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Abstract

Fast heat transfer in a fluid to reach a hot homogeneous state is desired in industries like food
and dairy processing or geothermal sites. Heat transfer is driven by temperature differences and
the rate of heat transfer can be increased by the introduction of a stirring motion. A stirring mo-
tion creates a flow with which larger temperature gradients in a fluid can be created, potentially
resulting in enhanced heat transfer. The Rotated Arc Mixer (RAM) model is adopted to study
heat transfer governed by advective and diffusive heat transfer. The RAM consists of two hollow
tubes, a stationary inner tube containing the fluid and a rotating hot outer tube. Different stirring
motions can be introduced during the heating process through slots in the inner tube, with the
rotating outer tube dragging the fluid along in its rotation. The freedom of choosing a sequence
of stirring motions provides an opportunity to enhance heat transfer.

A prior numerical study presents a case where determining the sequence of stirring motions in
closed-loop results in a substantial enhancement of heat transfer compared to open-loop sequences,
in a 2D representation of the RAM. In this thesis, this control strategy is tested on an experimental
setup of the 2D RAM. Experiments are performed to measure the temperature evolution of a fluid
for both chosen open-loop and closed-loop determined sequences. A numerical model used to com-
pute temperature field predictions is calibrated based on measurement data obtained in open-loop
experiments. The temperature field predictions are used in closed-loop, allowing for selecting the
stirring motion projected to govern most heat transfer in the next time interval based on live
measurements. In the experimental temperature evolutions an enhancement of heat transfer using
closed-loop is found compared to conventional open-loop stirring protocols for this particular set
of experiments. However, estimations of variations in the measurements show that the differences
between experiments cannot be ascribed to the stirring protocol only. Since this thesis presents
one set of single measurements subject to large measurement variations, no structural conclusions
can be drawn on the influence of closed-loop control. To prove an enhancement of heat transfer
due to closed-loop control further experimental research is required in which variations due to
uncontrolled factors are reduced and more measurements are performed.
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Nomenclature

Abbreviations

ADE Advection-Diffusion Equation

PCM Phase Changing Material

RAM Rotated Arc Mixer

RTD Resistance Temperature Detector

SDK Software Development Kit

SFC Smart Flow Control

SQP Sequential Quadratic Programming

Notation

T̄ Bar indicates an averaged quantity

T̂ Hat indicates an approximated quantity

T Bold symbol indicates a matrix

T̃ Tilde indicates a transient quantity

T ′ Apostrophe indicates a normalized quantity

Symbols

A Discrete matrix approximation of the advection-diffusion operator

x Position vector

A Temperature evolution operator

D Circular domain

L Advection-diffusion operator

L1 One-dimensional norm

L2 Euclidian norm

Pe Péclet number

Re Reynolds number

R Rotation matrix

Sr Strouhal number
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NOMENCLATURE

cr Coefficient of repeatability

D Diffusion coefficient

Jk Cost-to-go function

L Characteristic length

M Amount of modes

N Number of apertures

n Time step number

Nθ Number of elements in angular direction

Nr Number of elements in radial direction

Q Amount of modes after truncation

R Radius

r Radial direction polar coordinate

T Temperature

t Time

T0 Initial temperature

T∞ Boundary temperature

Ta Ambient temperature

tn Time step

tact Sliding wall activation time

texp Experiment duration

tlog Logging time

U Azimuthal velocity

v Velocity

x Cartesian coordinate

y Cartesian coordinate

Greek symbols

α Expansion coefficient

∆ Arc length

Γ Boundary

κ Dimensionless heat loss coefficient

λ Eigenvalue

Λ Eigenvalue matrix

Φ Eigenvector matrix
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NOMENCLATURE

ν Kinematic viscosity

ω Rotational velocity

φ Scalar concentration

σ Standard deviation

τ Dimensionless time step

θ Angular direction polar coordinate
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Chapter 1

Introduction

In several engineering applications it is desired to heat an initially cold fluid to an elevated tem-
perature. One can encounter such applications in chemical plants, geothermal applications, mi-
crofluidics and food and dairy processing industry. Typically thermal homogenization is desired,
which is heating a temperature field towards a final homogeneous state. A fast thermal homo-
genization process is crucial in these industries and methods to enhance heat transfer to decrease
homogenization times are highly relevant therefore. Heating a fluid in these applications is typic-
ally achieved by exchanging heat between the fluid and the container containing the fluid. Heat
transfer is driven by a difference in temperature and a larger difference induces a larger heat
transfer. Enhanced heat transfer can be achieved by introducing a motion in the fluid by stirring
for example, hereby creating a flow and affecting the temperature gradient in the fluid. However,
determining the optimal way of stirring for enhanced heat transfer is not a straightforward problem.

1.1 Motivation

There are numerous examples of stirring in nature and industry. In nature one can observe this
in the transport of magma inside the Earth’s mantle for example. In industries such as food pro-
cessing one can encounter applications where a stirring process comes into place as well. Usually,
a predetermined sequence of motions is periodically repeated to stir the fluid. These applications
are generally open-loop and could therefore be sub-optimal, for example when disturbances occur
which change the optimal mixing sequence. The introduction of feedback could provide for robust-
ness to adapt to disturbances. Also, in periodic mixing sequences occasionally unmixed regions
occur which are relatively difficult to break [9]. An adaptive sequence can aid in breaking these
regions. Some examples of aforementioned open-loop applications:

• Enhanced heat transfer by introducing stirring motions is for example used in geothermal
applications such as groundwater remediation [19], [22] & [24].

• Microfluidics, where actuations are done to achieve efficient mixing of the fluid [7], [11].

The introduction of feedback control can aid in achieving enhanced heat transfer by controlling
the stirring process and making decisions based on the current temperature field. The potential
of optimization of a stirring process with the use of feedback control is large, as the scale of
applications is extremely large. There are currently hardly any applications in which feedback
control is used in the stirring process. As the possibilities to use such techniques range from
microfluidics to large-scale geothermal sites further research in this field is very relevant.

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 1



CHAPTER 1. INTRODUCTION

1.2 Problem definition and research goals

Decreasing the time required for thermal homogenization of a fluid is the main goal of this thesis.
Specifically the influence of a feedback controller used for optimizing the stirring process in a heat-
ing process is to be tested. There does not appear to be consensus in literature on which method
of mixing is most effective, consequently control of the stirring process for enhanced heat trans-
fer is not straightforward. The introduction of control is to be tested on an experimental setup.
This experimental setup is based on a cross-sectional model of a 3D Rotated Arc Mixer, presen-
ted in Chapter 2. The setup allows for measuring the temperature evolution of a fluid governed
by advective and diffusive heat transfer and allows for adaptive reorientation of a laminar base flow.

Prior research has been performed using the 2D RAM setup. In 2015, Baskan et al. [4] presented
the results of an experimental and computational study on scalar modes in a periodic laminar
flow. Insights were gained on the influence of fluid motion in the thermal homogenization process.
In general, a good agreement between analytical computations, experiments and numerical results
was found when comparing the dominant eigenmodes during the heating process. The findings
of the research are deemed promising for further investigation of the mixing characteristics of the
RAM and to find out more about the influence of advection on homogenization of the temperature
field. In 2016, another study by Baskan et al. [5] was published in which the experimental 2D
RAM facility is used. Further insight is gained in mixing characteristics of time-periodic flows
and the findings confirm that the experimental RAM is a suitable representation of a 2D RAM
and can be used to perform reliable mixing studies. Also, a first look is taken at the sequence of
stirring motions and initial results show that an aperiodic sequence can enhance heat transfer and
thus lead to faster homogenization of the temperature field.

Conventional approaches of mixing a laminar base flow typically utilize periodic reorientation
of the base flow. However, it is uncertain whether a fluid homogenizes to a goal temperature
fastest when using a sequence of periodic stirring motions. In a research published by Lensvelt et
al. [16] a numerical case is presented which shows promising results using adaptive reorientation,
defined as Smart Flow Control (SFC), to enhance heating of a liquid subject to laminar flow.
Specifically, the assumption that efficient mixing automatically yields efficient scalar transport
has been disproved for the presented case. Introduced is a predictive controller in a feedback
loop. In each loop, a prediction is made on the evolution of the temperature field and decisions
on the stirring sequence are made based on the outcomes of the predictions and an associated
algorithm. It is found that the homogenization of the temperature field is achieved in a shorter
time using an adaptive stirring protocol compared to a conventional time-periodic stirring protocol.

The focus of this thesis will be on experimental investigation and application of Smart Flow
Control, which as discussed showed promising numerical results in the research performed by
Lensvelt et al. [16]. Hereto the 2D Rotated Arc Mixer experimental setup used in the studies by
Baskan et al. [4], [5] is adopted. The experimental setup will be used to perform experiments in
which the temperature evolution of a fluid will be measured. More specifically, the goals of this
project can be divided into four subgoals,

• Developing a methodology to measure the temperature evolution of a fluid subject to laminar
flow in the RAM adequately.

• Evaluation of experimental data by comparison with a numerical model of the 2D RAM.

• Creation of a feedback-control loop with which a stirring protocol can be optimized based
on experimental measurements.

• Demonstration by experiments of the superior performance of Smart Flow Control compared
to open-loop stirring protocols.

2 Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis



CHAPTER 1. INTRODUCTION

Eventually, the research would be completed if it can be presented that experiments validate the
numerical findings of the previous research on Smart Flow Control. To achieve these goals, two
research questions are defined:

• How do results obtained with the experimental setup compare with simulations?

• Can it be proven that the application of Smart Flow Control is in fact superior to conventional
stirring sequences?

1.3 Outline

First, the Rotated Arc Mixer (RAM) model and associated theory are introduced in Chapter
2. This is extended to a discussion of a numerical model of the RAM which will be used for:
i) comparisons with the experiments and ii) temperature field predictions during closed-loop ex-
periments. Next, the experimental setup and methodology for the measurements are discussed
in Chapter 3. In Chapter 4, the findings of open-loop measurements are discussed. A study on
variations during measurements is also presented in a repeatability study. Additionally a para-
meter estimation is described in this chapter, with which the numerical model is tuned such that
it can be used during closed-loop experiments. In Chapter 5, the closed-loop experiment using
Smart Flow Control is discussed. Having obtained a set of experimental data of both open and
closed-loop stirring protocols, further analysis is done to compare the performance of the stirring
protocols. Last, conclusions of this thesis are drawn and recommendations for future research are
given in Chapter 6 .

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 3
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Chapter 2

Rotated Arc Mixer mathematical
and numerical model

As described in Chapter 1, promising numerical results have been found which show that dedicated
flow control has the potential for enhancement of heat transfer. In this thesis the temperature
evolution of a highly viscous fluid is considered. One can utilize knowledge on thermal and fluid
dynamics during a heating process to achieve better performance. More specifically, to enhance
heat transfer by applying feedback control in the stirring process. An experimental setup of the 2D
Rotated Arc Mixer (RAM) will be used on which a dedicated flow control strategy can be tested
in reality. In this chapter, the associated heat transfer problem is modelled and the employed
control strategy is explained.

2.1 Transport properties of a fluid

Considered are viscous flows in liquid phase. For this situation, relevant transport properties of
a fluid are the coefficients of viscosity, thermal conductivity and diffusion [25]. Each coefficient
will have influence on the problem at hand. The viscosity is a measure of the fluid’s resistance to
flow. The thermal conductivity coefficient relates the heat flux to the temperature gradient, thus
affecting heat transfer to the fluid. Also, thermal conductivity is of influence on how much heat is
lost to surroundings. The diffusion coefficient relates mass transport to the concentration gradient.
Diffusion is a process where transfer of mass or heat takes places within a fluid. Whenever there
is a non-homogeneous concentration in the fluid, molecules will naturally spread out evenly over
the volume. Both diffusion and advection affect the temperature evolution. Advection, or in other
words heat convection, is the exchange of heat due to the movement of the fluid. If a gradient in
the temperature field is present, heat is transported towards colder regions.

Transport of a scalar in an incompressible flow is governed by the advection-diffusion equation
([1], [4])

∂φ

∂t
+ v · ∇φ =

1

Pe
∇2φ, (2.1)

where φ is the scalar field, v ∈ R2 is the fluid velocity and Pe is the Péclet number. The Péclet
number indicates the ratio of transport by diffusion and advection and is given by

Pe =
ULchar
D

, (2.2)

with U the azimuthal velocity, Lchar the characteristic length of the volume and D the material
diffusivity [20]. To increase the rate of heating it is beneficial to use advection compared to a

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 5
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diffusion-only situation when heat transfer is dominated by advection (Pe � 1) [1]. Advection
could reduce the time for heating significantly, if one manages to transfer heat from the hot bound-
ary into the colder regions in the fluid. Hereby, the temperature gradient between fluid and the
heated surroundings can be kept larger, enhancing heat transfer.

This thesis focuses on heat transfer governed by the advection-diffusion equation in strongly
laminar flows. Whereas turbulent flows already achieve relatively efficient mixing due to their
randomness, realizing efficient mixing in laminar flows is more challenging [21]. In a laminar flow,
fluid layers move in definite paths or streamlines with virtually no mixing between layers [8]. The
lack of randomness does provide for a controlled introduction of flow and therefore an opportun-
ity for a dedicated approach to enhance heat transfer. Laminar flow conditions are valid for a
Reynolds number below the threshold of turbulence. This Reynolds number is defined as

Re =
ULchar

ν
, (2.3)

where ν is the temperature-dependent kinematic viscosity of the fluid. The Reynolds number
represents the ratio between inertial and viscous forces. For laminar flow (Re � 1) the viscous
forces are significantly larger than the inertial forces. A relatively small velocity has to be chosen
to keep the Reynolds number small. From the Reynolds number it becomes apparent that the
characteristic length directly influences a fluid’s behavior (laminar versus turbulent) and therefore
the research is scaleable to both micro and macro scale.

The response of a flow to an introduced acceleration is quantified using the Strouhal number,

Sr =
R2

νtact
, (2.4)

where R2

ν a measure of the viscous time scale and tact the dimensionful time step of the advection
motion [4]. The Strouhal number represents the ratio between the inertial forces due to local
acceleration and the inertial forces due to changes in velocity in the flow field [23]. In order
to neglect unsteady flow or oscillations during the acceleration stage of the fluid when a flow is
initiated, Sr� 1 should be satisfied. The time step can be parametrized using,

τ =
Utact
R

, (2.5)

where τ is the dimensionless time step.

2.2 Fluid motion in the Rotated Arc Mixer

To investigate a heating process governed by advection and diffusion in a fluid, the Rotated Arc
Mixer (RAM) is adopted ([4], [18]). The RAM consists of two concentric cylinders, where the
inner cylinder is stationary and has apertures along its outer radius which are shown in Figure
2.1. The outer cylinder is closed and rotates around the inner cylinder. A fluid progresses axially
through the inner cylinder and rotation of the outer cylinder induces a transverse flow due to
viscous drag at the apertures.

6 Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis
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Figure 2.1: Schematic representation of the Rotated Arc Mixer, as defined in [4]. A rotating outer
cylinder and a stationary inner cylinder with apertures is shown.

The 3D RAM can be divided into infinitesimally thin slices. Consecutive slices compose a rotated
flow. In each slice the flow field generated due to transverse rotation is equal, however the orient-
ation in each slice is different. For a sufficiently small axial velocity the flow can be captured in a
2D model. The steady 3D RAM model is reduced to a 2D cross-sectional model, in which the axial
evolution is represented by an evolution of time as shown in Figure 2.2 [4]. The apertures in the
3D RAM have different axial locations and are rotated with an angle with respect to each other.
Therefore, the 2D RAM contains multiple apertures in its circumference that activate piecewise
steady flows due to moving boundary segments.

The 2D RAM is described in a circular domain D = {(r, θ) ∈ R2| 0 ≤ r ≤ R,−π ≤ θ ≤ π}
with a radius R. A configuration can be chosen with regards to the amount of apertures N
as well as the arc length ∆, Figure 2.2. A flow is initiated at an aperture with rotational
velocity ω, dragging the fluid along in angular direction. The outer edge of D is denoted by
∂D = {(r, θ) ∈ R2| r = R,−π ≤ θ ≤ π}.

Figure 2.2: Schematic representation of 2D RAM geometry [16].

2.3 Heat transfer in the Rotated Arc Mixer

To investigate the influence of advection on the homogenization time of a temperature field a heat
problem is defined within the 2D RAM model. Considered is an initially cold liquid, with its

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 7
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initial temperature T0 being equal to the temperature of the environment. Concentrically aligned
to circular domain D containing the liquid is a hot uniform boundary, Figure 2.3. The boundary
at the circumference ∂D has a temperature equal to T∞, which is a higher temperature than T
until homogenization at the goal temperature is reached, inducing heat transfer at all times. The
temperature in this domain is T (x, t) which is dependent on both time and space.

T∞T0

Figure 2.3: Temperature field of the 2D RAM at t=0.

Along the heated outer circle of the fluid container, a number of sliding walls are present which can
be activated as desired. The flow field of the fluid inside the domain D is described by v(x, t). The
direction of circulation denoted by ω can either be clockwise or anti-clockwise with flow initiated
at one aperture at a time only. The activation of an aperture will introduce a base flow, of which
the streamlines are visible in Figure 2.4. Each aperture-driven flow is a reorientation of the base
flow. The flow initiated can be described by an analytical expression [15]. The activation time of a
sliding wall is fixed and at τ as defined in (2.5). Through the activation of sliding walls, advection
is introduced into the system. One can assume that by doing so the fluid is dominated by advection
compared to diffusion, i.e. when the Péclet number is large. In Figure 2.4, a configuration with
four apertures of which each aperture spans 45◦ of the circumference of a 2D slice is shown.

Aperture 1

Aperture 2

Aperture 3

Aperture 4

Figure 2.4: Velocity field representation of a flow by wall-driven stirring in a 2D RAM [21].
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The advection-diffusion equation (ADE) which governs the temperature evolution in the RAM is
defined as

∂T

∂t
= −v · ∇T +

1

Pe
∇2T + κ(Ta − T ). (2.6)

Note that a source term κ(Ta − T ) has been introduced. Here, κ is the dimensionless heat loss
coefficient and Ta the ambient temperature. The source term has been introduced as an extra
parameter to adjust the numerical temperature field predictions with. During a real-life experiment
heat losses cannot be prevented and therefore necessity of introducing the source term along with
κ becomes apparent during parameter estimation, see Chapter 4. The ADE incorporating a source
term is subject to an initial and boundary condition defined as

T (x, 0) = T0 = Ta, T (x, t)|∂D = T∞, (2.7)

where the fluid is assumed to be at room temperature initially and the hot boundary at circum-
ference ∂D is equal to T∞. The temperature in the ADE is normalized and after rewriting and
simplification becomes

∂T ′

∂t
= (−v · ∇+

1

Pe
∇2 − κ)T ′, (2.8)

where T ′(x, t) the normalized temperature defined as

T ′ =
T − T0
T∞ − T0

. (2.9)

Where in (2.8) an additional term of (−v ·∇+ 1
Pe∇

2)T0 has been omitted. This term is assumed to
be zero, as the constant scalar T0 does not influence the dynamical behaviour of the temperature.
The normalized temperature T ′ is used to determine the transient temperature field or in other
words the progress towards homogenization. The transient temperature field T̃ is defined as

T̃ (x, t) = 1− T ′(x, t) (2.10)

At t = 0, the transient temperature field T̃ evaluates to 1 apart from the hot boundary at ∂D.
When T (x, t) is equal to T∞ homogenization is achieved and the transient temperature T̃ evaluates
to 0. The evolution of T̃ via heat transfer towards a transient temperature of 0 will form the basis
of the control strategy.

2.4 Control Strategy

To perform experiments using adaptive reorientation, feedback control needs to be introduced.
Determining the most efficient stirring scheme for enhanced heat transfer requires predictions on
temperature evolution and a feedback loop to determine the optimal sequence of wall forcings
during the heating process.

Essentially, one desires that the fluid temperature T (x, t) converges towards the desired tem-
perature T∞ as fast as possible. This can be achieved by maximizing the heating rate in a specific
time interval. The use of a predictive controller can aid in doing so, given the fact that there are
numerous ways of stirring possible. The amount of sliding walls during the experiments will be
equal to 2 initially. It has been found that changing stirring directions of the rotational velocity
field (ω = 1 or ω = −1) can result in faster homogenization of the temperature field [16]. There-
fore, one ends up with 4 possible actuations in every step. As opposed to conventional ways of
sequentially activating the sliding walls it has been shown that a more adaptive method is superior
[16].
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The temperature field evolution is computed using the ADE (2.6) subjected to conditions (2.7).
A semi-analytical solution is obtained of the temperature field. With this solution as input, the
controller predicts for each possible aperture the temperature field after a time step. The duration
of each actuation is always equal to a predefined time step value, defined as τ . A more specific
description of these predictions can be found in Section 2.5. Using a cost-to-go function, the
aperture is selected for which the heating rate is maximum in the following time step. The cost-
to-go function, Jk, is a quantification of the error between the predicted and target temperature
in the form a L1-norm, and is defined as

Jk(t) = ||T̃k(x, t)||1 (2.11)

with subscript k denoting the belt activation, according to the belt/aperture number and direction
of rotation. The control strategy can be divided into three steps, as depicted in Figure 2.5:

Figure 2.5: Adaptive flow reorientation feedback loop, as defined in [16].

1. The temperature field is predicted for the next time step, for each possible actuation (4 for
a configuration with 2 belts). The current temperature field is taken as initial condition.

