and is independent of
zg. The slope of the least-square power-law curve fits, m, in Figure 4.4 varies with
mandoline position. An extensive study of the effect of the heat input revealed that m
is independent of the initial fluctuation intensity. In addition, all the dimensionless
statistics (Sg, Fy, PDF) and the structure of the flow are independent of the heat

input. This independence is also the case for the cylinder.
Therefore, because m is not a function of the heat input but only a function of
¢,, it is meaningful to look at the relationship between m and £,. Figure 4.5 suggests

no particular form, although a linear relationship (shown as the solid line) agrees well
with the data.

4.3 Structure of the Scalar Field

Because the heat injection occurs at the large scales of the flow, the integral length
scale of the scalar will be studied. The longitudinal integral length scale of the scalar

field, £z, is obtained exactly the same way as with u. In this chapter, the subscript
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Figure 4.6: Auto-correlation of the temperature signal. (z/D = 53).

z is omitted since only the longitudinal scale is studied. The auto-correlation of 8,
which is shown in Figure 4.6, clearly exhibits changes in #y for different mandoline

configuration. The results for #y are shown in Table 4.1.

zo/D | lpat x/D =53 | 4y at /D =89
2 54.4 78.1
4 45.1 60.8
10 34.9 54.3
20 22.6 37.7
Cylinder 47.2 63.5

Table 4.1: Effect of the mandoline’s downstream position on ¢ (dimensions are in mm).

The resulting scalar field has a smaller integral scale for increasing zy, which
reinforces the idea that ¢,/ Ly is increased as zy is increased. Another way to consider
the structure of the scalar field is to examine its power spectral density (or spectrum)
since it displays the relative intensity of all the scales present in the field. The spec-
trum of the scalar field is shown in Figure 4.7 for the different xy. It is normalized by
Kolmogorov (small-scale) variables in order to put emphasis on the relative differences
at the large scales. The small scale collapse (high wavenumbers) is quite good except
at the highest wavenumbers where electronic noise becomes significant. Differences
appear at the large scales. The smallest (normalized) intensity occurs for the largest

mandoline downstream position and it increases with decreasing zy.
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Figure 4.7: Spectra of the temperature field for different mandoline downstream positions.
(x/D = 53).

The problem with one-dimensional spectra is that they suffer from large-scale
aliasing, as discussed in Tennekes and Lumley[9] (see page 249). This aliasing renders
more difficult the estimation of ¢y from the spectrum. A solution is to study the
three-dimensional spectrum. W&L assumed isotropy to derive the three-dimensional
scalar spectrum from the longitudinal spectrum (see Tennekes and Lumley[9], page
281, Eq. 8.6.9) and used the three-dimensional spectrum to illustrate the changes in
the integral length scale. The changes are represented by a shift in the peak of the
three-dimensional spectrum (see their Figure 15).

Isotropic relations cannot be used in this anisotropic flow to obtain the three-
dimensional spectrum from the longitudinal spectrum alone. However, it is suggested
by Lumley and Panofsky[57] (see page 31) that, assuming an exponential decay for
the longitudinal auto-correlation (which is inaccurate at the smallest separations),
the wavenumber corresponding to the peak of k; X Ey, kyqq, is equal to the inverse
of the integral length scale.

The curves in Figure 4.8 represent a smooth curve fit through the data points of
Figure 4.7 (multiplied by the corresponding k17). In Figure 4.8, the peak of k; x Ey
is a function of k1mg. As xg increases, the location of the peak is shifted toward larger

k17ms. This suggests that ¢y decreases as zy increases.

Kmae is determined by finding the zero of the derivative of k1 X Ey. The results for
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Figure 4.8: Spectra multiplied by the wavenumber for different mandoline downstream
positions. (z/D = 53).

Emaz Versus m are shown in Figure 4.9 and appear to follow a logarithmic relationship,
whereas W&L observed a linear relationship. However, in both cases, the relationship
is far from certain due to the lack of data. In general, the behavior of both k,,,, and

£y support the fact that £,/Lg increases as xy increases.

