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Abstract
Mechanical turbulence and convection are combined together in this project
to make it a real scientific and engineering challenge. Thees two natural phe-
nomenon are put together under experimental investigations inside the flow
facility at the Laboratory for Fundamental Turbulence Research (LFTR) at
Reykjavik University. The aim of this research is to study the effects of the
buoyancy on passive particle motions in the convective boundary layer, and
on the intermittent nature of the small scale structures present in such region.
The region of interest is located at 15 mm above the heated wall. Particle
image velocimetry (Eulerian frame of reference) and Particle tracking ve-
locimetry (Lagrangian frame of reference) are the measurements techniques
used in this present work. Our flow is found to be approximatively homoge-
neous with a slight variation in the direction of the heat flow and anisotropic,
with a Taylor Reynolds number, Rλ ≈ 200, local Rayleigh number based on
the thickness of the boundary layer, Raδ ≈ 3 × 105 and local Prandtl num-
ber, Pr = ν/α = 6.77. Our focus is on small structures of homogeneous and
anisotropic turbulence, ranging from the smallest scale present in the dissi-
pative range, η (Kolmogorov scale) to the to energy containing scales in the
inertial subrange η � r � L . Eulerian and Lagrangian experiments were
conducted at the region of interest with an imposed mean thermal gradient
of various intensities. The production and generation of stable mean thermal
gradient in the box-turbulence was done by a developed mathematical model
which had predicted the shape of the mean temperature profile of our flow.
New heating/cooling system was designed and implemented to generate the
convective turbulence. We found that, in the presence of the buoyancy force,
a new dynamic regime arises and the intermittency becomes very high which
will increase the particle-particle interaction and therefore will increase their
coalescence and rate of collisions.
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Chapter 1

Introduction

Turbulence is present in virtually all mixing processes in nature and industry. Many of
the most pressing environmental problems we face today involve turbulence. Particulate
transport by turbulence determines the spread of pollutants or bio agents in the atmosphere
[2] and oceans [3]; currently a major risk to the global ecosystem. It may also play a
significant role in the particle-particle interactions that control the evolution and formation
of clouds [4], and thus directly influences our access to water and the amount of radiation
absorbed in the atmosphere. Recently, it has become clear that refined models for particle
dispersion in turbulence are needed to properly predict distribution and concentration of
ash from volcanic eruptions.

Turbulence as a complex form of flow motion still lacks a satisfactory understanding
even after more than a century. This may be the more surprising, as the physical de-
scription based on the Navier-Stokes equations is well understood. The complexity of
turbulence lies in its highly disordered, spatio-temporally chaotic nature. Theoretical de-
scriptions of turbulence typically rely on models employing the Kolmogorov hypothesis
(1941)[5]. Kolmogorov’s hypothesis were originally formulated in the Eulerian frame-
work, where flow statistics are considered at fixed spatial locations. However, turbu-
lence and Kolmogorov hypothesis can also be cast in the Lagrangian framework, where
statistics are measured along the trajectories of individual fluid elements. Experimentally,
much more is known about the Eulerian characteristics than its Lagrangian counterpart.
Lagrangian experiments have historically been extremely difficult, if not impossible for
turbulent flows with very large Reynolds numbers. All the studies and the experiments
in this field showed us that we can not fully understand the turbulence without a full
characterization of its Lagrangian nature as well as Eulerian counterpart. In addition,
many problems, including mixing and transport, are inherently Lagrangian. Over the
past twenty years, however, Lagrangian turbulence has become the subject of laboratory
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experiments with the development of powerful experimental techniques based on digital
imaging and signal processing.

One of the most known type of turbulence is the convective Turbulence in which the
fluid is heated from below and cooled from above, termed Rayleigh-Bénard convection
(RBC) [6] [7]. Turbulent thermal convection appears in many natural phenomenon from
heat transport in stars to turbulent mixing in the atmosphere [8] [9] and the oceans[10]
[11], as well as in technological applications. In contrast to turbulence generation by
shear stresses, in RBC turbulent convection is driven by buoyancy forces resulting from
fluctuations in the density of the fluid by temperature differences. the dynamical state
of convection is governed by the Rayleigh number, Ra = βgL3∆T/(αν), where β is the
thermal expansion coefficient, α is the thermal diffusivity and ν is the kinematic viscosity.
L and ∆T are characteristic length and temperature scales [12][13]. In a confined system
with a lateral size D, the aspect ratio Γ ≡ D/L, could also be a relevant parameter.
Turbulent convection sets in at large Ra. The Rayleigh number is of the order of 1020

in the ocean and 1023 in the outer part of the Sun [13]. Majority of studies on turbulent
thermal convection have focused on the velocity and temperature field from the Eulerian
viewpoint, focusing on global heat transfer properties of such flows over large ranges of
the characteristic Rayleigh number.

One can characterize fluid turbulence in terms of points fixed in space, or in terms
of the fluid element trajectory, which are usually referred to as the Eulerian frame and
Lagrangian frame respectively. Most previous investigations of turbulent RBC systems
focus on the mechanisms of turbulent heat transfer [13] [14] [15] [16] and the coherent
structures, e.g. the large-scale circulation [17] [18] and thermal plumes [19]. All these
investigations were conducted in the Eulerian frame of reference. Taylor (1921) noticed
that turbulent transport issues that are directly related to the properties of fluid parcel tra-
jectories can be naturally addressed in the Lagrangian reference frame. Since then, many
theoretical models have successfully employed the Lagrangian approach [20] [21] . There
are also many applications in which the aggregation or transport of small particulates in
turbulence is important, such as atmospheric pollutant transport, turbulent combustion and
droplet aggregation in clouds [22] [23]. The rapid progress in experimental techniques
and computational power in recent years has made Lagrangian studies of turbulence fea-
sible at high Reynolds numbers. Although Lagrangian measurements are more natural
approach in many aspects of turbulent measurements [24], technical challenges have lim-
ited the number of studied conducted experiments. Particle Tracking Velocimetry (PTV)
[25] has been conducted in various flow geometries [26][27][28][29] and rapid advances
in detection technology have allowed for measurements in high Reynolds number flows.
These experimental studies [30][31][32] have revealed many interesting aspects of the
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Lagrangian velocity and acceleration statistics and sparked theoretical interest for better
understanding of the Lagrangian dynamics [33][34][35]. These studies have displayed
the extreme intermittency present in the Lagrangian acceleration, clearly indicated by the
acceleration probability distribution function (PDF).

A closely related, interesting topic is the role of turbulence in the process of collision
and coalescence of cloud droplets, which is a key link in the chain of events leading to
precipitation formation in clouds. The small-scales of high Reynolds number turbulence,
such as that typically encountered in the atmosphere, are characterized by intermittent
bursts (strong rare events) of fluid acceleration. It is argued, based on observations of
atmospheric turbulence, that the collision-coalescence process, may be dominated by the
rare, intense accelerations characteristic of atmospheric turbulence. The influence of tur-
bulence on the collision-coalescence process has been a research focus for decades. It is
still not clear whether turbulence can accelerate significantly the collision rate of small
droplets in the early stages of cloud formation. This topic is one of the key elements in
motivating the current work. Our intention is to focus on the importance and effects of
convective forcing on droplet dynamics and coalescence [36][37].

The fundamental goal of this research project is to increase our understanding of
the effects of the buoyancy on passive particles motions and dynamics in the convec-
tive boundary layer (CBL) close to the heated wall, and where a mean thermal gradient
is imposed. Our focus is on small structures of homogeneous and anisotropic turbulence,
ranging from the smallest scale present in the dissipative range, η (the Kolmogorov scale)
to scales of size in the inertial subrange η � r � L (L is the lengthscale of the en-
ergy containing eddies), at moderate Reynolds number, Rλ = 200. The experimentally
investigations will be done by the implementation of the non intrusive techniques such
as particle tracking velocimetry and particle imaging velocimetry [38] [39] [40] at the
Laboratory for Fundamental Turbulence Research (LFTR) at Reykjavik University.

The Eulerian and Lagrangian measurements were conducted in order to compute the
turbulence statistics such as mean velocity, r.m.s. velocity, correlation coefficient, Eule-
rian velocity structure functions and Lagrangian acceleration PDFs. Three cases of tur-
bulent flow were studied and their results were compared. The case that we are interested
in, is when the combined forcing (buoyancy and inertial forces) is applied on the mean
flow free CBL, this case was compared with the reference cases; pure convection case and
pure mechanical turbulence case.

People have argued that intermittency is partially responsible for increasing collisions
and interactions of particles in clouds. In this work we will try to seek answers to ques-
tions such as: How does the buoyancy effect the turbulence statistics? and How does it
effect the probability density functions of the Lagrangian acceleration and the Eulerian
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velocity structure functions?. The other broader goals of this thesis are: The introduction
and generation of stable mean thermal gradient in the box-turbulence, which will be done
by developing a mathematical model that will predict the shape of the mean temperature
profile of our flow, designing and implementing new heating/cooling system and finally
improving the PIV codes used for image processing and computing the statistics.



5

Chapter 2

Turbulence modeling

In this chapter a mathematical model is developed to predict a nature of the mean tem-
perature profile (in the direction of the transverse heat flux) in our flow. The advection-
diffusion heat equation is solved by implementing the gradient-diffusion hypothesis and
the mixing length theory. Also The model results are presented and compared with real
experimental data.

2.1 Turbulence model

2.1.1 A Description of the Flow

The turbulent flow is generated inside nearly isotropic box-turbulence by the action of
eight independently controlled impellers driven by servo motors as it shown in Fig. 2.1.
The flow is generated in such a way that there is approximately no mean flow at the core of
the box-turbulence. So the mean flow velocity is approximately zero, thus the root mean
square velocity will be considered for modeling the turbulent flow. The thermal gradient is
introduced in the box-turbulence by means of designed heating/cooling system especially
for this project which will be discussed later.

As sketched in Fig. 2.2, the temperature Thw is maintained constant at the bottom wall
(y = 0), whereas at the top wall (y = 2δ), the temperature Tcw is maintained constant.
The flow will be heated at the bottom wall and will be cooled at the top wall. We consider
that the distance separating the heating and cooling walls is h = 2δ.

Our flow is divided into 3 regions as indicated by Fig. 2.3. First region of the flow
is the one close to the hot wall, y � 2δ where the molecular viscosity (viscous stress)
and the Reynolds stress contribute with equal magnitude in the total shear stress which
will affect the size of the large eddies as they enter to this region. We call this region of
the flow, the inner region or the hot near-wall region and L is the width for that region as
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Figure 2.1: A photo of the box-turbulence taken at the Laboratory for Fundamental Turbulence
Research (LFTR) at Reykjavik University.

Cooling plate

Heating plate

y

X

δ2=h

Tcw

Thw

qw

qw

rotors

rotors

Figure 2.2: A sketch of the box-turbulence showing the heating/cooling plates and the rotors for
mechanical production of turbulence. Here qw is the heat flux, Tcw is the temperature at cooling
surface and Thw is the temperature at cooling surface.
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Figure 2.3: A sketch showing a various flow regions defined in terms of y.

shown if Fig. 2.3. The second region is the outer region of the flow, L ≤ y ≤ 2δ − L,
we would not expect the kinematic viscosity, ν be a relevant parameter since the viscous
stresses are negligible compared to the Reynolds stresses and therefore the large eddies
will keep their constant size, which is the lengthscale L. This region of the flow is named
the turbulent core region. The third and last region is the one which is near to the cold
wall, this region has the same characteristics as the hot near-wall region and we name it
the cold near-wall region and it will be characterized by the width 2δ − L ≤ y ≤ 2δ.
Let’s summarize the tree regions:

Hot near-wall region 0 < y ≤ L

Core region L ≤ y ≤ 2δ − L
Cold near-wall region 2δ − L ≤ y < 2δ

where L ∼ u
′3/ε is the integral scale (Large eddy lengthscale) of the flow, u′ is the

turbulence intensity and ε is the mean energy dissipation rate.
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2.1.2 Turbulent-Diffusivity-model

Our mathematical model is based on the following assumptions: (1) the mechanical forc-
ing is dominant since the lengthscales are defined as they are; (2) the temperature differ-
ence between the heating/cooling plates is not large and (3) the width of the inner region
near to the heating/cooling plates is equal to the Large eddies lengthscale.

The advection-diffusion heat equation (under Boussinesq approximation and for in-
compressible fluid) is

DT

Dt
= α∇2T (2.1)

where α = K/ρcp is the thermal diffusivity,K is the thermal conductivity, ρ is the density
and cp is the specific heat of the fluid. Note that in the energy equation the viscous
dissipation term is neglected.
The Reynolds decompositions of the temperature and fluid velocity field are

T = 〈T 〉+ T ′ (2.2)

U = 〈U〉+ u (2.3)

where 〈T 〉 and T ′ are the mean and fluctuating temperatures and 〈U〉 and u are the mean
and fluctuating velocities.
Assuming 〈U〉 and T are statistically stationary, taking the mean of Eq. 2.1 and substitut-
ing T by the Reynolds decomposition given in Eq. 2.2, yields

〈U〉 · ∇ (ρcp 〈T 〉) = −∇ · (−K∇〈T 〉+ ρcp 〈uT ′〉) (2.4)

Equation 2.4 can be written as

〈U〉 · ∇ (ρcp 〈T 〉) = −∇ (qT ) (2.5)

Where
qT = −K∇〈T 〉+ ρcp 〈uT ′〉 (2.6)

is the turbulent heat flux. In index notation, equation 2.6 can be written as

qT j = −K∂ 〈T 〉
∂xj

+ ρcp 〈ujT ′〉 (2.7)

Note that, the terms in equation 2.7 contain heat conduction due to molecular diffusion
and turbulent mixing. The turbulent terms, 〈ujT ′〉, which have arisen from convective
transport due to turbulent fluctuations, are analogous to the Reynolds stresses −〈uiuj〉.
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In direct analogy to the turbulent momentum transport, the turbulent heat or mass trans-
port is often assumed to be related to the gradient of the transported quantity, with eddies
replacing random molecular motion. Briefly, the gradient diffusion hypothesis states that,
the turbulent mixing term in equation 2.7, which is < ujT

′ >, is proportional to the
mean temperature gradient. With this concept in mind, the Reynolds flux terms maybe
expressed using

〈ujT ′〉 = −αT
∂ 〈T 〉
∂xj

(2.8)

Here αT is the turbulent diffusivity or the eddy diffusivity of heat and has unit equivalent
to the thermal diffusivity, m2/s. Like the turbulent viscosity (also called eddy viscos-
ity) νT , αT is not fluid property but depends on the turbulence structure. The turbulent
diffusivity is related to the turbulent viscosity by the relationship

σT =
νT
αT

(2.9)

Where σT is the turbulent Prandtl number, which is assumed to approximately equal to
one .
Assuming that the net heat transfer is in y-direction only, equation 2.7 becomes after using
the gradient-diffusion hypothesis:

qT y
ρcp

= − (α + αT )
∂ 〈T 〉
∂y

(2.10)

In order to evaluate the mean temperature profile by integrating equation 2.10, the term
αT needs to be specified .
Eq. 2.10 can be written also in the following form:

qT y
ρcp

= −αeff
∂ 〈T 〉
∂y

(2.11)

Where αeff is the effective diffusivity defined as the sum of the molecular and turbulent
diffusivity.

αeff = α + αT (2.12)

If the gradient diffusion hypothesis is accepted as an adequate approximation, all that
remains is to determine an appropriate specification of the turbulent diffusivity αT (x, t).
Prandtl (1925) was the first to propose a means of estimating the eddy viscosity νT , known
as the mixing-length model. In analogy with kinetic theory of molecules, which gives
ν ≡ 1/3`Vrms, where ` is the mean free-path and Vrms is the root mean square velocity of
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the molecules, Prandtl proposed
νT = `mV

′
rms (2.13)

where V ′rms is the r.m.s. fluctuating velocity of an eddy and `m is the mixing-length of
an eddy. Since αT ≈ νT (this approximation is based on Reynolds analogy approach,
which states that the same eddies which are responsible for the transport of momentum
are responsible for the transport of heat), the turbulent diffusivity can be expressed as the
product of a velocity scale u∗ and a lengthscale `m:

αT = u∗`m (2.14)

and the task of specifying αT is generally approached through specifications of u∗ and
`m. In simple shear flows u∗ was taken equal to the friction velocity uτ which is defined
as

uτ =

√
ν
d 〈U〉
dy

∣∣∣
y=0

(2.15)

but in our flow case it can not be specified similarly because approximately no mean flow
exist. For this reason, u∗ will be taken equal to the r.m.s. fluctuating velocity component
in Y-direction of the flow, U2,rms . Now, `m needs to be specified for each region of the
flow. To do this, let’s assume that the magnitude of `m at any location of the flow is of the
order of the mean size of the large eddies at that location. We might expect, therefore, that
`m will vary as a function of y since the average eddy size gets smaller as we approach
to the boundaries where the friction and viscous effects are effective. According to the
mixing-length theory, we may assume that `m = κy near the lower boundary (0 < y ≤ L)

and `m = κ(2δ−y) near the upper boundary (2δ − L ≤ y < 2δ), where κ is the Von Kár-

mán’s constant and it assumed to be equal to 0.41 and that `m = const = κL in the core
of the flow (L ≤ y ≤ 2δ − L).
Let’s summarize this:

`m =


κy for 0 < y ≤ L

κL for L ≤ y ≤ 2δ − L
κ(2δ − y) for 2δ − L ≤ y < 2δ

Moreover, assuming that the molecular conduction is usually negligible except in the
walls regions, also that the heat transfer is in y-direction (statistically independent of x
and z) as it was stated before so that

qw = qT y = constant (2.16)
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and substituting eq. 2.16 into eq. 2.10, the wall heat flux can be written as follows:

qw
ρcp

= −(α + U2,rms`m)
d 〈T 〉
dy

(2.17)

Now it is possible to deduce the mean temperature gradient equation, from Eq.2.17,
if the wall heat flux is known as well as the r.m.s velocity. The derived form of the mean
temperature equation in our flow is then:

d〈T 〉
dy

=


− qw
ρcp(α + U2,rmsκy)

for 0 < y ≤ L

− qw
ρcpU2,rmsκL

for L ≤ y ≤ 2δ − L

− qw
ρcp(α + U2,rmsκ(2δ − y))

for 2δ − L ≤ y < 2δ

To plot theses equations, simply we need to integrate them using the following bound-
ary conditions:

• The mean temperature at y = δ is equal to the bulk temperature Tb.