2. The sliding wall which would give the maximum heating rate in the next time step (following
minimization of Jk) is actuated for the duration of the time step.

3. The new temperature field is measured again and steps are repeated until target temperature
T∞ is reached.

The temperature field is measured by a infrared camera, described in more detail in Chapter 3.
With steps one to three a closed loop can be formed. The process can be repeated until the
transient temperature T̃ (x, t) converges to zero.

2.5 Temperature prediction

A discretization of the modified ADE (2.8) is performed to allow for relatively quick simulations
of the advection-diffusion equation. As described in [16], the eigenvalues and eigenfunctions of the
transient temperature field associated with the base flow can be described as

T̃ (x, t) =

∞∑
m=0

αmφ(x)eλmt, T̃ (x, 0) =

∞∑
m=0

αmφ(x), (2.12)

with αm being the expansion coefficient determined by the initial condition and {φm, λm} the
eigenfunction-eigenvalue pairs, defined by the eigenvalue problem
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Pe−1∇2φm − v1 ·∇φm = λmφm, (2.13)

where v1 denotes the base flow. The composite spectral method as described in [17] is employed
to obtain the eigenmodes of the ADE associated with the base flow. The temperature evolution
can be reorientated by the introduction of a rotation matrix R(x), rewriting (2.12) to

T̃ (x, t) =

∞∑
m=0

α(p)
m φm(Rp(x))eλmt, T̃ (x, 0) =

∞∑
m=0

α(p)
m φm(Rp(x)), (2.14)

with superscript p denoting the aperture numbers. The transient temperature field T̃ (x, t) is
discretized to obtain T̃(t). The discrete approximation of the normalized temperature field on
computational domain D with dimensions Nr × Nθ is implemented into a numerical model by
Lensvelt et al. [16]. This allows for evaluation of the transient temperature field in the RAM by
considering

dT̃(t)

dt
= (Ap − κI)T̃(t), (2.15)

where Ap is the discrete matrix approximation of the advection-diffusion operator (L = −v · ∇+
1
Pe∇

2). Note that for the model used during this thesis the source term κ has been added to the
model according to (2.6).

The solution of the differential equation to describe the temperature evolution becomes:

T̃(t) = UpT̃0, Up = Vpe
(Λp−κI)τV−1p , (2.16)

using the spectral decomposition Ap = VpΛpV
−1
p . Here, T̃0 is the transient temperature field

matrix at t = 0 and Vp and Λp are the eigenvector and eigenvalue matrices associated with flow
field vp, respectively.

The eigenvalue matrix Λp is sorted on magnitude of negative real part of the eigenvalues λp.
Consequently, the most dominant eigenvalue is denoted by λ0. The heat transfer coefficient κ
should satisfy −Re(λ0) < κ such that the system remains stable, having only negative real part
eigenvalues. The discrete approximation of the analytical solution (2.14) is described by

T̃(t) = Vpe
(λ−κI)tV−1p T0 =

M∑
m=0

α(p)
m Φ(p)

m e(λm−κ)t, α(p)
m = V−1p T0, (2.17)

with eigenvector Φ
(p)
m containing the nodal values of eigenfunction φ

(p)
m (x). The subscript ’p

denotes the aperture number and the eigenvector base Vp can be used to reorientate the flow
using

Vp = Rp−1V1 (2.18)

where R is the discrete approximation of the analytical rotation matrix R(x).

2.6 Numerical model

A numerical model in which the 2D RAM can be simulated using the discrete approximation of
the ADE based on (2.14) has been developed by Lensvelt et al. [16]. This model is adopted in
this thesis to verify the temperature field as well as to predict it.

The model allows for a specification of the geometry, where the amount of apertures and their
arc length can be chosen. For this specific thesis, four apertures with an arc length of 45◦ are
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chosen. The position of each temperature node is mapped into equidistant circles, between radial
coordinates r = 0 and r = R. The spectral decomposition is computed for the RAM incorporating
specified geometric properties. The relevant matrices regarding the spectral decomposition can be
computed in a pre-processing stage, reducing computational times drastically. For computational
purposes, the exponential decay of each eigenmode is exploited. It can be assumed that ’slow’
modes have a negligible contribution to the evolution of the temperature field when τm/τ � 1.
Here, the characteristic time scale is defined as τm = −1/Re(λm). The spectral decomposition
can be approximated by a truncated expression,

T̂(t) =

Q∑
m=0

α̂(p)
m Φ(p)

m e(λm−κ)t, α̂k = GpT0, Gp = (V̂†pV̂p)
−1V̂†p, (2.19)

where Q is the amount of modes with Q�M and Vp the truncated eigenvector base. Via trun-
cation a significant reduction in computational time is achieved, which will prove useful in later
stages once temperature field predictions have to be performed during an experiment. One must
be careful to incorporate enough modes to simulate the temperature evolution adequately and
prevent numerical inconsistencies. Evaluating at least the 200 most dominant eigenmodes (largest
real part eigenvalues) has been found to be sufficient for obtaining temperature evolutions without
a significant error due to numerical artifacts (e.g. Gibbs phenomenon). A number of eigenmodes
governing the temperature evolution are shown in Figure 2.6.

(a) m=0 (Re) (b) m=2 (Re) (c) m=5 (Re) (d) m=10 (Re)

(e) m=0 (Im) (f) m=2 (Im) (g) m=5 (Im) (h) m=10 (Im)

Figure 2.6: A number of leading modes in the discrete approximation of the ADE. (Pe = 1000).

In Figure 2.6(a) the real part of the most dominant eigenmode is visible, of which the shape
resembles the velocity field displayed in Figure 2.4. In (b-d) several other (real part) modes are
shown, showing hotter regions (red) and colder regions (blue) in the fluid. The modes in the
2D RAM relating to heat transfer are similar to mechanical vibration modes in some degree. In
mechanical vibration modes, a mode’s behaviour depends on the eigenfrequency. Different in a
thermal system is that modes behave according to a decay rate. With the expression of (2.19) all
modes are added up to obtain the temperature evolution in the 2D RAM. The modes relate to
wave patterns and energy flux inside the 2D RAM.
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An example of a temperature evolution computed using the numerical model is displayed in Figure
2.7. The temperature field is initially cold (blue), and a hot boundary (red) as depicted in Figure
2.7. The temperature field is normalized with the initial temperature defined as 0, whilst the
boundary temperature equal to 1 according to (2.9).

(a) t0 (b) t1 (c) t2 (d) t3 (e) t4

Figure 2.7: Numerical evaluation of a temperature field for a chosen stirring protocol [1-,2-,3-,4-]
with Pe = 1000, τ = 5, κ = 0.

In this specific example a protocol is chosen where sequentially a flow from each of the four aper-
tures has been initiated during time steps 0 to 3. Each temperature field, following the aperture-
wise flow field is depicted. Heat is transferred from the hot boundary into the colder fluid inside
the domain. A homogeneous red temperature snapshot corresponds with total homogenization
of the temperature field towards the boundary temperature. Note that the flow can circulate in
counter-clockwise as well as clockwise direction during closed-loop control of the temperature field.

The evolution of the temperature field is affected by several parameters. Therefore the predicted
temperature evolution depicted in Figure 2.7 is only a specific example. A number of model
parameters have to be tuned which will affect the temperature evolution. The model will first be
adopted for open-loop parameter estimation, in which the closed-loop control aspect of the model
is not yet utilized.

2.7 Summary

This chapter has introduced theory on scalar transport in a fluid, with a discussion on dimensionless
quantities which will become relevant in the model and experiments later on. The 3D Rotated
Arc Mixer model and assumptions to reduce the model to a 2D representation of the RAM are
discussed next. Subsequently, a heat problem is discussed in which initial and boundary conditions
are given. Furthermore, the velocity field as a result of a (laminar) stirring motion in the 2D RAM
model is discussed. Next, the control strategy is explained which will be implemented in a closed-
loop experiment discussed in Chapter 5. In the last two sections the numerical temperature field
predictions and numerical model are elabaroted upon.
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Chapter 3

Rotated Arc Mixer experimental
setup

After it has been shown in the numerical RAM model that enhancement of heat transfer with an
adaptive stirring protocol is possible, the next step is testing the findings with experiments. A
setup is required that is designed based on the cross-sectional model of the 3D RAM. The setup
will be used for obtaining temperature evolutions governed by advection and diffusion. A set of
experiments should be performed in which the resulting temperature evolution due to different
stirring protocols is measured. A setup based on the cross-sectional model of the 3D RAM has
previously been designed for the research by Baskan. et al [4]. This setup is adopted during this
research, apart from a number of minor modifications.

In this chapter an overview of the RAM setup is given first. Next, an elaborate description of the
motor-driven belt system which enables the introduction of the flow is provided. Subsequently a
description of the method to measure the temperature field is given. Last, the chosen experiment
settings for the experiments discussed in Chapters 4 & 5 are explained.

3.1 Overview of the RAM setup

The RAM setup is displayed in Figure 3.1, along with indicators pointing out several components
in the setup. One can distinguish a black surface which is the bottom of the fluid container around
which a shallow black ring (annulus) is attached. On top of the annulus, a plexiglass top is moun-
ted. The plexiglass top is screwed into the annulus and seals off the annulus on both the inner and
outer rim with O-rings placed in between. Four concentrically spaced water inlets with a valve
are attached to the plexiglass top. During experiments insulated tubes will be attached to these
water inlets. One of the four rubber belts is pointed out, which can be seen to be positioned inside
an aperture in the grey/white outer edge of the fluid container. The shape of the belt follows the
circumference of the fluid container. The height of the belts is less than the height of the outer
edge of the fluid container. Underneath the annulus insulated tubes which are attached to water
outlets can be seen. Also underneath the annulus the black MAXON motors are visible, which
are used to drive the belts. A tripod is placed over the setup to position an infrared camera in.
The top of the fluid container is open to prevent distortion of thermal images. More details on
the setup are given in Appendix A.
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MAXON motor 

Rubber belt 

Water inlet 

Annulus top 

Annulus 

Fluid container 

Tripod 

Water outlet 

Figure 3.1: RAM setup used for experiments during this thesis.

The annulus fills with water flowing in from four tubes attached to a thermal bath (type: Haake
K41 [12]). The Haake K41 has a built-in internal temperature control loop with which water is
heated to the chosen temperature with a heating element. In this fashion, the temperature of the
water sent into the annulus is controlled to be equal to T∞. The temperature of the water once it
is inside the annulus likely departs from T∞ as this temperature is not actively controlled. With
the water flowing in through four equally spaced inlets it is aimed to have a uniform temperature
over the whole circumference. More details on this are given in Section A.3.

The fluid container is shallow with a depth of 10 mm and a radius of 250 mm. Two layers of
fluid are used to fill the fluid container. The bottom fluid layer is used to dampen bottom-wall
friction effects for the top layer once advection is introduced into the system. The top layer is
used to obtain the temperature evolution of. A fluid is chosen that has a high viscosity, which
will be useful for achieving a low Reynolds number and thus laminar flow. The bottom layer is
a glycerol-water solution (66%) with a depth of 5 mm. On top of the glycerol-water solution,
a silicon oil layer is placed with a depth of 5 mm as well. The height of the fluid layers is de-
liberately chosen small to approximate 2D flow as closely as possible. The density of the oil is
smaller than the density of the glycerol-water solution. This forces the layers to stay at their
initial depth throughout the experiment and essentially one obtains two immiscible layers. More
details on the material properties and procedure to create two fluid layers are given in Section A.2.
The oil is significantly more viscous than the glycerol-water solution (≈ 570x). While viscosity is
a temperature-dependent material property, changes in viscosity during the heating process are
neglected in this thesis. The experiments are performed in a range of 20 to 30◦C, in which the
viscosity does not change significantly [5].
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3.2 Motor-driven belt system

In order to generate the laminar flow, a motor-driven belt system is integrated in the setup. In the
3D RAM, there is only one aperture at an axial location. When progressing axially along the 3D
RAM the azimuthal location of the aperture changes by an offset angle. The flow is reorientated
due to the apertures orientations with respect to each other. In the RAM setup mimicking a cross
section of the 3D RAM this reorientation of the flow will be achieved with four motor-driven belt
systems at different locations along the circumference. The flow is initiated with rotating elastic
belts, squeezed inside four apertures located along the outer edge of the fluid container. The
belts are held into place with rollers and a metal plate screwed inside the annulus, underneath
the annulus top (Figures 3.2, 3.3). The belts are squeezed in the apertures spanning 45◦ of the
circumference each. The elastic belts are driven by a motion driven by MAXON motors mounted
underneath the setup. The rotation of DC motors inside the MAXON motors is passed on via a
rotating rod extending into the annulus. Around this rod one of three slotted belt rollers in the
annulus is placed. The set of rollers constrain all degrees of freedom except rotation around their
own axis. The outer side of the belts facing the fluid is smooth and drags along the silicon oil over
the glycerol-water solution.

With MATLAB software a connection is established between a PC and the controllers of the
MAXON motors. This allows for commanding the MAXON motors via the PC and specifying the
desired belt velocity and actuation time for an individual motor. More details and images of the
belt system are provided in Appendix A.1.

Figure 3.2: Top view of the RAM setup
without annulus top.

Figure 3.3: Belts inside the annulus.

3.3 Temperature field measurement

The temperature fields are measured using infrared data obtained with the infrared camera FLIR
T650sc [10]. Specifications of this camera are given in Appendix A.4. A thermal image of the
setup is taken with the camera positioned directly above the setup. The camera captures the
temperature with a high dynamic range (214) which allows for observing a great amount of detail
in thermal images. Note that the measured temperatures are subject to an error margin, which
is discussed in Chapter 4. For data processing purposes a temperature field matrix needs to be
constructed from the radiometric images. This requires correct selection of the fluid container in
the image such that only temperature data of the fluid itself is taken into account. A circle is
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constructed of which the center point (yellow dot) and radius in pixels are chosen manually, Figure
3.4.

Figure 3.4: Temperature field with circle se-
lection.

Figure 3.5: Concentric circles for temperat-
ure field matrix construction.

Figure 3.6: Temperature field with temperature values (in Celsius) extracted from a radiometric
image using FLIR Atlas SDK MATLAB.

To determine a temperature field matrix from a thermal image, a discretization of the domain
D = {(r, θ) ∈ R2| 0 ≤ r ≤ R,−π ≤ θ ≤ π} is employed similar to the discretization in the numer-
ical model. A matrix of dimensions Nr ×Nθ is constructed using equidistant circles, Figure 3.5.
The circles are concentrically aligned and consist of Nθ linearly spaced points between −π and π.
A MATLAB script has been developed in which a software development kit (SDK) by the camera
manufacturer has been implemented. Using the functions from the SDK, embedded temperature
values can be extracted from the individual pixels of an image. A description on how a thermal
image is constructed from infrared radiation measured by the camera is given in Appendix A.4.

The resulting temperature field matrix (in Celsius) is shown in Figure 3.6. By repeating the
temperature value extracting process for each radiometric image obtained during an experiment,
one can obtain a temperature evolution. The temperature fields can be extracted both during
post-processing as well as live during experiments via a live connection between PC and camera.
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3.4 Experimental settings

The experiments are performed with fixed settings under as equal as possible conditions. The stir-
ring protocol will be the only imposed difference between experiments. The experimental settings
are chosen such that they result in the dimensionless quantities described in Chapter 2.

With the radius of the fluid container being 250 mm and viscosity of the silicon oil ν = 0.01
m2/s the belt velocity is chosen as 2 mm/s. A higher belt velocity than 2 mm/s in the same order
would be possible, however this increases the risk of leakage of water from the annulus into the
fluid container. The velocity corresponds with a rotational velocity of the MAXON DC motors of
270 RPM. For the chosen belt velocity Re ≈ 0.05 which ensures the fluid flow is in the range of
strong laminar flow. Assuming a diffusion coefficient of D = 10−7 m2/s, Pe ≈ 5000 for the chosen
settings. Note that the Re and Pe numbers can only be estimated due to temperature-dependent
material properties and are possibly affected slightly by external factors such as the ambient tem-
perature or convective flows in the lab

The water to be pumped into the annulus is chosen to be heated up to 30◦C in the thermo-
scientific bath. Typically the lab in which the experiments are performed is at a room temperature
of 21◦-23◦C. With the water temperature of approximately 30◦C a temperature difference of 7-9
degrees between the initial temperature and goal temperature is imposed. Due to an unregulated
room temperature the temperature delta could be different when experiments are performed on
different days. However, using normalization (2.9) a correction for differences in room temperat-
ure is performed. The exact temperature delta is therefore not important, as long as the ambient
temperature and goal temperature are measured for normalization purposes.

Due to a relatively problematic belt seal off at one of the belts, it was found to be difficult
to perform experiments for multiple hours using all four belts without failure. When a belt does
not seal off the aperture properly water from the annulus could leak into the fluid container which
distorts the thermal image. Also, the fluid layers could be affected to the extent that they do
not remain strictly on top of each other. After familiarizing with the setup and performing initial
experiments, it was chosen to perform the experiments discussed in Chapters 4 & 5 with stirring
protocols using only two of the belts to decrease the chances of failure during an experiment. Us-
ing only two of the four belts does limit the options for the controller during closed-loop control.
However this does still provide for a proper case study with numerous possible stirring protocols in
which the effect of feedback control can still be assessed. Therefore it was chosen to continue with
two belts after having devoted a substantial amount of time to try and make the setup waterproof,
unsuccessfully. The two belts that are chosen are positioned opposite to each other. These belts
did seal off the apertures properly and remained more or less waterproof during rotation, at least
to the extent that no evident leakage of ’hot’ water into the fluid container can be detected during
experiments.

The duration of a belt activation is chosen as 1250s, with a total experiment duration of 4 hours.
The belt activation time of 1250s is based on the belt activation time chosen in [5] of 625s display-
ing sufficient time for a circulating flow to settle in. With a chosen belt velocity half of what was
chosen in [4] the belt activation time is doubled such that τ = 10 remains and a similar flow can
be expected. This results in 11 time steps and 410 possible sequences after the initial belt activ-
ation. For the chosen settings the evolution of the temperature field is a relatively slow process.
The silicon oil typically requires multiple hours to heat up several degrees from room temperature
with the annulus water temperature at 30◦C. Furthermore, it takes time for the advection to have
settled in when an aperture flow is introduced driven by a belt rotating at 2 mm/s. The experiment
duration should therefore be chosen in the order of multiple hours, a sufficiently long enough time
to allow development of a substantial part of the temperature evolution. An experiment duration
of 4 hours is chosen, allowing for capturing a temperature evolution in which a substantial amount
of heating can take place and multiple reorientations of the flow are possible in the 11 time steps.
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With an experiment duration of 4 hours, the experiment preparations and the experiment itself
can be performed within one working day. In 4 hours the temperature field will not have evolved
towards full homogenization, therefore only the first part of a homogenization process is captured.
This does still provide room for comparing stirring protocols and assessing the performance of
each one. With belt activations lasting for 1250s a sufficient time for flow reorientation is chosen,
whilst still allowing numerous possible stirring protocols during the total experiment duration.
For the chosen settings the Strouhal number is 0.005, which implies unsteady flow or oscillations
forming during the acceleration stage of the flow should be negligible.

The logging frequency of the camera is set to capture an image every 20 seconds, thus in 4
hours the temperature field is captured 720 times. The camera requires a minimum of 20 seconds
between images. Therefore the maximum amount of data is captured for the current setting.
This is sufficient to acquire a large set of data to describe the temperature evolution during an
experiment. The experimental settings and corresponding dimensionless quantities are given in
Tables 3.1 & 3.2.

Table 3.1: Overview of experimental settings and material properties of the chosen top fluid layer.

R [mm] U [mm/s] T∞ [◦C] ν [mm2/s] D [mm2/s] tact [s]
250 2 30 0.01 10−7 1250

Table 3.2: Overview of dimensionless quantities.

Re [-] Pe [-] Sr [-] τ [-]
0.05 5000 0.005 10

3.5 Summary

In this chapter the setup which has been used for the experiments explained in Chapters 4 and 5 is
discussed. Several components of the experimental setup are discussed in more detail, particularly
the motor-driven belt system and temperature field measurement. Last, the experimental settings
are given and motivated. The experimental settings are used in the experiments explained in
Chapters 4 and 5.

20 Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis



Chapter 4

Open-loop experiments

After having determined the experimental settings, open-loop stirring protocol experiments are
performed. The open-loop experiments are useful for three purposes:

• Verifying temperature field evolutions can be obtained with the RAM setup for the chosen
experimental settings.

• Comparing the temperature evolutions with a diffusion-only situation and simple stirring
protocols. The assessment of open-loop experiments also provides for benchmarks to compare
closed-loop control experiments with.

• Performing parameter estimation for temperature field predictions used in closed-loop control
experiments.

First, the outcomes of four open-loop experiments are discussed in Section 4.1. An analysis on
the open-loop measurements and a comparison between them is given in Section 4.2. Next, a
parameter estimation for the numerical model is provided in Section 4.3. With a calibrated model
incorporating estimated parameters a numerical study is performed in which the temperature evol-
ution of different stirring protocols is simulated and compared with the open-loop measurements.
Furthermore, a study on the diffusive temperature field is performed in which experimental data
and the calibrated model are compared.