4.4 Time Scale Ratio

As noted by W&L, turbulent flows should have time and length scale ratios that are
connected to each other by the mean flow, i.e., faster time scales should be related
to smaller length scales. Therefore, the ratio (r) of the mechanical to thermal time
scales (7 and 75) will be studied and compared with the ratio of integral length scales
(£/£g). T is defined as:

_ T _ (d¥)/e
r= " 10D e (4.3)

In grid generated turbulence, since the velocity and thermal fields are homoge-

neous and isotropic, the variance budgets of the velocity and the scalar reduce to:

1) _

5 dt (4.4)
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Figure 4.9: The decay exponent as a function of the wavenumber at the peak of ki X Eg.
(z/D = 53).

and

1d(6?)
2 dt

Hence, for this particular flow, it turns out that r = m/n. For the case of the

= —€g. (45)

wake, the turbulent transport term (%ﬂgzﬁ) and the mean turbulent production term

((UG)%—Z) in the scalar variance budget are non-zero and cannot be neglected:

1d(6%)  16(v6?) or
2 dt 2 oy +<v0>8_y_

—€g. (46)

Therefore, such a simplification cannot be made (r # m/n). Equation 4.3 is
used to evaluate r. The first thing to note is that r depends on the dissipation
rate of turbulent kinetic energy (¢) and on the dissipation rate of the scalar variance
(ep). Figure 4.10 shows that the downstream evolution of ¢ is also well fitted by
a power-law (as is €). m, (the decay exponent of ¢y) follows the same trend as m
with zg. Since all these experiments were conducted at the same free stream velocity,
ne (the decay exponent for €) is constant. Its value is 1.20 so that n. —n = 0.48,
which is considerably smaller than the theoretical prediction of 1 for homogeneous

and isotropic turbulence.
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Figure 4.10: Decay of the scalar variance dissipation rate as a function of mandoline
downstream position. o: Cylinder, A: z9/D = 2, o1 z9/D = 4, x: z¢/D = 10, +:
zg/D = 20.

Since all the terms in the definition of r are well fitted by a power-law, r should

also be described by a power law:

r=C(z/D—1x,/D)™™. (4.7)

In fact, the exponents of each variables in Equation 4.3 can be summed up to
determine if 7 is constant downstream of the cylinder (n, = n —n, —m +m,). Table
4.2 displays the decay rate of (6?) and of €y along with n,. n, is very small for the
cylinder and slightly larger than zero for all the mandoline cases. Although n, is not
zero, it is still half of the smallest value for m, which signifies that r should decrease
very slowly downstream of the cylinder. The rate at which it decreases is similar for
all mandoline positions.

To verify if all the previous observations are valid, the downstream evolution of
r is plotted in Figure 4.11. It is not clear whether or not r decreases due to the
experimental scatter, with the possible exception of zs/D = 20. It should be noted
that r is difficult to estimate accurately and that Sirivat and Warhaft[58] as well as
Zhou et al.[21] measured r the same way and obtained experimental error of the same
magnitude. Since 7 is ill-conditioned and because it decreases quite slowly, an average

r is defined:
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zg/D m | me | ny
2 0.25 1 0.84 | 0.11
4 0.40 | 0.99 | 0.11
10 0.55 ) 1.17 | 0.14
20 0.98 | 1.63 | 0.17
Cylinder | 0.61 | 1.05 | -0.04

Table 4.2: The decay exponents of the scalar variance and its dissipation rate. m is the
decay exponent of ¢g. Note that n = 0.72 and n. = 1.20.

25 I SO A A B
2.0 [t efeerree s . — :
I | | + i | | | '
e e S
r [ : ¢ : : : : 1
- o |
= L 2 a ' 2 A g >
i : : s ; z Lo : R
LO [ oo S P ot 7
T N .. llii i
0.0 i 1. L 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 L 1 1 i 1 1 1 i ; 1 1 1 1 i 1 | 1 L |
20 25 30 35 40 45 50 55 60

(x-xo)/D

Figure 4.11: The time scale ratio r as a function of downstream position. o: Cylinder, A:
xg/D =2, o :I,‘@/D =4, X: xo/D =10, +: :L'g/D = 20.

Tavg = /529 r d(z/D). (4.8)

This 7444 is used to compare the time scale ratio with the integral length scale
ratio (£/£g, not the injection ratio). Figure 4.12 shows that 74, increases when £/4y
increases. As pointed out by W&L, smaller length scales should have faster time

scales. Figure 4.12 is consistent with this idea.

W&L were able to collapse the peak of their three-dimensional spectra by nor-
malizing the x-axis with r. Here, the peak of k; X Ey approximately collapses to
the same wavenumber when the x-axis is normalized not by 74, but by m (shown
in Figure 4.13). The largest error comes from the case of xg/D = 2 and is expected
since the value of m obtained for this case is also low. It should be noted that, in
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Figure 4.12: The time scale ratio 7 as a function of the ratio of the velocity to scalar
integral length scales.

the case of W&L, r = m/n so that the peak of their three-dimensional spectra would
also collapse if the x-axis were normalized by m (given that n is also a constant in
their flow).