• At y = L (at the contacting area between the hot near-wall region and the core
region), we have 〈T 〉 = 〈TL〉, the mean temperature at this point satisfy the two
temperature equations in the two regions.

• At y = 2δ−L (at the contacting area between the core region and the cold near-wall
region), we have 〈T 〉 = 〈T2δ−L〉, the mean temperature at this point satisfy the two
temperature equations in the two regions.

The integration of the system of equations above, yields to the final equations that
solve the nature of the mean thermal gradient inside our flow, these equations are as
follows:

• For 0 < y ≤ L

〈T 〉 = − qw
ρcpU2,rmsκ

(
ln

∣∣∣∣α + U2,rmsκy

α + U2,rmsκL

∣∣∣∣− δ − L
L

)
+ Tb (2.18)

• For L ≤ y ≤ 2δ − L

〈T 〉 = − qw
ρcpU2,rmsκL

(y − δ) + Tb (2.19)
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Figure 2.4: The mean thermal gradient in the flow predicted by our turbulence model. This mean
temperature profile was plotted fore U2,rms = 4.5 cm/s (equivalent motor speed of, 400 rpm) and
heat flux magnitude of, qw = 15.4 kW/m2. Inset: The mean temperature profile in the boundary
layer region near to the hot wall.

• For 2δ − L ≤ y < 2δ

〈T 〉 =
qw

ρcpU2,rmsκ

(
ln

∣∣∣∣α + U2,rmsκ(2δ − y)

α + U2,rmsκL

∣∣∣∣− δ − L
L

)
+ Tb (2.20)

Figure. 2.4 shows an example of the resulting mean temperature profile in our flow
for a case where U2,rms = 4.5 cm/s (equivalent motor speed of, 400 rpm) and heat flux
magnitude of, qw = 15.4 kW/m2 ( this heat flux can generate a mean thermal gradient of
∆T/∆y = 4 ◦C/m in our flow facility based on the model). The inset figure focus on
our RI in the BL. It is evident in Fig. 2.4, as we move from the heated wall to the cooled
wall, the mean temperature gradient decreases gradually. In the hot-wall region and in
the cold-wall region (the BLs regions) the mean temperature is decreasing in Logarithmic
form, whereas in the core region of the flow the mean temperature is decreasing linearly.
The shape of the predicted mean temperature profile is in good agreement with the work
of [41] [42] and [43].

In summary of this section, the prediction of the thermal gradient distribution for our
turbulent flow was done by developing a mathematical model based on the introduction
of the mixing-length hypothesis. An example of the application of this model is shown
in Fig. 2.4. We have found that the mean temperature is distributed in logarithmic form
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inside the BL region and linearly at the core region, which is in a good agreement with
the work of [41] [42] and [43] (in their work the mean temperature profile of turbulent
flow in RBC was found numerically). Now, to see how accurate is our mathematical
model, we conducted a convective turbulence experiment by implementation of a new
heating/cooling system which we designed and constructed based on the outcomes of
this model. In the next section we will fit the model to the actual experimental data and
compare between the turbulence model and experiment outcomes.
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2.2 Comparison of the model and experiment

Table 2.1: The convective data of the experimental mean thermal gradient.

PTV 400 [rpm]
y [ cm] 〈T 〉 [◦C]

0.5 23.5
5 23.3

19.5 23.2
29.5 23.1
39.5 23
54 22.9

58.5 22.7

To check the accuracy of our turbulence model that we developed in this study, we
conducted a convective turbulence experiment inside our flow facility. The heating was
set at the bottom of the tank and cooling was set at the top of the tank to generate the con-
vective turbulence, while the mechanical turbulence was generated by setting the motors
at speed of, 400 rpm (gearing rate: 0.075). For the cooling system parameters, the flow
rate was set at 3.5 L/min, the inlet temperature was around 10.4◦C and the outlet temper-
ature was around 15.1◦C and the resulting heat flux was found to be around 5330 W/m2.
The flow properties was evaluated at the bulk temperature of 23.1◦C. The mean temper-
ature profile 〈T 〉(y) was measured at various positions (at the center of the tank) along
y-axis. The measured data are given in Table 2.1. On the other hand, the theoretical
profile was plotted by fitting the model to the present experimental data.

Fig. 2.5 shows a comparison of the experimental and resulting theoretical mean tem-
perature gradient. It is quite apparent that both profiles have approximatively the same
shape and almost coincide with each other (near to the BL region, the logarithmic form
could not be achieved experimentally and that was due to high temperature fluctuations).

The experimental mean thermal gradient at the core region was found to be equal,
∆〈T 〉
∆y

=

0.84 ◦C/m, while the resulting mean thermal gradient from the model was found to be

equal,
∆〈T 〉
∆y

= 1.38 ◦C/m, which are approximatively equal. These obtained results

reflect how accurate is our model.
Recently we conducted a new convective experiment (almost at the same conditions

in which the PIV experiment was conducted). The objective of this experiment was to
measure the temperature profile inside the thermal boundary layer (TBL) with more focus
at the location where the PIV/PTV measurements were done and to determine the local
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Figure 2.5: Comparison of the mean thermal gradient in the flow for the PTV experiment
(red diamonds) and the turbulence model (blue down-pointing triangles).

Rayleigh number. Also this experiment will serve as a double check for the accuracy of
our model.

At the starting of the experiment the water was maintained at room temperature. Af-
ter starting the cooling (heating) at the top (bottom) plate for several hours with motors
running at 400 rpm, the equilibrium was reached when the temperature of the cold wall
reached 12.4 ◦C ,the temperature of the hot wall reached 26.5 ◦C and the temperature at
the center of the water-tank reached 21.5 ◦C. For the cooling plate the flow rate was set
at 4 L/min, the inlet temperature was 7.3 ◦C and the outlet temperature was 11.3 ◦C and
the thermostat was set at 34 ◦C. The measurements of the mean temperature were taken
at different locations in the bottom half of the water-tank with focus in TBL (RI).

Fig. 2.6 shows the plot of the experimental and theoretical mean temperature profile
with an inset plot focusing on the RI. The experimental mean thermal gradient found to

be
∆〈T 〉
∆y

= 0.8 ◦C/m in the core region, while the theoretical one found to be
∆〈T 〉
∆y

=

0.135 ◦C/m. Again,the obtained results are very close and they confirm the accuracy of
the model.

The local Rayleigh number in TBL is defined as
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Figure 2.6: The mean thermal gradient (data of the experiment: red diamonds) in the bottom
half of the water-tank. Inset: an enlargement of the mean thermal gradient in the region where
PIV/PTV measurement were conducted; the viewing window size is of 2.45x2.45 cm2 and is
located at 1.5 cm from the surface of the heating plate. We included in this figure the plot of
the mean thermal gradient using our model (blue down-pointing triangles) for comparison . Note
that we are inside the thermal boundary layer but not close enough to the viscous sublayer.

Raδ = gβ
∆T

∆y
Lδ3/αν (2.21)

where g is the gravitational acceleration, L the turbulence lengthscale, ∆T/∆y the mean
thermal gradient in TBL, δ the TBL thickness, β the isobaric thermal expansion coeffi-
cient of the fluid, ν its kinematic viscosity and α its thermal diffusivity.
The thickness of the TBL where an adverse temperature gradient exist, δ is taken equal to
the turbulence lengthscale, L which is around 5 cm. The flow properties were evaluated at
the bulk temperature in the TBL which is around 21.7 ◦C. The local mean thermal gradient

found to be
∆〈T 〉
∆y

= 3 ◦C/m. This gives a local Rayleigh number, Raδ = 3 × 105 and

Prandtl number, Pr = ν/α = 6.77.
In conclusion of this part, it is tempting to say that our model can be considered as a

successful model as it did predict the right temperature distribution inside our flow facility.
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We conclude this section by saying that the use of gradient-diffusion hypothesis and the
mixing-length theory for modeling was the right choice.
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Chapter 3

Particle Image Velocimetry and Particle
Tracking Velocimetry

In this chapter, principles of PIV technique as well as PIV image evaluation method
are described and explained. The displacement of the particles is estimated using cross-
correlation and fast Fourier transformer. In section 3.4, our algorithm (based on the work
of Ouelette et al. [25]) for detecting and tracking the tracer particles is discussed. The
predictive four-frame method is the basis of this algorithm.

3.1 Principles of PIV

Particle Image Velocimetry [38] [39] [40] [44] is a state-of-the-art non-intrusive technique
which can measure the velocity distribution across an extended area of a flow field. This
technique can provide an accurate quantitative measurement of the instantaneous flow
velocity field across a planar area of a flow field. Figure 3.1 shows the experimental
PIV set-up in water channel. Small tracer particles advected by the flow are illuminated
twice by very short pulses of a laser light sheet defining the measurement plane.The light
scattered by the tracer particles is recorded via a high quality lens on a single frame. The
output of the digital sensor is transferred to the memory of a computer directly. Employing
image analysis techniques instantaneous velocity vector fields are obtained in high spatial
and temporal resolution.

The principle of the PIV measurement technique [44] relies on the imaging of tracer
particles embedded, to estimate the velocity of the fluid. The trajectory of many tracer
particles which follow the flow faithfully are captured with complementary metaloxide
semiconductor (CMOS) camera by illuminating a plane in the flow with two very short
light pulses (few nanoseconds) within a time difference of a few microseconds. The two
particle images captured at time t and t′ are stored onto separate frames of the CMOS-
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Figure 3.1: Experimental arrangement for particle image velocimetry in a Water channel.

sensors. Correlation analysis is used to extract the particle displacements, ∆X , and the
first-order velocity estimate.

u =
∆x

∆t
(3.1)

where ∆x is the average of displacement of the particles in the fluid over the time
interval ∆t = t′ − t (Adrian,1991).

Using the image magnification factor this method enables the measurement of typi-
cally more than 10,000 instantaneous velocity vectors for each image pair of the tracer
particles inside the light sheet plane. Extending the PIV system to a stereoscopic cam-
era set-up it is possible to determine all three components of the velocity vectors in the
plane of the flow field instantaneously. It should be noted, that in the standard installa-
tion of planar PIV only one camera is used and its position is perpendicular to the light
sheet, this system configuration (2C-2D PIV) will deliver two velocity components one
in X-direction and the other in Y-direction, while in stereoscopic set-up two cameras are
used and all tree velocity components will be reconstructed in the measuring plane; this
configuration is called 3C-2D PIV. In this study the standard PIV (2C-2D) set up will be
used in all the PIV measurements.

For evaluation of the recorded images, the digital PIV recording is divided in small
subareas called "interrogation areas" (IA)(for example, typical size for an IA is 32 x 32 or
64 x 64 pixel). The local displacement vector for the images of the tracer particles of the
first and second illumination (A, B in Fig. 3.1) is determined for each IA by means of sta-
tistical methods (auto- and cross-correlation). It is assumed that all particles within one IA
have moved homogeneously between the two illuminations. The projection of the vector
of the local flow velocity into the plane of the light sheet (two-component velocity vector)
is calculated taking into account the time delay between the two illuminations and the
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magnification at imaging. The process of interrogation is repeated for all IA’s of the PIV
recording and will deliver a complete velocity field. Our system allows for acquisition in
the kHz range. Strictly speaking, the spatial resolution of the PIV analysis is defined by
the size of the first interrogation spot, since one should not expect to resolve any scales
smaller than this. In order to obtain a valid velocity measurement, a spot should contain
anywhere from 7 to 10 particle pairs, where one pair refers to a particle imaged at both t
and t′ (Keane and Adrian, 1992). An important point to keep in mind is that the velocity
of a particular interrogation spot is a function of the average displacement of the particles
in the spot.The average displacement of the particles in a particular interrogation spot is
determined by correlation analysis. The evaluation of one digital PIV recording with sev-
eral thousand instantaneous velocity vectors (depending on the size of the recording, the
IA and processing algorithm) is of the order of a second with our system.

With PIV it is not the velocity of a single particle measured (this is called Particle
Tracking Velocimetry) but the average velocity of the particles within a finite IA. It is
therefore essential to ensure sufficient seeding in the whole flow field. A complete PIV
experiment can be divided in the following four steps:

• Seeding the flow

• Illumination

• Image recording

• Post processing (analysis of the recordings)
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3.2 Seeding, Image Density and PIV Recording Technique

3.2.1 Seeding

One of the crucial factor in PIV measurements is an appropriate seeding of the flow (ho-
mogeneous seeding and flow-following ability). The seeding particles are used as tracers
for flow visualization, they are the key factor in the measurements of the instantaneous
velocity and in tracking the flow. It is therefore essential that the seeding particles are
small enough to track the flow accurately and on the other hand are big enough the scatter
sufficient light for the camera to detect them. Ideally, particles should have the same den-
sity like the fluid, which is investigated. Another important factor in the accuracy of the
measurements is the homogeneity of the seeding, in fact the particles have to be uniformly
distributed in the flow. If these two important factors are met, a good scattering efficiency
and a sufficiently small velocity lag will be achieved. For our PIV/PTV experiments, hol-
low glass beads with spherical shape, median diameter 8 − 10µm, and specific gravity
1.05− 1.15 g/cm3 in water were used as tracer particles.

3.2.2 Image Density

Qualitatively three different types of image density can be distinguished, which is illus-
trated in Fig. 3.2. In the case of low image density (Fig. 3.3a), the images of individual
particles can be detected and images corresponding to the same particle originating from
different illuminations can be identified. Low image density requires tracking methods
for evaluation. Therefore, this situation is referred to as "Particle Tracking Velocimetry",
abbreviated "PTV". In the case of medium image density (Fig. 3.3b), the images of in-
dividual particles can be detected as well. However, it is no longer possible to identify
image pairs by visual inspection of the recording. Medium image density is required to
apply the standard statistical PIV evaluation techniques. In the case of high image density
(Fig. 3.3c), it is not even possible to detect individual images as they overlap in most cases
and form speckles. This situation would require applying "Laser Speckle Velocimetry"
(LSV).

3.2.3 PIV Recording mode

Our PIV recording technique is based on the method which provide a single illuminated
image for each illumination pulse (multi-frame/single exposure PIV) since our CMOS
camera and laser are internally synchronized at the same frequency rate. The recored
images of the flow contains thousands of frames with a same time delay between every
two successive images.
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Figure 3.2: The three modes of particle image density: (a) low (PTV), (b) medium (PIV), and (c)
high image density (LSV).[1]
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Figure 3.3: Analysis of double frame/single exposure recordings: the digital cross correlation
method.

3.3 PIV Image Evaluation Method

In this section we will explain the method used in the evaluation of the PIV recordings
in order to extract the spacial displacement which yield to the calculation of the local
velocity vector for a given time delay between the two recorded images. If the PIV
recording system allows the employment of the double frame/single exposure (like in
our case) recording technique the evaluation of the PIV recordings is performed by cross-
correlation (see Fig. 3.3). In this case, the cross correlation between two interrogation
windows (IW) sampled from the two recordings is calculated. As will be explained later,
it is advantageous to offset the second IA according to the mean displacement of the
tracer particles between the two illuminations [44]. This reduces the in-plane loss of
correlation and therefore increases the correlation peak strength. The calculation of the
cross-correlation function is generally computed numerically by means of efficient FFT
algorithms.

3.3.1 Defining the Interrogation Grid

In order to analyze the images, we must first define a regular grid in the image plane upon
which we will compute the particle displacements. The grid spacing (the spacing between
two neighboring vectors in the vector field) and number of grid points is determined by
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Figure 3.4: Velocity vector position depending on the percent overlap for an interrogation window
size of 64 x 64 pixels.

the first interrogation window size and the percent overlap of these windows. The bigger
the specified overlap, the closer is the net of the computed velocity. Figure 3.4 shows the
variation of the grid spacing with the percent overlap of an interrogation window,e.g. a
window size of 64 x 64 pixels and an overlap of 0% results in a grid spacing of 64 pixels, a
window size of 64 x 64 pixels and an overlap of 50% results in a grid spacing of 32 pixels
and finally a window size of 64 x 64 pixels and an overlap of 75% results in a grid spacing
of 16 pixels. By convention the pixel position (x/y) of a grid point is at the center of the
corresponding interrogation window, i.e. the top left vector is located at the pixel position
of (32/32) for an interrogation window size of 64 x 64 pixels.

3.3.2 Correlation and Fourier Transform

One major challenge in PIV is the displacement estimation from the recorded image pairs.
Since for each pair of IA’s one average displacement vector is obtained, small IA’s will
lead to a high number of displacement vectors. The IAs are located at the same posi-
tion on both frames. The average displacement of the particles in a particular interroga-
tion window is determined by correlation analysis. The two-frame cross-correlation (this
methodology is used when the t1 and t2 images are imaged onto separate frames as in
our case) is based in correlating every intensity pixel in the interrogation area of the first
frame that is captured at time t1 with the "shifted" IA of the second frame that is cap-
tured at time t2, this second IA is offset by an amount roughly corresponding to the local
displacement of the particles in the direction of the mean flow before the correlation take
place. This offset significantly increases the probability of obtaining a valid correlation
measurement between the t1 and t2 images by minimizing the loss of image pairs and
therefore sub-pixel approximation is improved which will lead to better velocity resolu-
tion.The cross-correlation method will locally find the best match between the images in
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a statistical sense. This is accomplished through the use of the discrete cross-correlation
function:

RII′(x, y) =
K∑

i=−K

L∑
j=−L

I(i, j)I ′(i+ x, j + y) (3.2)

The variables I and I ′ are the samples (e.g. intensity values) as extracted from the images
where I ′ is larger than the template I . Essentially the template I is linearly shifted around
in the sample I ′ without extending over edges of I ′. For each choice of sample shift
(x, y), the sum of the products of all overlapping pixel intensities produces one cross-
correlation value RII′(x, y). By applying this operation for a range of shifts (−M ≤
x ≤ +M,−N ≤ y ≤ +N), a correlation plane the size of (2M + 1)x(2N + 1) is
formed. For shift values at which the samples particle images align with each other, the
sum of the products of pixel intensities will be larger than elsewhere, resulting in a high
cross-correlation value RII′ at this position, see Fig. 3.5. Essentially the cross-correlation
function statistically measures the degree of match between the two samples for a given
shift. The highest value in the correlation plane can then be used as a direct estimate of
the particle image displacement which will be discussed in detail later.
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Figure 3.5: Evaluation of PIV recordings using cross-correlation.
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Figure 3.6: Cross-Correlation for one interrogation area of 32x32 pixels.