4.1 Open-loop temperature field evolution

Four open-loop experiments are performed with different settings regarding the stirring protocol.
The stirring protocols are activated manually and only sequences using two of the belts are con-
sidered in this study. The two belts are positioned opposite to each other in the RAM setup. The
belt numbers corresponds to apertures 1 and 3 as defined in Figure 2.4. In stirring protocols with
two belts, each belt is activated for a time of 1250 seconds. The chosen experiments are:

1. Diffusion-only: none of the belts are activated during the experiment, no advection is intro-
duced into the system.

2. Stationary: one belt circulates the fluid in one direction.

3. Periodic: two opposite belts are activated sequentially in the same direction of rotation.

4. Reversal: two opposite belts are activated sequentially in the opposite direction of rotation.

There are numerous possible stirring protocols that can be chosen for open-loop experiments. This
particular set of experiments is chosen to obtain a variety of data on temperature evolutions in
the RAM. Each experiment introduces a new aspect to the temperature evolution. The diffusion-
only experiment allows for separate quantification of the diffusive component of the heat transfer.
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The stationary experiment subsequently introduces the advective component into the temperature
field. In the periodic and reversal experiments reorientating flows are introduced.

4.1.1 Diffusion-only

The first experiment that has been performed is the diffusion-only temperature evolution. None
of the belts are activated throughout this experiment. A diffusion-only experiment can be used
to gain insight on the diffusive part of the temperature evolution. Furthermore, the axisymmetry
in the system can be analyzed with the measurement data, which can be used to gain insights in
variations caused by for example a non-uniform boundary condition. The 12 snapshots display
the temperature field every 1250 seconds Figure 4.1, consistent with the chosen belt activation
time tact which will be useful when considering experiments with stirring protocols using multiple
different belt activations. The time step tn is given by tn = ntact, with n = 0, 1, ..., 11.

(a) t0 (b) t1 (c) t2 (d) t3

(e) t4 (f) t5 (g) t6 (h) t7

(i) t8 (j) t9 (k) t10 (l) t11

Figure 4.1: Normalized temperature field evolution for a diffusion-only experiment.

To display the temperature evolution, 12 of the 720 captured temperature fields divided over the
total experiment duration are shown. The displayed temperature fields are normalized between
0 (blue) and 1 (red). This corresponds with (2.9) and the procedure to obtain the normalized
temperature field from the measurement data is explained in Section 4.2.1. In Figure 4.1(a), at
t0, the temperature field is approximately homogeneous at ambient temperature. At this time
step the annulus starts to be filled with water from the thermo-scientific bath at the chosen goal
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temperature of T∞ = 30◦. In the following time steps the temperature field evolves towards the
goal temperature governed by diffusion as time progresses. An axisymmetrical temperature field in
which heat is slowly transferred towards the center is to be expected. What is observed in Figure
4.1 corresponds with an axisymmetrical temperature field slowly heating towards the center, albeit
small deviations from full axisymmetry are visible. A slightly warmer spot in the temperature
field is highlighted in Figure 4.2 in the black circle.

Figure 4.2: Indication of visible camera reflection in the temperature fields.

This spot is created by the reflection of the camera, which becomes warm when it is turned on
and therefore emits more infrared radiation. The camera measures this reflected radiation on the
fluid as it is located above the setup.

4.1.2 Stationary protocol

In the following experiment advection is introduced into the system. The stationary protocol is
one in which a belt is continuously activated for the total experiment duration. For this experi-
ment it should theoretically not matter which belt is chosen and in which direction it is rotating.
The snapshots at each time step tn of the stationary experiment are displayed in Figure 4.3.

The activated belt is indicated with the black arc in Figure 4.3. It can be observed the temper-
ature field heats up around the edges towards the center similarly to the diffusion-only situation.
In Figure 4.3(b) at time step t1 the laminar flow and thus the influence of advection on the tem-
perature evolution becomes visible. A hotter region of the fluid in the shape of a plume can be
distinguished which is rotated away from the activated belt. It must be noted that during the
first time step(s) the annulus is still heating up towards the goal temperature T∞. The progress
of the annulus temperature is discussed in Section 4.2.1. Since the boundary condition is not
instantly at T∞ the plume moved due to advection develops to a small extent only in the first
time step. In later time steps with the annulus closer to or at T∞ stronger development of the
plume is observed, this becomes particularly evident in the periodic and reversal experiments. In
the time steps t2 and t3 it can be seen the plume is extending into the center of the domain and
circling back towards the activated belt. It becomes apparent that the development of this plume
initially requires approximately 40 up to 60 minutes for the chosen belt velocity.
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(a) t0 (b) t1 (c) t2 (d) t3

(e) t4 (f) t5 (g) t6 (h) t7

(i) t8 (j) t9 (k) t10 (l) t11

Figure 4.3: Normalized temperature field evolution for a stationary belt activation, for u = 2
mm/s.

4.1.3 Periodic protocol

In the periodic experiment another belt opposite to the belt already used is added. The periodic
protocol follows the sequence [3+,1+,3+,1+,3+,1+,3+,1+,3+,1+,3+,1+] with the numbers con-
sistent with aperture numbers defined in Figure 2.4 and the ’+’ denoting the rotation in clockwise
direction. The snapshots at each time step tn of the periodic experiment are displayed in Figure 4.4.

Note that the black arc indicates the activated belt throughout a time step. It can be observed in
Figure 4.4 that the flow is reorientated at each subsequent time step and a new plume has been
moved towards the center of the volume. Again it is visible that the plume is relatively small at
t1 and becomes larger for later time steps. As the annulus reaches T∞ in later time steps the
consequent plumes are visible stronger. Once a belt activation has ended and the opposite belt is
activated, the recently developed plume spreads out again towards the boundary. One can observe
more heat remaining at the upper and bottom parts of the snapshots compared to the left and
right side. This is due to the sequential belt activations in which hot parts of the fluid are rotated
away into the domain.
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(a) t0 (b) t1 (c) t2 (d) t3

(e) t4 (f) t5 (g) t6 (h) t7

(i) t8 (j) t9 (k) t10 (l) t11

Figure 4.4: Normalized temperature field evolution for a periodic belt activation protocol, for
tact = 1250 s, u = 2 mm/s.

4.1.4 Reversal protocol

Next, a reversal protocol is imposed. Similarly to the periodic protocol two opposite belts are ac-
tuated sequentially, yet now in opposite directions. In this fashion, the flow will be reorientated in
two different directions of rotation. The reversal protocol follows the sequence [3+,1-,3+,1-,3+,1-
,3+,1-,3+,1-,3+,1-]. The snapshots at each time step tn of the reversal experiment are displayed
in Figure 4.5.

The snapshots in Figure 4.5 display a reorientation of the flow at each time step. The peri-
odic flows can be observed in the lower half of each snapshot which appears hotter than the upper
half each snapshot. The ’colder’ sections which can be observed at the circumference of Figure
4.5(b,e) are the consequence of an object falling into the view of the infrared camera. Cold spots
can be seen in a couple of snapshots which eventually vanish. These cold spots are likely due to
minor leakages of water from the annulus into the fluid container.
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(a) t0 (b) t1 (c) t2 (d) t3

(e) t4 (f) t5 (g) t6 (h) t7

(i) t8 (j) t9 (k) t10 (l) t11

Figure 4.5: Normalized temperature field evolution for a periodic reversal belt activation protocol,
for tact = 1250 s, u = 2 mm/s.

4.2 Open-loop experiment analysis

The experimental data from the experiments discussed in the previous section is analyzed next.
First, the method used for normalization of the experimental temperature fields is discussed.
Recall that the purpose of this normalization is to express the measured temperatures in the
non-dimensional form (2.9). Next, using the normalized temperature fields a comparison is made
between the open-loop experiments.

4.2.1 Normalization of the experimental temperature fields

To assess a temperature evolution and correct for different ambient temperatures during experi-
ments a normalization is applied to the measured temperature fields stored in matrix T(x, t). The
temperature field is described in polar coordinates r and θ and the transformation from Cartesian
coordinates is performed using,

x = r cos(θ)

y = r sin(θ).
(4.1)
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The three-dimensional transient temperature field matrix T̃(r, θ, t) is obtained using normalization,
element-wise given by

T̃ i,j,k = 1− T i,j,k − Ta
T∞ − Ta

, (4.2)

with T̃(r, θ, t) containing the transient temperature fields for each time step and superscripts i, j, k
denoting the matrix entry indices. Experiments are always started with an initial temperature
field more or less homogeneously at the ambient temperature Ta. Therefore the initial temperature
is assumed to be equal to ambient temperature Ta, defined is Ta = T (x, t = 0). The value of scalar
Ta corresponds to the average temperature of the fluid container in the first image.

The boundary temperature or goal temperature T∞ is defined as T∞ = T̄(r = R, θ, t), corres-
ponding to the average temperature over the total experiment duration at the circumference of
the fluid container. The procedure to obtain T∞ is displayed in Figures 4.6-4.8.

Figure 4.6: Outer boundary temperat-
ure value selection.
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Figure 4.7: T as function of θ.
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Figure 4.8: T∞ over time for open-loop experiments.

In Figure 4.6 the selected temperature values are shown (black dots) for one specific temperature
field. The values located at the circumference are selected with the temperature field extraction
method described in Section 3.3. The value consistent with coordinate θ = 0 is indicated with the
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blue dot, with the arrow denoting the positive direction of θ. If one plots these temperature values
as function of coordinate θ, Figure 4.7 is obtained. In a fully axisymmetrical temperature field one
would obtain a straight line with this method. Due to the introduction of advection in the system
and likely other sources of variability a varying boundary temperature is obtained at a specific
time. One can compute a line as displayed in Figure 4.7 for each of the 720 obtained temperature
fields. For 4 of the 720 temperature fields the boundary temperature is plotted to display the
trend. Next, by taking the average of the temperature values at the boundary, a point in Figure
4.8 can be determined and by repeating this for all time instances, the boundary temperature
evolution is obtained which the lines in Figure 4.8 display.

The temperatures at the boundaries become higher over time with the rate of temperature in-
crease decaying. It takes a substantial amount of time to reach the goal temperature of 30◦C.
Therefore, it is chosen to take the average of each boundary temperature evolution. Hereby a
correction is performed for the initial stage where the boundary temperature is not close to the
desired temperature yet. The values of the experiment-wise T∞ are given in Table 4.1. The values
are obtained by averaging the evolution of T∞ in the total 4 hours.

Table 4.1: T∞ and Ta values.

Protocol T∞ [C] Ta [C]
Diffusion-only 28.86 21.94
Stationary 28.51 21.43
Periodic 28.37 23.11
Reversal 29.33 21.74

4.2.2 Homogenization in open-loop temperature evolutions

Having established the boundary temperatures allows for determining normalized temperature
field according to (2.9). Subsequently this allows for determining transient temperature field T̃
according to (2.10). Using the transient temperature fields, the evolution towards homogenization
can be determined. A criterium is introduced to quantify homogenization of the (two-dimensional)
temperature field. The L1-norm of the transient temperature field is computed according to,

||T̃(t)||1 :=
1

NrNθ

Nθ∑
i=1

Nr∑
j=1

|T̃ij(r, θ, t)|, (4.3)

which converges to zero when the temperature field progresses towards homogenization. When
computing the L1-norm of the temperature field which is mapped in polar coordinates r and θ,
the temperature values closer to the center of fluid domain weigh heavier. The value of ||T̃(t)||1
therefore is not necessarily equal to the average transient temperature in the temperature field.
However, as all experiments are assessed with the same criterium a feasible comparison is still
possible. Also, as the current criterium weighs temperature values closer to the center heavier
the slow heat transfer from the edges towards the center is captured in a larger detail. This
could be observed particularly in a diffusion-only experiment, where the edges of the fluid domain
are approximately at the boundary temperature and heat moves slowly towards the center in an
axisymmetrical fashion. Note that the ||T̃(t)||1 in combination with a temperature field mapped
in polar coordinates is one of several possible methods to quantify progress to homogenization.
The L1-norm and average temperature measured during experiments are given in Figures 4.9 and
in Figure 4.10.
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Figure 4.9: L1-norm for open-loop tem-
perature field evolutions.
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Figure 4.10: Averaged temperature field
evolutions, T̄ (r, θ, t) in ◦C.

The L1-norm provides insight in the progress towards homogenization. It can be seen in Figure 4.9
the stationary sequence seems to progress fastest with respect to the other sequences. A remark-
able finding is the periodic sequence relatively underperforming, in the sense that progress towards
homogenization appears much slower. Furthermore, it is observed the diffusion-only experiment
performs similar in terms of progressing towards homogenization as the reversal experiment. Note
that the experiments have only been executed once, therefore no structural conclusions can be
attached to the measurement data.

The average temperature of the temperature fields in Celsius during each experiment are displayed
in Figure 4.10. It is observed the initial temperatures differ over one degree. With approximately
homogeneous temperature fields at ambient temperature at the start of every experiment and
normalization this should not necessarily matter. It can be seen the periodic sequence experi-
ment starts at a higher initial temperature but heats up less than the other three experiments.
The boundary temperatures displayed in Figure 4.8 are consistent with this observation. The
boundary temperature during the periodic experiment remains approximately flat after one hour
and remains approximately 1 to 1.5◦C degrees lower than the boundary temperature in other
experiments. Also observed is that the rate of change in the L1-norms decreases over time for all
sequences. This is consistent with the boundary temperatures and average temperatures heating
fast initially and this process slowing down over time. With a decreasing temperature difference
between annulus and fluids the fluids heat up less and furthermore a higher temperature difference
with the ambient temperature results in a relatively larger amount of heat lost to the surroundings.

Based on the experimental settings and fluid properties an advection-dominated temperature evol-
ution consistent with estimated Pe = 5000 is expected. It is therefore expected the diffusion-only
experiment would progress towards homogenization slowest. The experimental findings are not
consistent with this expectation, since the diffusion-only experiment seemingly progresses faster
than the periodic experiment and similarly to the reversal experiment. The temperature field in
the stationary experiment heating faster than the diffusion-only experiment is consistent with the
expectation however. Furthermore, the research of Lensvelt et al. [16] suggests that using two dir-
ections of rotation in an adaptively determined sequence could enhance heat transfer compared to
a sequence using only one direction of rotation. With the reversal experiment homogenizing faster
than the periodic experiment this is also observed for these particular chosen stirring protocols.
Recall that only one dataset for each of the stirring protocols has been obtained, therefore the
conclusions are not structural. Further research and data analysis is done to determine whether
the observed differences in homogenization of the temperature field are the consequence of the
stirring protocols or from other factors.
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4.2.3 Repeatability of the experiment

A repeatability study has been performed to determine the influence of external conditions on
the measured temperature evolutions during an experiment. For this study an experiment is per-
formed in which one belt is rotated continuously for one hour with the fluid heated towards a goal
temperature. This experiment is performed four times within a time frame of one week using the
same belt and identical experimental settings.

In Appendix B, the results of the repeatability study are presented. The four experiments with
identical experimental settings are compared by both visualizing the temperature fields and as-
sessing the progress towards homogenization. From the repeatability study it can be concluded
that experiments with identical experimental settings display a high degree of variability between
each other. Whilst trying to remain as objective as possible, a number of presumptions by the
experimenter are made of what ought to have happened during experiments in the repeatabil-
ity study which resulted in discrepancies. First of all it appears that due to measuring in the
infrared spectrum the measurements are sensitive to disturbances. The infrared radiation of a
lamp above the setup or as pointed out in Section 4.1 the radiation from the camera are measured
in the temperature field of the fluid. The intralaboratory variabiality and inconsistent boundary
condition are suspected to have created differences in measurements. Since the experiments are
performed on different days, intralaboratory variability cannot be ruled out. Experiments have to
be started with a temperature field homogeneously at ambient temperature, whereas the annulus
and fluid container take hours to cool off. This makes it unavoidable that a set of experiments
has to be performed on different days. Furthermore, it is a possibility that not strictly separated
fluid layers have influenced the temperature evolutions. Discrepancies in repeated experiments
are likely the consequence of multiple different variations, the obtained datasets do not allow for
strictly quantifying the effect of one source of variability. With a coefficient of repeatability in
the order of 0.015 − 0.052 an estimated error in the L1-norm is found however. The computed
values are indicative of the order one can expect discrepancies for repeated experiments to be in.
There would be no reason to suspect that the sources of variability affecting differences in the
repeatability study would not be present in the open-loop measurements in which a very similar
methodology is adopted. From the findings of the repeatability study it therefore becomes evident
that conclusions on the effect of a stirring protocol should be taken with caution.

4.3 Numerical model parameter estimation

The numerical model of the 2D RAM described in Section 2.6 will be calibrated based on the
obtained experimental data. With the datasets of open-loop temperature evolutions a parameter
estimation can be performed. The chosen parameters to be estimated are those which affect the
temperature evolution predicted by the numerical model. The influence on the temperature evolu-
tion of each parameter is studied individually first in Section 4.3.1. Next, a method for estimating
the parameters is described in Section 4.3.2. Subsequently, the temperature field predictions in-
corporating the estimated parameters is assessed by a comparison between experimental data and
simulation in Sections 4.3.3 and 4.3.4. Last, a study on axisymmetry is performed by analyzing
the diffusion-only case in Section 4.3.5.

4.3.1 Influence of model parameters

The model described in Section 2.6 can be adjusted to more closely resemble measured temper-
ature evolutions. Three parameters will be estimated to obtain a more accurate prediction of the
temperature field,

• Pe - the Péclet number as an indicator of the advection-diffusion ratio.

• τ - the simulated dimensionless time during one step.
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• κ - the dimensionless heat loss coefficient.

In Section 3.4 the parameters Pe and τ have already been estimated based on the experimental
settings, setup dimensions and material properties to determine that the experiments are per-
formed in the range of laminar flow and advection-dominant heat transfer is imposed. It is chosen
to estimate the values of Pe and τ again, however now calibrated based on experimental data to
obtain a more accurate estimate. The effect of each parameter on the temperature evolution are
displayed individually, Figures 4.11 - 4.13. The middle snapshot of each row is identical and shows
a temperature field for Pe = 1000, τ = 3, κ = 0.1. This is defined as the nominal case, chosen such
that a simulated temperature field evolution with a distinctively developed plume is obtained in
one time step.

(a) Pe = 100 (b) Pe = 500 (c) Pe = 1000 (d) Pe = 2500 (e) Pe = 5000

Figure 4.11: Temperature field for τ = 3, κ = 0.1, varying Pe, Q = 400, Nr = 100, Nθ = 100.

(a) τ = 1 (b) τ = 2 (c) τ = 3 (d) τ = 4 (e) τ = 5

Figure 4.12: Temperature field for Pe = 1000, κ = 0.1, varying τ , Q = 400, Nr = 100, Nθ = 100.

(a) κ = 0 (b) κ = 0.05 (c) κ = 0.1 (d) κ = 0.15 (e) κ = 0.2

Figure 4.13: Temperature field for Pe = 1000, τ = 3, varying κ, Q = 400, Nr = 100, Nθ = 100.

In Figure 4.11 it can be seen that for a decreasing Pe number the ratio between advection and
diffusion shifts towards diffusion. It is visible that, particularly near the edges of the volume,
diffusive heat transfer is stronger in the same amount of simulated time for decreasing Pe values.
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When Pe is increased the opposite is visible and the temperature field shifts towards a more ad-
vection dominated heat problem. The developed plume relatively becomes a larger contributor
of the heat in the domain for larger Pe values. Furthermore, particularly in Figure 4.11(d,e) a
’ripple’ effect is visible in the temperature fields. This is likely caused by the Gibbs phenomenon,
a numerical artifact which over- and undershoots around a jump discontinuity [2]. The effect of
the Gibbs phenomenon cannot be reduced by increasing the amount of modes. It is found that
this effect becomes particularly evident for larger values of Pe in combination with κ 6= 0.

The effect of modifying simulated time τ is visible in the second row, Figure 4.12. The spectral
decomposition incorporates the simulated time with the term e(λ−κI)τ . The exponent is shifted
for varying τ values which impacts the temperature evolution such that the modes develop either
more or less in one simulated time step. It is visible that for an increasing amount of time the
advective plume becomes larger and more heat has been transferred into the total temperature
field.

For Pe and τ it is observed the parameters have a strong influence on the advective plume and
its development. In Figure 4.13 an increasing value of κ influences heat development in the total
temperature field, but its effect on the size of the plume is relatively small. This illustrates the
necessity of κ as it can affect the relative gradient between the plume and the total development
of the temperature field. With κ incorporated it becomes possible to account for heat losses via
the open surface into the environment and change the predicted temperature field accordingly.

The influence of a parameter change on the homogenization process can also be visualized using
the L1-norm. A combination of parameters is chosen again with settings Pe = 1000, τ = 3, κ = 0.1
according to the nominal case. Temperature evolutions are computed in the numerical model
whilst varying individual parameters. All temperature evolutions are performed with a sequence
identical to the periodic experiment. The L1-norm evolutions are given for varying Pe value in
Figure 4.14, varying τ value in Figure 4.15 and varying κ value in Figure 4.16.
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Figure 4.14: Simulated L1-norm for vary-
ing Pe values (τ = 3, κ = 0.1, Q = 400,
Nr = 100, Nθ = 100).
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Figure 4.15: Simulated L1-norm for vary-
ing τ value (Pe = 1000, κ = 0.1, Q = 400,
Nr = 100, Nθ = 100).
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Figure 4.16: Simulated L1-norm for varying κ values (Pe = 1000, τ = 3, Q = 400, Nr = 100,
Nθ = 100).