4.5 Longitudinal Velocity-Scalar Correlation

As pointed out by W&L, the mandoline is a physical apparatus designed to decouple
the temperature field from the velocity field. To examine the coupling between these
two fields, we study the correlation coefficient of the longitudinal velocity fluctuation
and the scalar fluctuation (pyu9). For the case of the cylinder, there exists a naturally
high anti-correlation (pu9 ~ —0.35) that results from the von Karman vortex street,
as explained by Matsumura and Antonia[36]. The hot fluid originates from the wake
close to the cylinder and is therefore slower than the cold fluid coming from the free
stream, thus producing the natural anti-correlation.

The relatively large anti-correlation between u and 6 for the heated cylinder is
expected because, as in the case of heated grids, the turbulence source and the heat
source are the same. To verify whether the mandoline decouples the two fields, Figure
4.14 displays the downstream evolution of p,y for the cylinder and the same four
mandoline positions. The maximum anti-correlation (largest |py¢|) occurs for zy/D =

4 where the von Kdrman vortex street is strongest. This persistent anti-correlation is
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Figure 4.13: The spectrum multiplied by the wavenumber for different mandoline down-
stream positions.
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position. (z/D = 53)

very different from W&L where the anti-correlation was significantly smaller for the
mandoline than for the heated grid. To understand the mechanism behind this anti-
correlation, it is useful to look at the coherence of the signal (Coh(u,8) = |Eyg|*/(Ey ¥
Ep)).

Like in W&L, Figure 4.15 indicates that the anti-correlation originates from the
large-scale structure. The coherence for the mandoline cases is of the same order of
magnitude as for the heated cylinder. The reason for the anti-correlation persisting in
the case of the mandoline is the structure of this flow. The mandoline heats the slow
fluid behind the cylinder, i.e., it heats the vortices. As z is increased, the relatively
slow fluid is hot, and the fast fluid, coming from the potential flow is cold, producing
this anti-correlation. As zp is increased, |pu| decreases. This attenuation in the
anti-correlation might be because the mandoline heats some of the fast engulfed fluid
or because the vortex is larger than the mandoline and it is therefore not heated
completely. Both effects would reduce the strength of the anti-correlation. Thus,
we observe that the structure of this inhomogeneous decaying flow is significantly

different than that of homogeneous, isotropic grid turbulence.
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Chapter 5

The Effect of the Scalar Injection
Scale on its Field

As seen in Chapter 4, the decay rate of the scalar fluctuations and the structure of
its field are dependent on the injection and time scale ratios. In this chapter, the
scalar injection scale (Lg) will be independently varied. In grid-generated turbulence,
W&L varied the scalar injection scale by varying the spacing between the wires of
the mandoline. Doing so, they observed changes in the scalar field and its decay rate.
STHC also varied the spacing between the wires of their heated screen, but the effect
on the decay rate of the scalar variance was marginal because their wire spacings were
too small compared to £,. That was not the case for W&L, where the different wire

spacings were larger than the integral length scale of the velocity field.

In the wake of a cylinder, £ is of the order of the wake half-width so that the
width of the mandoline is of the same order. Thus, it is impossible to produce changes
in the wire spacing of the mandoline that would be larger than £,. Nevertheless, an
extensive study about the effects of the wire spacing on the structure of the scalar field
and the decay rate of its variance was carried out. As expected, it revealed that, for
all mandoline downstream positions, doubling and even quadrupling the wire spacing
only causes marginal effects on the scalar field and its downstream evolution.

Another way to vary the scalar injection scale was sought out. The wake is a free
shear flow: it has no solid boundary. In other words, the domain of the turbulence
is not clearly defined like, for example, in channel flow. Hence, it is impossible to
heat all, but only, the turbulent flow. One has to make the choice of heating all
the turbulent flow and heating some of the free stream or heat no free stream but
letting some of the turbulent flow remain unheated. Because of these considerations,
the choice of the width of the mandoline is non-trivial. In chapter 4, the width of
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Figure 5.1: Typical time histories of u. z/D =53 and h/D = 2.7

the mandoline is set equal to the cylinder diameter because i) such a choice seemed
sensible, and ii) this width is what other researchers have chosen[56]. This chapter will
study the effect of the width of the mandoline on the scalar field for a constant wire
spacing (s/D = 0.2) and a constant mandoline downstream position (zg/D = 20).
Other downstream positions and wire spacings were studied, but the results were no
different from the case treated here.