Figure 3.6 demonstrates the calculated cross-correlation for the IA of size 32x32 pix-
els. The highest peak (RD) is observed when many particles match up with their corre-
sponding shifted particles. Smaller correlation-peaks are observed when individual par-
ticles match with some other. The former is known as true correlation, while the latter
is called random correlation. Seeding particles that are entering or leaving the IA be-
tween the recordings, will not distribute to the true correlation because they are missing
one of the images. They do however distribute to random correlation and increase there-
fore the signal-to-noise ratio. In PIV this phenomenon is known as "loss-of-pairs". The
time-consuming calculation of the cross-correlation function can be shortened by using
the Fast Fourier Transforms (FFT).
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Figure 3.7: Implementation of cross-correlation using fast Fourier transforms.

A strong tool to accelerate the correlation process in digital PIV is to use the the fast
Fourier transforms(FFTs). The correlation theorem which state that the cross-correlation
of two functions is equivalent to a complex conjugate multiplication of their Fourier trans-
forms will be utilized instead of calculating the cross-correlation directly by using equa-
tion (3.2):

RII′ ⇐⇒ Î .Î ′
∗

(3.3)

where Î and Î ′ are the Fourier transforms of the functions I and I ′, respectively and Î ′
∗

is
the complex conjugate of I ′. In practice the Fourier transform is efficiently implemented
for discrete data using the fast Fourier transform or FFT which reduces the computation
from O[N2] operations to O[Nlog2N ] operations [44].

Figure 3.7 shows the flowchart for performing cross-calculation by means of fast
Fourier transforms. The fast Fourier transform assumes the sampled regions to be peri-
odic in space, and generates therefore a circular form of the cross-correlation which does
not fall off to zero at the edges as with the linear technique. Hence an increase in back-
ground noise will be noted especially near the edges of the IA’s. Another consequence
of employing the fast Fourier method is that we have to respect the Nyquist (or Shannon)
sampling theorem that limits the maximum recoverable spatial displacement to half of the
window (IA) size. For example, the maximum displacement for a given window length
of N pixels is therefore N/2, otherwise the correlation peak will be folded back into the
IA and cause change of sign of the measured velocities. Since the signal-to-noise ratio
increase with increasing spatial shift, it is recommended to limit the spatial shift to N/4.
The signal-to-noise ratio is strongly affected by number of seeding particles within the
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IA. Generally, a minimum of 5 particles/region is recommended to achieve meaningful
results.

3.3.3 Peak Detection and Displacement Estimation

After two frame cross-correlation analysis has been performed the finale task is to com-
pute the sub-pixel displacement of the particles within the IA from the correlation result.
This is done by fitting a curve (interpolating the correlation data to some functions) to the
highest correlation peak and finding the maximum of this curve. Specifically, this is ac-
complished by performing a 1-D fit in each direction, since the fractional displacements in
each direction are statistically orthogonal for small particle-image diameters. The choice
of curve-fit depends on the quality of the particle images. If the particles are relatively
spherical and their images are free of distortion, then their intensity profile should be
roughly Gaussian, as should the displacement peak. In this case, a Gaussian curve fit is
the most appropriate choice. Otherwise, parabolic and centroid fits can also be used.

When the maximum peak R(i,j) has been detected at the location (i, j), the neighbor-
ing four correlation values R(i−1,j), R(i+1,j), R(i,j−1) and R(i,j+1) are used to fit a function
to the peak.
The Gaussian fit function is given by:

f(x) = C exp

[−(x0 − x)2

k

]

and the displacements are found by:

x0 = i+
lnR(i−1,j) − lnR(i+1,j)

2 lnR(i−1,j) − 4 lnR(i,j) + 2 lnR(i+1,j)

y0 = j +
lnR(i,j−1) − lnR(i,j+1)

2 lnR(i,j−1) − 4 lnR(i,j) + 2 lnR(i,j+1)

The tree point estimators Gaussian peak fit was the one used in this study to detect the
highest peak and therefore the estimation of the displacement.
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3.4 Particle Tracking Velocimetry Procedure

Particle Tracking Velocimetry (PTV) [25] (also called Lagrangian particle tracking (LPT))
like PIV is also an optical non-intrusive technique (used in experimental fluid dynamics)
and involves a similar procedure (See the previous sections) of recording the images of
tracers flowing in the fluid, the mai difference being that individual particles are tracked
rather than averaging the displacements of many particles inside a certain small interro-
gation window. In 2-dimensional PTV the flow field is measured in the two-dimensional
slice of the flow, illuminated by a laser sheet (a thin plane) and low density of seeded
particles allow for the tracking each of them individually for several frames.

In an PTV experiment, the flow of interest is seeded with tracer particles that are
tracked to reconstruct fluid particle motion. While the related Eulerian measurement
technique of PIV commonly uses a high seeding density and calculates average veloc-
ity vectors for clusters of particles, PTV uses a lower seeding density but finds individual,
longer particle tracks that may be used to calculate both Eulerian and Lagrangian quanti-
ties. One camera was used in our PTV system, enabling reconstruction of particle tracks
in two dimensions. These particle tracks are used to calculate flow properties of initial tur-
bulence, including the Lagrangian statistics of turbulent flow. The construction of tracks
in 2D-PTV may be separated into two tasks, which we will describe individually. The
first task of an PTV system is to process the images from the camera to yield the two-
dimensional positions of the tracer particles in the image space of the camera. The final
task is to create tracks that the particles have followed in time through a sequence of im-
ages. The principal of the tracking algorithm (used in this work) which is called 4-frame
best estimate will be explained in Sect. 3.4.2.

3.4.1 Particle Detecting Method

Particles center detection (identification) method used in this PTV technique is called the
2D Gaussian fitting, it’s principle is based on the idea that particles intensity profile can
be approximated by a Gaussian and therefore the Gaussian function can be used to fit this
intensity profile of particle image. In order to determine the particle center in a group
of pixels with N local maxima, N Gaussian functions have to be fitted to the group. For
each particle pixel group two one-dimension Gaussian fit [39] is used, One Gaussian will
determine the horizontal position of the particle and the second will determine the vertical
position and hence solving the two system of equations:

Ii =
I0√
2πσ

exp

[
−1

2

(
xi − xc
σ

)2
]

(3.4)
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and

Ii =
I0√
2πσ

exp

[
−1

2

(
yi − yc
σ

)2
]

(3.5)

for i = 1, 2, 3, will leads to a particle center coordinates (xc, yc)
Here (xi, yi) are the coordinates of the local maximum pixel intensity I2 and the two
neighbors pixel intensities I1 and I3.

Notice that the captured images are dynamically thresholded before starting the pro-
cess of detecting the particles and it is assumed that every local maximum in intensity
above a threshold represents a particle. Once a particle centers on each image are de-
tected, the next step is to reconstruct their 2D tracks from successive images by matching
each particle image position in the first image with its corresponding position in the sec-
ond image.

3.4.2 Particle Tracking Method

In PTV the major challenge is to track the particles. The four-frame particle tracking
method used in this work which is called 4-frame Best Estimate [25] is an extension
of the 4-frame Minimum Change in Acceleration heuristic (4MA), it tracks a particle
path through four sequential flow images by prediction based on a given heuristic and
cost function. This method proceed in two steps. First, the center of a search region is
calculated using a constraint on velocity or acceleration. Then, all particles within the
search region are tested using a cost function that has to be minimized.

Before describing the the four-frame predictive method, we present some definitions
and common features of the the algorithm. Let xni denote the ith position in the nth
frame. A tracking algorithm, then, tries to find an xn+1

j for each xni such that xj is the
position of the particle in frame [n+ 1] that was at position xi in frame [n]. In order to
determine which of all the xn+1

j to choose, a tracking algorithm defines a cost φnij (which
we define below for this algorithm) for each pair of xni and xn+1

j . The approximate optimal
solution to the tracking problem would make links between xni and xn+1

j such that the
tracking cost function is minimized. In order to get a good optimum solution (find the
best possible track that a particle can travel), some approximations needed to be taken in
consideration. The most common one is to restrict the number of frames over which the
cost tracking function Φ is optimized and the second approximation is to restrict the xn+1

j

investigated as possible matches for each xni by imposing a limit on the distance a particle
can travel from one frame to the next. Within these approximations, a tracking algorithm
is specified by two parameters: the heuristic used to calculate the cost φnij and the method
used to break tracking conflicts. In this process, if more than one track share the same
particle, the incorrect tracks are discarded.
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Figure 3.8: Schematic diagram of the conventional 4-frame PTV tracking algorithm. The black
circles are the particles positioned outside of the search region, while the light gray circles are the
particles positioned inside the search region and the white circles are the predicted positions of the
particles in the next frame. The arrows that link the frames between them are the possible particle
path.

Figure 3.8 shows schematic diagram of the 4-frame PTV algorithm. The position of
the particle in frame [n+ 1] is estimated by using the 3-frame Minimum Acceleration
heuristic (3MA) which is given by

x̃n+1
i = xni + Ũn

i ∆t = 2xni − xn−1i (3.6)

For each of the particles in the search volume S1 in frame [n+ 1], a position x̃n+2
i in

frame [n+ 2] is estimated to be

x̃n+2
i = xni + Ũn

i (2∆t) + ãni (2∆t)2 (3.7)

and particles in a search volume S2 around it are investigated. The particle chosen as the
best match in frame [n+ 2] is the one that has the smallest distance between particles
in frame [n+ 2] and the second estimated position and hence the particle that is linked
to here in the previous frame [n+ 1] is chosen as the best match too. The cost function
applied in this case is given by

φnij =
∣∣∣∣xn+2

j − x̃n+2
i

∣∣∣∣ (3.8)

where x̃n+2
i is the estimated position in frame [n+ 2].
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Figure 3.9: Real tracks from an isotropic run in a PTV experiment preformed in our facility.

We specify that The two first frames [n− 1] and [n] are joined using the Nearest
Neighbor (NN) heuristic where the tracking cost is expressed by

φnij =
∣∣∣∣xni − xn−1i

∣∣∣∣ (3.9)

The simplest way to handle conflicts is to give up: when a particle in frame [n+ 1] is
the best match for multiple particles in frame [n], the involved tracks are stopped at frame
[n] and a new track is considered to have begun in frame [n+ 1].

An example of real particle tracking using the predictive four-frame method is shown
in Figure 3.9. Note that our PTV code for identifying and tracking the tracer particles is
based on the work of Ouelette et al. [25].
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Chapter 4

Apparatus

In this chapter our apparatus is described in detail in section 4.1 and 4.2. In section 4.3 the
experimental set up for our PIV/PTV measurements is discussed and the flow parameters
are given in Table 4.2 .

4.1 System Detection Components

Figure 4.1 illustrates the main components of our (digital) PIV system. To ensure the
illumination of the tracer particles, the Coherent Evolution 30 W laser system is used as
light source. This laser is a diode-pumped, inter-cavity doubled and Q-switched Nd:YLF
laser capable of producing average energy-per-pulse greater than 20 mJ at λ = 527 nm
and repetition rate of 1 kHz and it comprises four main elements which are; optical laser
bench assembly, power supply assembly which includes a master control board and all
the electronics to drive the laser diode, control computer and closed loop chiller. The
control computer (Laptop) has a role to control and monitor the functions of the laser via
an USB/RS-232 interface. In order to produce a thin laser sheet of high intensity (laser
sheet thickness around 2− 4 mm), a combination of spherical and cylindrical lenses with
different focal lengths (light sheet optics) are required. The images of the flow field are
recorded by a single digital high speed CMOS camera (Phantom V 12.1), maximum res-
olution 1200x800 pixels at 6.2 khz frame rate (6200 pps). The last main component of
the PIV/PTV system is the data acquisition system which is constituted by two advanced
workstations PC. The first workstation PC (Windows computer) has a Motion View soft-
ware used to set up the recording parameters like resolution, frequency, synchronization...
and to store the digitized images (cine-files)that had been recorded by the CMOS cam-
era, and the second workstation PC (Linux computer) contain PIV/PTV codes for image
evaluation and data processing.
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Figure 4.1: Schematic view of main components of PIV-System. The figure shows three main
components in PIV/PTV measurements of planar velocity field and particle tracks; the high speed
CMOS camera (Phantom V 12.1) maximum resolution 1280x800 pixels at 6200Hz, a 20mJ/pulse
Nd-YLF laser (30W Coherent Evolution)operating at 527 nm and the data acquisition system for
storing, image processing and post-analysis of the recorded PIV/PTV data. The flow is seeded
by hollow glass beads with spherical shape, median diameter 8 − 10µm, and specific gravity
1.05 − 1.15 g/cm3 in water. The recording area is 24.5x24.5mm2 located at the boundary layer
near to the bottom plate for PIV/PTV measurements.
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Figure 4.2: Flow facility at the LFTR, including some components of the PIV/PTV detection
system.

4.2 Flow facility

The flow facility at the Laboratory for Fundamental Turbulence Research (LFTR), at
Reykjavik University (See Fig. 4.2) where the experiments were carried out is a zero-
mean turbulence-box (with the corners cut off to make it approximately internally spher-
ical) specifically designed for studying turbulence (Lagrangian and Eulerian motion at
moderate Reynolds number). This flow facility in which PIV/PTV measurements were
conducted produce a stationary homogeneous isotropic turbulence volume located at the
center of the water-tank. The dimensions of the water-tank are 60 cm×60 cm×60 cm, the
sidewalls are made of acrylic (transparent Plexiglas XT) with 20 mm thickness which al-
lows optical access of the data. The eight corners of the box have shape of triangles while
the top and the bottom have nearly circular shape. The frame that holds all components
of the turbulence-box is made of aluminum. The turbulence is generated by the action
of eight impellers driven by independently controlled servo motors (Lenz- model: MCS)
which are mounted at the eight corners of the cube and pointed to the center of the water-
tank. The rotation rate of each servo motor is variable over a range of 100 − 4500 rpm
(gearing rate: 0.075). The Motion-view software which came with these motors is used to
monitor and set up the suited speed of each impeller. To remove bubbles and solid dusts
from the water before starting an experiment, degassing system is used. For generating
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Figure 4.3: PIV/PTV measurements location. The viewing window of size 24.5x24.5mm2 is
located (inside the inner region) at distance of 15mm from the heating plate. The Y-axis of the
coordinate system (CS) is pointing upwards in the direction of the heat flow whereas the X-axis is
pointing from left to right. The origin of the CS is located at the surface of the heating plate.

convective motion of the flow and imposing thermal gradient inside the box-turbulence,
heating and cooling plates were designed (which is one of the objectives of this work) and
installed at the top and the bottom of the water-tank. The heat flux can be either upwards
or downwards, allowing us to simulate stable or unstable stratified configurations.

4.3 Experimental Setup

4.3.1 Particle Image Velocimetry Measurements

Eulerian measurements (using PIV technique) of the instantaneous velocity field were
carried out close to the heating plate (see the exact location of the sample area in Fig. 4.3)
in the BL where the convective forcing is present. Before starting the PIV-measurements,
the water which is the convecting fluid (for both PIV/PTV experiments) was degassed
then seeded with hollow glass beads. To seed the flow, the viewing window (VW) of size
512 × 512 pixels (the sample area that has a size of the frame and thickness equals to
the thickness of the laser sheet, 2 mm) was divided to subwindows (SW) of size 16 × 16

pixels, then we assumed 20 particles per SW and this gave us 20500 particles per VW and
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Figure 4.4: Sample vector map of the instantaneous velocity field during PIV-MO experiment.
Notice that the flow is highly intense at the right side of the VW than at its left side and that is due
to the location of the camera which was deviated from the center of the water-tank because of the
broken window. This has to be taken in consideration because it might affect the results.

therefore a total number of particles 3.75 × 109 in the whole tank. A single high speed
CMOS camera with a 105 mm focal length lens was used to record the PIV-images and it
was set at 512× 512 pixels resolution, frame rate of 2 kHz (2000 frames per second (fps))
which gives an exposure time (time interval between 2 successive frames) of 499.77µs
(0.5 ms) and f.factor 4. For illumination of the tracer particles, a Nd-YAF laser (527 nm)
was used and synchronized at the same sampling frequency of the camera. The laser
was set at internal mode, 14 A Q-switch current and pulse width of 2.5µs. The size of the
image (the sample area) in the physical scale was found to be 2.45×2.45 cm2 which gives
47.85× 10−6 m size of a single pixel. The beam of the laser is expanded to a sheet, along
(X,Y)-plane (see Fig. 4.3) using spherical and cylindrical lenses. The camera is positioned
at 90 ◦ from the laser sheet and inclined by a certain angel since the investigated region is
close to the bottom plate. Due to this inclination of the camera, it was hard to get all the
particles on focus and thus affected the resulting turbulence statistics from PIV.
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Figure 4.5: Sample vector map of the instantaneous velocity field during PIV-CO experiment.
Note that the velocity component in Y-direction is almost zero (the flow is unidimensional and no
turbulence detected).

We performed PIV measurements for three types of turbulent flow; flow with turbu-
lence generated by motors without any convection (we named it PIV-motors only (MO)
experiment), flow with mixed forcing where turbulence is generated by means of motors
and convection (we named it PIV-motors plus convection (MPC) experiment) and finally
the neutral case of flow where we have only convective turbulence generated by using
the H/C system (it is named PIV-convection only (CO) experiment). For these experi-
ments the motors were set at 400 rpm and the flow rate inside the cooling plate was set
at 3.5 L/min. To generate a mean thermal gradient inside the tank, the pates of the H/C
system were maintained at constant temperatures, in the case of PIV-MPC experiment
the temperature of the hot (cold) wall was maintained at 29 ◦C (19 ◦C) while in the case
of PIV-CO experiment the temperature of the hot (cold) wall was maintained at 37 ◦C
(17 ◦C). The temperature of water at the bulk had a room temperature. At the TBL,
the dimensionless parameters; local Rayleigh number and Prandtl number at which the
PIV-MPC experiment was done are 3× 105 and 6.5 respectively.
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Figure 4.6: Sample vector map of the instantaneous velocity field during PIV-MC experiment.

The number of the recorded cine-files was 20 for each experiment where each cine-file
has 1000 frames, this gives a total of 20,000 instantaneously recorded images. The raw
images were processed by applying our MATLAB-codes (PIV code) written by Bouhlali,
Lee and Ivanov. The PIV method in this code follows the outline of [40] and the dynamic
PIV procedure follows [39].