From Figure 4.14 it becomes evident that for an increasing Péclet number homogenization towards
the goal temperature becomes slower. For higher Péclet numbers advective heat transfer becomes
more dominant compared to diffusive heat transfer. It also becomes visible the differences between
an increasing Péclet number are relatively small, for this particular simulation with τ = 3 and
κ = 0.1. The evolution towards homogenization is only marginally slower for a Péclet number of
5000 compared to 2500 for example.

Th influence of the simulated dimensionless time τ on homogenization can be seen in Figure
4.15. An increasing τ results in faster homogenization since more time is simulated in a time step.
The value scales linearly, such that progress towards homogenization in τ = 1 is always twice as
slow as τ = 2 which can be seen in Figure 4.15 as well.

The influence of heat loss coefficient κ becomes visible in Figure 4.16. An increasing κ value
results in faster homogenization of the temperature field. It is observed that the variations in κ
of 0.05 lead to a relatively large difference in homogenization time.

4.3.2 Parameter estimation

The numerical model incorporating the advection-diffusion equation of the RAM can be used
to compute temperature evolutions. To control based on temperature field predictions sufficient
agreement between the predicted and measured temperature fields should be realized. By modi-
fying relevant parameters systematically, a closer approximation of the real-life dynamics can be
simulated. Having obtained experimental data a parameter fit can be performed having identified
the influence of the parameters studied in Section 4.3.

A temperature field prediction for the next time step is computed based on the measured temper-
ature field of the current time step,

T̃s
n+1 = AT̃e

n, (4.4)

with superscripts s and e denoting the simulated temperature field and the experimental temper-
ature field respectively. (4.4) follows from the equations given in Section 2.5 on temperature field
predictions. The temperature evolution operator A is a function of Pe, τ and κ and is defined as:

A = V̂ke
(Λ−κI)τGk, (4.5)

with V̂k the truncated eigenvector matrix associated with flow field vk and Gk consistent with
the definition given in (2.19). The quality of the prediction for temperature field T̃s

n+1 can be
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assessed using the open-loop experiment data T̃e
n+1. To do so, a Root Mean Square Error (RMSE)

function is created:

εij =

√
1

NrNθ

∑
(AT̃e

n − T̃e
n+1)2. (4.6)

The RMSE (ε) provides a quantification of the fit quality and essentially represents a L2-norm.
Whilst for the quantification of homogenization a L1-norm is used, it is chosen to use a L2-
norm to determine the quality of the temperature field predictions. Due to the RMSE being a
quadratic function the cost of outliers scales quadratically, whereas in a L1-norm all values are
weighted equally. Since a minimization problem with a solver will be adopted to determine the
best parameter fit a L2-norm provides for relatively larger steps in a optimization algorithm. The
closer the value of ε is to zero, the better the predicted temperature field corresponds with the
actual measured temperature field. The RMSE function is extended to a vector, to be able to
assess the fit quality over the total experiment duration as opposed to only one time step,

ε(Pe, κ, τ) =


ε01
ε12
...

ε(n−1)n

 =



√
1

NrNθ

∑
(AT̃e

0 − T̃e
n+1)2√

1
NrNθ

∑
(AT̃e

n − T̃e
n+1)2

...√
1

NrNθ

∑
(AT̃e

n − T̃e
n+1)2

 . (4.7)

The same principle regarding the fit quality holds, a lower value corresponding to a better fit.
Therefore, a minimization function is introduced:

min
Pe,κ,τ

f(

N∑
n=0

ε(Pe, κ, τ)), (4.8)

subject to constraints
Pe > 0, κ > −Re(λ0), τ > 0. (4.9)

The fmincon solver in MATLAB is used to find a solution to the objective function (4.8). The
fmincon solver is suitable for finding a minimum of a multi-variable function and allows for the
specification of the constraints (4.9) to force the algorithm to only find plausible solutions (e.g.
elapsed time always larger than zero). A local minimum is found in the objective function subject
to the constraints. It is a possibility this minimum is not the global minimum. However, the
numerical temperature field prediction will be assessed for the parameter values found in the min-
imum. Hereby it can be determined whether a satisfactory numerical temperature field prediction
is obtained, see Section 4.3.3.

The ’SQP’ algorithm is chosen from the available algorithms in the fmincon solver. The Sequential
Quadratic Programming (SQP) algorithm can solve a non-linear programming problem subject to
equality and inequality constraints. For the optimization problem in this section only inequality
constraints are specified (4.9). The solver iteratively finds a solution xk and subsequently uses this
solution to find a better solution xk+1, with in this specific problem x = [Pe, τ, κ]. The process is
repeated to converge to a solution x∗ [6]. The SQP algorithm is relatively fast compared to the
default fmincon algorithm ’interior-point’ and can take large steps in finding a minimum. The
algorithm offers a sense of robustness as it can recover from results out of bounds, which a similar
fast algorithm named ’active-set’ cannot do. The computational time for finding a minimum is
not crucial for the current application in which parameters for the model are estimated outside
of experiments. If one were to implement parameter estimation during an experiment this could
become an important factor however. In experiments ideally temperature field predictions are
computed quickly such that the delay between the measurement of a temperature field and the
decision based on this measurement is small. The current method of parameter estimating has a
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computational time in the order of several minutes. The full code is provided in Appendix E.2.

The measured temperature fields of the stationary experiments are plugged into (4.7) with n = 11,
equal to the amount of time steps during an experiment. The stationary experiment is selected
from the three open-loop experiments in which advection takes place as in the stationary exper-
iment only one belt is activated. Therefore, a continuation of the same flow can be computed
without having to compute flows initiated from other belts. A step tolerance of 0.01 is specified
for the value of ε. This implies that the SQP algorithm decides on having found a local minimum
when the current step has resulted in less than 0.01 difference in ε. The value of the step tolerance
is chosen such that a large amount of steps to find a local minimum is taken and the solver stops
once only negligible improvements are found in terms of finding a lower ε value. A local minimum
of ε is found iteratively and the according parameter values are: Pe = 870, τ = 0.9110, κ = 0.1202.

4.3.3 Assessment of temperature field predictions with calibrated nu-
merical model

The estimated set of parameters that should accurately predict the temperature fields is invest-
igated next. To assess whether accurate predictions are obtained, the outcomes of the numerical
model using the set of parameters are investigated. The simulated temperature field predictions
are compared with the measured temperature fields in Figure 4.17. In the first column, the meas-
ured temperature field at time step tn is shown. A number of time steps (t1, t4, t7, t10) have been
chosen to display the results of the parameter fit, with time steps spread out over the total ex-
periment duration. This temperature field is used to predict the temperature field in the second
column according to T̃s

n+1 = AT̃e
n following equation (4.4). In the third column the measured

temperature field at time step tn+1 is shown. In the fourth column the difference between the sim-
ulated temperature field (column 2) and the measured temperature field (column 3) is displayed.

In Figure 4.17 it becomes visible the temperature field predictions in column 2 display close
agreement with the temperature fields of the third column. This can be seen in both the evolution
of the hot plume as well as the evolution near the edge of the domain. In the fourth column, a
blue color corresponds with an underestimation of the heat and a red color with an overestimation
by the simulation. In the temperature fields in column 4 one can distinguish a blue colored edge
in each of the time steps, which implies the numerical model underestimates the heat at the edge.
This is the consequence of the normalization method used for the experimental data, which aver-
ages T∞ over the total experiment duration. Recall that the boundary temperature is determined
in this fashion to correct for the initial time required to heat up towards the goal temperature.
It is therefore possible for some values in the temperature field matrices to exceed the computed
T∞, as this temperature is not equal to the maximum pixel value. In the simulation, the limit
T < T∞ is always satisfied and individual temperature values can therefore never exceed T∞. It
can be seen in Figures 4.17(d,h,l,p) a hotter region is predicted near the activated belt. Over the
total temperature field a bias can be found. At first, a mostly blue color is seen indicating the
simulation predicts a slightly colder temperature field and as time progresses this turns to red.
Note that the colorbar ranges from −0.2 to 0.2.
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Figure 4.17: measured temperature field at tn (column 1), simulated temperature field at tn+1

(column 2), measured temperature field at tn+1 (column 3), difference between temperature fields
of column 2 and 3 at tn+1 (column 4).
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With the fitted parameter combination of Pe, τ and κ, a temperature evolution occurring during
an experiment can also be simulated completely now. This provides a tool for predictions on how
a temperature field would progress towards total homogenization. Also, different stirring proto-
cols can be evaluated numerically for the parameters as obtained during parameter estimation.
Different stirring protocols can be simulated in the numerical model by reorientations of the flow,
consistent with (2.14). With the rotation matrix R(x) in the numerical model the flow is reori-
entated consistent with the chosen stirring motion in the stirring protocol. A full simulation of
an initially cold temperature field heated for 11 time steps with one belt continuously activated is
given in Figure 4.18.

(a) t0 (b) t1 (c) t2 (d) t3

(e) t4 (f) t5 (g) t6 (h) t7

(i) t8 (j) t9 (k) t10 (l) t11

Figure 4.18: Simulated temperature field evolution for Pe = 870, τ = 0.9110, κ = 0.1202, Q = 400,
Nr = 100, Nθ = 100.

Note that the temperature evolution in Figure 4.18 is entirely computed by the numerical model
and does not use experimental data as input. When comparing the temperature fields in Figure
4.18 to those in Figure 4.3 a reasonable agreement can be found in the development and evolution
of the plume. Furthermore, the temperature field evolution visually displays similarities across
the simulated time steps. To quantify the agreement between simulation and experiment, the
L1-norm is computed at each time step, Figure 4.19.
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Figure 4.19: Simulated temperature field evolution for Pe = 870, τ = 0.9110, κ = 0.1202, Q = 400,
Nr = 100, Nθ = 100.

Note that in Figure 4.19 the stepwise prediction (black) starts one time step later since a measured
temperature field as input is required in order to compute a prediction according to (4.4). The
L1-norm of the full simulation (blue) is similar to the L1-norm of the experiment (red). During the
closed-loop experiment, a stepwise prediction will be used which prevents larger divergence from
the actual solution. The stepwise prediction (black) provides a slightly better agreement than
the full simulation. In the earlier time steps of the stepwise prediction a slight overestimation
of the L1-norm can be seen, indicating the predicted temperature fields are estimated to be
colder than they actually were measured as. As time progresses, this overestimation flips to an
underestimation of the L1-norm. This corresponds to more progress towards homogenization and
thus an overestimation of the heat in the temperature field. As mentioned previously this can also
be seen in Figure 4.17(d,h,l,p) with the overall shade in the temperature fields changing from blue
to red over time. One can see the difference between stepwise prediction (black) and experiment
(red) is relatively small at all times. The stepwise prediction displays a satisfactory agreement
with the measured temperature fields. The estimated parameter values are adopted in closed-loop
control discussed in Chapter 5.

4.3.4 Experimental temperature evolution versus simulated temperat-
ure evolution for open-loop stirring protocols

The temperature evolutions for the stirring protocols as chosen in the open-loop experiments in
Section 4.1 are simulated. The estimated parameters determined in Section 4.3 are adopted in the
model. The simulated L1-norms for open-loop stirring protocols are displayed in Figure 4.20.
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Figure 4.20: Simulated L1-norm evolution for open-loop stirring protocols, for Pe = 870, τ =
0.9110, κ = 0.1202, Q = 400, Nr = 100, Nθ = 100.

It can be observed in Figure 4.20 that the stirring protocols have a relatively similar progress of
the L1-norm. Note that the L1-norm value in Figure 4.20 is displayed on logarithmic scale. In
comparison with the L1-norm evolutions of the experimental temperature evolutions displayed in
Figure 4.9 a smaller difference between the different stirring protocols is seen in the simulation.
It becomes apparent the influence of the stirring protocol is seemingly small for this particular
temperature field evolution. This could be an indication of that the time period is relatively small,
as potentially differences between sequences become larger for an increased value of τ which was
shown in [16]. The simulations with the calibrated model suggest that the diffusion-only case
progresses slowest towards homogenization. Furthermore, the periodic, reversal and stationary
sequence are very similar in L1-norm evolution. The simulated L1-norm evolutions are compared
with the experimental L1-norm evolutions individually in Appendix B.

Further analysis on the differences between simulation and experiments is done by looking at
the temperature fields. For comparison of the temperature fields for the stationary sequence and
diffusion-only case, the reader is referred to Section 4.3.3 and Section 4.3.5, respectively. In this
section, a brief look is taken at the temperature fields of the periodic and reversal experiments.
The temperature fields at t5, t8 and t10 are considered. In the evolution of the L1-norm considered
in Appendix B a reasonable agreement is found in the initial timesteps until approximately t5,
followed by an increasing difference in the subsequent timesteps. Therefore, with time steps t5, t8
and t10 insights should be gained on the differences in the simulated and experimental temperature
fields. In Figures 4.21 and 4.22 a comparison between simulation and experiment is displayed for
the periodic sequence and reversal sequence, respectively. The first column displays the simulated
temperature fields, the second column the measured temperature fields and the third column the
difference between simulation and experiment. Note that the colorbar in the third column ranges
from −0.5 to 0.5, different from the snapshots in Figure 4.17 as the differences in the periodic
experiment are larger.
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Figure 4.21: Periodic sequence: simulated temperature fields (column 1), experimentally measured
temperature fields (column 2) and the difference between simulation and experiment (column 3).
Simulation performed using Pe=870, τ=0.9110, κ=0.1202, Q = 400, Nr = 100, Nθ = 100.

It becomes visible in Figure 4.21 there are relatively large difference between simulation and ex-
periment. It appears the simulated advective plume is not sufficiently developed compared to
the plumes observed in the experiment, possibly indicating the simulated time is insufficient. In
Figure 4.21(c) a warm spot in the bottom right corner is visible. This spot is near where the belt
activation one time step before took place. In (b) this plume is not visible anymore, whereas in
the simulated temperature field in (a) this plume is still visible. It becomes apparent the simu-
lation is not consistent with experiments regarding a plume dissolving into the temperature field
after a belt activation ended. Possibly heat losses during the experiment are a large contributor
to the difference between simulation and experiment here. Also, in (d) and (g) it is seen the
simulated temperature field develops towards the homogenization temperature much faster than
in the experiment (e), (h). This could be an indication of that the value κ should be modified
to match simulation and experiment better for this particular experiment. Next, the temperature
fields for the reversal sequence are considered in Figure 4.22. Note that the colorbar in the third
column ranges from −0.5 to 0.5, different from the snapshots in Figure 4.17 as the differences in
the reversal experiment are larger.
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Figure 4.22: Reversal sequence: simulated temperature fields (column 1), experimentally measured
temperature fields (column 2) and the difference between simulation and experiment (column 3).
Simulation performed using Pe=870, τ=0.9110, κ=0.1202, Q = 400, Nr = 100, Nθ = 100.

In Figure 4.22 it becomes visible again noticeable differences are found between simulation and
this particular experiment, but smaller than in the periodic sequence. One can see two advective
plumes in each snapshot (a,b,d,e,g,h), one being from the current belt activation and one from the
preceding one. In the periodic sequence particularly a difference in the evolution of the preceding
plume was found, in the reversal sequence simulation and experiment are much more consistent
in this aspect. It is visible the temperature field progresses faster again in the simulation, so this
could also be an indication of that the value of κ should be modified. The development of the
advective plumes in the simulation and reversal experiment are reasonably similar. This could be
an indication of that the values of simulated time τ and the Péclet number are relatively suit-
able and small adjustments could be sufficient for these two parameters. In (c) it is visible the
simulation predicts more heat in the region relatively unaffected by advection and underestimates
the heat in the advective plume. As time progresses, in (f) and (i) this overestimation becomes
larger and is seen in the total temperature field. From the analysis on the temperature fields for
the periodic and reversal sequences it can be concluded that likely parameter estimation should
be performed on experiments individually due to experiments showing large variations between
each other. The reversal experiment displays that the simulation can predict the development of
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plumes reasonably similar. With a modification to the parameter values, particularly the value
of κ, likely a good agreement can be found between simulation and experiment for the reversal
experiment. In the stationary sequence it has already been observed the simulation can predict a
continuation of an advective plume reasonably accurate. The prediction of a reorientation of the
flow seems to be possible reasonably well in the reversal sequence too. It must be noted that the
simulation is compared only with one experiment in which the periodic sequence and one with
the reversal sequence have been used. Therefore no structural conclusions can be attached to the
study at this moment, since a repetition of could potentially give different results.

4.3.5 Axisymmetry in the temperature evolution

A study on the diffusion-only temperature field is performed to determine the degree of axisym-
metry. In a perfectly round volume, diffusive heat transfer due to a hot boundary should progress
axisymmetrical towards the center of the volume. This is verified in the simulation, with snapshots
displayed in Figure 4.23 in the first column. In the second column the measured temperature fields
during the diffusion-only experiment are given. In the third column the difference between the
simulated and measured temperature fields.

A number of differences can be distinguished between the simulated and measured temperat-
ure fields. During the first time step the measured temperature field has a cold boundary since
the annulus has not been heated yet. In the simulation a hot boundary is simulated at the ini-
tial time step. Apart from a discrepancy at the boundary the observed difference between the
temperature fields is relatively small at the first time step. As time progresses and the fluid
starts heating up the differences between simulation and measurements become more evident.
The measured temperature fields do not display a fully axisymmetrical field. From the third
column it can be concluded the temperature gradient in measurements is quite different from the
simulated gradient. The gradient in the measured temperature fields is larger, with more heat
around the edges (the blue regions) in the same time step however less heat towards the center
(the red regions). Also, a certain degree of skewedness can be observed in the measured temper-
ature fields. In other words, in column 3 the temperature fields appears to be tilted slightly as
the blue colored edge does not encircle the total circumference. Suspectedly this is a result of
a small angle of the camera lens with respect to the setup. Apart from this, deviations in the
width of the blue colored edge could also be the consequence of a non-uniform boundary condition.
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Figure 4.23: Diffusion-only: simulated temperature fields (column 1), experimentally measured
temperature fields (column 2) and the difference between simulation and experiment (column 3).
Simulation performed using Pe=870, τ=0.9110, κ=0.1202, Q = 400, Nr = 100, Nθ = 100.

The experimentally obtained temperature fields are assessed on axisymmetry using the standard
deviation σ,

σ(t) =

√∑n
i=1(T(r = R, θi, t)2 − T̄(r = R, θ, t)2

n
, (4.10)
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where n is the amount of samples equal to Nθ in this case. The standard deviation is calculated at
each time step t and the average deviation from the mean is computed. The mean is taken of all
temperature values on an azimuthal coordinate r. The standard deviation is computed for three
radii to determine the overall trend, the radii are indicated in Figure 4.24. The temperature value
as function of coordinate θ at time t = 1 hour is displayed in Figure 4.25. The standard deviation
σ is computed as function of time and given in Figure 4.26.

Figure 4.24: Diffusive temperature field
at t = 1 hr with dots indicating r = R
(black), r = 0.75R (magenta) and r =
0.5R (blue).
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Figure 4.25: Temperature value over the
azimuthal coordinate for radii r = R, r =
0.75R and r = 0.5R.
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Figure 4.26: Time evolution of the standard deviation on axisymmetry for radii r = R, r = 0.75R
and r = 0.5R.

In Figure 4.25 it can be observed the temperature value varies as function of θ. In simulations,
only straight lines would be obtained. It becomes apparent a source of variability is introduced
during measuring the temperature field with the infrared camera and extracting the temperature
values from the camera. At the edge (r = R) the standard deviation is largest in absolute value
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and this decreases for the smaller radii displayed here (r = 0.75R, r = 0.5R).

The standard deviation of the temperature values at the edge is quite significant after a num-
ber of minutes, up to 0.08. The steep increase in standard deviation at r = R after the first
minutes can be explained with the heating process. At the start of an experiment the edge of
the fluid container is not heated uniformly yet. This can likely be attributed partially to the four
evenly spaced water inlets not having an equal inflow of water into the annulus. Furthermore, in
the radiometric data it is observed that the sections of the circumference with the apertures heat
up slower than the sections without. Over time, these effects decrease and the standard deviation
becomes smaller at r = R. For r = 0.75R and r = 0.5R the standard deviation becomes larger as
time progresses, likely due to larger differences in measured absolute values once heated up slowly
over time.

From the axisymmetry study it is determined that one can expect non-negligible variations sus-
pectedly due to a non-uniform boundary condition. Furthermore, measurement errors either from
the camera measuring under a small angle or during the data extraction procedure likely have an
influence. With the standard deviation this error is estimated to be in the range of 0.01 to 0.08
on the normalized temperature scale (0 to 1) in the most extreme case.