Three mandoline widths are selected: w/D = 1, 2, and 3. Since these changes
in width are larger than £ at this downstream position (¢/D = 1.04 at z/D = 20),
noticeable effects are expected on the scalar field.

It seems important to specify whether the mandoline is heating the free stream
for the largest w. The half-width of the wake (h, is defined as the lateral distance
from the centreline to the point where the mean flow velocity defect is half that of the
centreline), is growing at a rate slightly faster than the square root of x. It is equal
to 1.72 diameters at /D = 20 (somewhat larger than ¢) so that the two half-widths
occupy 3.44 diameters, larger than the maximum width of the mandoline. Figure 5.1
displays two typical time histories of the longitudinal component of velocity, u, at
y/h = 1.07 and 1.43 for /D = 53. At y/h = 1.07, there is no intermittency of the
flow as there is for y/h = 1.43, which indicates that the flow remains continuously
turbulent up to, at least, the half-width of the wake. It seems reasonable that if the
flow remains fully-turbulent at the wake half-width at /D = 53, it should be the
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Figure 5.2: The effect of the w on the decay rate of (§%). o: w/D =1, A: w/D =2, ¢:
w/D = 3.

same for /D = 20. Therefore, even for the largest width, the mandoline never heats
the potential flow.

5.1 Decay Rate of the Scalar Variance

To understand the effect of varying the width of the mandoline, we first consider the
decay rate of the scalar variance. In Figure 5.2, the decay of (6?) is also well-fitted
by a power law. As the width of the mandoline increases, the decay rate decreases.
This behavior is consistent with the idea that increasing w is similar to increasing
the scalar injection scale, Ly. In W&L, the same effect was observed when the wire
spacing was increased: increasing Ly decreases the decay rate. This is the opposite
to the velocity length scale, as expected, because the relevant parameter is not the
length scale itself but the injection ratio, £,/ Ly, as discussed by Durbin[47].

Given that the decay exponent m is independent of the heating power of the
mandoline, it is reasonable to consider the relationship between w and m. Figure 5.3
suggests that the variation of m with w is linear. Though there are only 3 data points
in this figure, this result is supported by measurements at other xzy. Therefore, the

decay rate is proportional to the injection ratio.
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Figure 5.3: The decay rate as a function of the width of the mandoline.

5.2 Structure of the Scalar Field

It is now clear that changing the width of the mandoline has some effect on the
downstream evolution of the scalar field. Typically, these changes are associated with
changes in the structure of the scalar field. Therefore, £y, will be examined here.
It is computed using the auto-correlation of 8 (see Figure 5.4). Changing the width
produces very small changes in pyp indicating that ¢y, is not affected by the width
of the mandoline. This independence of ¢4 is supported by the fact that k4, is not
affected by w either (see Figure 5.5).

These results seem to contradict the observed changes in the decay rate. However,
the wake is an inhomogeneous flow and there may be more than one integral length
scale present in the flow. The fact that, changing the width of the mandoline produces
physical changes in the transverse direction is a motivation to consider the transverse
integral length scale, which is computed exactly the same way as the longitudinal one.
As a starting point, the transverse integral length scale of the velocity field, £, ,, will
be examined. The transverse auto-correlation of u for two downstream locations is
shown in Figure 5.6. The integration yields a length scale of 1.12 and 1.59 diameters
at £/D = 53 and 89, respectively, while £, , is 1.68 and 2.22 diameters for the same

downstream positions.

The transverse auto-correlation is measured by keeping one probe at the centre-
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Figure 5.4: The auto-correlation of temperature for the three different mandoline widths.

14_ T T TTTTT T T T 1TTTT T T T TTTIT T T T TTTTT T Illlllll T lll|lll_
- L L S ——wD=1} ]
12 1 | | POy — —wD=2 _
@ 10
0 <<
£
@ 8
—
=
o 0
b
/—\O
. 4
4
2
O— L Illl| L IllIIIIi | IIIIIlli | |IIlIIIi | l\lll. | IlllHT
10° 10* 10° 10 10" 10° 10!
k1ne

Figure 5.5: Spectrum multiplied by the wavenumber for different mandoline widths.
(z/D = 53).