To compute the spatial dependence ( in Y-direction) of the convective turbulent flow
statistics as the mean velocity, r.m.s. velocity and covariance, we run all 20 cine-files and
10 cine-files for PIV-CO experiment. The interrogation window has a size of 64 × 64

pixels with an overlap of 75% providing 29 × 29 velocity vectors from each image pair
and spacing grid of 16 pixels. A total of 19999 vector maps were acquired with sampling
frequency of 2 kHz. Figures 4.4, 4.6 and 4.5 show a sample of the obtained vector maps
for the three experiments (the behavior of the flow in the pure convection case at the TBL
agree with the work of [45], [46] and [47]). A total of 16,819,159 instantaneous velocities
is produced in case of PIV-MO and PIV-MC experiments and 8,409,159 in case of PIV-
CO experiment. On the other hand, to calculate the Eulerian structure functions (from
PIV not PTV) we kept the same IW size but we changed the overlap to 50% in order to
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decrease the computing time. This yielded to 15 × 15 velocity vectors with spacing grid
of 32 pixels and therefore to a total of 2,249,725 instantaneous velocities. Note that in
this study we are only interested in the behavior of the second-order longitudinal velocity
structure function (LSF) and transverse velocity structure function (TSF) for both velocity
components U1 and U2.

To plot the Eulerian statistics as a function of height (see Fig. 5.1, Fig. 5.2 and Fig.
5.3), we divided each obtained vector map (which has 29 × 29 vector velocity) to 14
horizontal strips where each strip has 2 × 29 vector velocity . The calculated Eulerian
statistics represent the local values for each strip and they had been normalized by the
local turbulence intensity, k1/2 (where k = 1/2 ∗ (2u21,rms + u22,rms) is the local turbulent
kinetic energy), in order to get a clear comparisons between all the experiments.
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Figure 4.7: A snapshot of the flow during the conduction of PTV-MC experiment at LFTR.

4.3.2 Particle Tracking Velocimetry Measurements

The Lagrangian particle tracking (PTV) measurements were carried out at the same lo-
cation, with the same size of the sampling area (512 × 512 pixels equivalent to 2.45 ×
2.45 cm2) and the same settings of the laser and camera described previously in PIV mea-
surements, except the sampling frequency. A snapshot was taken during the conduction
of one of the PTV experiments is shown in Fig. 4.7. For well resolved particle velocity
and acceleration statistics, the detection system was set at 10 kHz (10000 fps)in case of
PTV-MO and PTV-MC experiments, and 5 kHz (5000 fps)in case of PTV-MO. This very
high temporal resolution (0.1-0.2 ms) is considerably smaller than the Kolmogorov time
τη (13 - 17 ms) of the smallest eddies present in the flow, therefore the properties of the
dissipation range in the flow are solved. Again for this type of measurements, the three
different types of flow mentioned before were conducted for comparisons. The number
of particle tracers in the interrogation volume was about 350 particles. Five runs were
recorded and saved at full range (21728 frames) for the three experiment for processing.
In general, total of 108640 frames per each experiment had been processed using our PTV
code to extract the Lagrangian statistics from the particle tracks. In practice, the acceler-
ation is determined by directly applying a differentiating-filtering kernel to the particles
trajectories. Here, the filtration and differentiation are achieved at the same time using
the Gaussian kernel [48]. The number of points used to compute acceleration statistics
and therefore the Lagrangian acceleration PDF (assuming 300 bins for regrouping) de-
pends on the type of the experiment conducted, as an example, in case of mixed forcing
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Figure 4.8: Compensated second-order longitudinal structure functions (DLL) for the different
flow cases.

Table 4.1: Lagrangian flow properties obtained from PTV measurements. Notice that the
flow in the CBL is not isotropic

Experiment PTV-MO PTV-MC PTV-CO
〈U1〉 [m/s] 0.0227 -0.1224 -0.02
〈U2〉 [m/s] 0.0044 -0.0223 -0.002
u1,rms = 〈u21〉1/2 [m/s] 0.0852 0.153 0.00375
u2,rms = 〈u22〉1/2 [m/s] 0.0532 0.059 0.00326
Degree of anisotropy u1,rms/u2,rms 1.6 2.59 1.15

(PIV-MC), this number was around 1,645,497. The surface temperatures of the heating
(bottom) and cooling (top) plates were kept constant during the acquirement of the data
and had almost the same values given in PIV-measurements.

A summery of all of the relevant flow properties and parameters for each flow case
are given in Table 4.1 and Table 4.2 respectively. The turbulence energy dissipation rate
ε reported in Table 4.2 is calculated via the second-order longitudinal velocity structure
function DLL(r), assuming inertial subrange DLL(r) = C2(εr)

2/3 with a universal con-
stant C2 = 2.1. Figure 4.8 shows the compensated plots of the LSF for both flow cases. It
is clear that the mean energy dissipation rate is invariant in the inertial subrange. Looking
at the values of the mean velocities for each direction, one can conclude that our turbulent
flow is anisotropic.
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Table 4.2: Flow parameters obtained from PTV measurements: d〈T 〉/dy, temperature
gradient in the RI; Raδ, local Rayleigh number; ν, kinematics viscosity of the fluid; ε,
The turbulence energy dissipation rate; `, large eddy length scale (integral scale); η, Kol-
mogorov length scale; τη, Kolmogorov time scale; λ, Taylor micro-scale; Re`, Reynolds
number based on the lengthscale of the large eddies present in the flow; Rλ, Taylor
Reynolds number.

Experiment PTV-MO PTV-MC
d〈T 〉/dy [◦C/m] - 3
Raδ - 3× 105

ν [m/s2] 1× 10−6 9.3× 10−7

ε [m2/s3] 3.5× 10−3 5.6× 10−3

` = u32,rms/ε [cm] 4.3 3.7
η = (ν3/ε)1/4 [mm] 0.13 0.11
τη = (ν/ε)1/2 [ms] 17 13
λ = u2,rms(15ν/ε)1/2 [mm] 3.5 3
Re` = u2,rms`/ν 2287.6 2400
Rλ = u2,rmsλ/ν 186.2 190
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Chapter 5

Results and Discussion

In this chapter, the results from the Eulerian (PIV)and Lagrangian (PTV) measurements
are presented and discussed. To our knowledge, a little work had been done on turbulent
flows with mixed forcing from Lagrangian viewpoint, therefore, no results from other
works are presented for comparison.

Results of the effects of buoyancy on the turbulence statistics

To study the effects of the convective forcing on the motion of small scale structures at
moderate turbulence (Rλ = 180) in the thermal boundary layer (near to the heated wall),
we calculated statistical properties that are shown in Figs. 5.1, 5.2 and 5.3 from PIV mea-
surements in the objective to characterize each flow case. These turbulent statistics are
plotted in the same graph labeled (a) for comparison between the pure mechanical case
(PIV-MO) where the turbulence is generated only by the running impellers and the mixed
forcing case (PIV-MO) where the production of the turbulence is due to the mechanical
force (inertial force) and the buoyancy force (from convection) while these statistics are
plotted in single graph labeled (b) for the pure convection case (PIV-CO) where the tur-
bulence is produced by buoyancy force only. These figures give the spatial dependence of
the statistical flow properties as a function of height (Y-direction). Figure 5.1 shows plots
of the mean velocity component profile normalized by the local turbulence intensity (this
latter was derived from the local turbulent kinetic energy, see above), k1/2 in both flow
directions for all the experiments, while Fig. 5.2 illustrates the plots of the r.m.s. velocity
component profile normalized by the local turbulence intensity k1/2 also in in both flow
directions for all the experiments and finally the correlation coefficient of U1 and U2 is
shown in Fig. 5.3.

The first remark that stand out from these figures is the approximative homogeneity
of the flow in the RI with a slight variation in the Y-direction. The most interesting result
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Figure 5.1: The mean velocity component profile normalized by the local turbulence
intensity. (a): comparison between the pure mechanical turbulence case; PIV-MO (blue
color) and the mixed forcing case; PIV-MC (green color), (b) the pure convection case;
PIV-CO (red color). Triangles; 〈U1〉 and circles; 〈U2〉 vs. y (vertical height).

deduced when we compared between the PIV-MO (pure mechanical turbulence) and PIV-
MC (mixed forcing) experiments, was that the introduction of the buoyancy force did
reduce the the ratio 〈U1〉/k1/2 (for the mean velocity in X-direction) by 76%

while in the same time kept the ratio 〈U2〉/k1/2 (for the mean velocity in Y-direction)
almost unchangeable. It is evident then the significant effect of the convective forcing on
the mean flow velocity component in X-direction (by reducing 〈U1〉). This behavior can
be explained by the fact that the thermal plumes motion which arise due to the buoyancy
force intersect perpendicularly with the mean flow velocity component in X-direction and
therefore force the eddies to drift upwards in the direction of the heat flow. This result is in
perfect agreement with the snapshots taken during the conduction of the PIV experiments
(see Fig. 4.4 and Fig. 4.4). The questions that one might ask: are all the eddies of different
sizes present in the flow (in the RI) affected by the buoyancy force or only those present
in the inertial subrange η � r � L ? It is well known that in every turbulent flow (at
sufficient high Reynolds number) and in the absence of the buoyancy force, the motion of
the eddies in the inertial subrange is entirely due to inertial effects and viscous effects are
negligible (Kolmogorov’s second similarity hypothesis). Now with the presence of the
buoyancy, one may expect that both forces will act on the motion of these eddies in the
inertial subrange, again another question might arise: what about the acting force on the
motion of these eddies? Is it a combination of the two forces or each force act on specific
range of eddies and therefore new dynamic regime appears? We will try to answer these
questions later. From Fig. 5.3 one can conclude that the random velocities U1 and U2 are
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Figure 5.2: The r.m.s. velocity component profile normalized by the local turbulence
intensity. (a): comparison between the pure mechanical turbulence case; PIV-MO (blue
color) and the mixed forcing case; PIV-MC (green color), (b) the pure convection case;
PIV-CO (red color). Triangles; 〈u1,rms〉 and circles; 〈u2,rms〉 vs. y (vertical height).
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Figure 5.3: The covariance between u1 and u2 normalized by the local product u1,rms ∗
u2,rms (correlation coefficient) as function of height. (a): comparison between the pure
mechanical turbulence case; PIV-MO (blue stars) and the mixed forcing case; PIV-MC
(green stars), (b) the pure convection case; PIV-CO (red stars) vs. y (vertical height).
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weakly correlated in both flow cases and therefore there is no linear dependence between
them.
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Figure 5.4: Ratios of the second order velocity structure functions vs. r. (a): the LSF
(triangles) and (b): the TSF (circles). Red color; PIV-CO (pure convection).

Results of the effects of buoyancy on the velocity structure functions

So far we have discussed only one-point statistical properties of the flow in the RI, that is,
statistical properties measured at only one point in space. Now we will discuss the two-
point statistical properties, such as the second order velocity structure function. A well-
known quantity that may be used to characterize the properties of small-scale turbulence
is a second order velocity structure function (the velocity increment) which is defined by

D
uj
ii (r) = 〈[Uj(x + r)− Uj(x)]2〉 (5.1)

where Uj(x) is the component of the velocity vector at position x,and r is the separation
vector. When r is in the direction of Uj(x), we have Duj

LL second order longitudinal
velocity structure function, while the second order transverse velocity structure function,
D
uj
NN , is obtained if the direction of Uj(x) is perpendicular to r.

As mentioned before, the LSF and TSF of the velocity components were calculated
from PIV-measurements. The plots of the LSF and TSF are required if we want to un-
derstand (and determine, which is not our goal in this study) the manner in which energy
is distributed across the different scales (eddy sizes) in the RI and may be will help us to
answer the previous questions mentioned before. Our main interest is on the effects of the
buoyancy force on small structure present in the inertial subrange η � r � L as we said
before.

Figures 5.4 (a) and 5.6 show a comparison of the second order longitudinal velocity
structure functions ratios, Du2

LL/D
u1
LL as a function of r while the second order transverse

velocity structure functions ratios, Du2
NN/D

u1
NN are compared in Figs. 5.4 (b) and 5.5.

From these figures, we note that the ratios Du2
ii /D

u1
ii vary as r increases, which means
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Figure 5.5: Ratios of the second order transverse velocity structure functions (TSF) vs. r. Blue
color; PIV-MO (pure mechanical turbulence) and green color; PIV-MC (mixed forcing).

that our turbulence in the RI is anisotropic. This result, plus the result of the homogeneity
obtained before let us qualify our turbulence in the CBL as approximatively homogeneous
and anisotropic, with micro-scale Reynolds number, Rλ = 190. We also note, that the
structure functions increase as r increases especially in the inertial subrange which is
found to be equal to [5-17] mm, this result also is in good agreement with the Kolmogorov
theory which predicts that DLL ∼ r2/3 (K41 scaling) [5] and the work of [49]. From Figs.
5.6 and 5.4 one can clearly see that the injection of the convection into pure mechanical
turbulence affected more the LSF rather than the TSF particularly in the IS . We also
observe that the buoyancy force effect on the velocity field is significant when r = 17 mm,
however this effect becomes less and less important at small scales and therefore can be
neglected vis-a-vis the effect of the inertial force (see Fig. 5.6 where red arrows show the
effect of the buoyancy forcing on the slope of the profile).

From Fig. 5.6 in the case of mixed forcing we also observe, that Du2
LL is greater than

Du1
LL when r is above 12.2 mm whereas it is lower than Du1

LL when r is below 12.2 mm.
This result can be explained by the existence of a new lengthscale ` (` = 12.2 mm) that
divides inertial range into two dynamics regimes, above ` the buoyancy force becomes
dominant and below ` the inertial force becomes dominant. Since 〈[∆U ]2〉 is often taken
as an indication of the energy per unit mass contained in the eddies of size r or less
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Figure 5.6: Ratios of the second order longitudinal velocity structure functions (LSF) vs. r.
Blue color; PIV-MO (pure mechanical turbulence) and green color; PIV-MC (mixed forcing). IS:
inertial subrange and LS: large scale. The two solid red lines indicates the inertial subrange and
the red arrows show the effect of buoyancy on the slop of the profile

[50], one may conclude that in the presence of convective forcing in shear driven tur-
bulence, may give arise to a new dynamic regime where the buoyancy is the dominant
force. The eddies of size smaller than `, are more driven by inertia (due to shear) rather
than buoyancy, thus, their most kinetic energy is due to the mechanical turbulence with a
little contribution from the convective forcing, whereas, for eddies greater than `,they are
driven by buoyancy rather then inertial forces and therefore, their most kinetic energy is
due to the convective forcing with a little contribution from inertial forcing. Our conclu-
sion is that, in the presence of mechanical turbulence, the buoyancy force will not affect
all eddies of size in the inertial range. Note that maybe this explanation coincide with the
Bolgiano-Obukho theory (1959)[51] [52] except in the scaling, in our case the scaling of
the SF is unchangeable. We think that the scaling has to be checked in future work.
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Figure 5.7: Probability density function of the Lagrangian acceleration components ak with i = 1
and 2, for the three flow cases. Each acceleration component is normalized by its corresponding
r.m.s. value. The Comparison of the PDF (ai/ai,rms) had been done for the pure mechanical
turbulence case; PIV-MO (blue color), the mixed forcing case; PIV-MC (green color) and the
pure convection case; PIV-CO (red color). Triangles; a1/a1,rms and circles; a2/a2,rms. The solid
curve is the standard Gaussian with zero mean and unit variance.a1,rms = 6.6m s−2, a2,rms =
6.4m s−2 for PIV-MO case, a1,rms = 6.8m s−2, a2,rms = 6.9m.s−2 for PIV-MC case and
a1,rms = 1.38m s−2, a2,rms = 1.35m s−2 for PIV-CO case.

Results of the effects of buoyancy on the Lagrangian acceleration PDFs

Our last result comes from the Lagrangian acceleration PDFs which were calculated from
PTV measurements. It is believed that turbulence at small scales is highly intermittent
and this intermittency (which is due to the existence of violent rare events commonly re-
ferred to as worms) increases with increasing Reynolds number. Also it is known that
intermittency is reflected in strongly non-Guassian tails of the probability density func-
tions of the Lagrangian acceleration [53][54]. People have argued that the intermittency
(rare strong events) is at least partially responsible for increasing particle coalescence in
turbulent flows. Having this in mind, we are going to answer this question: What effect
has the buoyancy on intermittency?

Figure 5.7 shows a comparison of the PDFs of the Lagrangian acceleration compo-
nents in both lateral and transverse directions normalized by its corresponding standard
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deviation for all flow cases ( Note that the r.m.s. accelerations in each direction are global
values). It is seen that all acceleration components collapse on top of each other with no
appreciable difference for PIV-MO and PIV-MC cases but for PIV-CO case, there, the
probability for large magnitude of acceleration in the lateral direction is higher than those
in the vertical directions, which can be attributed to the vortical motion of the thermal
plumes. This result agrees with the work of [55]. We note also that all the acceleration
PDFs exhibit a stretched exponential form. For a comparison a Gaussian distribution with
the same standard deviation is shown with solid line. It is evident that the tails of the ac-
celeration PDFs extend far beyond those of a Gaussian function, with values reaching
beyond 15ai,rms. The stretched exponential form of the acceleration PDFs is similar to
those observed in other types of turbulent flows such i RBC [41] [55] and in HIT [31]
[56].

The result of the Lagrangian acceleration PDFs reveals that the acceleration becomes
highly intermittent when we move from pure mechanical flow case (PIV-MO) to com-
bined forcing flow case (PIV-MC) and to pure convection flow case(PIV-MC). For in-
stance, for PIV-MO case, there is less than 8× e−4% probability of , |ai/ai,rms| exceeding
10, while for PIV-MC case the probability increases to 1× e−3% (for the same magnitude
of acceleration), and increases more to 3×e−3% for PIV-CO case (for the same magnitude
of acceleration). It is quite evident that the buoyancy affected the Lagrangian acceleration
intermittency by increasing it. This result may not surprising as it is in good fit with the
results obtained from PIV-measurements. The high intermittency reflected in the acceler-
ation PDFs in case of pure convection is may be explained by the fact of the formation of
large-scale circulation (LSC) [46] across the convection cell and this LSC is more intense
at the periphery of the convection cell where the thermal plumes are produced. Note that
our VW is located in the LSC (look at the snapshot taken during the conduction of this
experiment in Fig. 4.5).