4.4 Summary

In this chapter the results of the open-loop experiments have been presented. Four different se-
quences have been considered and the measured temperature fields during each experiment are
analyzed. A criterium is introduced to quantify the progress towards homogenization of an experi-
ment. Using this criterium, a comparison is made between experiments. Furthermore, a numerical
parameter estimation is performed based on the measurement data of the open-loop experiments.
With the estimated parameters, the numerical model is adjusted such that the predicted tem-
perature evolution matches the experimental temperature evolution better. The quality of the
numerical model temperature field predictions is assessed by comparison with the experiments.
It is concluded that the numerical model shows a reasonable agreement with experiments for a
number of experiments. For other experiments, larger differences are found between simulation
and experiment. A repeatability study has indicated that uncontrolled factors in the experiments
introduce non-negligible variations. Hence, conclusions on relative performance between experi-
ments due to the stirring protocol cannot be drawn indisputably. The current methodology and
experimental settings are found to allow for testing any desired stirring protocol. Therefore, the
next step in which a controller decides on the stirring protocol can now be taken.
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Chapter 5

Closed-loop control for enhanced
heat transfer

Having performed open-loop experiments and calibrated the numerical model with estimated
parameters, closed-loop experiments are investigated next. First, a discussion of the possible belt
activations and the resulting temperature fields is given in Section 5.1. Furthermore, a descrip-
tion of the smart flow control loop is given. The Smart Flow Control (SFC) loop combines the
hardware and software used in the experiment. During open-loop experiments, the setup com-
mands and camera logging are performed in parallel and the measurement data is evaluated during
post-processing data-processing. During an experiment with closed-loop control it is required to
combine all aspects in order to command the setup adaptively as well as commanding the camera.
With the SFC loop a closed-loop experiment in which a controller decides on the stirring pro-
tocol is performed, discussed in Section 5.2. Last, a comparison is made between the temperature
evolutions measured during open-loop experiments and closed-loop experiments in Section 5.3.

5.1 Smart Flow Control loop

A measured temperature field can now be evaluated in the calibrated numerical model. For tem-
perature field predictions during closed-loop control, the temperature field T(x, tn) extracted from
the infrared camera has to be normalized first according to (2.9). The temperature field is normal-
ized and transient temperature field T̃(x, tn) can be computed according to (2.10) using ambient
temperature Ta and an estimation of boundary temperature T∞. For open-loop measurements
the boundary temperature T∞ is determined during post-processing, as described in Section 4.2.1.
During closed-loop measurements this temperature has to be estimated to allow for normalization
of the measurement data during an experiment. Therefore, T∞ is chosen fixed at the goal tem-
perature as installed in the thermal bath. This should provide for a reasonable estimate of the
boundary temperature considering that in the open-loop measurements T∞ typically is determined
slightly under the goal temperature of 30◦C, between 28 and 29◦C. During post-processing of the
measurement data, T∞ can be determined again using the method of Section 4.2.1 for comparison
with the other experiments. During the closed-loop experiment, the controller is allowed to decide
between two opposing belts and two directions of rotation.

Feedback control is implemented with the purpose of enhancing heat transfer by controlling the
stirring protocol. To control for enhanced heat transfer the temperature field predictions for each
of the possible belt activations are computed during each time step tn. Each predicted temperat-
ure field is denoted by transient temperature field T̃k(x, tn), in which k = 1, 2, 3, 4 for the current
configuration of 2 belts rotating in 2 directions.
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The goal is to minimize the error between the desired temperature field (homogenization at T∞)
and the current temperature field. This can be achieved by selecting the belt activation that res-
ults in the highest heating rate in a specific time interval. To step-wise select the belt activations,
the cost-to-go function (2.11) is used. In (2.11) a prediction of the transient temperature fields
T̃k(x, tn+1) is computed for each possible belt activation. Subsequently, the minimum of the set
of predicted transient temperature fields is selected corresponding to the belt activation projected
to govern the most heat transfer in the following time-interval. With this cost-to-go function the
belt activation that is predicted to maximize heat transfer in the following time step is selected.
At each timestep tn the following steps are executed:

1. Prediction of transient temperature fields T̃k(x, tn+1) at time step tn+1 using initial condition
T̃(x, tn) at time step tn. Here, T̃(x, tn) is obtained from (2.10) using measurements of
T(x, tn), Ta and T∞.

2. Selection of belt number un and direction of rotation ω by evaluation of cost-to-go function
(2.11).

3. Execution of corresponding belt activation for a duration of activation time tact.

The closed-loop block diagram is displayed in Figure 5.1.

Controller RAM

Disturbances

un, ω

IR Camera

T∞ T̃(x, tn) T(x, tn+1)

−

T(x, tn+1)

Figure 5.1: Block diagram of Smart Flow Control

In the controller the transient temperature fields T̃k(x, tn+1) are computed according to the nor-
malized temperature field (2.9) plugged into the transient temperature field (2.17). Based on the
cost-to-go function a belt number un and rotational direction ω are chosen and given as output
by the controller. During the experiment, the controller is allowed to select between two belts and
two directions of rotation. An example of the possible temperature field evolutions is shown in
Figure 5.2.

(a) Input (b) 1+ (c) 3+ (d) 1- (e) 3-

Figure 5.2: Temperature field predictions for each of the four possible wall activations for Pe = 870,
τ = 0.9110, κ = 0.1202.
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The activated belt is indicated with the black line at the circumference in Figure 5.2. Inside the
controller, each of the options in Figure 5.2(b-e) is predicted based on temperature field input
(a) and subsequently the temperature field which is closest to full homogenization is chosen. The
choice is made based on the L1-norm criterium as discussed in Chapter 4, where the lowest value
of the L1-norm corresponds to most progress towards homogenization.

After selecting the belt activation that is predicted to yield most heat transfer in the following
time-interval tact, the according belt number and direction of rotation un and ω become an input
for the setup commanding script. The belt is activated for the predefined time step tact by com-
manding the setup. The plant, the RAM setup, is subject to disturbances from the surroundings
such as convective air flows inside the lab or a non-uniform boundary condition. Due to these
disturbances deviations from the predicted temperature field occur.

The duration of the experiment is divided into belt activation times. During belt activations
logging of the temperature field takes place at a defined frequency. Note that the logging takes
place at a different sampling rate than tact, thus most temperature fields are not used in the
SFC loop shown in Figure 5.1 but are stored to be used during post-processing. When one more
logging command remains during a belt activation, the most recently captured temperature field
is used to predict the temperature field. The controller decides on the next belt activation and
this belt activation is started immediately once the previous activation has ended. This means
the controller decides on which belt to activate next based on one temperature field before. This
is deliberately done to prevent interruptions in the stirring protocol, since time is required for the
computation of the temperature field predictions. With a high logging frequency this delay can
be kept relatively small. The timeline is displayed in Figure 5.3.

Selecting

LoggingLoggingLoggingLogging

Belt activation Belt activation Belt activation

Experiment duration

LoggingLoggingLoggingLogging LoggingLoggingLoggingLogging

Selecting Selecting

Figure 5.3: Timeline of the smart flow control loop during an experiment.

The number of logging operations and belt activations displayed in Figure 5.3 are chosen for
visualization purposes only and do not match the amount of belt activations and camera logging
commands used during the experiments. During the belt activations the temperature field is meas-
ured by the camera in the ’Logging’ steps. The ’Selecting’ step happens during the last ’Logging’
step during a belt activation. This has been coded in this way, see Algorithm 1, to ensure the
subsequent belt to be activated is known before the previous belt activation has been completed.
A general description of the smart flow control loop in pseudo-code is shown in Algorithm 1.

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 49



CHAPTER 5. CLOSED-LOOP CONTROL FOR ENHANCED HEAT TRANSFER

Load pre-computed matrices;
Initialization of t, texp, tact, tlog, un, ω;
Camera calibration;
while t < texp do

Activate motor un in direction ω;
tstep = 0;
while tstep < tact − tlog do

Capture image imnr;

Determine T̃(r, θ, imnr);
Pause until tlog has elapsed;
Update imnr = imnr + 1, tstep = tstep + tlog;

end

Predict T̃(r, θ, imnr + 1);
Decide belt activation, un, ω;
Pause until tact has elapsed;
Update t = t+ tact;

end
Algorithm 1: Smart Flow Control structure.

First, the matrices which can be pre-computed based on the parameter estimation are loaded
before starting the loop. In the initialization step the experiment duration, belt activation time,
logging frequency and initial belt activation are specified. During the camera calibration step a
live connection between the PC and camera is established and the fluid container is selected from
the image as described in Section 3.3.

Next, the setup is commanded to initiate the first belt activation. The SFC loop runs as long as
the while loop t < texp is true, where texp corresponds to the total experiment duration. A belt is
activated for time step tact and the activation will take place until it is overwritten. During the
belt activation, the camera is commanded to log every tlog seconds. The logging step is essentially
a command to the camera to save a matrix of embedded temperature values. This matrix is then
extracted to MATLAB to obtain T̃(r, θ, imnr) in which imnr corresponds to the image number.
The time it takes to extract the temperature field matrix has to be shorter than tlog in order to
satisfy the timeline. A pause is introduced to satisfy the sampling frequency before continuing
to either another logging step or to the step of selecting the next belt activation.When tact − tlog
seconds have elapsed the temperature field predictions start. The controller subsequently decides
which belt to activate next and overwrites un and ω. After the actuation time tact has elapsed
the motor is activated. The loop repeats as long as the desired experiment duration has not been
exceeded.

5.2 Smart Flow Control experiment

The smart flow control loop allows for execution of experiments in which the controller decides on
the stirring protocol. In this experiment, the experimental settings chosen in Section 3.4 are used.
The temperature fields are displayed in Figure 5.4, again at each time step given by tn = ntact,
with n = 0, 1, ..., 11.. The stirring protocol decided by the controller is given in Figure 5.5.
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Figure 5.4: Measured temperature field evolution for an experimentally determined stirring pro-
tocol, for tact = 1250 s, u = 2 mm/s.
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Figure 5.5: Stirring protocols determined by controller during an experiment and during a simu-
lation.

As can be observed in Figure 5.5 in the magenta line, the controller decides on a stirring protocol
similar to the periodic protocol after the second belt activation. Note that the angle of the camera
with respect to the belts is slightly different in this experiment such that the reflection of the
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camera is not visible in the fluid container anymore. A similar development of plumes can be seen
in the snapshots in Figure 5.4. The chosen sequence by the controller is significantly different from
the most optimal sequence chosen in a full simulation of the temperature evolution. In Figure 5.5
it can be observed that in the simulation the controller chooses a protocol in which one belt is
activated for a long duration: [3-,1+,1+,1+,1+,1+,1+,1+,1+,3-,1+,3-].

The controller makes a decision based on the L1-norm of the normalized temperature field ||T̃k||1,
according to the cost-to-go function (2.11). These temperature fields are of dimensions 100× 100.
The L1-norm of each temperature field prediction ||T̃k||1 are given in Table 5.1.

Table 5.1: Values of ||T̃k||1 during the SFC experiment.

tn 3+ 1+ 3- 1-
0 - - - -
1 0.8560 0.8564 0.8583 0.8561
2 0.7510 0.7465 0.7521 0.7529
3 0.6257 0.6317 0.6333 0.6259
4 0.5447 0.5384 0.5387 0.5448
5 0.4560 0.4660 0.4690 0.4581
6 0.4039 0.3968 0.3980 0.4055
7 0.3256 0.3336 0.3366 0.3277
8 0.2709 0.2672 0.2693 0.2733
9 0.2456 0.2493 0.2523 0.2474
10 0.2111 0.2108 0.2133 0.2137
11 0.1908 0.1923 0.1936 0.1943

The lowest value in each row corresponding to the chosen belt activation by the controller is made
bold. Note that at t = 0, where it theoretically should not matter which belt is chosen, the
experimenter selected belt activation ’3-’ as initial step. Table 5.1 reveals that in several steps the
predicted difference between options can be extremely small. For example at t1 the options ’3+’,
’1+’ and ’1-’ only have a 0.0004 difference in predicted L1-norm. Therefore it would be possible
that for a repetition of the smart flow control experiment the controller would decide on a different
sequence. If any external conditions or disturbances influencing the measured temperature field
would lead to slightly different predictions the predicted optimal belt activation could be different.
The fact that the smart flow control loop can determine the stirring protocol adaptively allows for
a certain robustness to disturbances.

5.3 Analysis of simulated temperature evolutions and ex-
perimental temperature evolutions

Next a comparison is made between the open-loop stirring protocols and the closed-loop stirring
protocol. A numerical study is performed in which the temperature evolution of different stirring
protocols is simulated, discussed in Section 5.3.1. The simulated performances of stirring protocols
are also compared with the measured performances. The comparison should provide insights in
the differences in temperature evolution and progress towards homogenization. Next, a compar-
ison between all experimental temperature evolutions is done in Section 5.3.2. Furthermore the
influence of the measurement error according to the camera specifications is studied in Section
5.3.3.
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5.3.1 Simulated temperature field evolution for different stirring proto-
cols

The temperature evolutions for the stirring protocols as chosen in the open-loop experiments in
Section 4.1 are simulated. Additionally, one stirring protocol decided by the controller for 2 belts
and one for 4 belts are simulated. Hereby the potential improvement realized with feedback control
on the stirring protocol according to the numerical model can be found. The estimated parameters
determined in Section 4.3 are adopted in the model. The progress of the L1-norm and relative
performance to the adaptive sequence using 2 belts is displayed in Figures 5.6 & 5.7.

0 2 4 6 8 10 12 14 16 18 20

10-1

100

Diffusion-Only

Stationary

Periodic

Reversal

Adaptive - 2 belts

Adaptive - 4 belts

Figure 5.6: Simulated L1-norm for Pe =
870, τ = 0.9110, κ = 0.1202, Q = 400,
Nr = 100, Nθ = 100.
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Figure 5.7: Relative L1-norm value with re-
spect to adaptive - 2 belts, simulated for
Pe = 870, τ = 0.9110, κ = 0.1202, Q = 400,
Nr = 100, Nθ = 100.

In Figure 5.6 it is observed the sequences are following a relatively similar progress towards homo-
genization. Note that the L1-norm value in Figure 5.6 is displayed on logarithmic scale. In Figure
5.7 the ratio between the L1-norm of the adaptive 2 belts sequence and the L1-norm of the other
sequences is displayed. Here it becomes visible the sequence ’adaptive - 2 belts’ outperforms the
stationary, periodic and diffusion-only protocols. The reversal protocol is performing similarly.
Allowing the controller to decide on a larger amount of belts could have a positive effect on the
homogenization process as the ’adaptive - 4 belts’ sequence suggests. In Figure 5.8 the sequences
in each of the simulations are displayed.
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Figure 5.8: Stirring protocols in periodic, reversal and adaptive simulations. Simulated for
Pe = 870, τ = 0.9110, κ = 0.1202, Q = 400, Nr = 100, Nθ = 100

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 53



CHAPTER 5. CLOSED-LOOP CONTROL FOR ENHANCED HEAT TRANSFER

In Figure 5.8 the stirring protocols used in the periodic and reversal temperature evolutions are
shown again, as well as the stirring protocols the controller has decided on for both a configuration
with 2 and 4 belts. The ’Adaptive - 4 Belts’ sequence in which the controller could choose from
four belts and two directions of rotation uses three different belts. The controller switches after the
initial timestep with belt 3 to using a belts 1 and 4. Recalling the orientation of belts 1 and 4 with a
90 degree angle in between, defined in 2.4, it is found that the controller has decided on a sequence
which does not only use opposite facing belts. Furthermore, it can be seen that for both the 2
and 4 belts adaptive sequences the controller opts for activating a belt multiple time steps in a row.

The potential gains by enhancement of heat transfer due to feedback control seem to be relatively
small for the current set of estimated parameters. In the numerical study presented by Lensvelt
et al. in [16] a larger improvement due to feedback control of the stirring protocol was found. It is
likely that due to the model incorporating heat loss term κ the room for improvement decreases.
This would be consistent with the parameter study in Section 4.3 in which it can be seen that the
value of κ has a large influence on the evolution of the L1-norm. This is further illustrated by the
amount of time steps required to reach total homogenization, defined as ||T̃(t)||1 < 0.01, as shown
in Table 5.2.

Table 5.2: Amount of time steps until homogenization (Pe = 870, τ = 0.9110, κ = 0.1202,
Q = 400, Nr = 100, Nθ = 100).

Diffusion-Only Stationary Periodic Reversal Adaptive (2) Adaptive (4)
40 36 38 34 34 35

For the current simulation the adaptive sequences require an equal amount of timesteps or slightly
less than other sequence to reach the defined point of homogenization. The Péclet number based
on parameter estimation of 870 is relatively small compared to the estimated Péclet number of 5000
based on the experimental settings. It is suspected that the difference between these two estimates
of the Péclet number is caused by heat losses. Heat is lost to the surroundings affecting both the
diffusive and advective heat transfer. Possibly the development of advective plumes is affected
stronger by heat losses than the diffusive heat transfer from the hot annulus boundary to the fluid.
Consequently as the ratio of heat transfer shifts more towards diffusion than initially predicted
the influence of the stirring protocol decreases as this affects advective heat transfer more. The
introduction of the heat loss coefficient κ also affects the heating process and potentially decreases
the space for dedicated stirring control for enhanced heat transfer as was observed in Section 4.3.
This is due to a positive κ value resulting in a faster progress of the temperature field towards
homogenization. The predicted temperature evolution for the adaptive sequence using 2 belts is
compared with the temperature evolution of the closed-loop experiment in Figure 5.9.
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Figure 5.9: Closed-loop experimental temperature field evolution versus simulated temperature
field evolution for Pe = 870, τ = 0.9110, κ = 0.1202, Q = 400, Nr = 100, Nθ = 100.

In Figure 5.9 it is observed the experimental temperature evolution progresses faster towards
homogenization than the simulated L1-norm. The difference is quite significant, so it cannot
be stated that simulation and experiment show a large degree of agreement. It is to be expec-
ted there is a deviation from the simulation as the model is calibrated based on the stationary
experiment data and in Chapter 4 it was found large variations between experiments are found.
Uncontrolled conditions in the experiments such as the boundary condition likely introduced a dif-
ference between the closed-loop control experiment and the stationary experiment. Consequently,
if parameter estimation would be performed based on the experimental data of the closed-loop
control experiment likely a different set of Pe, τ and κ values would be obtained. With this set
possibly a better agreement would be found between experiment and simulation for this specific
experiment. As is seen in Figure 5.8, the sequences of belt activations are different in experiment
and simulation so arguably this is of influence as well.

5.3.2 Experimental temperature field evolutions for different stirring
protocols.

In Chapter 4 the open-loop measurements have already been compared to each other using the
L1-norm. With the smart flow control experiment data this analysis is extended. The performance
and relative performance are quantified using the L1-norm and are given in Figure 5.10 and Figure
5.11, respectively.

0 1 2 3 4 5 6 7 8 9 10 11

0.2

0.4

0.6

0.8

1

Diffusion-Only

Stationary

Periodic

Reversal

Adaptive

Figure 5.10: L1-norm for experimental
temperature evolutions.
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Figure 5.11: Relative performance w.r.t.
adaptive stirring protocol.
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In Figure 5.10 the temperature evolution with the adaptive stirring protocol progresses fastest
towards homogenization. In Figure 5.11 it becomes visible the adaptive sequence has progressed
further towards homogenization than all other sequences with a relative difference of 30 to even
60% at the final time step. It is highly questionable whether this significant improvement can be
attributed only to the controlled stirring protocol however. In both Figure 5.10 and Figure 5.11
at t1 a difference in L1-norm value between the different stirring protocols can be observed. A
difference is not expected after the first belt activation between the sequences in which advective
heat transfer is present. Theoretically it should not matter which belt initially is activated and
thus the L1-norms would be expected to be approximately equal at t1. This difference is therefore
suspected to be the consequence of other factors than the stirring protocols. A slightly different
initial condition could partially explain differences at time step t1. From time step t0 onwards
the annulus starts to be filled and as can be observed in Figure 4.8, in which the evolutions of
the boundary temperatures are displayed, a large degree of variation is introduced from this step.
Uncontrolled factors such as the water level in the annulus could explain differences in boundary
temperature, with a different amount of heat transferred to the fluid container between experi-
ments. As time progresses, the sequences diverge more from each other and the adaptive sequence
seemingly heats faster than the other sequences.

The average temperatures displayed in Figure 5.12 provide for more context on the observed
performances.
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Figure 5.12: Averaged temperature field evolutions T̄ (r, θ, t) in ◦C.

It is visible in Figure 5.12 that the average temperature during the adaptive experiment and
periodic experiment start similarly. As time progresses the average temperature of the adaptive
sequence progresses similarly to those of the diffusion-only, stationary and reversal sequence. As
was discussed in Chapter 4, the periodic experiment is found to heat up less than the other ex-
periments. Based on Figure 5.12, it becomes questionable that the sequence used in the periodic
experiment is the cause of this significant deviation from the other sequences.

When comparing the experimental L1-norm evolutions to the simulated L1-norm evolutions dis-
cussed in Section 5.3.1 a number of differences can be found. The simulation suggests a small
difference between sequences in terms of the L1-norm, whereas during experiments the differences
are somewhat larger as seen in Figures 5.10 and Figure 5.11. During experiments the periodic
experiment is furthest from homogenization at the end of the experiment. At the end of the
simulation the diffusion-only is furthest from homogenization. It becomes apparent the experi-
mental findings are not entirely consistent with the simulation. Recall that the repeatability study
and study on axisymmetry described in Chapter 4 indicate that non-negligible variations in for
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example the boundary condition could have caused these discrepancies between simulation and
experiment. An aspect that is consistent with the simulation is that an adaptive sequence appears
to result in enhancement of heat transfer. In the simulation the adaptive sequence using 4 belts
performs best. This possibly means that a stirring protocol during experiments with 4 belts could
enhance heat transfer even more than stirring protocols with 2 belts.

5.3.3 Accuracy of the temperature field measurements

The maximum measurement error of 1% on the absolute temperature value in Celsius is considered
again to determine error margins similarly to Section B.2. The values for Ta and T∞ and the
margins of error are given in Table 5.3.

Table 5.3: Ta and T∞ values with error margin of 1%.