62



1-0 T T ¥ ! ¥ T T T T T T T T T T T
o ; : : :
08 [ T S S — :
Lo | | | 5 -
1Y EUS—— SR S — TE— E—— ¥
L A ; : : -
= L,
R e e .
Q. - o A
A
= @] . . . . 1
LA : ' ;
117 S B RO N -
L : o) A A : : 4
Y TP
I : 0o fia, .
e S P T ]
_0.2’- 1 ) 1 | I 1 ] 1 L L | 1 L 1 J I n
0 2 4 6 8 10
y/D

Figure 5.6: The transverse auto-correlation of u. o: z/D =53, A: z/D = 89.

line of the wake and moving a second one. To the author’s knowledge, the transverse
auto-correlation has never been measured in a wake. Because the wake is inhomo-
geneous in the y-direction, the auto-correlation is expected to be a function of y.
Therefore, a new question arises: What is the proper methodology to measure the
transverse auto-correlation? The method used here is to hold one probe at a fixed
cross-stream location and to move the other one in the y-direction until it is com-
pletely outside of the wake. This method is used since only one traversing mechanism
was available such that the two probes could not be moved simultaneously. To deter-
mine the effect of the fixed probe position on pg(y) (and consequently £g,), several
tests are made measuring £y, for the case of the heated cylinder, but this discussion
is also valid for £,, and any other mandoline configuration. The results from those
tests are shown in Figure 5.7. In addition, an attempt at moving the two probes
simultaneously but manually, is made in order to compare the results with the fixed
probe method.

The effects of different measurement methods are not negligible. However, it is
of interest to note that when employing the method where two probes are moving
apart, the auto-correlation is always equal to the greatest value obtained when only
one probe moves. The most reasonable method for measuring the auto-correlation at
a point would be to move the two probes simultaneously, keeping the point at which

the auto-correlation is wanted as the center of the probe separation. However, the
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Figure 5.7: The transverse auto-correlation of T for the cylinder. z/D = 53. Fixed probe
at: o: centreline, A: y/D = —2, ¢: y/D = —4, e: No fixed probe.

discussion here does not require exact estimates of the value of the length scale itself.
In addition, the auto-correlation with no fixed probe can be deduced from the ones
with fixed probe at different cross-stream locations. For the discussion here, only
the auto-correlation of § with the fixed probe at the centreline will be shown, but
the other fixed probe positions were measured and did not provide any additional

information of use.

For comparison purposes, the transverse auto-correlations of 6 for the mandoline
positions treated in Chapter 4 are shown in Figure 5.8. The same trend appear in this
figure as it appeared for the longitudinal auto-correlation shown in Figure 4.6: the
transverse integral length scale (£5,,) decreases as xy increases. In fact, the transverse
and longitudinal integral length scales are similar in this case. The results for g, are

compared to the ones of ¢y, for one downstream position in Table 5.1.

From the above discussion, it can be concluded that the measurements for £y,
give sensible results. Thus, {5, can be used to study the effects of w on the structure
of the scalar field. The results shown in Figure 5.9 for the transverse auto-correlation
indicate that, like for the case of the longitudinal scale, there is little difference in Zp
caused by the change in w. These results suggest that the transverse length scales
are not independent from the longitudinal ones.

Some conclusions can be made from the above results. Because £y is independent
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zo/D | log | Loy
2 54.4 | 48.4

4 45.1 | 41.7

10 34.9 | 34.3
20 22.6 | 25.7
Cylinder | 47.2 | 43.7

Table 5.1: Comparison between the longitudinal and the transverse integral length scale
of the scalar field. (z/D = 53)

of the width of the mandoline (and the wire spacing), it is independent of the number
of thermal sources in the wake, as long as they are all located at the same downstream
position. Therefore, it would be reasonable to say that a mandoline of only one wire
(a single line source) would produce the same ?¢5. This hypothesis could be possible
since the equation governing the passive scalar field is linear so that the notion of
superposition is applicable. £y would not be affected by the superposition of the
other plumes. However, this hypothesis was not verified and there may be some
restrictions (e.g., only symmetric (about the centreline) mandolines were studied so

that there could be some asymmetry effects on £g).