Our conclusion from this part of the study is that the buoyancy will make the turbu-
lent flow highly intermittent and thus may increase the particle-particle interaction and
therefore will increase their coalescence and the rate of their collisions.
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Chapter 6

Summary and Concluding Remarks

Summary

In this research project, mechanical turbulence and convective turbulence were combined
together in our flow facility to create a mixed forcing on particle motions. In order to reach
our goals stated in this thesis, a mean thermal gradient is generated inside a water-tank by
the implementation of a new heating/cooling system that was designed and constructed in
this present work. The main goal of this project was to study the effects of buoyancy on
passive particle motions in the convective boundary layer and on the intermittent nature of
the small scale structures present in that region. To achieve this goal, a Particle Image Ve-
locimetry and Particle Tracking Velocimetry were used as measurements techniques. All
the experiments were performed at the Laboratory for Fundamental Turbulence Research
(LFTR) at Reykjavik University.

In chapter 2 a mathematical model was developed based on the introduction of the
mixing-length theory and gradient-diffusion hypothesis in order to predict the mean tem-
perature distribution in our flow. The model was tested with a real experimental data. It
was found that the theoretical and experimental mean thermal gradient were very close
in shape and magnitude which prove that our assumptions used for modeling our turbu-
lence did actually work and therefore the accuracy of the model. On the other hand, the
new heating/cooling system was designed and constructed based on the outcomes of this
model. The H/C did generate a mean thermal gradient of, 0.84 ◦C/m which was very
close to the predictable mean thermal gradient of, 1.38 ◦C/m (in case of motors running
at 400 rpm, flow rate of 3.5 L/min and heat flux of 5300 W/m2). However, the model did
predict also that the mean thermal gradient can be higher, i.e. 4 ◦C/m if the flow rate is
11.8 L/min and the heat flux is 15400 W/m2. We dont’t know for sure if this magnitude
can be generated experimentally as our maximum heat flux that can be produced by the
heaters does not exceed 2660 W/m2.
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The two non-intrusive techniques (PIV/PTV) used in this work were described in
details in chapter 3. The displacement of the particles is estimated using cross correlation
and fast Fourier transformer. Our detection method is based on the work of Voth et al. [31]
while the predictive four-frame method is used to track the particles (based on the work
of Ouelette et al. [25]). The Euleurian and Lagrangian measurements were conducted at
the convective boundary layer, close to the heating wall where a strong thermal plums are
experienced. The spatial dependence of the turbulent statistics such as the mean velocity,
rms velocity and correlations were obtained by new PIV-routine entirely written by the
author which is called spatialdep.m. We also computed the probability density function
of the Lagrangian acceleration and the second order velocity structure function (in both
directions ) from our PTV data. In order to deduce the convective effects on small scale
structures of size in the inertial subrange η � r � L at the CBL, PIV/PTV experiments
were performed for three cases of turbulent flow. The case that more interested us, is
when the combined forcing (buoyancy and inertial forces) is applied on the mean flow
free CBL, this case was compared with the reference cases; pure convection and pure
mechanical turbulence cases.

The results of the effects of buoyancy on spatial dependence of the turbulence statis-
tics, second order velocity structure functions and Lagrangian acceleration PDF’s are pre-
sented in chapter 5. Our flow was found to be a slightly homogeneous and anisotropic
with a Taylor Reynolds number, Rλ ≈ 200, local Rayleigh number based on the thickness
of the boundary layer, Raδ ≈ 3× 105 and local Prandtl number, Pr = ν/α = 6.77.

We believe that our most interesting findings are shown in Figs. 5.6 and 5.7. From
these figures, it was found that, in the presence of the buoyancy force in shear driven
turbulence, may give arise to a new dynamic regime (inside the inertial subrange) where
the buoyancy is the dominant force (in this regime the inertial force has a little contribution
on the dynamics of the eddies). We also found that intermittency (rare strong events)
which is reflected in strongly non-Gaussian tails of the probability density functions of
the Lagrangian acceleration increases when the convective forcing is combined with the
mechanical forcing and increases more for the pure convection.

Conclusion of this work

In this current project we have studied the effects of buoyancy on passive particle motions
in the convective boundary layer from Lagrangian viewpoint by conducting Eulerian and
Lagrangian measurement at the BL region near to the heated wall. A new heating/cooling
system was designed and constructed and mean thermal gradient was generated based on
the outcomes of a mathematical mode. Our model found to be working and accurate. Our
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conclusion from this study, is that, in the presence of buoyancy, in the inertial subrange,
it may that a new dynamic regime will arise where the buoyancy will be the dominant
force. Another important conclusion from this work, is that, the buoyancy will make the
turbulent flow highly intermittent and thus may increase the particle-particle interaction
and therefore will increase their coalescence and rate of collisions.

Recommendations for future work

Recommendations for future work include building up a new RBC cell that will generate
high mean thermal gradient in order to achieve a better results of the effects of convective
forcing on the dynamics of fluid particles. This will includes: (1) improving the heat-
ing/cooling system; (2) conducting more PIV and PTV experiments in the objective to
confirm our findings from this work. Finally, improving the PIV and PTV codes used for
image processing and particle tracking.
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Appendix A

Heating/Cooling Apparatus: Design,
Construction and Assembly

This appendix gives an overview and detailed description of our heating/cooling system,
it also showed the calculation that had been done in order to construct the heating/cooling
plates. At the end of this appendix, the engineering drawings are shown.

A.1 Overview of Heating/Colling Apparatus

Figure A.1 shows the final HC apparatus installed inside the flow-chamber. This HC
apparatus model consists of two plates, heating plate will heat up the flow and cooling
plate will cool down the flow, both of the plates are attached to the flow facility frame,
one at the bottom surface and the other at the top surface. The apparatus was designed to
meet some specific criteria such as:

• Generation of constant and vertical (in Y -direction) heat flux through the flow.

• Uniform distribution of temperature on the surfaces of the plates.

• Operating through a range of temperatures from −5 ◦C to 100 ◦C.

• Ability of switching plates positions from bottom to top and vice-versa and to re-
move them after usage.

• Waterproofness as the plates will operate inside the water thank.

The concept of the heating plate is based on the idea of using HE as heater,i.e. the heat
is generated electrically through the HE and then conducted to the plate, while the cooling
plate concept is based on the idea of using cold water as coolant by passing through drilled
channels inside the plate. In order to achieve a good and stable mean temperature gradient,
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Figure A.1: Heating/Cooling plates installed inside the flow facility.

Heating plate assembly 

Cooling  plate assembly 

Flow chamber

Figure A.2: Sketch of cross section of heating/cooling apparatus mounted inside the flow-facility.
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isothermal and insulation conditions of the HC plates are primordials. Both of the surfaces
that are in contact with the flow must be isothermal and the back surfaces have to be
insulated so the heat flow can be in one direction. Hence, to reach an isothermal condition,
or at least only very modest temperature variations inside the plates, the plates were made
of a good conductive material, and to satisfy the insulation condition (to minimize the
heat lost) a plate of low conductivity material such as plastic was glued at the back of
each H/C plates.

A sketch of cross section of the HC apparatus mounted inside the flow facility is
shown in Figure A.2. HC plates are made up of an assembly of 3 plates each:

• Plastic plate glued at the back of the main conductive plate used for insulation.

• Thick aluminum plate positioned between the insulation plate and the cover plate
to conduct the heat.

• Thin aluminum plate positioned at the front of the main conductive plate used as
cover.

To make the HC apparatus work in such way that it can add and remove the required
heat, the plates are connected to some measuring devices for control and measurements.
The plates with such components constitute what we can called a heating/cooling system.
As it is shown in Fig. A.5, the cooling system is composed of the cooling plate which is
connected to the water system source using some tubes and fittings and some measuring
instruments such as flowmeter, analog thermometers and temperature sensor. In the other
hand, the heating system is composed of the heating plate which is connected to the
electrical source (230 Volts) through wires, temperature sensor that is mounted to the
surface of the plate and thermostat to control the heat. For detailed description of HC
apparatus’s equipments and the wiring of the heating system refer to Appendix B.

A.2 Design calculations

The required heat flux to generate a thermal gradient of 4 ◦C/m in case where the motors
speed set at 400 rpm inside our flow facility is around 15.4 kW/m2 ( from our model).
Hence, in order to design HC plates that can generate such heat flux and therefore a
mean thermal gradient of 4 ◦C/m such an example, we need to find the required design
parameters such as hydraulic diameter, Dh and volumetric flow rate, Qv for the cooling
plate and watt-density for the heating element (HE) that is embedded into the heating
plate.

As it shown in Fig. A.3, the conservation of the heat transfer rate or the energy balance
is expressed by
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cq

hq

inT
outT

cT

hT

Iq

fTTurbulent flow

Cooling plate

Heating plate

Impeller

Tq

Figure A.3: Sketch illustrating heat transfer through the apparatus.

qh + qI = qT = qc (A.1)

where

• qh is the heat transfered from the heating plate surface which is maintained at con-
stant temperature Th into the turbulent flow.

• qT = 15400× A is the heat transfered by turbulence due to the difference between
the temperature Th of the heated surface and the temperature Tc of the cooled sur-
face, where A = 0.214 m2 is the effective heating or cooling area of the plates. This
gives

qT = 3300 W

• qI is the heat generated by the impellers.

• qc = hcA(Tc − Tb) is the heat transfered by convection between the cooling plate
which is maintained at constant temperature Tc and the bulk temperature of the
streaming flow inside the channel of cooling plate. Note that, this heat is just the
one transfered from the turbulent flow into the cooling system.

qI was determined by experiment using the following change in internal energy formula

qI = ρcpϑ
∆T

∆t
(A.2)
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Figure A.4: Temperature as function of time. Down-pointing triangles: motors speed 1200 rpm,
circles: motors speed 400 rpm and red line: linear fit.

where ϑ = 0.22 m3 is the volume of the water tank and ρ and cp are the density and
specific heat respectively. Note that thees flow proprieties are evaluated at the bulk tem-
perature of the flow.

It was found that the temperature is changing linearly with time for both cases 400 rpm
and 1200 rpm, see Fig. A.4. Calculations of the heat generated by the motors (due to
friction) using formula A.2 yields:

• Case 1: motors speed 400 rpm⇒ qI400 = 84 W

• Case 2: motors speed 1200 rpm⇒ qI1200 = 154 W

Therefore the heat that will be added by the heating plate is equal

• Case 1: motors speed 400 rpm⇒ qh400 = 3300− 84 = 3216 W

• Case 2: motors speed 1200 rpm⇒ qh1200 = 3300− 154 = 3146 W

and the heat that needed to be removed by the cooling plate have to be qc = 3300 W. We
believe that the heat lost by the Plexi-glass side-walls is negligible .

A.2.1 Design calculations of the cooling plate

The amount of heat that is needed to be removed by the cooling plate (based on the
calculation showed before) is

qc = 3300 W
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The design of the plate as it is described in section 3.2.2 is based on the idea of using cold
water as coolant which will pass through a milled channel in an aluminum plate covering
the top surface of the water-tank. Fitting the whole plate inside the flow facility was
impossible as the size of it exceeds the size of the access window, so we decided to split
the plate into two equal parts. Assuming that the temperature is uniformly distributed in
whole plate area and the channel has a squared cross section, the required flow rate in the
channel to remove this heat is given by the following formula

qc = ρcpQv∆T (A.3)

Suppose that the inlet temperature is Tin = 8 ◦C (this is the temperature of the cold water
source) and we limit the increase of the temperature to ∆T = 4 ◦C, the bulk temperature
is then equal to

Tb =
2Tin + ∆T

2
= 10 ◦C

The density ρ and the specific heat cp are evaluated at the bulk temperature Tb
ρ = 999.7 kg/m3

cp = 4.192 kJ/kg ·◦ C
From Eq. A.3 the required flow rate is then

Qv = 1.96× 10−4 m3/s

This value is equivalent to 11.8 L/min
Now we need to find the required hydraulic diameter for a given length of the water

channel grooved in the cooling plate. As the channel through which the water flows will
has a nearly squared cross section, our calculation will be based on the hydraulic diameter
Dh [57], defined by

Dh =
4A

P
(A.4)

where A is th cross-sectional area of flow passing through the channel and P is the wetted
perimeter. The hydraulic diameter will be used in calculating the Nusselt number Nudh
and Reynolds number Redh , and in establishing the friction factor. In our case A = D2

h

and P = 4Dh.
The pressure drop in the channel is given by the Darcy-Weisbach equation

∆P

ρ
= f

L

Dh

V 2

2
(A.5)



Lahcen Bouhlali 73

where ∆P = 3 × 105 Pa is the pressure drop due to friction between the two ends of the
channel, ρ is the density of the fluid, L is the length of the channel, Dh is the hydraulic
diameter of the channel, V is the average velocity of the fluid flow and it is equal to the
volumetric flow rate per unit cross-sectional wetted area, g is the local acceleration due
to gravity and f is a dimensionless coefficient called the Darcy friction factor. It can be
found from a Moody diagram or more precisely by solving the Colebrook equation

1√
f

= −2 log10

(
ε/Dh

3.7
+

2.51

Redh
√
f

)
(A.6)

where f is the Darcy friction factor, ε = 1.5×10−6 m [58] is the absolute roughness height
of Aluminum which is the selected material, Dh is the hydraulic diameter and Redh is the
Reynolds number based on the hydraulic diameter of the channel.

In order to find the friction factor f and the hydraulic diameter Dh, we need to solve
a system made by the two equations A.5 and A.6. The problem for solving this system is
that the velocity V and the Reynolds number Redh are unknown too, so to overcome this,
we have to find relations for these two properties in function of the flow rate Qv which is
known and Dh.
The flow rate Qv is defined by

Qv = AV = D2
hV (A.7)

this implies

V =
Qv

D2
h

(A.8)

The same for the Reynolds number which is defined by

Redh =
V Dh

ν
(A.9)

where ν = 1.304× 10−6 m2/s is the kinematic viscosity which is evaluated at Tb = 10 ◦C.
Substituting A.8 in A.9, yields

Redh =
Qv

νDh

(A.10)

We have solved the system of equations by using MATLAB after substituting relations
A.8 and A.10 in equations A.5 and A.6 and the results are:

f = 0.0346 and Dh = 6.7 mm

Note that these calculations have been done for a channel length of L = 6 m (this is the
total length of cooling plate channel).
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The stream velocity produced by this size of the hydraulic diameter and the required
flow rate found before is around, V = 4 m/s and the resulted Reynolds number is Redh =

21, 500. This means that the flow is going to be slightly turbulent inside the channel.
To complete our design calculations, some heat transfer analysis are needed. The

objective of thees analysis is to understand how the volumetric flow rate affect the wall-
temperature (the temperature of the wall surrounding the channel) and also the increase of
the bulk-temperature between the inlet and the outlet of the water channel in the cooling
plate for the calculated design diameter found previously, Dh = 7 mm and the maintained
constant heat flux (15400 W/m2) along the channel.

The total heat transfer or the total energy added into the channel flow can be expressed
by the energy balance

qw = h4DhL (Tw − Tb) = ρcpQv (Tin − Tout) (A.11)

where

• h is the convection heat-transfer coefficient, (SI units : W/m2 ·◦ C). It can be de-
termined by using the following empirical correlation recommended by Dittus and
Boelter for calculation of heat transfer in fully turbulent flow in tubes:

Nudh = 0.023Re0.8dh Pr0.4 (A.12)

Nudh is the Nusselt number and is defined by the relation:

Nudh =
hDh

K
(A.13)

Pr is the Prandtl number and K is the thermal conductivity, (SI units : W/m ·◦ C)

• Tw is the wall-temperature of the channel.

• Tb is the bulk-temperature, Tb =
Tin + Tout

2
and

• Tin and Tout are the inlet and outlet bulk temperatures of the flow in the channel.

The resulting relation of the convection heat-transfer coefficient, h by using the above
relations is then:

h =
0.023 (Qv/νDh)

0.8 Pr0.4K
Dh

(A.14)
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Table A.1: Calculation of the wall-temperature Tw and the increase of the the bulk-
temperature ∆Tb for different values of volumetric flow rate Qv in the half-cooling plate.

Qv [L/min] Tw[◦C] ∆Tb[
◦C]

4 17.45 11.8
6 14.45 7.8
8 13 5.9

11.8 11.5 4
12 11.43 3.9

Substituting relation A.14 into equation A.11 yields the final equation that needs to be
solved, which is[

0.023

(
Qv

νDh

)0.8

Pr0.4K4L

(
Tw −

1

2

(
2Tin +

qw
ρcpQv

))]
− qw = 0 (A.15)

The properties of this equation are evaluated at the inlet temperature, Tb = 8 ◦C.
In order to find the wall-temperature, Tw and the increase of the bulk-temperature,

∆Tb in the cooling plate for a given value of the flow rate, Qv and a constant heat, qw =

3300 W, we needed to solve equation A.15 by Matlab and the results are shown in Tab.
A.1. The increase of the bulk-temperature, ∆Tb was calculated by using the formula A.3.

From the values listed in Table A.1 we find that for a fixed hydraulic diameter (Dh =

7 mm) and maintained constant heat flux (15400 W/m2), the increase in the volumetric
flow rate in the channel of the cooling plate will reduce the temperature at the walls of
the channel and will also affect the increase of the bulk-temperature between the inlet
and the outlet of the channel by decreasing it. For example, changing the flow rate from
Qv = 8 L /min to Qv = 12 L /min will change the wall-temperature from Tw = 13 ◦C
to Tw = 11.4 ◦C and therefore will reduce the increase of the bulk-temperature from
∆Tb = 5.9 ◦C to ∆Tb = 3.9 ◦C.

In conclusion of this part, the design calculations of the cooling plate showed that the
required design parameters in order to generate wall heat flux equal to, qw = 15400 W/m2

are as follow:
- The design diameter of the channel should be equal to, Dh = 7 mm.
- The volumetric flow rate inside the channel of the cooling plate should be around,
Qv = 11.8 L/min.
Moreover, the heat transfer analysis showed that for thees design parameters, the wall-
temperature (the temperature of the wall that surround the channel not of the surface
of the cooling plate) will be approximatively around, Tw = 11.5 ◦C (the temperature at
the surface of the cooling plate is estimated to be 13.5 ◦C) and the increase of the bulk-
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temperature is going to be around, ∆Tb = 4 ◦C. Finally, the decision made about the
hydraulic diameter size was the best because of many reasons such as realizable machin-
ing of the plate, availability of standard aluminum plate with 10 mm thickness, availability
of standard accessories and tube fittings to connect the plate to the water system and most
importantly reducing the costs of plate construction.