Protocol T∞ [C] Ta [C]
Diffusion-only 28.86 ±0.29 21.94 ±0.22
Stationary 28.51 ±0.29 21.43 ±0.21
Periodic 28.37 ±0.28 23.11 ±0.23
Reversal 29.33 ±0.29 21.74 ±0.22
Adaptive 28.80 ±0.28 22.97 ±0.23

The margins are computed again for the L1-norm with the maximum error added to T∞, Ta and
measured temperature fields T(x, t). The average temperature field evolution and L1-norm with
error margins indicated are given in Figure 5.13 and Figure 5.14.
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Figure 5.13: Averaged temperature field
evolutions, T̄ (r, θ, t) in ◦C with an error
margin of 1%.
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Figure 5.14: L1-norm for experimental
temperature evolutions with maximum
error due to a camera measurement er-
ror indicated by the error margins.

The error margins displayed in Figure 5.13 and 5.14 reveal that measurement errors are likely
not the cause of the observed differences between experiments. The margins of the L1-norm of
the adaptive sequence fall outside of the margins of the other sequence at the final time step.
Therefore it is likely that other factors have caused the differences in temperature evolutions such
as the stirring protocols or previously discussed sources of variability.

Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis 57



CHAPTER 5. CLOSED-LOOP CONTROL FOR ENHANCED HEAT TRANSFER

5.4 Summary

In this chapter the results of the closed-loop experiment have been presented. First, the Smart Flow
Control loop has been explained according to a block diagram. In the following section, the results
of the closed-loop measurement are presented. Next, a comparison is made between the open-loop
sequence experiments discussed in Chapter 4 and the closed-loop experiment of the current chapter.
First, each of the chosen sequences is simulated in the calibrated numerical model. It is found
that there is a relatively small difference between sequences for the current set of parameters
(Pe, τ , κ). When comparing all sequences based on the experimental data larger differences are
found between sequences than in the calibrated numerical model. For the current set of single
measurement the closed-loop experiment (adaptive) progresses towards homogenization fastest. It
is however questionable whether the observed differences are due to the stirring protocol only. The
Smart Flow Control loop allows for adaptively determining the stirring protocol as desired, but
whether the chosen sequence is optimal cannot be concluded with the current data. Furthermore,
more research would be necessary to prove a structural enhancement of heat transfer using a
closed-loop determined stirring protocol instead of conventional open-loop stirring protocols.
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Chapter 6

Conclusions and recommendations

In this chapter conclusions are drawn from the results discussed in the previous chapters. Next,
a number of recommendations regarding the research, setup and experimental methodology are
given.

6.1 Conclusions

This thesis has focused on the experimental analysis of stirring protocols in a 2D Rotated Arc Mixer
setup. The progress towards homogenization of a fluid is studied by measuring the temperature
evolution governed by diffusive and advective heat transfer. Experiments have been performed for
both open-loop stirring protocols and a closed-loop stirring protocol using Smart Flow Control. A
comparison between different stirring protocols is made to determine whether superior performance
is achieved with closed-loop control consistent with what numerical research has indicated [16].
Further data analysis is done to quantify variations in the data and gain insight on the measurement
errors in the experimental data. The following conclusions can be formulated:

• An existing setup based on a 2D representation of the Rotated Arc Mixer has been made
functional again with repairs and maintenance, required due to wear and tear of the setup
over the years. Modifications have been made to prevent leakages of water from the annulus
and improve insulation. A MATLAB model has been developed which can be used as a tool
to command and control the 2D RAM setup with. This model allows for testing any desired
stirring protocol, either pre-specified or determined by a controller. Furthermore, the model
incorporates control of an infrared camera from which temperature fields can be extracted
during experiments.

• Measurements have been performed on the heating process of a fluid subject to laminar
flows in the 2D RAM. Data on the temperature evolution for both open-loop and closed-
loop stirring protocols has been obtained.

• A fast numerical model for the 2D RAM has been adjusted by incorporating a source term
with which heat losses occuring during experiments can be simulated. With data-based para-
meter estimation the numerical model is calibrated to obtain relatively accurate temperature
field predictions. Predictions computed with the calibrated model have been compared with
experimental data and a satisfactory agreement has been found.

• A comparative study on the experimental data indicates that for this particular set of meas-
urements the closed-loop control experiment progresses faster towards homogenization of
the temperature field compared to the measured open-loop experiments. However, studies
on measurement errors and repeatability indicate that possibly intralaboratory variability, a
non-uniform boundary condition and measurement errors introduce non-negligible variations
in the experimental data. Studies on the margins of error reveal that the magnitude of these
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variations is large enough that differences in homogenization of temperature fields cannot
be indisputably ascribed to the stirring protocols.

• Since a set of single measurements has been performed per stirring protocol, no structural
conclusions on relative performance between stirring protocols can be drawn from this thesis.
Further research is required to prove superior performance achieved consistently by Smart
Flow Control in experiments. Potentially the setup or methodology require modifications to
decrease variations, which is further discussed in the recommendations.

• The smart flow control experiment reveals that selecting the most optimal belt activation
could be highly sensitive to disturbances. It is found that from the set of belt activations
the controller can decide on each time step, frequently only marginal differences separate
different options. This is consistent with the numerical model of the 2D RAM, in which
also frequently marginal differences between different options are found. This indicates
the sensitivity to disturbances is a system characteristic of the 2D RAM, not only from
experimental conditions.

6.2 Recommendations

A number of improvements regarding the experimental settings and setup are proposed. The
repeatability study indicated that non-negligible variations are introduced in the experiments. To
ascribe a potential enhancement of heat transfer solely to the stirring protocol, it is crucial to per-
form all experiments under the same conditions with as little variability as possible. It is therefore
recommended to devote ample attention to decreasing variability and increase repeatability of the
experimental studies first, before performing a set of experiments with different stirring protocols
again. Once one is able to decrease repeatability variations in an experiment, one could move
forward to performing experiments with different stirring protocols. In this way, a greater deal of
confidence can be put into ascribing measured differences to the stirring protocol.

An inconsistent boundary condition is potentially a cause of unequal circumstances between ex-
periments. Three suspected causes which could affect an inconsistent boundary condition have
been identified in Chapter 4: i) the temperature of the water in the annulus varying over time, ii)
a non-uniform water temperature in the annulus and iii) the water level in the annulus not being
consistent. Two options are proposed to improve the current boundary condition: i) controlling
the water temperature and ii) changing the medium in the annulus. With four concentrically
spaced resistance temperature detectors (RTD) the temperature can be measured inside the an-
nulus. If one were to implement temperature control into a feedback loop the average temperature
in the annulus likely is kept more equally between experiments. The second proposal is changing
the medium in the annulus to a phase change material (PCM). When heating the PCM in solid
phase to its melting point, energy is absorbed while the PCM starts melting [13]. If one manages
to have enough material to be melted throughout the total experiment a fixed temperature is
governed by the physics. Possibly a more uniform annulus temperature can be achieved using the
PCM as well, which should decrease differences in boundary condition between experiments even
more.

The computed boundary temperature T∞ used for normalization has a difference of up to 1
degree Celsius between experiments. On a typical temperature difference of 7 to 9 degrees Celsius
between initial and goal temperature the difference of 1 degree Celsius is quite significant. With
the adopted method to quantify the progress towards homogenization, it is crucial to determine
T∞ accurately as it has a large influence on the computed performance of an experiment. The
average temperature of the outer edge of the fluid container is used to determine T∞ from the
experiment data. One can possibly obtain a more accurate estimate of T∞ by using the four RTD
sensors inside the annulus top, properly calibrated, and averaging the four measured temperatures
to obtain T∞. This temperature would likely be an overestimation of the temperature the fluid
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would obtain at the edge as there is an aluminum edge in between and heat could be lost to
the surroundings. However, if the method provides for a more consistent determination of T∞ for
all experiments the temperature evolutions can be compared better than with the current method.

The progress towards homogenization is computed using a criterium in which the L1-norm of
the transient temperature field mapped in polar coordinates is taken. Whether this criterium
is mathematically the most accurate expression to quantify homogenization is questionable how-
ever. Since all experiments and simulations are assessed using the same criterium, the comparison
between them should be feasible. However, if a different criterium is used or when using cartesian
coordinates to describe the temperature field instead of polar coordinates potentially different
outcomes are found in the comparisons. The current criterium weighs the temperature values
in the center of the fluid domain heavier than near the edges. Hereby, the colder center of the
fluid domain has a relatively large influence on the quantification criterium. One could investigate
whether different criteria would be a more accurate definition of homogenization. Determining
which mathematical expression would be best is not a straightforward problem, so only a number
of suggestions are provided which could be looked into during further research. One could look
into methods in which cartesian coordinates are used to map the temperature field, or weigh values
as a function of the radial coordinate.

The robustness of the setup becomes important when a large set of experiments is desired. At the
latter stage of the thesis, after several months of working with the setup, the experiments were
still very delicate. Approximately half of the experiments failed either due to the liquid layers not
remaining strictly separated or water leakages from the annulus into the fluid container. Modific-
ations to the setup to increase robustness could significantly decrease the risk of an experiment
failing and hereby allow for getting more results in less time. Especially if a large set of experi-
ments is desired, it could be worth the effort to modify the setup for robustness purposes.

Potential improvements for increased robustness are proposed. During experiments adequate seal
off of the rotating belts in the apertures is required. Due to the rotating belts being submerged
in water and wear and tear in the setup it was found difficult to continuously prevent water from
being dragged with the belt rotation into the fluid container. If one would be able to modify the
current belt-driven flow such that it is not submerged in water this problem could be avoided.
One could consider the belts to be driven from below the setup, with the belts being integrated in
the edge of the annulus. In this fashion it could be possible to separate the moving components
from the water in the annulus entirely. This would require quite significant modifications to the
setup however. Possibly by extensive maintenance of the setup or replacement of worn compon-
ents leakages can be prevented entirely and thus a more robust setup is obtained. As stated,
another crucial factor to a successful experiment are the separated fluid layers. The creation of
the fluid layers is a relatively time-costly procedure that has to be performed carefully otherwise
the circulating flows could be interrupted. Possibly a larger difference in density between the two
fluid layers would aid in preventing the silicon oil from piercing through the bottom layer. One
should be careful however that the imposed flows on the silicon oil are still adequate.

If the setup can be made more robust and no more leakages would occur, the problem of a
possible inconsistent water level in the annulus would also be solved. The annulus could be filled
with water completely in every experiment which guarantees more equal conditions than with the
current methodology. Furthermore, the belt velocity can be increased to for example 4 mm/s
instead of the currently used 2 mm/s which was chosen to decrease the chance of leakage. The
resulting flow would still be pure laminar and the MAXON motors can still handle a doubled belt
velocity. The advantage of a higher belt velocity is that the Péclet number would be increased
and thus more advection is imposed in the same amount of time. With a higher degree of advec-
tion being introduced in an experiment possibly a larger margin for improvement due to feedback
control of the stirring protocol is achieved.
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A number of improvements regarding the software used for the SFC loop are also proposed. In
the control strategy parameter estimation is important for the accuracy of the temperature field
predictions. The parameter estimation has been performed based on the stationary experiment
and the parameters obtained are used during the closed-loop experiment. However, when it proves
to be difficult to obtain approximately identical conditions between experiments it would likely be
more accurate to estimate parameters on each experiment individually. An explorative study on
this has been performed, described in Appendix C.

In the SFC loop, selection of the fluid container inside the thermal image is performed manu-
ally. It is difficult to detect the fluid container initially in a radiometric image when the water
has not entered the annulus yet since hardly any objects can be distinguished when everything
is at ambient temperature. For calibration the annulus was heated first such that it could be
distinguished in the thermal image and then the calibration was performed. After doing that one
can cool the annulus again but has to wait a couple of hours or until the next day for the fluid to
become homogeneously at room temperature again. A quicker option would be to use the digital
image which can be taken with the camera. Using image processing algorithms, objects in an im-
age can be detected. With knowledge of the dimensions of the setup, a circle can be constructed
around the fluid container, for example by detecting at least three objects on the setup in the
digital image. Furthermore a coded calibration instead of the manual calibration could result in
a more accurate selection of the fluid container and therefore a more accurate extraction of the
temperature field.

The temperature fields are measured with an infrared camera. It has been observed that meas-
uring in the infrared spectrum introduces disturbances in the measurements, such as from hotter
objects in the lab emitting radiation on the fluid. One of these objects were the fluorescent lamps
in the lab. One could choose to perform experiments with the lamps above the setup switched off
to avoid disturbances in the measurement data.

62 Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis



Bibliography

[1] Hassan Aref et al. “Frontiers of chaotic advection”. In: Reviews of Modern Physics 89.2
(2017), pp. 1–66. issn: 15390756. doi: 10.1103/RevModPhys.89.025007.

[2] G. Arfken. “Gibbs Phenomenon”. In: Mathematical Methods for Physicists 1848 (1985),
pp. 783–787.

[3] J. W. Bartlett and C. Frost. “Reliability, repeatability and reproducibility: Analysis of meas-
urement errors in continuous variables”. In: Ultrasound in Obstetrics and Gynecology 31.4
(2008), pp. 466–475. issn: 09607692. doi: 10.1002/uog.5256.

[4] Ozge Baskan et al. “Experimental and computational study of scalar modes in a periodic
laminar flow”. In: International Journal of Thermal Sciences 96 (May 2015), pp. 102–118.
issn: 12900729. doi: 10.1016/j.ijthermalsci.2015.04.015.

[5] Ozge Baskan et al. “Experimental and numerical parametric analysis of a reoriented duct
flow”. In: European Journal of Mechanics, B/Fluids (2016). issn: 09977546. doi: 10.1016/
j.euromechflu.2016.01.004.

[6] Paul T. Boggs and Jon W. Tolle. “Sequential Quadratic Programming”. In: Acta Numerica
4 (1995), pp. 1–51. issn: 14740508. doi: 10.1017/S0962492900002518.

[7] Honggu Chun, Hee Chan Kim and Taek Dong Chung. “Ultrafast active mixer using polyelec-
trolytic ion extractor”. In: Lab on a Chip (2008). issn: 14730189. doi: 10.1039/b715229a.

[8] Department of Energy. DOE Fundamentals Handbook. Thermodynamic, Heat Transfert and
Fluid Flow. Module 3. Fluid Flow. Ed. by D.C. 20585 U.S. Department of Energy Washing-
ton. Vol. 1. 1985, pp. 1–82. url: https://www.steamtablesonline.com/pdf/Thermodynamics-
Volume3.pdf.

[9] V. S. Dolk et al. “A switched system approach to optimize mixing of fluids”. In: IFAC-
PapersOnLine 51.16 (Jan. 2018), pp. 31–36. issn: 24058963. doi: 10.1016/j.ifacol.

2018.08.006.

[10] FLIR T630sc Portable Thermal Imaging Camera — FLIR Systems. 2016. url: https:

//www.flir.com/products/t630sc/.

[11] Ian Glasgow and Nadine Aubry. “Enhancement of microfluidic mixing using time pulsing”.
In: Lab on a Chip (2003). issn: 14730189. doi: 10.1039/b302569a.

[12] HAAKE Phoenix II HAAKE C/DC HAAKE EK HAAKE DynaMax. url: http://tools.
thermofisher.com/content/sfs/brochures/D17348~.pdf.

[13] Abu Hamja and Mahbubur Rahman. Paper on Phase Change Materials. 2013. url: https:
//www.researchgate.net/publication/326589045_PAPER_ON_PHASE_CHANGE_MATERIALS.

[14] Mark Haring, Nathan Van De Wouw and Dragan Nešić. “Extremum-seeking control for
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Appendix A

Rotated Arc Mixer setup details

A.1 Motor-driven belt system

Advection is introduced into the system with a motor-driven belt system. The belts are positioned
inside four equidistantly spaced apertures. Each aperture covers 45◦ of the circumference, with
an equal distance between them. The total arc of the belts and the associated motor/aperture
numbers are indicated in Figure A.1.

Figure A.1: Top view of the setup, without annulus top.

The polyurethane belts are pressed into the apertures via a metal plate and 2 guiding rollers,
Figure A.2. A proper seal off is extremely important to prevent leakage into the fluid container.
Leakage of water from the annulus, which during experiments has a higher temperature than the
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fluids in the fluid container potentially distorts the temperature evolution captured. Moreover,
leakage of water could have influence on the fluid layers remaining on top of each other and hereby
distort the advection introduced into the system. In Figure A.2 one can see the belts squeezed
into the aluminium ring at the outer edge of the fluid container. The MAXON motor (Figure
A.3) attached to each of the motor-driven belt systems introduces a rotation at the outermost
belt holder. The belt moves along with the rollers whilst tension in the direction of the aperture
is maintained, hereby seal off usually remained adequate during motion for three of the four aper-
tures.

The MAXON motors are connected with EPOS2 control software. These EPOS2 controllers can
control the RPM of the DC motors and thereby maintain the user-specified belt velocity. With
MATLAB software a connection is established between a PC and the EPOS2 controllers. This
allows for commanding the MAXON motors via the PC and specifying the desired belt velocity
and actuation time. Also it enables the user to for example send in a sequence of belt activations.
Once a motor command is given the targeted motor is actuated until either the specified actuatiom
time has surpassed or another motor is commanded to start rotating. With the latter property, a
maximum of one motor rotating at a time is always guaranteed.

Figure A.2: Belts inside fluid container and close-up view.
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Figure A.3: MAXON Motor, positioned underneath the annulus.

A.2 Fluid layers

During experiments two layers of fluid are put into the fluid container. The bottom layer being a
glycerol-water solution and the top layer silicon oil. The glycerol-water solution is placed in the
fluid container first to dampen bottom-wall frictions. This is necessary to enable circulation of the
silicon oil due to the belt-driven flows. The silicon oil is highly viscous with a kinematic viscosity
of 0.01 m2/s, significantly larger than the kinematic viscosity of the glycerol-water solution at
17.45 · 10−6 m2/s. Furthermore the fluids have different densities, as specified in Table A.1. Due
to the difference in density between the glycerol-water solution and the silicon oil, two seperated
fluid layers can be created, Figure A.4.

In order to get two seperate fluid layers inside the fluid container of the RAM, a very delicate
process has to be followed.

1. Prepare the glycerol-water solution according to the volumes specified in Table A.1.

2. Pour the glycerol-water solution into the fluid container.

3. Extract silicon oil with a syringe (100 mL) from the oil barrel and pour on top of the
glycerol-water solution very gently.

4. Repeat step 3 until the volume as specified in Table A.1 is reached, where at this point the
top of the oil layer corresponds with the height of the belts.

5. Before starting an experiment, allow the silicon oil to expand completely over the glycerol-
water solution layer. Typically waiting one hour is sufficient.

The quality of an experiment is highly dependent on successful creation of two separate fluid layers.
If the silicon oil pierces through the glycerol-water solution layer either during the preparations
or during an experiment, the resulting temperature field evolutions will likely not be adequate
for the current research anymore. Once the oil touches the bottom of the fluid container, it will
stick to the bottom and hereby not move anymore. The introduction of advection into the system
becomes problematic at this point, as resistance will be found at the locations where silicon oil is
in contact with the bottom and hereby the circulating flow is disrupted.

An image of the procedure of pouring oil on top of the glycerol-water solution with a syringe
can be seen in Figure A.5. When done carefully, this process takes 40 minutes up to 1 hour.
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Table A.1: Fluid densities and volumes of the used fluids at T = 21◦C

Fluid Density [kg/m3] Volume [mL]
Glycerol 1250 695.1
Water 999 287.7

Silicon oil 1195 982.8

Figure A.4: Separate fluid layers as desired
during experiments (top: silicon oil, bottom:
glycerol-water solution).

Figure A.5: Procedure of pouring silicon oil on
top of the glycerol-water solution.

A.3 Annulus & thermal bath

The annulus imposes the boundary condition during experiments by circulating warm water.
Water is heated in the thermal bath (type Haake K41 [12]), Figure A.6.
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Figure A.6: Schematic sketch of water circuit to and from annulus. Adopted from [4].

The water cycle is open-loop, thus it cannot be guaranteed the water inside the annulus has the
desired temperature. The thermal bath does heat up the water in a closed loop inside the bath.
There are four insulated tubes for inflow and four insulated tubes for outflow connected to the
annulus. By insulating the tubes, less heat should be lost between outflow of the thermal bath and
inflow into the annulus. The four inflow and four outflow hoses come together in one connector, to
which another tube is connected going in and out of the thermal bath, Figure A.7. The water is
pumped into the annulus via a pump inside the Haake K41. The pump switches on instantly and
pumps stationary throughout an experiment. The inflow and outflow of water can be regulated
by turning valves at the ends of the tubes. A valve is present at the inflow points at the annulus
as shown in Figure A.8. Furthermore, there is one valve connected to both the inflow tube and
outflow tube of the Haake K41, with which the water level/pressure can be regulated centrally,
also indicated in Figure A.8. Eventually the water level in the annulus was regulated with the
inflow valve and outflow valve. The water level was regulated to be approximately equal to the top
of the silicon oil fluid layer (1cm depth). An entirely filled annulus was avoided as this increased
the risk of water leaking into the fluid container.

Figure A.7: In and outflow between Haake K41
and annulus.

Figure A.8: A water inlet valve into the annulus.

Before pumping water into the annulus at the start of an experiment, the water can be preheated
by short circuiting. The in- and outflow tubes can be removed easily from the tube connectors at
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the Haake bath. By placing a small tube at these tube connectors a small cycle can be created,
Figure A.10. The water hereby loops directly back into the thermal bath. After waiting until the
desired temperature has been reached, the tubes to and from the annulus can be reattached again.
The pre-heating in this fashion reduces the time for the water to reach the desired temperature
(T∞) dramatically.