5.3 Time Scale Ratio

Since changes in w produce sensible variations in m but only marginal differences in
lp, it is important to consider how the time scale ratio, r, reacts to changes in the
width of the mandoline. It is not clear how r is affected by w. Here again, the decay
of € is well fitted by a power-law such that n, can be computed. For all three cases,
it is at most 0.13 indicating again, a very slow decay of 7. The slow downstream
evolution of r is shown in Figure 5.10 again supporting the use of T4y

The values obtained for ry,, are 1.75, 1.83, and 1.68 for w/D =1, 2, and 3,
respectively. It is unclear whether these variations are significant because of the large
experimental scatter in r. There is certainly no trend in g,y with w like there is for
m. This may seem to be contradictory because, until this work, studies involving
the decay rate of the scalar variance were done in homogeneous, isotropic turbulence
where the decay rate m and the time scale ratio r are directly linked due to the
simplifications in the kinetic energy and scalar variance budgets. In the case of the
wake, the turbulent transport and the mean scalar production terms play a capital

role in decoupling r from m.

In addition, as pointed out in Chapter 4, gy, should be proportional to £/4g
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since faster times scales are associated with smaller length scales. Therefore, if £y is
found to be independent from w, 74,y should also be independent from it. Varying
the width of the mandoline does not affect either, the time scale or the length scale

of the scalar field at the centreline of the wake.
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Chapter 6

Conclusions

The purpose of this work was to study the effects of the inhomogeneity of the flow
and the injection ratio on the structure and the downstream evolution of the scalar
field. This goal was accomplished first by varying the velocity integral length scale
at the injection point only and then varying the scalar injection scale while keeping
the velocity scale constant. To study the effects of the inhomogeneities, the injection
ratio was varied in the wake of a cylinder and the results were compared to previously

published data from grid-generated turbulence experiments.

Varying ¢, produces similar effects to previous results in grid-generated turbu-
lence. It was shown that there exists a region in the downstream decay of scalar
variance in a cylinder wake that is well fitted by a power-law. The decay rate of the
scalar variance, m, increases as the mandoline is positioned further downstream of
the cylinder. The integral length scale of the scalar field decreases as zy increases.
Therefore, the decay rate can be related to the injection ratio, £,/Lg in the same way
as it was in grid-generated turbulence. The ratio of the mechanical to thermal time
scales, 7, is found to slowly decrease downstream of the cylinder. The decay rate of
(6%) is found to be proportional to an average r. The peaks of k1 x Ey do not collapse

when the x-axis is normalized by 74,4, but do when normalized by m.

Varying the scalar injection scale produces interesting new results. Ly was varied
by varying the width, w, of the mandoline. Varying the spacing of the mandoline’s
wires did not produce any significant changes in the structure of the scalar field
because the variations in the wire spacings were in all cases smaller than ¢. The
decay rate decreases as w is increased, which is similar to increasing the wire spacing
(for separations larger than £) in homogeneous isotropic turbulence. In contrast,
neither the longitudinal nor the transverse integral length scale of the scalar field

were affected by the width of the mandoline. ¢, and £, were found to be similar.
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Moreover, T4y, is constant like £5. Thus, m and r are independent, which is possible
since the budget of (6?) contains two more terms than the budget in homogeneous,
isotropic turbulence. The results suggest that £ and 7 (the thermal time scale) may
be fixed by the thermal plume of only one source and that the superposition of other
sources does not affect the structure of the scalar field. The most logical reason for
this behavior is that the domain of the turbulence cannot be greater than £ in this
flow.

This result is of interest because it seems to be a property of flows where the
integral length scale of the flow is of the same order of magnitude as the domain of
the turbulence. In homogeneous and isotropic turbulence, it is possible to create a
scalar field that has a larger integral length scale than the velocity field since the
domain of the turbulence is several integral length scales wide. This was the case in

Warhaft and Lumley[24] when they varied the spacing of their mandoline wires.

In the present case, it is not possible to create a scalar field that has an integral
length scale that is larger than the one of the velocity field since it would require the
largest scalar eddies to be greater than the domain of the turbulence. In contrast, for
a flow with its integral length scale equal to the domain of the turbulence, it is possible
to affect the downstream evolution of the scalar field (its decay rate, for example) by
changing the scalar injection scale, Lg. However, this will not change the structure of
its field. This result was obtained for only one flow (the wake of a circular cylinder),
but should be applicable to many industrial flows, where £ is approximately equal
to the domain of the turbulence. These flows include jets, mixing layers, boundary

layers, wall-bounded shear flows such as channel flow and pipe flow.

Lastly, in contrast with the results obtained in grid-generated turbulence, the
anti-correlation between u and 8 does not vanish when the mandoline heats the wake.
This persisting anti-correlation is because of the structure of the wake. As the man-
doline downstream position increases, the magnitude of py9 decreases because more
engulfed, “fast” fluid is heated.