A.2.2 Design calculations of the heating plate

The idea of the heating system is based on using HEs as heaters (electrical energy is
converted into heat). From this concept of generating the heat, the only calculation we did
was to find the right wattage or watt-density of the HE that can produce the required heat.
As described before, the energy balance inside the flow chamber showed that the required
heat or the heat that is needed to be added by the heating plate is around, qh ≈ 3216 W in
case where the motors are running at 400 rpm or qh ≈ 3146 W in case where the motors
are running at 1200 rpm. The selection of the HE was based on three criteria such as
the length, the diameter and the minimum required power. So, in order to find the right
HE that can meet our needs, we went to look for it among the available standard HEs
in the local market. The selected HE (see Fig. B.4 in Appendix B ) has the following
specifications:

• Type 9N2.3

• Material Stainless steel AISI 316L

• Tube diameter 8.5 mm

• Required voltage 230 V

• Wattage 1330 W

• Length 2 m

• Watt-density 2.77 W/cm2

The maximum heat (or heat flux) that can be delivered by the two inserted HE in the
hot plate will not exceed 2660 W (or 12400 W/m2). This amount of heat is less than the
required heat (3300 W) to generate a thermal gradient of 4 ◦C/m. Hence new calculations
has to be done in order to find the produced thermal gradient and therefore the required
flow rate to generate a such gradient.
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Cooling plate connections

Heating plate connections

Figure A.5: Heating/Cooling plates connected to the water/electrical systems.

A.3 Heating/Cooling Plates Description and Construction

As described before the HC plates are integral units made of an assembly of three different
plates (glued and fastened together); an insulation plate, a conductive plate and a cover
plate.

A.3.1 Insulation plate

This plate is a high density polythene (HDPE) sheet with thickness of 5 mm. HDPE is
known as a low cost,chemically resistant plastic material that can be used for a wide
variety of applications. Because of its low thermal conductivity and moderate thermal
expansion, it was chosen as a material for insulation or at least to minimize the heat lost
by the conductive plates so the heat flow can be directed to the center of the flow chamber.
The dimensions of the insulation plate are similar to the conductive plates ( See Appendix
A).

A.3.2 Main conductive plate

To create that heat flow that is required inside the flow-facility, the HC conductive plates
were made from a material with high thermal conductivity; hence, the conductive plates
are made of aluminum (Al 6063) which has a good properties for machining and its ther-
mal conductivity is around 180 W/m ·K. The conductive plate dimensions before cutting



78 On the Effects of Buoyancy on Passive Particle Motions in the Convective Boundary Layer from the Lagrangian Viewpoint

(a) (b)

Figure A.6: Sketch of heating/cooling conductive plates.

the corners were 550 × 550 mm and overall thickness of 10 mm. A serpentine groove
of 7 mm wide by 3 m length (this length just for half-plate) and 7 mm deep (see Fig.
A.6(a)), running up and down the plate with 27 mm spacing and covering the whole area
of the cooling-plate, was machined by CNC machine at Reykjavik University workshop.
Concerning the heating-conductive plate, it was a bit challenging in designing since the
standard effective length of the HE (approximatively 2 m) is fixed and also its strength
is high (made of stainless steel material). Therefore, the final shape and dimensions of
the serpentine groove that would fit the HE dimensions and in the same time cover in
symmetrical way the whole area of the plate are shown in Fig. A.6(b). The four corners
of the conductive plate were cut off to an angle of 45 ◦ and the final shape of the plate
is an octagon with sides of different lengths. Hole with radius of 30 mm was drilled at
the center of the plate to ensure the access of the temperature sensor, for measuring the
temperature profile inside the flow facility. The final step in the construction of the con-
ductive plate, was to cut it into equal halves since the size of the access window of the
flow-facility is small compared to the size of the plate. Appendix A provides the detail
engineering drawings and dimensions of the plates.

A.3.3 Cover plate

The cover plate is a 1 mm aluminum plate with shape as the conductive plate. This plate
was made to close up the the conductive plate from the top forming a closed channel
where the water will be running in case of the cooling-conductive plate and the heat can
uniformly distributed on the surface of the plates. The effective heat transfer area of the
HC plate is 0.214 m2.
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Figure A.7: A SolidWorks drawings showing the installation of the heating/cooling plates
at the top and bottom of the tank.

A.4 Assembly and Installation of the Apparatus Compo-
nents

The plastic insulation plate was glued at the back of the aluminum conductive plate by
special adhesive epoxy. To ensure the circulation of the water inside the cooling plate,
black silicone adhesive sealant was used at the edges to joint the conductive plate and
the cover plate and then 13 stainless-steel screws were used for a good fastening of the
plates in order to avoid a possible leaking and to increase the contact between the sur-
faces which will provide a good heating. The same methodology that was employed for
the assembly of the cooling plate was employed for the assembly of the heating plate,
in addition the use of very high thermally conductive silicon paste Omegatherm 201 (see
Appendix B) to fill the space between the embedded HE and the machined groove in the
conductive-heating plate which will ensure proper heat conduction and uniform distribu-
tion of the temperature. The plates were hold by 4 screws each and attached to the existed
old heating/cooling plates which already have existing holes (Fig. A.7).

The last remaining thing in the design of the HC apparatus is connecting the plates to
the water/electrical system in order to generate the heat flow inside the flow facility. As it
is shown in Fig. A.8, 8 holes of 16 mm diameter were drilled at the 8 corners of the tank,
the cooling plate was connected to the exterior water system through these holes using
some tubing and fittings and the heating plate was connected to the exterior electrical
system using bolts where the ends of the heating element have threads.

In conclusion of this section, we want to mention that the conception, the design and
the construction of this H/C apparatus was done by the author of this thesis. The testing
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Figure A.8: H/C apparatus Installation, the left picture: The heating plate installed at the
bottom of the tank and the right picture: the cooling plate installed at the top of the tank.

of this heating/cooling system was done by conducting some experiments and the results
are shown and discussed in the next section.

A.5 Engineering Drawings

This part contains the drawings of the heating/cooling plates.
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Figure A.9: Sketch illustrating heat transfer through the apparatus.
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Appendix B

Hardwares and Wiring instructions of
the Heating/Cooling Apparatus

B.1 Introduction

This appendix gives a description of various hardwares that were used during the experi-
ment and also contain a brief instructions on how to wire-up the heating-plate’s devices.
The figures included in this appendix are data-sheets of these hardwares.

B.1.1 Heating/cooling apparatus hardwares

Flexible molded resistance temperature detector (RTD) surface sensor was used to mea-
sure the surface temperature of the cooling plate. This temperature sensor (Company:
Omega, Model number: SA2F-RTD-3-100-A-3M-MIDIN4) as it is shown in Fig. B.1 is
a 4-wire Platinum RTD that has a nominal resistance of 100 Ω at 0◦C, class "A" accu-
racy, lead wire length of 3 m and has 4 pins mini DIN plug at its end. The mounting of
the sensor was done by bonding its flat surface using a high thermally conductive epoxy
Omegabond OB-101 (see Fig. B.8 for specifications).

Other measuring devices such as a flowmeter and two analog thermometer were con-
nected to the cooling plate. The flowmeter provide accurate, in-line indication of the
water flow rate (unit: L/min) and it is designed to mount in any position.

Slef-adhesive thermocouple was used to maintain the surface of the heating plate at
constant temperature.The mounting method is similar to the one used for bonding the
RTD sensor to the cooling plate. As it is shown in Fig. B.2, this sensor (Company: Omega,
Model number: SA2F-KI-2M) is a 2-wire thermocouple for flat surface,type K and 2 m
lead wire. IEC Colour Code :Positive Wire, Green ; Negative Wire, White; Overall,
Green.
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DP7000 Series Temperature Digital Controller (TDC)(see Fig. B.6 for device specifi-
cations and Fig. B.7 for device operating instructions) is a device that controls the heat by
maintaining the surface of the heating plate at the required temperature.

Since the temperature inside the box-turbulence is very fluctuating, a temperature sen-
sor with very high accuracy and precision was needed. For this reason we opted for the
ultra precise immersion RTD sensor (Model number: P-M-1/10-3-50-M6-T-3) shown in
Fig. B.3. This 100 Ω Platinum RTD is an immersion sensor with prob diameter of 3 mm,
50 mm long, M6 mounting thread, 1/10 DIN accuracy and 4-Wire PFA cable 3 m long
with stripped leads. The probe was mounted horizontally in plastic bar specially designed
for measuring the temperature profile (see Fig. A.1) and a 4 pins mini DIN plug connector
was mounted at the end of the stripped wire leads.

The last device acquired for this apparatus is a high accuracy RTD input thermometer
HH804U (see Fig. B.5 for device specifications) that works with 100 Ω platinum RTDs
. This device reads the temperatures sensed by the temperature sensors and it can be
connected to two sensors at the same time since it has two inputs (two channels). During
the experiments we did connect this device to both RTDs sensors (SA2F-RTD and P-M
RTD immersion sensors) to get the readings and for real time data logging to PC we did
use the Windows software that came with it. We had ordered some necessary accessories
like AC adaptor, USB cable and some 4-pin mini DIN plugs (connectors) as spares.

B.1.2 Wiring Instructions

For a proper use of the heating system , the wiring should be done correctly. This means
that the green lead wire (positive wire) of the thermocouple (which is mounted at the
surface of the heating -plate) should be connected to the positive probe input of the TDC
(thermostat) and similarly, for the white lead wire (negative wire) should be connected to
the negative probe input of the TDC. However, the wiring of the heating element(HE) is
done by connecting each HE’s ends (this HE’s ends are mounted at the 4 bottom corners
of the water tank) to one of the two white cables that are coming from the power source
(each cable is connected to one HE’s ends, see Fig. A.5). This white cable is made up of
two coloured wires; one blue and one brown and to connect them to the HE, do not care
too much about the wire’s colour, just choose one wire for one HE’s end and the other
wire for the other HE’s end.
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C-46

C

Flexible Molded RTD 
Surface Sensors
� Flexible Sensors Mount to Any Shape
� Temperature Range: -50 to 200°C
� Precision 100 Ω, Class “B” DIN 

Platinum Element
� Sensors Have Adhesive Back for 

Easy Mounting

� Available in Two Configurations
� Stripped Leads Standard, Connector

Options Available
� PFA Insulated Cables 
� 4-Wire Configuration Standard

SA2C-RTD Series
Starts at
$45

#26 AWG stranded nickel-
plated copper, PFA insulated
and jacketed cable, 1 m (40")

long standard

To Order (Specify Model Number)
Model Number Resistance Number of Wires Wire Length Price
SA2C-RTD-3-100-B-40 100 Ω, Class “B” DIN Platinum 4 1 m (40") $45

SA2C-RTD-3-100-B-80 100 Ω, Class “B” DIN Platinum 4 2 m (80") 48

SA2C-RTD-3-100-B-120 100 Ω, Class “B” DIN Platinum 4 3 m (120") 51

SA2F-RTD-3-100-B-40 100 Ω, Class “B” DIN Platinum 4 1 m (40") 45

SA2F-RTD-3-100-B-80 100 Ω, Class “B” DIN Platinum 4 2 m (80") 48

SA2F-RTD-3-100-B-120 100 Ω, Class “B” DIN Platinum 4 3 m (120") 51

MOST POPULAR MODELS HIGHLIGHTED!

SA2C-RTD-3-100-B-40, $45,
shown smaller than actual size.

SA2C-RTD-3-100-B-40,
$45, shown smaller 
than actual size.

SA2F-RTD-3-100-B-40, $45, 
shown smaller than actual size.

0.63"

2"

1.38"

0.5"

OM-DAQPRO-5300
handheld data logger,
$995. See page R-57.

HH804 
meter, $99. 

See page L-58.

Options: For longer cable lengths, change “-120” in model number to length needed and add $2.25 per foot to the price. For Class “A”
elements, change “-B” to “-A” in model number and add $7 to price. For miniature connectors add “-MTP” to model number and add 
$7 to price. For a TA3F audio connector, add “-TA3F” to model number and add $17 to price. 
Ordering Examples: SA2C-RTD-3-100-B-80, 4-wire 100 Ω, Class “B” element and 80" of lead wire, $48. 
SA2F-RTD-3-100-B-40, 4-wire 100 Ω, Class “B” element with 40" of lead wire, $45.

Thickness: 6.4 mm (0.25") max

Figure B.1: Specifications of the temperature sensor used at the surface of the cooling plate.
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A-57                 �www.omega.co.uk � +44 (0)161 777 6611    

Self-Adhesive Thermocouples
Moulded Silicone Design for
Curved and Flat Surfaces

� Ultra-Slim Silicone 
Rubber for 
Maximum Flexibility

� Self-Adhesive Foil 
Backing for Faster 
Response Time

� 2 Styles Available for 
Flat or Curved Surfaces

� Resistant to a Variety of 
Chemicals and Oils

� Temperature Range
-50 to 200°C 

� Available in J, K, T and 
E—Colour Coded for 
Instant Thermocouple 
Recognition

� 7/0.2 mm Stranded 
Thermocouple Wire

� Stripped Leads Standard 
(A Variety of Connector 
Options Are Available)

SA-2 Series
Start at 
£20

* Specify J, K, T or E thermocouple type.
For standard size connector, replace “SMPW-CC” in the part number and replace with “OSTW-CC”, no additional charge.  For additional lead
wire, add £2 per metre.
Ordering Example: SA2C-KI-2M-SMPW-CC, self-adhesive silicone sensor for curved surfaces, Type K, 2 m (80") lead wire with ultimate mini
male cable clamp connector, £23.50 + £2 = £25.50.

To Order (Specify Model Number)
Model No. Price Description
SA2C-(*)I £20.00 15 x 50 mm (0.59 x 1.97") curved surface sensor, 1 m (40") lead wire, stripped ends
SA2C-(*)I-2M 22.00 15 x 50 mm (0.59 x 1.97") curved surface sensor, 2 m (80") lead wire, stripped ends
SA2C-(*)I-3M 24.75 15 x 50 mm (0.59 x 1.97") curved surface sensor, 3 m (120") lead wire, stripped ends
SA2C-(*)I-SMPW-CC 23.50 15 x 50 mm (0.59 x 1.97") curved surface sensor, 1 m (40") lead wire, 

ultimate mini male connector
SA2F-(*)I 20.00 35 x 12 mm (1.38 x 0.47") flat surface sensor, 1 m (40") lead wire, stripped ends
SA2F-(*)I-2M 22.00 35 x 12 mm (1.38 x 0.47") flat surface fensor, 2 m (80") lead wire, stripped ends
SA2F-(*)I-3M 24.75 35 x 12 mm (1.38 x 0.47") flat surface sensor, 3 m (120") lead wire, stripped ends
SA2F-(*)I-SMPW-CC 23.50 35 x 12 mm (1.38 x 0.47") flat surface sensor, 1 m (40") lead wire, 

ultimate mini male connector

MOST POPULAR MODELS HIGHLIGHTED!

These sensors are available in 
2 different mounting styles for flat or
curved surfaces. The integral
thermocouple sensor is bonded
onto the inner surface of the self
adhesive aluminum foil strip, 
which is provided for faster
response times.

SA2C-KI,
£20, shown
smaller than
actual size.

Specifications
Dimensions:

SA2C: 15 x 50 mm (0.59 x 1.97")
SA2F: 35 x 12 mm (1.38 x 0.47")  

Wire: 7/0.2 mm stranded thermocouple
wire, 1 m (40") and 2 m (80") lengths;
custom lengths available

SA2F-KI, £20,
shown smaller
than actual size.

Custom Lengths,Insulations, andConfigurations Available

Figure B.2: Specifications of the temperature sensor used at the surface of the heating plate.
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88

Ultra Precise 
Immersion RTD Sensors 

To Order (Specify Model Number)
PVC Insulated    PFA Insulated Fibreglass Insulated

Sensor Mounting Model Number Model Number Model Number
Accuracy Diameter Thread 150 mm Probe Length Price 150 mm Probe Length Price 150 mm Probe Length  Price

3 mm
None P-M-1/10-3-150-0-P-1 £64.25 P-M-1/10-3-150-0-T-1 £65.35 P-M-1/10-3-150-0-G-1 £66.45
G 1⁄4 P-M-1/10-3-150-G1/4-P-1 77.25  P-M-1/10-3-150-G1/4-T-1 78.35  P-M-1/10-3-150-G1/4-G-1 79.45

1⁄10 DIN

6 mm
None P-M-1/10-6-150-0-P-1     54.75  P-M-1/10-6-150-0-T-1   55.85  P-M-1/10-6-150-0-G-1    56.95
G 1⁄4 P-M-1/10-6-150-G1/4-P-1 67.75  P-M-1/10-6-150-G1/4-T-1 68.85  P-M-1/10-6-150-G1/4-G-1 69.95

3 mm
None P-M-1/3-3-150-0-P-1        47.75 P-M-1/3-3-150-0-T-1    48.85 P-M-1/3-3-150-0-G-1      49.95
G 1⁄4 P-M-1/3-3-150-G1/4-P-1 60.75 P-M-1/3-3-150-G1/4-T-1 61.85 P-M-1/3-3-150-G1/4-G-1 62.95

1⁄3  DIN

6 mm
None P-M-1/3-6-150-0-P-1        38.25 P-M-1/3-6-150-0-T-1    39.35 P-M-1/3-6-150-0-G-1    40.45
G 1⁄4 P-M-1/3-6-150-G1/4-P-1 51.25 P-M-1/3-6-150-G1/4-T-1 52.35 P-M-1/3-6-150-G1/4-G-1 53.45

3 mm
None P-M-A-3-150-0-P-1          42.25 P-M-A-3-150-0-T-1        43.35 P-M-A-3-150-0-G-1       44.45
G 1⁄4 P-M-A-3-150-G1/4-P-1    55.25 P-M-A-3-150-G1/4-T-1 56.35 P-M-A-3-150-G1/4-G-1  57.45

Class A

6 mm
None P-M-A-6-150-0-P-1         32.75 P-M-A-6-150-0-T-1        33.85 P-M-A-6-150-0-G-1      34.95
G 1⁄4 P-M-A-6-150-G1/4-P-1    45.75 P-M-A-6-150-G1/4-T-1 46.85 P-M-A-6-150-G1/4-G-1  47.95

MOST POPULAR MODELS HIGHLIGHTED!

P-M-A-1/10-6-100-0-P-1, 
£54.75, shown smaller 
than actual size.

Probe diameter

Sheath Length

(50 mm minimum)

Sheath Length

(50 mm minimum)

Mounting
thread

1 m of 4-wire, 7/0.16 mm
stranded cable with
stripped ends standard
(see table for insulation
options)

P-M-A-3-125-G1/4-P-1, 
£55.25, shown smaller 
than actual size.