Figure A.9: Haake K41 with in the display the
setpoint value of 30◦C.

Figure A.10: Preheating the water inside the
thermal bath.

A.4 Infrared camera

The temperature field is discretized into a grid of temperature values defined by the camera pixels.
A temperature field matrix is extracted from images taken by infrared camera FLIR T650sc, Figure
A.11 [10]. The camera captures infrared radiation, a type of radiation which all objects (including
fluids) emit. The amount of radiation is an indicator of how ”hot” an object is, with hotter objects
producing more infrared radiation. An image is composed of 640x480 pixels, constructed by an
equal amount of microbolometers, which are infrared measuring devices. Each microbolometer
records the amount of infrared radiation and converts this to a temperature value in Celsius at the
position it is focused on. The camera is positioned inside a tripod, such that the lens of the camera
is focused on the fluid container approximately in a straight line (Figure A.12). This can only be
approximately, as the camera cannot be positioned exactly in a straight line above the setup for
each data point, thus small errors are inevitably introduced when describing the temperature field
into a 2D matrix. Further specifications of the camera are given in Table A.2.

Table A.2: FLIR T650sc specifications [10].

Resolution 640 × 480
Dynamic range 14-bit
Working range −40− 150◦C

Accuracy ±1%
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Figure A.11: FLIR T650sc infrared camera.

Figure A.12: Camera inside tripod above the
setup.

Typically experiments have been performed in a lab with an ambient temperature of 21−23◦C and
an annulus (water) temperature of 30◦. The measured temperature values are subject to an error
margin. One cannot neglect the accuracy error which should be expected to be approximately
±0.25◦C according to the camera manufacturer [10]. To prevent influence of convective air flows
in the lab and retain more heat around the setup, a hollow tube which can be placed over the
setup has been introduced. The fluid container is a relatively thin, large open surface thus large
heat losses are to be expected. Initially placing a transparent lid on top of the fluid container
was tried, Figure A.13. Due to the top, capturing the temperature field with the infrared camera
becomes problematic as the obtained image is distorted as shown in Figure A.14. The top fogs
up and it becomes impossible to capture any sensible data on the temperature evolution using
the infrared camera. Eventually it was therefore decided to refrain from placing anything inside
the view of the camera and use a hollow tube surrounding the fluid container. By introducing
the hollow tube made of cardboard surrounded by thick plastic, heat losses by natural convection
between fluid surface and environment are suppressed. A hole is made at the top of the tube,
allowing the camera to look at the fluid container directly (Figures A.15 & A.16).
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Figure A.13: Digital image of a plastic top placed
over the fluid container.

Figure A.14: Radiometric image of a plastic top
placed over the fluid container.

Figure A.15: View of the infrared camera towards
fluid container.

Figure A.16: View of the infrared camera towards
fluid container through hollow cardboard tube.

A.5 Resistance Temperature Detector

Concentrically spaced in the annulus four resistance temperature detectors (RTD) are present.
The RTD sensors are indicated by the green circles in Figure A.17.
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Figure A.17: RTD sensors piercing through the annulus top indicated by green circles.

The RTD sensors can be used to measure the temperature in the annulus at four different loc-
ations. The sensors were not logged during open-loop measurements, which in hindsight would
have been useful for normalization purposes. The four RTD sensors have been logged during the
SFC experiment which is discussed in Chapter 5 however. The individual temperature evolutions
as measured by the RTD’s are given in A.18. The average temperature as measured by the four
RTD’s is compared with the determined temperature evolution of T∞ in Figure A.19.
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Figure A.18: Measured temperature evolution by
different RTD sensors.
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Figure A.19: Measured temperature evolution
averaged from RTD sensors compared to com-
puted T∞.

In Figure A.18 it becomes evident the four RTD sensors show significant deviations between each
other. In particular RTD 1 measures far under the other three RTD sensors. It is possible this
difference could be decreased by proper calibration. In Figure A.19 a similar trend between the
RTD average and T∞ is seen. The measured RTD temperature is consistently higher than the
estimated T∞. One could consider after determining that the RTD sensors provide for a good
measurement to use the average of these four sensors for the evolution of T∞.
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Appendix B

Experimental data analysis

Further research on the experimental data is performed to gain insight in the sources of errors
and interpret observed difference between experiments. In order to place any confidence into
conclusions on the experimental data an estimation of uncertainty in the measurements has to be
done. First, a repeatability study is explained in which four experiments with identical settings are
compared. Next, a discussion on the accuracy of the data is discussed based on the measurement
error specified by the infrared camera manufacturer.

B.1 Repeatability

A repeatability study has been performed to determine the influence of external conditions on
the measured temperature evolutions during an experiment. Repeatability refers to the variation
in repeated measurements under identical conditions. For consistency purposes, the experiments
should be performed by the same person using the same equipment and measurement devices and
in a short enough time span in order to assume a similar state of the equipment [3]. For this
study an experiment is performed in which one belt is rotated continuously for one hour with the
fluid heated towards a goal temperature. This experiment is performed four times within a time
frame of one week using the same belt and identical experimental settings. The experiments are
performed on different days with new fluid layers of identical fluids (glycerol-water solution and
silicon oil) and the same (hand-measured) volumes for every experiment. Ideally more than four
experiments would have been performed for the repeatability study, but in the available time this
number has been limited to four which still allows for performing a repeatability case study.

The progress towards homogenization of each of the four experiments is quantified with the L1-
norm and is given in Figure B.1. The mean temperature evolution in each experiment, numbered
1 to 4, is given in Figure B.2.
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Figure B.1: L1-norm for four experiments
with identical settings.
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Figure B.2: Averaged temperature field
evolutions, T̄ (r, θ, t) in ◦C.

It is observed that the evolutions are similar initially and as time progresses difference between the
experiments evolve. Even though all experimental settings are identical including the chosen belt
activation, an absolute difference of up to 0.07 of the L1-norm at t = 60 minutes is found. This
is a significant difference on the scale of 0 to 1 indicating that for the current setup, experimental
settings and methodology a substantial amount of variability is present. Experiments 1 and 2 do
evolve similarly, the same can be concluded for experiments 3 and 4. The average temperature
evolution displayed in Figure B.2 displays similar trends throughout the total experiment duration.
During the experiments a goal temperature of 35◦C had been imposed, resulting in the time
evolutions of T∞ displayed in Figure B.3.
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Figure B.3: T∞ over time for experiments with identical settings.

The boundary temperatures in this set of experiments display a high degree of variability over
time. The differences can partially be attributed to different ambient temperatures between exper-
iments. Another factor that could have caused difference between experiments is an inconsistent
boundary condition. Differences in the boundary condition between experiments could be caused
by three factors: i) the temperature of the water in the annulus varying over time, ii) a non-uniform
water temperature in the annulus and iii) the water level in the annulus not being consistent. The
temperature in the annulus can vary over time due to the water temperature in the annulus not
being actively controlled. The temperature of the water pumped out of the thermal bath is con-

76 Enhanced Heat Transfer by Smart Flow Control - Experimental Analysis



APPENDIX B. EXPERIMENTAL DATA ANALYSIS

trolled with an internal controller and should therefore have been similar in all experiments as
the same goal temperature had been installed. Once the water flows towards the annulus via four
different tubes from which the inflow rates are not controlled or forced to be equal a non-uniform
annulus temperature could develop. The annulus does not seal off entirely when it is filled to the
top, therefore the water level has to be manually adjusted to be lower. If the water level is at least
equal to the height of the top of the silicon oil this is not necessarily a problem. With the current
setup this water level cannot be guaranteed to be constant or controlled however and potentially
different water levels in experiments could have caused discrepancies between experiments.

Since the boundary temperature T∞ is used in normalization, a deviation in its value affects
the computed progress towards homogenization strongly. This particular set of experiments is
performed for a temperature difference of approximately 12 degrees between ambient and goal
temperature. Consequently, a difference of for example 0.1◦C caused by an inconsistent boundary
condition can have a relatively large influence on the computed normalized temperature field. For
example with the current value of T∞ the value of L1-norm for experiment 1 at the end of the ex-
periment is 0.5696. With T∞ computed as 0.1◦C this value becomes 0.5767, a difference of over 1%.

Next, a visual comparison is made of the experiments to determine whether the temperature
fields display agreement. The temperature fields of each of the experiments are given column-
wise, with the rows denoting the temperature fields at 0, 30 and 60 minutes respectively in Figure
B.4.
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(a) 1: t=0 min (b) 2: t=0 min (c) 3: t=0 min (d) 4: t=0 min

(e) 1: t=30 min (f) 2: t=30 min (g) 3: t=30 min (h) 4: t=30 min

(i) 1: t=60 min (j) 2: t=60 min (k) 3: t=60 min (l) 4: t=60 min

Figure B.4: Temperature fields of four experiments with identical settings. Column numbers
correspond to experiment numbers. Rows denote times t = 0, t = 30 and t = 60 minutes.

Based on the temperature fields displayed in Figure B.4(a-d) it is presumed all experiments have
been started in similar conditions at t = 0 minutes, with an approximately homogeneous temper-
ature field at ambient temperature. In Figure B.4(e-h) at t = 30 minutes it can be observed a
plume shaped region due to advection has been created. Particularly experiment 1 and 2 display
a high degree of visual agreement in the shape of the hot region. This is different in experiments
3 and 4, where less of a plume shape can be distinguished. In Figure B.4(i-l) at t = 60 minutes
the same is observed with experiment 1 and 2 showing a high degree of agreement.

The plume shape is not seen in experiments 3 and 4 whereas it had been observed in experiments 1
and 2 and previously in the open-loop experiments of Section 4.1. This is possibly a consequence of
the fluid layers not remaining strictly separated during these experiments. This could be a reason
as to why these experiments appear to be underperforming compared to experiments 1 and 2 in
Figure B.1. It is suspected that the silicon oil has penetrated through the glycerol-water solution
at some spots in the fluid container. Silicon oil that has penetrated through the bottom layer
likely sticks to the bottom of the fluid container and interrupts the flow locally. The suspicion is
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based on the fact that in Figure B.4(k) and (l) light blue shades seem to be moved around darker
blue spots as opposed to a relatively uninterrupted circulation visible in (i) and (j).

The quantitative agreement between experiments is computed by the standard deviation.

σ =

√∑n
i=1(xi − x̄)2

n
, (B.1)

in which n is the amount of samples which in this case is equal to four, xi denotes the L1-norm
value of an experiment and x̄ the average of the L1-norm values of all performed experiments
for this study. The computed values for σ are given in Table B.1. The standard deviation is
computed based on experiments 1 to 4 in σ1−4, based on experiments 1 and 2 in σ1−2 and based
on experiments 3 and 4 in σ3−4.

Table B.1: Standard deviation of set of experiments with identical settings at times t = 0, t = 30
and t = 60 minutes.

Set t = 0 [min] t = 30 [min] t = 60 [min]
σ1−4 0.0054 0.0161 0.0189
σ1−2 0.0105 0.0073 0.00132
σ3−4 0.0023 0.0180 0.00837

Note that the L1-norm ranges from 0 to 1 and thus the values given in Table B.1 indicate the
average deviation from an L1-norm value in this range. It is found that σ1−4 is relatively small
at the initial time step. Even though the experiments have been started with an initially cold
temperature field and annulus around ambient temperature the initial temperature fields during
the experiments are slightly different from each other. A difference could be caused by external
conditions in the lab, as simple as persons near the setup for a longer duration before one ex-
periment than the other or different convective air flows due to an open door or people moving.
Furthermore, the reflection of fluorescent lamps in the laboratory can be seen as the lighter blue
shade in the upper half of the snapshots in Figures B.4(a-d). This shows the measurement is
sensitive to disturbances as a consequence of measuring in the infrared spectrum with which the
camera determines the temperature values.

At time steps t = 30 and t = 60 larger values of σ are found. This implies larger deviations
are found during the heating process. A confidence interval of 95% is computed to estimate the
range of repeatability variability. A coefficient of repeatability cr can be determined for this con-
fidence interval using cr = 1.96 ×

√
2 × σ [3]. The coefficient of repeatability is computed as

±0.0154, ±0.0446 and ±0.0524 for t = 0, 30, 60 respectively. With these coefficients, margins of
error L1-norm due to repeatability variability are estimated and can be expected to fall within this
range for 95% of occasions. Note that in the experiments in which different stirring protocols are
tested the experimental settings are different so this coefficient of repeatability only serves as an
indication of the order of error to be expected from uncontrolled settings and variability in the lab.

In Table B.1 the second row provides the values of standard deviation for only the first two
experiments and the third row the values for only the third and fourth experiments. These values
have additionally been computed as the temperature fields in experiments 3 and 4 do not display
the typical plume shape observed in experiments 1 and 2. These experiments have been omitted
from the second set as potentially separated fluid layers have partially caused the difference in
measured temperature evolutions. The standard deviation based on experiments 1 and 2 is sig-
nificantly smaller than the computed values in the other rows. This could be an indicator that
fluid layers unseparating had been a large contributor to the repeatability error. A larger set of
experiments should however be obtained to confidently claim this. Note that this computation is
only made for indicative purposes. The data of experiments 3 and 4 is not rejected since there is
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no indisputable evidence that the measurements are incorrect.

B.2 Accuracy of the open-loop temperature field measure-
ments

The measurements with the infrared camera are subject to an error margin specified by the man-
ufacturer as ±1% of the absolute temperature value in Celsius [10]. A normal distribution of the
error is assumed since there is no information available which would suggest a bias to either an
overestimation or underestimation of the measured temperatures.

In order to determine the error margins on the computed performances using the L1-norm the
camera measurement error is incorporated. The L1-norm values are obtained by determining the
average of the absolute transient temperature values. The transient temperature fields T̃ given
(4.2) contain the temperature field values T, ambient temperature Ta and boundary temperature
T∞ all determined with the camera data. The scalar values of Ta and T∞ are given with an error
margin of 1% in Table B.2.

Table B.2: Ta and T∞values with error margin of 1%.

Protocol Ta [◦C] T∞ [◦C]
Diffusion-only 21.94 ±0.22 28.86 ±0.29
Stationary 21.43 ±0.21 28.51 ±0.29
Periodic 23.11 ±0.23 28.37 ±0.28
Reversal 21.74 ±0.22 29.33 ±0.29

When considering the error on the average measured temperature in Celsius, Figure B.5 is ob-
tained.
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Figure B.5: Averaged temperature field evolutions, T̄ (r, θ, t) in ◦C with an error margin of 1%.

It becomes visible the margins of error of the periodic sequence do not overlap with the margins
of error of the other sequences towards the end of the experiments. Thus even if the measured
temperatures would be obtained with a maximum measurement error in the camera the relative
differences cannot solely be attributed to the measurement error. The diffusion-only, stationary
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and reversal sequences are very similar in terms of average temperature evolution that any differ-
ences could be the consequence of a measurement error, or at least partially.

For the L1-norm comparison the margins of error are estimated by computing a worst case scen-
ario. In this scenario, the transient temperature is determined with a maximum value of T∞, Ta
and T within their computed error margins. The same can be done for a minimum value and
hereby a margin of error for the estimated value of ||T̃(t)||1 can be found, Figure B.6.
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Figure B.6: L1-norm for experimental temperature evolutions with maximum error due to a
camera measurement error indicated by the error margins.

In Figure B.6 it is observed the margins due to the camera measurement error in the L1-norm
evolution are relatively large. Since the measurement error is ±1% of the absolute temperature
value, the error margins become larger over time as the absolute temperature values increases as
the fluid heats up. It is found that at t11 the margins of the periodic sequence do not overlap
with the error margins of other sequences. The margins of the stationary sequence largely fall
outside of the other sequences as well. With regards to the reversal and diffusion-only sequences
the difference in L1-norm evolution falls within the range of measurement errors. It can however
be concluded for the periodic sequence that the difference in L1-norm with respect to the other
sequences is not the consequence of a measurement error from the infrared camera. Hereby one
possible source of error can be ruled out to have been the cause of the difference on its own.
As discussed in previous sections it is still suspected that apart from the stirring protocol the
intralaboratory variability or an inconsistent boundary condition could have affected performance.
With an inconsistent boundary condition the amount of heat transferred in the total experiment
duration can be different, which would be reflected in differences in the measurement data.
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B.3 Experimental temperature evolution versus simulated
temperature evolution for open-loop stirring protocols
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Figure B.7: Open-loop experimental temperature field evolution versus simulated temperature
field evolution for Pe = 870, τ = 0.9110, κ = 0.1202, Q = 400, Nr = 100, Nθ = 100. Stirring
protocols are indicated below the subfigures.

As is visible in Figure B.7(a-d) the simulation and experiment are relatively similar in the first
number of time steps. Particularly in Figure B.7(a,b) for the diffusion-only and stationary case
a reasonable agreement is found between experiment and simulation. As the model has been
calibrated based on the experimental data of the stationary experiment, it is to be expected the
simulation and experiment for the stationary sequence are more similar than the other experiments
if variations have been introduced in the measurements. However, particularly for the diffusion-
only case the simulation still provides for a reasonable fit. As had already been observed in the
analysis on the experiments in Section 4.2 the periodic experiment progresses noticeably different
than the other experiments. For the periodic sequence a large difference between the experiment
and simulation in Figure B.7(c) is clearly visible as well, particularly for later time steps. This
could be an indication of that less heat has been transferred to the fluid in the periodic experiment,
possibly as a result of a ’colder’ boundary condition than in other experiments. For the reversal
experiment it is observed the simulation is relatively similar to the measurement in the first half
of the experiment as well, but as time progresses further a divergence is seen in Figure B.7(d).
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Smart Flow Control software

C.1 Interface

During an experiment, live progress can be tracked via the PC, as shown in Figure C.1.

Figure C.1: Interface during live experiment.

In the left of Figure C.1 the latest normalized temperature field is displayed. In the middle graph,
one can see the progress towards homogenization. At a mean temperature of 1, full homogenization
would be reached. In the upper right of the figure, the predicted options based on the temperature
field at the end of the last time step are shown. At the bottom of the figure the step in which the
SFC loop is presently at is indicated. With text displays information is provided on for example
which belt activation is chosen next or the elapsed time. The full code for the Smart Flow Control
loop is given in Appendix E.1.
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C.2 MAXON motor control & actuation

The MAXON motors are commanded using functions from MATLAB toolbox ’Commanding
MAXON Motors EPOS2 Motor Controller from MATLAB’. A connection between the EPOS2
controllers and PC is made using a communication command. Variables for the motors are de-
clared and assigned to their respective controllers. The motors can be commanded in several
different ways. The operation mode is specified to ’Profile Position Mode’ in which the DC motors
can be commanded to rotate towards a certain position in pulses. The belt numbers associated
with the motors are specified next, along with the actuation time tact and direction of rotation
(ω = 1 for clockwise and ω = −1 for anti-clockwise rotation). The motors are commanded to
rotate until a certain position is reached, this position is deliberately made extremely large in
pulses such that it would never be reached during the experiment duration. Instead of ending the
belt activation with reaching a position, the activation is ended using internal time in MATLAB
with the pause function. Once this time has elapsed the motor command is overwritten activat-
ing a different motor or the motor is stopped. The belt velocity is chosen to be 2 mm/s, which
corresponds to a RPM of 270.4. A conversion should be done from mm/s to RPM by multiplying
the belt velocity in mm/s with 135.2. This number follows from the specifications of the DC
motors inside the MAXON motors. The acceleration in of the DC motor is chosen as 5000 RPM/s
such that the belt velocity is reached within 0.1 seconds. In the time periods of 1250 seconds the
acceleration stage should then be negligible. The MATLAB script to command the setup is given
in E.3.

C.3 Camera calibration & temperature data extraction

The infrared camera FLIR T650sc is commanded live during the experiment to allow for adaptive
control. The camera connection is established using functions from the FLIR Atlas Software
Development Kit (SDK) provided by the manufacturer. This SDK also provides functions to
extract radiometric data from the camera. A temperature matrix of dimensions 421x561 can be
extracted. At the start of an experiment the fluid container needs to be selected from the thermal
image, an example of an initially cold temperature field is given in Figure C.2.

Selected circle

23

23.1

23.2

23.3

23.4

23.5

23.6

23.7

23.8

23.9

24

Figure C.2: Calibration on ”cold” temperature
field. Figure C.3: Calibration on ”cold” temperature

field with hot edge.

Note that the colorbars indicate the temperature values in Celsius. Calibration of the camera
has to take place before the SFC loop is initiated in order to correctly select temperature values
of the actual fluid. It becomes apparent the fluid container is not visible distinctively in Figure
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C.2. In order for accurate temperature field predictions a correct selection of the fluid container is
crucial. Therefore the calibration is performed first, using a heated annulus. Once the annulus is
heated the fluid container becomes distinctively visible as shown in Figure C.3. Having performed
the calibration one can cool the annulus again to room temperature. One should wait a couple
of hours for the fluid to be homogeneously at room temperature again to ensure experiments are
started with similar conditions. Therefore, calibration was typically performed the day before an
closed-loop experiment with the camera left in the exact same position. The MATLAB code to
establish the camera connection and perform the camera calibration are provided in Appendix
E.4.

C.4 Extremum seeking

Ultimately, to control the stirring sequence decisions have to be made based on live measurements
data. This measurement data can potentially be used to improve the parameter estimation. As
was found during experiments, inconsistencies such as in the boundary condition could lead to
different conditions in an experiment. This would result in different parameter values found in
parameter estimation as well. Therefore, the current method of using the parameter estimation
based on the stationary experiment during the SFC experiment could be improved.