6.1 Future Work

The effect of the scalar injection scale, Lg, on the decay rate of the scalar variance,
m, still requires further investigation. The information is expected to reside in the
profile of the wake. The reason for the decoupling of m from the structure of the flow
probably lies with the two extra terms of the budget of the scalar variance, which are

responsible for removing the constraint 7 = m/n. To study the effects of these two
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terms on m and the structure of the scalar field, a detailed analysis of all terms in the

budget and their relation to the scalar dispersion across the entire wake is needed.

Another source of information for the decoupling of m from the structure of the
scalar field may reside in the structure itself. One of the interesting results is that
¢, is independent of the width of the mandoline, which suggests that it may be fixed
by only one heat source. A subsequent experiment of interest would be to measure
the dispersion from a single source in the wake and independently vary its transverse
location.

Finally, it is the author’s conjecture that the independence of m from ¢ [l is a
property of flows with £ approximately equal to the domain of the turbulence. This
hypothesis should be confirmed by performing similar experiments in other flows that
corresponds to this description, namely jets, mixing layers, and wall-bounded shear

flows such as channel flows or boundary layers.
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Appendix A

Accuracy of the ITFA300 Constant
Temperature Anemometer

The purpose of this appendix is to increase the accuracy of the IFA300 Constant
Temperature Anemometer unit by accounting for changes in the environment follow-
ing calibration. These changes include ambient temperature changes and changes in

wire resistance caused by factors other than its temperature.

A.1 Effect of the Operating Resistance

In order to operate the CTA, the experimenter has to properly set 5 parameters. The
gain and offset were verified to be accurate and may be changed for convenience. The
other three parameters are the cable resistance (R.), the resistance of the hot-wire at
ambient temperature (R,) and the operating resistance of the hot-wire (Rop). The
first two parameters are read in by the anemometer. Extra care should be taken to
always use the same BNC cable with same hot-wire so that R, does not change by
more that +0.01Q from calibration to experiment. R, is allowed to vary: it is the
independent parameter considered here. Usually, the operating temperature of the
hot-wire is set using the overheat ratio (o, to be defined later) and Ry, is obtained
by: Rop = aRp.

The relative importance of correctly setting R, is shown in Figure A.l. For a
AR,, = £0.01  (0.1%), which is equal to the precision of the CTA, the corresponding
change in velocity output is 1 % while a AR, = +0.05 Q2 (0.6%) gives a change
in velocity output of about 6 %. This indicates that a given change in R,y will
produce approximately a corresponding change in velocity which is ten times bigger.
Thus, some general guidelines will be developed to ensure the reproducibility from

calibration to experiment.
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Figure A.1: Effect of R,y on velocity output. The jet temperature is constant. ¢ : Rop =
8.89, At Rop =8.85,0: Ry =8.84, X : Ry =883, +: Rop =8.79.

A.2 Variations in R,

While using the same wire for several days, small changes can be observed in the
value of R, as measured by the CTA. At the same time, the ambient temperature in
the laboratory can also change (changes are larger in fall and spring when the outside
temperature changes most rapidly). At this point, it is important to determine the
contributions of AR, from temperature and other factors. In order to do so, a linear

relation between wire resistance and its temperature is assumed:

RP = Ro [1 + IB(Tflow - To)] (Al)

and

=4 ()5

where R, and T, are a reference resistance and temperature, respectively, which can
be conveniently chosen by the experimenter. [ is the thermal resistivity coeflicient
and is a material property. It can be easily measured using Eq. (A.2) by varying the
temperature and measuring the corresponding resistance change. For the material

of the hot-wire and for small temperature differences, equation (A.1) holds quite
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Rprobe

Figure A.2: Schematic of a hot-wire velocity probe.

well. Thus, using (A.1), the change in R, related to the ambient temperature can be

isolated.

Most often, the change in R, does not correspond to the change indicated by
temperature. In addition, some changes in R, were measured for constant tempera-
tures. Consequently, there must be some other factor in AR,. Before developing any

correction factor for o, some assumptions need to be made on the source of AR,

The extra change in R, can either come from the wire resistance itself (R,,) or
the rest of the probe assembly (R,-o5.). The distinction between the two is important
because it makes a difference when computing R,,. It is assumed here that all the
extra change in R, comes from R, only, as it will be shown later that this produces

the best accuracy.

A.3 Selecting the Proper Operating Resistance.