Probes with No Threaded
Fitting or BSP Thread

� 100 Ω  Platinum RTDs
with 1⁄10 DIN, 1⁄3 DIN, or
Class “A” Accuracies

� Temperature Range 
-100 to 400°C
Depending on
Accuracy 
Specification

� 4-Wire Construction in 
6 and 3 mm Diameters

� A Range of Mounting
Threads and Cable
Materials are Available

Starts at

£3275

For longer sheath length, change “-150” in model to desired length in mm and add £1 per 50 mm to price when longer than 200 mm. 
For Silicone Rubber insulated cable, change “-P”, “-T” or “-G” to “-S” in the model number and use PFA pricing. For longer cable lengths,
change “-1” to desired length in metres and add £0.75/metre for PVC, £1.85/metre for PFA or Silicone Rubber and £2.95/metre for fibreglass.
For shielding on PVC, PFA or Fibreglass insulated cables, change “P”, “T” or “G” to “PS”, “TS” or “GS” and add £0.40 per metre to the
price. Mounting threads also available in G 1⁄8 and G 1⁄2 at the same price. 
Ordering Examples: P-M-1/10-3-100-G1/4-P-1, immersion sensor with 3 mm diameter sheath 100 mm long with G 1⁄4 mounting thread, 1⁄10 DIN
accuracy, 4-Wire PVC cable 1 m long with stripped leads, £77.25. P-M-1/10-3-125-0-P-1, immerson sensor with 3 mm diameter sheath 125
mm long with no mounting thread, 1⁄10 DIN accuracy, 4-Wire PVC cable 1 m long with stripped leads, £64.25.

UKUK

UKUKUKUK

Probe
diameter
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ALL MODELS AVAILABLE FOR FAST DELIVERY!Probes with Metric Threaded Fittings

For longer sheath length, change “-150” in model number to desired length in millimetres and add £1 per 50 mm to the price when longer than
200 mm. For Silicone Rubber insulated cable, change “-P”, “-T” or “-G” to “-S” in the model number and use PFA pricing. For longer cable
lengths, change “-1” to desired length in metres and add £0.75/metre for PVC, £1.85/metre for PFA or Silicone Rubber and £2.95/metre for
fibreglass. For shielding on PVC, PFA or Fibreglass insulated cables, change “P”, “T” or “G” to “PS”, “TS” or “GS” and add £0.40 per metre
to the price. 
Ordering Examples: P-M-1/10-3-100-M6-P-1, immersion sensor with 3 mm diameter sheath 100 mm long with M6x1 mounting thread, 
1⁄10 DIN accuracy, 4-Wire PVC cable 1 metre long with stripped leads, £73.75. P-M-1/10-6-125-M10-P-1, immerson sensor with 6 mm diameter
sheath 125 mm long with M10 x 1 mounting thread, 1⁄10 DIN accuracy, 4-Wire PVC cable 1 metre long with stripped leads, £64.25.

Omega’s Ultra-Precise RTD/Pt100 sensors are used in a wide variety of applications where accuracy and precise temperature
measurement means the difference between failure and success. Why not join the growing list of customers utilising the best the
market has to offer?

Interchangeability in °C
Temp °C Class A    1⁄3 Din        1⁄10Din

-50 0.25 0.18 
0 0.15 0.10 0.03

100 0.35 0.27 0.08
200 0.55 0.43
250 0.65 0.52
300 0.75
350 0.85
400 0.95
450 1.05

R
T

D
s

To Order (Specify Model Number)
PVC Insulated PFA Insulated Fibreglass Insulated

Sensor Mounting Model Number Model Number Model Number
Accuracy Diameter Thread 150 mm Probe Length  Price 150 mm Probe Length Price 150 mm Probe Length   Price

3 mm
M6x1 P-M-1/10-3-150-M6-P-1   £73.75 P-M-1/10-3-150-M6-T-1 £74.85 P-M-1/10-3-150-M6-G-1   £75.95
M8x1 P-M-1/10-3-150-M8-P-1 73.75 P-M-1/10-3-150-M8-T-1 74.85 P-M-1/10-3-150-M8-G-1 75.95

1⁄10 DIN
6 mm

M8x1 P-M-1/10-6-150-M8-P-1 64.25  P-M-1/10-6-150-M8-T-1 65.35 P-M-1/10-6-150-M8-G-1   66.45
M10x1 P-M-1/10-6-150-M10-P-1 64.25 P-M-1/10-6-150-M10-T-1 65.35 P-M-1/10-6-150-M10-G-1 66.45

3 mm
M6x1 P-M-1/3-3-150-M6-P-1 57.25 P-M-1/3-3-150-M6-T-1 58.35 P-M-1/3-3-150-M6-G-1 59.45

1⁄3 DIN
M8x1 P-M-1/3-3-150-M8-P-1 57.25 P-M-1/3-3-150-M8-T-1 58.35 P-M-1/3-3-150-M8-G-1 59.45

6 mm
M8x1 P-M-1/3-6-150-M8-P-1 47.75 P-M-1/3-6-150-M8-T-1 48.85 P-M-1/3-6-150-M8-G-1 49.95
M10x1 P-M-1/3-6-150-M10-P-1 47.75 P-M-1/3-6-150-M10-T-1 48.85 P-M-1/3-6-150-M10-G-1 49.95

3 mm
M6x1 P-M-A-3-150-M6-P-1 51.75 P-M-A-3-150-M6-T-1 52.85 P-M-A-3-150-M6-G-1     53.95
M8x1 P-M-A-3-150-M8-P-1 51.75 P-M-A-3-150-M8-T-1 52.85 P-M-A-3-150-M8-G-1 53.95

Class A
6 mm

M8x1 P-M-A-6-150-M8-P-1 42.25 P-M-A-6-150-M8-T-1 43.35 P-M-A-6-150-M8-G-1    44.45
M10x1 P-M-A-6-150-M10-P-1 42.25 P-M-A-6-150-M10-T-1 43.35 P-M-A-6-150-M10-G-1  44.45

Cable Options Temperature Range
PVC Insulated -50 to 100°C

(-58 to 212°F)
PFA Insulation -50 to 250°C

(-58 to 482°F)
Fibreglass Insulation -50 to 400°C

(-58 to 753°F)
Silicone Insulated -50 to 200°C

(-58 to 392°F)

Figure B.3: Specifications of the temperature sensor used for measuring the temperatures along
Y-direction inside the flow-facility.
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TYP ARTIKELNR. RÖR Ø MATERIAL SPÄNNING V EFFEKT W LÄNGD YTEFFEKT INAKTIV LÄNGD 

9ND6 2040634401 8,5 AISI 316L 230 1000 1160 6,14 275
9ND6 2040634402 8,5 AISI 316L 230 1500 1450 6,24 275
9ND6 2040634403 8,5 AISI 316L 230 2000 1750 6,24 275
9ND6 2040634404 8,5 AISI 316L 230 2500 2040 6,29 275
9ND6 2040634405 8,5 AISI 316L 230 3000 2340 6,28 275
9ND6 2040634413 8,5 AISI 316L 230 4000 2930 6,30 275
9ND6 2040634406 8,5 AISI 316L 230 4500 3220 6,31 275
9ND6 2040634407 8,5 AISI 316L 400 1000 1160 6,14 275
9ND6 2040634408 8,5 AISI 316L 400 1500 1450 6,24 275
9ND6 2040634409 8,5 AISI 316L 400 2000 1750 6,24 275
9ND6 2040634410 8,5 AISI 316L 400 2500 2040 6,29 275
9ND6 2040634411 8,5 AISI 316L 400 3000 2340 6,28 275
9ND6 2040634414 8,5 AISI 316L 400 4000 2930 6,30 275
9ND6 2040634412 8,5 AISI 316L 400 4500 3220 6,31 275

ffoorrttss..  RRöörreelleemmeenntt

Typ 9ND 6

TYP ARTIKELNR. RÖR Ø MATERIAL SPÄNNING V EFFEKT W LÄNGD YTEFFEKT INAKTIV LÄNGD 

9N2,3 2040558432 8,5 AISI 316L 230 330 760 2,21 100
9N2,3 2040558401 8,5 AISI 316L 230 500 900 2,68 100
9N2,3 2040558402 8,5 AISI 316L 230 670 1210 2,49 100
9N2,3 2040558403 8,5 AISI 316L 230 1000 1600 2,68 100
9N2,3 2040558404 8,5 AISI 316L 230 1330 2000 2,77 100
9N2,3 2040558405 8,5 AISI 316L 230 1500 2250 2,74 100
9N2,3 2040558406 8,5 AISI 316L 230 1670 2500 2,72 100
9N2,3 2040558407 8,5 AISI 316L 230 1800 2765 2,63 100
9N2,3 2040558408 8,5 AISI 316L 230 2000 2950 2,72 100
9N2,3 2040558425 8,5 AISI 316L 230 2330 3200 2,91 100
9N2,3 2040558428 8,5 AISI 316L 230 2500 3665 2,70 100
9N2,3 2040558433 8,5 AISI 316L 400 330 760 2,21 100
9N2,3 2040558417 8,5 AISI 316L 400 500 900 2,68 100
9N2,3 2040558418 8,5 AISI 316L 400 670 1210 2,49 100
9N2,3 2040558419 8,5 AISI 316L 400 1000 1600 2,68 100
9N2,3 2040558420 8,5 AISI 316L 400 1330 2000 2,77 100
9N2,3 2040558421 8,5 AISI 316L 400 1500 2250 2,74 100
9N2,3 2040558422 8,5 AISI 316L 400 1670 2500 2,72 100
9N2,3 2040558423 8,5 AISI 316L 400 1800 2765 2,63 100
9N2,3 2040558424 8,5 AISI 316L 400 2000 2950 2,72 100
9N2,3 2040558427 8,5 AISI 316L 400 2330 3200 2,91 100
9N2,3 2040558409 8,5 AISI 316L 290 500 900 2,68 100
9N2,3 2040558410 8,5 AISI 316L 290 670 1210 2,49 100
9N2,3 2040558411 8,5 AISI 316L 290 1000 1600 2,68 100
9N2,3 2040558412 8,5 AISI 316L 290 1330 2000 2,77 100
9N2,3 2040558413 8,5 AISI 316L 290 1500 2250 2,74 100
9N2,3 2040558414 8,5 AISI 316L 290 1670 2500 2,44 100
9N2,3 2040558415 8,5 AISI 316L 290 1800 2765 2,45 100
9N2,3 2040558416 8,5 AISI 316L 290 2000 2950 2,50 100
9N2,3 2040558426 8,5 AISI 316L 290 2330 3200 2,91 100

Typ 9N 2,3

L +– 2%19

Ø
8,

5

Inaktiv del 275+– 28

L +– 2%19

Ø
8,

5 Inaktiv del 100+– 10

Inaktiv del 275+– 28

Inaktiv del 100+– 10

Figure B.4: Specifications of the heating element.
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Model No. Price Description
HH800-ADAPTOR-UK £6.70 AC adaptor (USB models only)

07.6008-CS Soft case for HH800 series
HH800-SW 13.50 Windows software and USB cable (USB models only)

HH800WE-RSW 27 Windows software and wireless receiver (wireless models only) European version

Accessories

The HH804U is a high accuracy
RTD input thermometer that  works
with 100 Ω platinum RTDs and is
selectable for 3 different
temperature coefficient curves.

The HH804U features a built in USB
port and DC power socket. Optional
Windows software and AC adapter
allow real time data logging to PC
for extended periods. The
HH804WE model features a quick
and easy to use wireless interface
instead of USB. This allows real
time data transmission 
at distances of up to 25 m when
used with the HH800WE-RSW
optional Windows software and
USB wireless receiver.

Specifications
Measurement Range: 

0.00385(100 ): -200 to 800°C 
(-328 to 1472°F)
0.003916/0.003926(100 ):
-200 to 630°C (-328 to 1166°F)

Accuracy: Stated accuracy at
23°C±5°C, <75% RH

±(0.05%rdg + 0.2°C) 
±(0.05%rdg + 0.4°F) 

Input Connections: 4-pin mini on DIN 
Measurement Rate:
1 times/second
Operating Environment: 0 to 50°C 
at <70% RH

100 Platinum
0.00385/0.003916/
0.003926 curves
4 Wire 
High ±0.05% +0.2ºC
Reading Accuracy
MAX/MIN/AVG/REL/HOLD
Elapsed Time
High/Low Limits Alarm
(Audible)
Dual Temperature Display
Supplied with 4 Pin Mini
DIN Plug (One per
Channel)
Optional Windows
Software 
Optional AC Adaptor
(USB Models Only)

HH804U Dual
RTD Input, £100

To Order (Specify Model Number)
Model No. HH804U HHW804WE

001£001£ecirP
Units °C/°F °C/°F
Display Dual 41⁄2 digit + Dual 41⁄2  + tigid

emiT despalEemiT despalE
Input types DTR 001tPDTR 001tP
No. of Inputs 22
Wireless seYoN
USB Port oNseY
DC Power Jack oNseY
Resolution 0.1°

Comes with HH804-CONNECTOR (one per channel), protective rubber boot and complete operator’s manual.
Ordering Example: HH804U, high accuracy RTD input thermometer and HH800-SW, Windows software and USB cable. 
£100 + 13.50 = £113.50

MOST POPULAR MODELS HIGHLIGHTED!

All items shown 
smaller than actual size.

Order a spare 
DIN connector, 
HH804-CONNECTOR,
£6.70 each.

*Note: All wireless units are for European 868.1 Mhz˜ 868.5 Mhz frequency band.

(Wireless Models
Available) 

Wireless Models 

Available! Monitors 

up to 10 different 

meters with 

1 receiver

High Accuracy RTD
Thermometers  
HH800 Series

Starts at

£100

HH800WE- RSW,
windows software with
wireless receiver, £27

Ω

Figure B.5: A high accuracy RTD input thermometer.
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DP7000 Series

£37
All Models

Temperature Meter with 
Alarm or On/Off Control 
Output with Audible Buzzer

� Bright-Red, 3-Digit 
LED Display 

� J or K Thermocouple 
Inputs 

� 15 A Relay Output
� Simple On/Off Control 

or Alarm
� NEMA 4X (IP64) Front Panel
� Internal Audible Buzzer

DP7001, £37, shown
larger than actual size.

The DP7000 Series temperature
meters offer a wide temperature
range, 2 selectable alarm settings,
and an internal buzzer that indicates
alarm condition or error. The 
user can define setpoint, on/off
heating/cooling regulation, alarm
configuration, load status, and
ambient probe adjustment. Other
features include password protection
and error/alarm messaging.
Temperature and output status is
indicated on the bright-red LED display.
The DP7000 can be programmed
for J or K thermocouple inputs.
Applications
These meters are suitable for
industrial chillers, environmental
chambers, walk-ins and freezers,
heat sealers, sterilisers, coolers,
display cases and cabinets, warmers,
meat and produce storage, floral
preservation, laboratories, food
service equipment, ovens and
dryers, tool rooms, and burn-in
rooms and chambers.
Specifications
Probe Range:

Thermocouple J: 0 to 700°C 
(32 to 999°F)
Thermocouple K: 0 to 999°C 
(32 to 999°F)

Inputs: Type J or K thermocouple
Output: 15 A SPDT relay @ 250 Vac
resistive
Horsepower Rating (hp): 3⁄4
Control Type: On/off

Power Requirement: 110 Vac, 230
Vac, 12 Vac/Vdc or 24 Vac/Vdc
(depending on model)
Accuracy: ±1% FS
Display: Three 12.7 mm (1⁄2") red digits,
plus sign 
Resolution: 1°

To Order (Specify Model Number)
Model No. Price Description
DP7001                   £37   Type J/K input, 110 V, °F
DP7002                     37   Type J/K input, 110 V, °C
DP7003                     37   Type J/K input, 230 V, °F
DP7004                     37   Type J/K input, 230 V, °C
DP7005                     37   Type J/K input, 12 Vac/Vdc, °F
DP7006                     37   Type J/K input, 12 Vac/Vdc, °C
DP7007                     37  Type J/K input, 24 Vac/Vdc, °F
DP7008                     37   Type J/K input, 24 Vac/Vdc, °C

Model No. Price Description
CNQUENCHARC   £5.40 Noise suppression kit, 110 to 230 Vac
EE-1319 47 Reference Book: Grounding and Shielding Techniques

Accessories

MOST POPULAR MODELS HIGHLIGHTED!

Comes with operator’s manual.
Ordering Example:  DP7001, temperature meter with alarm or on/off control output with
internal audible buzzer, £37.

Memory Backup: Non-volatile memory
Operating Temperature: -10 to 70°C
(14 to 158°F)
Storage Temperature: -20 to 80°C
(-4 to 176°F)
Weight: 65 g (2.3 oz)
Front-Panel Rating: IP66 (NEMA 4X) 

34
(1-11/32)

76
(3)

28
(1-7/64)

60
(2-3/8)

Panel Cutout: 71 x 29 (2-51/64 x 1-9/64)
Dimensions:
mm (in)

Figure B.6: Specifications of DP7000 Temperature Digital Controller.



94 On the Effects of Buoyancy on Passive Particle Motions in the Convective Boundary Layer from the Lagrangian Viewpoint

Description

The DP7000 Series controllers are designed for many heating and cool-

ing, high temperature applications. The probe temperature is displayed

on the bright 3-digit display. The user is able to program 18 different

parameters including set point, hysteresis, cycle time and ambient probe

adjustment using the silicone front keypad. The unit features error or

alarm warning, internal buzzer and password protection. Select between

thermocouple J, K or S type, temperature display in °C or °F and 115

VAC, 230 VAC or 12 VDC power supplies.

Model references

The model reference is given by: DP700X

Where each suffix can take the following values:

Thermocouple Type J

Display Color Red

X 1 = 115 VAC - °F; 2 = 115 VAC - °C

3 = 230 VAC - °F; 4 = 230 VAC - °C

5 = 12 VAC/DC - °F; 6 = 12 VAC/DC - °C

Installation

NOTE: Unit must be mounted away from vibration, impacts, water and
corrosive gases.
• Cut hole in panel 71 x 29 mm (2.80 x 1.14˝).

• Apply silicone (or rubber gasket) around the perimeter of the hole to 

prevent leakage.

• Insert unit into hole of panel.

• Slide removable fitting clips onto unit from the back until secure to 

panel.

• Remove back cover to wire unit.

• Wiring diagram is displayed on the top of the unit.

• NOTE: DO NOT INSTALL PROBE CABLE NEAR POWER CABLES.
• Replace cover once wiring is completed.