A question now arises. What is the proper Ro,? In order to answer the question, a
series of tests were made. First, the flow temperature was held constant. In Figure
A.3, the calibration curves of the same wire are shown for different R, (different days)

keeping R,, the same as the starting value (this implies different values for o).

It is clear from Figure A.3 that keeping R,, constant is not the best choice
because errors as large as 12 % occurs. From the heat transfer point of view, it can
be shown that the square of the voltage difference across the wire is related to the
velocity of the flow by[51]:

Tw,a + Tflow

0.84
9 ) (Tw,a - Tflow) + waBw(Tw,b - Tflow)Un (AB)

E? = R A, (

where A,, and B,, are calibration constants that are specific for a wire. If the tem-
perature of the flow Ty, is allowed to vary, the experimenter can get A, and B,
by varying U and T, independently. The constants Ty, and Ty, are also ob-

tained from calibration and they represent the operating temperature of the wire.
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Figure A.3: Calibration curves for a hot-wire keeping its operating resistance constant. o
: Day 1 (R, = 4.83Q), A : Day 2 (R, =484 Q), o: Day 3 (R, = 4.84 Q), x : Day 5
(Ry, = 4.85 Q).

This calibration is cumbersome because the experimenter needs to keep T4, con-
stant for different flow velocities which is not an easy task. In contrast, if the flow
is isothermal, the experimenter needs only to calibrate for one T, and make sure
that the temperature difference AT = T, — T is constant from the calibration to

the experiment.

A.3.1 Isothermal Flows.

Assuming a linear relation between resistance and temperature, one obtains:

R,y = aR, = Ry(1 + BAT). (A.4)

Clearly, if the thermal resistivity coefficient is constant, then o needs to be
constant in order to get the same AT. Thus, R,y is simply obtained from the measured

R,, keeping o constant.

A.3.2 Non-Isothermal Flows.

In this case, because the calibration accounts for different T}y, it is T, that needs

to be fixed. If the ambient temperature is constant, the same relation as the case
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Figure A.4: Calibration curves for a hot-wire keeping its overheat ratio and the flow
temperature constant.

of isothermal flow is obtained. A series of calibrations keeping a constant for T,

constant is shown in Figure A.4.

In this case, R, was changing because the wire was used extensively. An accuracy
of 2 % is achieved. This accuracy can be cut by half if R, is appropriately changed
in (A.3). For example:

Ry,
Anew = pold Aold- (A5)

Rp,new

For the case where the temperature at which R, is measured is different from the
calibration to the experiment, o needs to be changed in order to keep 7., constant

(see equation (A.3). The overheat at experimental conditions can be obtained using
(A.1)):

ROIJ - aTca.lib Rp;Tcalib = aTea:p'l??yTezp' (A6)

In (A.6), ar,,, is the overheat ratio at the calibration temperature and is by
definition the same as ccauip. QT,, 1S the overheat at the experimental temperature

and it is assumed that:

prTemp = prTcalib(l + /BATRp) (A7)
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Figure A.5: Calibration curves for a hot-wire at constant flow temperature and adjusting
the overheat for changes in ambient temperature.

Consequently, R, T,,,, may not be equal to R, at the calibration day since it can
change due to factor other than temperature as previously seen. Using (A.6) and

(A.7), ar,,, can be obtained:

— aTcalz’b
C\ngzp - 1 + ﬁATRP (A8)

where the subscripts “calib” and “exp” denote values measured at calibration and
experiment, respectively, and ATg, is the ambient temperature difference from ex-
periment to calibration. Equation (A.8) was tested for a constant flow temperature
but with R, measured at different temperatures. The results are shown in Figure
A5,

For this case, the accuracy is 3 % which is a little bit worse than when R, was
measured at constant ambient temperature but is better than if no correction to tegp

was made (which would have produced an error of more than 10 %).

A.4 Rounding Errors

Generally, the accuracy can be increased if the experimenter is careful enough with

rounding errors. As it is shown in Figure 1, a variation in R,y of £0.01 €2 creates
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an error of 1 %, so if Ry, is rounded up instead of down, it leads to a small error.
Because the settings on the IFA have a precision of 0.01 €2, the desired acqp may not
be achieved exactly. For example, if R, = 4.88 Q, setting o to 1.8 gives R, = 8.784 (2.
The value entered on the IFA is thus, 4.78. For experiments, the value of owqip that
should be used is 8.78/4.88 = 1.7992 and not 1.8.
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