DP7000 Series Temperature Digital Controller

Specification and Operating Instructions

Technical Data

Supply voltages

115 VAC 10%, 230 VAC 10%, 12 VAC/DC 10%

Supply powers

4 VAC (230 V)

Storage temperature

-20 to 80°C (-4 to 176°F)

Operating temperature

0 to 70°C (32 to 158°F)

Probe range

0 to 700°C (32 to 999°F) for thermocouple J

0 to 999°C (32 to 999°F) for thermocouple K, S

Accuracy

Better than 1% full scale

Resolution

1° (3 digits)

Response Time

16 seconds

Display

Red LED, 3-digit and sign

Input

Thermocouple (types J, K or S)

Output

SPDT relay 250 V / 15(5) A 30LRA

Dimensions

76 x 34 x 60 mm (3 x 1.34 x 2.36 in)

Front Protection

IP64

1 2

+ –

Probe input

7 8

POWER
SUPPLY

9 10 11
NC  COM   NO

OUTPUT

OMEGA ENGINEERING, INC.

1 - 888 - TC - OMEGA USA & Canada
1 - 203 - 359 - 1660 INTERNATIONAL

Wiring Diagram

Omega DP7000:Series QV (F-87)  12/17/10  4:26 PM  Page 1
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Parameter descriptions

SP= Set Point. Temperature we wish to regulate the machine (variable

from r1 to r2)

r0= Differential or Hysteresis

r1= Lower value for SP

r2= Higher value for SP

d0= Cooling or heating control

if d0 = Ht and TS is the temperature of ambient probe:

if TS >= SP the load is disconnected

if TS <= SP-r0 the load is connected

if d0 = Co then:

if TS <= SP the load is disconnected

if TS >= SP+r0 the load is connected

c0= Minimum stopping time of the load

c2= Output status with probe error

P1= Ambient probe adjustment

P5= Ambient probe type

P2= tcJ (J type), P2=tch (K type), P2=tcS (S type)

H5= Access code to parameters (it is set to 00 from factory)

A0, A1, A2, A3 = Alarm 1 parameters

If A3=OFF alarm 1 disabled

If A3=HI then a high temperature alarm is set:

if TS >=SP+A1 the alarm 1 is activated

if TS <=SP+A1-A0 the alarm 1 is de-activated

If A3=LO then a low temperature alarm is set:

if TS <=SP-A1 the alarm 1 is activated

if TS >=SP-A1+A0 the alarm 1 is de-activated

The alarm 1 in not activated until the time since instrument is turn on is

higher than A2

A4, A5, A6, A7 = Alarm 2 parameters (similar to alarm 1)

Parameter Programming

Set Point (SP) is the only parameter the user can access without
code protection.
• Press SET. SP text will appear on the display.

• Press SET again. The real value is shown on the display.

• The value can be modified with the UP and DOWN arrows.

• Press SET to enter any new values.

• Press SET and DOWN at the same time to quit programming or wait 

one minute and the display will automatically exit programming mode.

Access to all code protected parameters.
• Press SET for 8 seconds. The access code value 00 is shown on the   

display. (Unit comes with code set at 00 from factory).

• With the UP and DOWN arrows, code can be set to user needs.

• Press SET to enter the code. If code is correct, the first parameter label 

is shown on the display (SP).

• Move to the desired parameter with the UP and DOWN keys.

• Press SET to view the value on the display.

• The value can be modified with the UP and DOWN arrows.

• Press SET to enter the value and exit.

• Repeat until all necessary parameters are modified.

• Press SET and DOWN at the same time to quit programming or wait  

one minute and the display will automatically exit programming mode.

*The keyboard code can be reset to ZERO by turning off the controller
and turning it on again while keeping the SET key depressed.

Led indication, buzzer and display messages

The led OUT indicates if the load is connected or not.

In normal operation, the probe temperature will be shown on the display.

In case of alarm or error, the following messages can be shown:

• Er = Memory Error

• oo = Open Probe Error

• -- = Ambient temperature out of range

In case of alarm or error the internal buzzer is activated. The buzzer can

be silenced pressing the SET and DOWN arrows at the same time (when

a new alarm or error occurs the buzzer sounds again).

Maintenance, cleaning and repair

After final installation of the unit, no routine maintenance is required.

Clean the surface of the display controller with a soft and damp cloth.

Never use abrasive detergents, petrol, alcohol or solvents.

All repairs must be made by authorized personnel.

List of parameters

SP

r0

r1

r2

d0

c0

c2

P1

P5

H5

A0

A1

A2

A3

A4

A5

A6

A7

Description

Set Point

Differential or Hysteresis

Lower Value Set Point

Higher Value Set Point

Cooling or heating control

Minimum stopping time

Output status with probe error

Ambient Probe Adjustment

Ambient Probe Type

Access code to parameters

Alarm 1 Hysteresis

Alarm 1 Threshold

Alarm 1 Exclusion Time

Alarm 1 Type

Alarm 2 Hysteresis

Alarm 2 Threshold

Alarm 2 Exclusion Time

Alarm 2 Type

Units

Degrees

Degrees

Degrees

Degrees

Option

Seconds

Range

Degrees

Range

Numeric

Degrees

Degrees

Seconds

Range

Degrees

Degrees

Seconds

Range

Range

r1 to r2

1 to 99

0 to r2

r1 to 999

Co/Ht

0 to 999

On/Off

-30 to 30

tcJ, tch, tcS

0 to 255

1 to 999

0 to 999

0 to 999

OFF,HI,LO

1 to 999

0 to 999

0 to 999

OFF,HI,LO

OMEGA ENGINEERING, INC.

1 - 888 - TC - OMEGA USA & Canada
1 - 203 - 359 - 1660 INTERNATIONAL

Omega DP7000:Series QV (F-87)  12/17/10  4:26 PM  Page 2

Figure B.7: Operating instructions of DP7000 Temperature Digital Controller.
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OMEGABOND® epoxy and OMEGATHERM® thermal
conducting pastes are high temperature and high thermally
conductive epoxies and silicone products. They are
specially formulated for permanent and temporary bonding
of thermocouples, thin film RTDs, thermistors and other
temperature sensors. The pastes are also formulated to
most surfaces–metals, ceramics, glass, plastics, and 
paper products.

OMEGABOND® and OMEGATHERM® products are
compounded and packaged for convenient, easy mixing 
and application. Each formulation exhibits important
characteristics necessary for accurate, fast, reliable
temperature measurement. These are: good adhesion and
strength, high temperature rating, high thermal conduction,
high electric insulation, thixotropic consistency, fast cure,
and easy application.

To assist in your selection, a summary of each product’s
properties are shown in the accompanying table.

“Twin pak” packaging is supplied to ensure the user with
accurate proportioning of resin and catalyst, as well as to
provide a clean, fast means of mixing. The “Twin Pak” is 
a flexible, transparent plastic pouch, separated into two
isolated compartments by means of a removable external
divider. In one compartment is the resin, in the other
compartment is the pre-measured catalyst. To use,
remove the divider, mix the two components by kneading
the pouch, then snip-off a corner to dispense. Each “Twin
Pak” comes with an instruction sheet, enclosed in a clear,
heat-sealed plastic envelope.

Model No. OB-100 OB-101 OB-200 OT-201
Material Fast set Epoxy Epoxy Silicone

epoxy adhesive adhesive grease
adhesive

Max. Continuous 130°C 105°C 260°C 200°C
Temperature (265°F) (221°F) (500°F) (392°F)
Cure 8 to 12 min Room Elevated Not

set room temp temp required
temp

Working Life 8 min 30 min 24 hr
at room at room at room —
temp temp temp

Adheres to M, C, PL, M, C, PL, M, C, PL, Wets
Most* PA, W PA, W PA, W most

surfaces
Thermal
conductivity (k) Low High Very high

Extremely
(BTU) 7.2 9.6 high
(in)/(hr) 16
(ft 2) (°F)
Electrical
Insulation High Very high Very high Very high
Volume 1012 1015 1015 1014
Resistivity
ohm–cm
Tensile
Shear 2000 2200 2700 —
PSI MIN
Flexure
Strength — 12,000 17,000 —
PSI MIN
Coefficient of
Thermal 51 x 10–6 20 x 10–6 21 x 10–6 —
Expansion
in/ in/°F

Typical Properties

The above information, while determined by tests and evaluation, 
is offered only as a general guide. Actual suitability for a particular
purpose must be determined by material user. This information is not
to be taken as a warranty for which we assume legal responsibility.

*M = Metal PA = Paper Products
C = Ceramic W = Wood
PL = Plastic

OB-200-2, $17.

F-21

Epoxies and Thermally 
Conductive Pastes
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OMEGATHERM® 201
OMEGATHERM® 201—is a very high thermally conductive
filled silicone paste, ideally suited for many temperature
measurement applications. This thick, grey, smooth paste
wets most surfaces and will not harden on long exposure
to elevated temperatures. It is rated for continuous use
between -40 and 200°C (-40 and 392°F).

OMEGATHERM® 201 provides an excellent means of
conducting heat and expanding the heat-path area from a
surface to a temperature measurement sensor, thus
increasing the speed of response and improving accuracy.
Some applications are:

a) Surface Measurement Probes — dab a small amount 
on the surface and push the sensor into this area.

b) Temporary bonding and encapsulating of
temperature sensors — simply dab OMEGATHERM®

201 onto the surface or in the cavity, plant the sensor
in the paste, and tape to hold in place.

This highly versatile paste is supplied in 1⁄2- and 2-ounce
jars, as well as in 1- and 2-pound containers.

F-22

F

OMEGABOND® 100
OMEGABOND® 100—a fast (8 to 12 minute setting time),
room temperature, two-part epoxy. Recommended for
easy temporary and permanent bonding of beaded 
wire and “cement-on” thermocouples. Adheres to metals,
ceramics, epoxy laminates, glass, wood, concrete and
many other materials—for temperature measurements 
up to 129°C (265°F). It is not recommended for those
endeavoring to achieve the ultimate in precision and
speed of response, since this unfilled system has a
relatively low thermal conductivity.

Temporary installation of beaded wire thermocouples 
can be achieved by using a very small amount of
OMEGABOND® 100 to tack the bead to the surface and
packing OMEGATHERM® 201 around the exposed surface
to improve heat transfer. This clear syrup consistency—
100% solid adhesive — contains no solvents and has good
strength and electrical insulation characteristics. Note: The
working time after mixing the 2-part system at room
temperature is only 6 to 8 minutes. OMEGABOND 100 is
available in “Twin Pak” packs and 1- and 2-pound kits.

OMEGABOND® 101
OMEGABOND®101—is a very versatile room-temperature
curing, highly thermally conductive, 2-part epoxy adhesive
designed specifically to bond permanently “cement-on” and
beaded wire thermocouples and other sensors to the widest
variety of materials. Adheres to most metals, wood,
ceramics, cements, paper products, and many plastics and
rubbers. It is rated for continuous use at 105°C (221°F).
This thixotropic off-white paste will set up in approximately
four hours at room temperature with full curing in 24 hours.
Curing can be accelerated by applying moderate heat.

OMEGABOND® 101 has excellent shear and tensile
strength, high electrical insulation and excellent chemical
and solvent resistance. It is supplied in convenient “Twin
Pak” packs as well as 1- and 2-pound kits, and is easy to
mix, apply and cure.

OMEGABOND® 200
OMEGABOND® 200—is a black, high temperature, high
thermally conductive, 2-part epoxy system which will bond
sensors to most materials, including metals, glass, ceramics
and most plastics. It is recommended for bonding of
“cement-on” and beaded wire thermocouples for accuracy
and fast temperature measurement to 260°C (500°F). This
epoxy system cures at elevated temperatures. Curing time
is 8 hours at 120°C (250°F), 2 hours at 205°C (400°F). 
It has excellent strength and electrical insulating
characteristics. Its thixotropic paste consistency virtually
ensures freedom from sag during curing when applied to
vertical surfaces.

OMEGABOND® 200 is mixed 100 parts resin to 
10 parts catalyst by weight, and is supplied in 
“Twin Paks” to ensure proper formulating. 
1- and 2-pound kits 
are also available.

Multi-Purpose
OMEGABOND® and OMEGATHERM® Kit
This versatile kit is recommended as a convenient way
to determine the best means to bond sensors before
ordering in quantity. Each kit contains:
4 — 1⁄4 oz “Twin Paks” of OMEGABOND® 100
2 — 1⁄2 oz “Twin Paks” of OMEGABOND® 101
1 — 2 oz “Twin Pak” of OMEGABOND® 200
2 — 1⁄2 oz Jars of OMEGATHERM® 201
When ordering, specify “MPK-1” $75 per kit

To Order (Specify Model Number)
MODEL NO. PRICE DESCRIPTION
OB-100-1/4 $8 OMEGABOND 100 epoxy, 

one 1⁄4 oz twin pak
OB-100-1 15 OMEGABOND 100 epoxy, 

four 1⁄4 oz twin pak
OB-100-16 50 OMEGABOND 100 epoxy, 

8 oz resin, 8 oz catalyst kit
OB-101-1/2 8 OMEGABOND 101 epoxy, 

one 1⁄2 oz twin pak
OB-101-2 12 OMEGABOND 101 epoxy, 

one 2 oz twin pak
OB-101-16 55 OMEGABOND 101 epoxy, 

8 oz resin, 8 oz catalyst kit
OB-200-2 17 OMEGABOND 200 epoxy, 

one 2 oz twin pak
OB-200-16 60 OMEGABOND 200 epoxy, 

1 lb resin, 2 oz catalyst kit
OT-201-1/2 15 Thermally conductive paste, 

1⁄2 oz jar
OT-201-2 25 Thermally conductive paste, 

2 oz jar
OT-201-16 150 Thermally conductive paste, 

16 oz can

MOST POPULAR MODELS HIGHLIGHTED!

OB-100-1, $15.  

OB-101-2, $12.

Figure B.8: Specifications of the epoxy and the conductive paste.
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Appendix C

Spatial Dependence Routine and
Particle Location problem

This appendix contains the PIV-routine written by the author. This program computes the
turbulence statistics (mean velocity, r.m.s. of fluctuating velocity and covariance in both
directions)in function of height. Also we include in this appendix a schematic drawing
which shows how the getFrame4PIV.m routine flipped the bright particle in the real image
and therefore changed its direction. This problem had been fixed by the author at the level
of the routine itself.
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% This program calculate the following parameters in function of Y 

direction 

  

%Xrms # Urms^2 = <(U-<U>)^2> the variance of U. 

%Yrms # Vrms^2 = <(V-<V>)^2>the variance of V. 

%Cov # <uv> = <(U-<U>)*(V-<V>)>the covariance. 

%Xvalmean # <U> the mean of U. 

%Yvalmean # <V> the mean of V. 

  

%These quantities will be plotted in order to see the spatial 

dependence in Y- direction. 

%Lahcen Bouhlali in Reykjavik Universiry 

% Date: November 30, 2011 

  

function [Xrms,Yrms,Cov,Xvalmean,Yvalmean] = 

spatialdep(trackdir,fnamepre,firstCt,lastCt,hx,hy,Hx,Hy,threshold,overl

apping,i0,i_last) 

  

  

% image count and total number of files 

imageCount = (i_last-i0)+1; 

totalNoFiles = (lastCt - firstCt)+1; 

  

% initialize the velocity cell and rms velocity 

u_cell = cell(imageCount*totalNoFiles,1); 

v_cell = cell(imageCount*totalNoFiles,1); 

  

  

% loop through cine files 

for findex = firstCt:lastCt 

    cineFname = [trackdir, fnamepre, num2str(findex), '.cine']; 

  

    % loop through frames in this cine file 

    for i=i0:i_last 

         

        imgno1 = i-1; 

        imgno2 = i; 

         

        [img1,img2,dt] = getFrame4PIV(cineFname, imgno1, imgno2); 

         

        [u,v,displacementx, displacementy] = 

piv(img1,img2,hx,hy,dt,Hx,Hy,threshold,overlapping); 

         

        [r,c] = size(u); 

         

        for m=1:c 

            for n=1:r 

                if ( displacementx(m,n) == 0 || displacementy(m,n) == 

0) 

                     

                    fprintf('the frame (%i) in file (%i) is contained 

bad subregion (%i,%i) \n',i,findex,m,n); 
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                end                 

            end    

        end 

         

        j = i-(i0-1)+(findex-firstCt)*imageCount; 

         

        u_cell{j,1} = u; 

        v_cell{j,1} = v; 

         

     

    end 

end 

  

  

row=floor(r/2); 

  

Xrms = zeros(row,1); 

Yrms = zeros(row,1); 

Cov = zeros(row,1); 

Xvalmean = zeros(row,1); 

Yvalmean = zeros(row,1); 

  

for i=1:row 

     

    xvalall = 0; 

    yvalall = 0; 

     

    for j=1:(imageCount*totalNoFiles) 

                 

        x_val = sum(sum(u_cell{j,1}(2*i-1:2*i,:))); 

        y_val = sum(sum(v_cell{j,1}(2*i-1:2*i,:))); 

     

        % add up the values 

        xvalall = xvalall + x_val; 

        yvalall = yvalall + y_val; 

         

    end 

     

     

    % calculate means velocity 

    xvalmean = xvalall/(2*c)/imageCount/totalNoFiles; 

    yvalmean = yvalall/(2*c)/imageCount/totalNoFiles; 

     

    xrms = 0; 

    yrms = 0; 

    cov = 0; 

     

    for j=1:(imageCount*totalNoFiles) 

         

        for k=1:c 
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            for l=(2*i-1):(2*i) 

             

            % read in some values 

            xval = u_cell{j,1}(l,k) - xvalmean; 

            yval = v_cell{j,1}(l,k) - yvalmean; 

             

            % rms in square velocities (w/o normalization)            

            xrms = xrms + xval^2; 

            yrms = yrms + yval^2; 

            cov = cov + xval*yval; 

       

            end 

         

        end 

       

    end 

     

    % rms squared (variance)velocities, covariance and mean velocities 

in X 

    % and Y directions 

    Xrms(i,1) = xrms/2/c/(imageCount)/(totalNoFiles); 

    Yrms(i,1) = yrms/2/c/(imageCount)/(totalNoFiles); 

    Cov(i,1) = cov/2/c/(imageCount)/(totalNoFiles); 

    Xvalmean(i,1) = xvalmean; 

    Yvalmean(i,1) = yvalmean; 

end 

  

clear i j k l 
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Figure C.1: Schematic drawing showing the change of the location of the bright particle and
therefore its direction when applying the getFrame4PIV.m routine on a real image. This problem
had been fixed at the level of the routine itself.
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