The method of extremum seeking has been explored during the thesis. A study on the quality of
parameter estimation via two different techniques has been performed. Ultimately this had not
been implemented in the smart flow control loop as it was not developed and studied sufficiently
yet to be used in the closed-loop experiment when it was necessary. However, the results on the
quality of the different parameter estimation are still presented to provide recommendations for
future research. The method of extremum seeking can adopted to possibly obtain more accurate
temperature field predictions. Extremum seeking is a technique in which system performance is
optimized by automatically tuning the system parameters [14]. Typically this technique is useful
for systems in which the output is not known beforehand but can only be measured. With the
current experimental setup this is the case since there is an enormous amount of stirring protocols
possible, the final temperature field (output) cannot be known unless one has measured every
single possible stirring protocol.

C.4.1 Methods of parameter estimation

Three methods of parameter estimation have been investigated, of which the latter two methods
can be classified under extremum seeking:

• Pre-determined model parameters (Pe, κ, τ) based on a previously performed experiments
(method of Section 4.3.2).

• Appending: concatenation of measured temperature fields, parameter estimation based on
all measured data during this experiment.

• Updating: parameter estimation based on the most recently measured temperature field and
the one of the time step before.

The method of simply using pre-determined system parameters could suffice if the parameter es-
timates remain similar between experiments. In this fashion, the temperature evolution matrix A
does not change throughout the experiment and can be pre-computed and hereby no live para-
meter fit is necessary.

The method of appending uses all the data that has been measured during the experiment. After
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each time step a row is added to the equation and a new fit is determined for the subsequent time
step. The reasoning behind this method is that in this way a specific fit to the current experiment
can be made based on as much data at hand as possible. The equation is given in (C.1), similarly
to the matrix of RMSE values (4.7).

The method of updating uses only the most recent data that has been measured during the
experiment (C.2). The minimization function reduces to a scalar, with the matrix of RMSE
values (4.7) reducing to one row only. The reasoning behind this method is that in this fashion
the system parameters are as specific as possible to the temperature field at that stage in the
experiment.

t = 1 : min
Pe,κ,τ

f(

1∑
n=0

ε(Pe, κ, τ))

t = 2 : min
Pe,κ,τ

f(

2∑
n=0

ε(Pe, κ, τ))

t = n : min
Pe,κ,τ

f(

N∑
n=0

ε(Pe, κ, τ))

(C.1)
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t = n : min
Pe,κ,τ

f(

N∑
n=N−1

ε(Pe, κ, τ))

(C.2)

The parameter estimation methods are assessed using the RMSE values according to (4.7). The ε
values denote the quality of the estimation, with a value of 0 being a perfect agreement between
predicted temperature field and measured temperature field. The values in Table C.1 denote the
average deviation of the predicted temperature field from the measured temperature field. The
’All data’ method uses the estimated parameter values of Pe, τ and κ as described in Section
4.3.2. In the ’Append data’ method, the parameters are estimated after each time step and a
temperature field prediction is performed using the updated estimation. In the ’Update data’
method, the parameters are also estimated after each time step but only based on the preceding
time step. The ε values indicative of the quality of the fit or agreement between simulation and
measurement are given in Table C.1.

Table C.1: Stepwise ε values for three parameter estimation methods.
Simulated with Pe=870, τ=0.9110, κ=0.1202, Q = 400, Nr = 100, Nθ = 100.

Time step All data Append data Update data
0->1 0.1321 - -
1->2 0.0523 0.0788 0.0789
2->3 0.0475 0.0575 0.0731
3->4 0.0414 0.0549 0.0456
4->5 0.0414 0.0477 0.0335
5->6 0.0414 0.0477 0.0321
6->7 0.0424 0.0498 0.0345
7->8 0.0425 0.0380 0.0341
8->9 0.0437 0.0389 0.0332
9->10 0.0463 0.0420 0.0381
10->11 0.0611 0.0541 0.0482
Mean 0.0538 0.0509 0.0451

For this specific situation a parameter estimation during an experiment would provide for a more
accurate temperature field prediction, as the ’Append data’ and ’Update data’ methods provide for
a lower ε value. The ’Update data’ method outperforms the other two methods, most strongly after
the initial few steps. The extremum seeking methods appear to deliver an increase in accuracy and
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therefore it could be advantageous performing parameter estimation during experiments. Recall
that this method has not been implemented during the current thesis as it was insufficiently tested
during the stage that closed-loop control experiments had to be performed. The first method of
parameter estimating based on a previous experiment is the easiest method and least prone to
errors, hence this method has been adopted and tested initially.
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Measurement plan

A measurement plan is followed during the experiment in order to ensure consistency in obtaining
results. The measurement plan involves both preparation and operation of an experiment.

1. Preparation of the setup.

• The starting point is with an empty fluid container and empty annulus. The annulus
top is not mounted onto the annulus yet. In this configuration, the belts and belt rollers
can be adjusted in height.

• First the aperture seal offs are checked to verify whether these are waterproof. The
annulus can be filled by pouring in water until at least the height of the belts. After
waiting several minutes no water should have leaked into the fluid container if the seal
offs are adequate. The tension of the belts into the apertures and their heights can be
modified if necessary.

• It should be tested if the seal-off remains well during rotation of the belts which are to
be used in the experiment. This should be tested for both directions of rotation for a
number of minutes. The belts can be adjusted in height and tension until proper seal
off is achieved.

• The annulus top can be mounted onto the annulus, with rubber O-rings between the
annulus rims and the annulus top. The tubes from the thermal bath can be attached
to the top and the annulus can be filled with water again. This time the annulus is
filled by water pumped in from the thermal bath.

• Again, a check should be performed to guarantee the setup does not leak water in a
stationary situation when the desired water level is reached in the annulus. If it is
confirmed there are no water leaks in the stationary situation, it can be tested whether
the apertures are sealed off well by rotating the belts with a water-filled annulus again.

• Once it is confirmed the setup is free of leaks the glycerol-water solution and silicon oil
can be poured into the fluid container following the procedure described in Section A.2.

• The water in the thermal bath is pre-heated to goal temperature T∞ by temporarily
detaching the tubes from the thermal bath and using a small tube as displayed in Figure
A.10.

• The infrared camera is positioned into the tripod with the power cable plugged in. The
camera lens should be focused manually until a clear view of the temperature field is
seen on the display.

– For closed-loop experiments, a connection between the camera and PC has to be
established which can be done with the Smart Flow Control loop script, given in
Appendix E.1.
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– For open-loop experiments, simply use the internal timelapse function to capture
an image each 20 seconds.

• For closed-loop experiments the selection of the temperature field should be performed
using the SFC loop script. In this script, one can manually adjust the centerpoint of
the selected circle. In this fashion, the pixels corresponding to the fluid container can
be selected correctly from the image. For open-loop experiments the selection can be
performed in post-processing.

• For open-loop experiments the sequence of belts can be specified in the belt actuations
script, along with the belt activation time, Appendix E.3. For closed-loop experiments
the belt activation time, experiment duration and initial belt activation can be specified
in the SFC loop, Appendix E.1.

2. Execution of experiment.

• Start the timelapse of the camera (open-loop) or start the SFC loop (closed-loop). The
camera is always started first before an experiment. Measurements of the temperature
field before the experiment starts can always be omitted.

• Attach the water tubes to the thermal bath again and let the thermal bath pump water
into the annulus. This water should be at goal temperature T∞ into the annulus.

• Immediately after this, start the motion of the belts (in open-loop experiments) or
verify the initial chosen belt is rotating (in closed-loop experiments).

• The experiment is now running and no actions have to be taken for the remainder of
the experiment duration apart from monitoring the setup.

3. Post-processing and setup maintenance

• Switch off the thermal bath, stop the camera and the activated belt.

• The data obtained should be saved immediately (closed-loop experiments). The images
can be loaded from the camera into a laptop or PC with a USB cable (open-loop
experiments).

• To decide whether the fluid layers should be replaced for following experiment it should
be determined whether the fluid layers are still strictly separated. Visually this is
difficult to see since both fluids are transparent. One could detect slightly darker spots
in the fluid which would indicate that the oil has pierced through the glycerol-water
solution. If this is the case the fluid layers should be created again. If no darker spots
in the fluid container can be seen with the naked eye and the temperature data displays
proper development of plumes during a temperature evolution one can probably use the
same fluid layers again.

• Occasionally the belts and rollers should be disassembled entirely to clean them thor-
oughly. Furthermore the water tubes should be flushed and the water in the thermal
bath should be replaced. This is due to silicon oil from the fluid container creeping into
the water in the annulus over time.
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Matlab scripts - SFC software

E.1 Smart Flow Control loop

1 %%%%%%%%%%%%%%%%%%%%%%% Smart Flow Control Loop %%%%%%%%%%%%%%%%%%%%%%%%%%%
2 % This software combines MAXON motor control, commanding a FLIR infrared
3 % camera, a temperature field prediction algorithm (TFCT) and
4 % data-processing functions.
5

6 %%%%%%%%%% 0. Camera Calibration. %%%%%%%%%%
7 % Establish connection with the FLIR T650sc IR camera
8 % Selecting the fluid container correctly.
9 % Adjust Center / rad accordingly before moving on to the next step

10

11 %%%%%%%%%% 1. Initialization. %%%%%%%%%%
12 % Set the belt velocity, actuation time, total experiment duration and
13 % choose initial belt and rotational direction.
14 % The connection with the camera is made.
15 % The connection with the setup is made.
16 % Motors are tested once.
17

18 %%%%%%%%%% 2. Motor Control. %%%%%%%%%%
19 % Here the chosen motor is actuated for the pre-specified actuation time
20 % and belt velocity.
21

22 %%%%%%%%%% 3. Data Acquisition - Camera Control. %%%%%%%%%%
23 % Here the camera is commanded to take an image after the motor actuation
24 % has been completed.
25

26 %%%%%%%%%% 4. Data Processing - Image to Temperature Field Data. %%%%%%%%%%
27 % The image is converted to a (normalized) temperature field.
28 % Includes the circle detection, element selection and normalization.
29

30 %%%%%%%%%% 5. Optimization Algorithm. %%%%%%%%%%
31 % Based on the temperature field matrix and the TFCT algorithm,
32 % the subsequent belt and rotational direction are chosen.
33 % The loop comes back to step 2 from here until the total experiment
34 % duration has elapsed.
35 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
36 %% 0. Camera Calibration
37 if exist('ImStream') == 0;
38 [ImStream,FLIR Camera] = CameraConnection();
39 end
40 Center = [242 203]; rad = 202; % Center pixel nrs and radius in pixels
41 [x,y,xunit,yunit,Nrt,Nthetat] = CircleSelection(ImStream,rad,Center);
42

43 %% 1. Initialization
44 [a,t act,v act,belt nr,omega,exp duration,logtime,t,T goal,iter,...
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45 J l,Error,sigma C,T Field,imnr,tplot,T A,T Im,Im] = Initialization(Nrt,Nthetat);
46 load('PreCompVars.mat');% Current settings: 2 belts, 2 directions.
47 while t < exp duration
48 %% 2. Motor Control
49 [nodeid,Pos,Vel,Acc,Motors] = ControlMotors(t act,v act,belt nr,omega);
50 Motors(1).EnableNode;Motors(2).EnableNode;Motors(3).EnableNode;Motors(4).EnableNode;
51 Motors(nodeid).MotionInPosition(Pos, Vel, Acc);t log=0;iter = iter+1;
52 while t log < t act
53 disp(datetime('now'))
54 %% 3. Data Acquisition - Camera Control
55 tic;imnr = imnr + 1;disp('Logging')
56 [T Im,Im] = CaptureImage(ImStream,FLIR Camera,xunit,yunit,imnr,T Im,Im);
57 %% 4. Data Processing - Image to Temperature Field Data
58 [T Field,T A,t log,tplot] = ...

Image2Data(T Field,T Im,imnr,x,y,T A,t log,tplot,T goal,t);
59 t log = t log+logtime; if t log < t act
60 pause(logtime-toc);
61 end
62

63 end
64 %% 5. Optimization Algorithm - Temperature Predictions and Decision Making
65 disp('Calculating next motor based on last thermal image');
66 tic
67 [belt nr,omega,sigma C,Error,J l] = ...
68 MotorSelection(T Field,D,H,K,L,V,beta,Nrt,Nthetat,omegaks,Q,...
69 psi,Dt trunc,sigma C,Error,J l,iter,imnr,belt nr,omega,x,y);
70 toc
71 QuickStop(a,nodeid);t=t+t act;disp(['Elapsed time: ' num2str(round(t)) '/' ...

num2str(exp duration) ' seconds']);pause(logtime-toc);
72 end

E.2 Parameter fit

1 clear all;close all;clc
2 set(0,'defaulttextinterpreter','latex');
3 %% One-step ahead controller with different directions
4

5 L = 2;
6 Nm = 350;
7 Nrt = 100;
8 Nthetat = 100;
9 tauthres = 5e-5;

10 ∆ = pi/4;
11 tau = 5;
12 T = 250;
13 N C = 12;%T/tau;
14 epsi = sqrt(eps);
15

16 % Grid parameters (cylindrical)
17 r = linspace(0+epsi,1-epsi,Nrt);
18 theta = linspace(-pi+epsi,pi-epsi,Nthetat);
19 xc = r'*cos(theta);yc=r'*sin(theta);
20

21

22 for i = 1:Nthetat
23 xNor((i-1)*Nrt+1:i*Nrt,1) = r'*cos(theta(i));
24 yNor((i-1)*Nrt+1:i*Nrt,1) = r'*sin(theta(i));
25 end
26

27 % Querry for roots
28 zroot = zerosBessel(Nm,Nm);
29

30 % Root sorting
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31 for k = 1:Nm+1
32 if k == 1
33 alpha(1:Nm,:) = zroot(1,:)';
34 m(1:Nm,:) = zeros(Nm,1);
35 flag(1:Nm,:) = zeros(Nm,1);
36 else
37 alpha(2*(k-1)*Nm-Nm+1:2*k*Nm-Nm,:) = [zroot(k,:)';zroot(k,:)'];
38 m(2*(k-1)*Nm-Nm+1:2*k*Nm-Nm,:) = [(k-1)*ones(Nm,1);(k-1)*ones(Nm,1)];
39 flag(2*(k-1)*Nm-Nm+1:2*k*Nm-Nm,:) = [1*ones(Nm,1);2*ones(Nm,1)];
40 end
41 end
42

43 [¬,isort] = sort(1./alpha.ˆ2,'descend');
44 id = find(1./alpha(isort).ˆ2 ≥ tauthres);
45 alpha = alpha(isort(id));
46 m = m(isort(id));
47 flag = flag(isort(id));
48 K = length(id);
49

50 % Built Fourier-Bessel eigenfunctions diffusion functions
51

52 parfor i = 1:K
53 omegaks(:,i) = eig2DRam mex(alpha(i),flag(i),m(i),xNor,yNor);
54 if mod(i,100) == 0
55 disp(['Element i ',num2str(i),' done']);
56 end
57 end
58

59 % Rotation matrix calculations
60 Rtheta = [];
61 for i = 1:K
62 if flag(i) == 0
63 Rtheta = blkdiag(Rtheta,1);%(i,i) = 1;
64 end
65 if i < K
66 if flag(i) == 1 && flag(i+1) == 2 && m(i+1) == m(i)
67 Nk = 2;
68 Rsub = [cos(2*pi/L*m(i)) -sin(2*pi/L*m(i));sin(2*pi/L*m(i)) ...

cos(2*pi/L*m(i))];
69 Rtheta = blkdiag(Rtheta,Rsub);%Rtheta((i-1)*...
70 %Nk:(i-1)*Nk+1,(i-1)*Nk:(i-1)*Nk+1) = Rsub;
71 elseif flag(i) == 2 && flag(i+1) == 1 && m(i+1) == m(i)
72 Nk = 2;
73 Rsub = [0 1;1 0]*[cos(2*pi/L*m(i)) ...

-sin(2*pi/L*m(i));sin(2*pi/L*m(i)) cos(2*pi/L*m(i))];
74 Rtheta = ...

blkdiag(Rtheta,Rsub);%Rtheta((i-1)*2*Nk+Nk+1:i*2*Nk+Nk,(i-1)*...
75 %2*Nk+Nk+1:i*2*Nk+Nk) = Rsub;
76 end
77 end
78 end
79

80 % Allocate memory
81 q = zeros(K,N C);
82 gamma = zeros(2*K,N C);
83 omega = [-1 1];
84

85 %%
86 % Elementary system matrices
87 tic
88 [H,D,q0] = sysMatrix2Dorder(350,100,500,pi/4,5e-5);
89 toc
90 %% Exp Input
91 InputData = load('stat data100x100.mat'); % already normalized
92 t norm cropped = InputData.T C;
93 zz = 60; % stepsize
94 for i=1:12
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95 T Cm = t norm cropped(:,:,zz*i);
96 T C(:,i) = T Cm(:);
97 end
98 %%
99 H = H(1:K,1:K);

100 D = D(1:K,1:K);
101 q0 = q0(1:K,1);
102

103 % Initial condition calculations
104 q(:,1) = q0;
105

106 % Allocate memory
107 Nrt = 100;
108 Nthetat = 100;
109 epsi = sqrt(eps);
110 r = linspace(0+epsi,1-epsi,Nrt);
111 theta = linspace(-pi+epsi,pi-epsi,Nthetat);
112 x = r'*cos(theta);
113 y = r'*sin(theta);
114

115

116 % Modal truncation
117 Q = 200;
118 L=1;
119 psi = zeros(Nthetat*Nrt,Q);
120 beta = zeros(Q,Nthetat*Nrt);
121 omega = 1;
122 avg = 1/(Nrt*Nthetat);
123 %%
124 % Minimization Problem
125 Vt trunc = @(x) eigvecss(x,omega,H,D,Q);
126 Dt trunc = @(x) eigvls(x,omega,H,D,Q);
127 psi = @(x) omegaks*(Rthetaˆ-x(1))*Vt trunc(x);
128 beta = @(x) inv(psi(x)'*psi(x))*psi(x)';
129 func matr = @(x) psi(x)*expm((Dt trunc(x)-x(3)*eye(Q))*x(2))*beta(x);
130

131 func times = @(x) func matr(x)*...
132 [T C(:,1) T C(:,2) T C(:,3) ...
133 T C(:,4) T C(:,5) T C(:,6) ...
134 T C(:,7) T C(:,8) T C(:,9) ...
135 T C(:,10) T C(:,11)];
136

137

138 I = eye(11);
139 func data = @(x) ...
140 [sqrt(mean((func times(x)*I(:,1)-T C(:,2)).ˆ2));
141 sqrt(mean((func times(x)*I(:,2)-T C(:,3)).ˆ2));
142 sqrt(mean((func times(x)*I(:,3)-T C(:,4)).ˆ2));
143 sqrt(mean((func times(x)*I(:,4)-T C(:,5)).ˆ2));
144 sqrt(mean((func times(x)*I(:,5)-T C(:,6)).ˆ2));
145 sqrt(mean((func times(x)*I(:,6)-T C(:,7)).ˆ2));
146 sqrt(mean((func times(x)*I(:,7)-T C(:,8)).ˆ2));
147 sqrt(mean((func times(x)*I(:,8)-T C(:,9)).ˆ2));
148 sqrt(mean((func times(x)*I(:,9)-T C(:,10)).ˆ2));
149 sqrt(mean((func times(x)*I(:,10)-T C(:,11)).ˆ2));
150 sqrt(mean((func times(x)*I(:,11)-T C(:,12)).ˆ2))];
151

152 fun = @(x) sum(real(func data(x)));
153

154 % [Pe, tau, kappa] settings
155 lb = [100 0.1 0.001];
156 ub = [10000 5 1];
157 A = [];
158 b = [];
159 Aeq = [];
160 beq = [];
161 x0 = [1000 1 0.01];
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162 options = ...
optimoptions('fmincon','Algorithm','sqp','Display','iter','StepTolerance',1e-2);

163 [sol, epsil] = fmincon(fun,x0,A,b,Aeq,beq,lb,ub,[],options)

E.3 Motor commanding script

1 %% Motor actuations
2 % Channel setup between PC and MAXON Motors
3 a = OpenCommunication;
4 disp('Starting motor actuation at time:')
5 disp(datetime('now'))
6 % Create motor connections
7 Motor1 = Epos2(1);
8 Motor2 = Epos2(2);
9 Motor3 = Epos2(3);

10 Motor4 = Epos2(4);
11 Motors=[Motor1;Motor2;Motor3;Motor4];
12

13 % Set motors in correct mode
14 SetOperationMode(a, 1, 6); % Set motor in correct mode to allow movement
15 SetOperationMode(a, 2, 6); % Set motor in correct mode to allow movement
16 SetOperationMode(a, 3, 6); % Set motor in correct mode to allow movement
17 SetOperationMode(a, 4, 6); % Set motor in correct mode to allow movement
18

19

20 if (Motor1.IsInErrorState)
21 Motor1.ClearErrorState;
22 end
23

24 if (Motor2.IsInErrorState)
25 Motor2.ClearErrorState;
26 end
27

28 if (Motor3.IsInErrorState)
29 Motor3.ClearErrorState;
30 end
31

32 if (Motor4.IsInErrorState)
33 Motor4.ClearErrorState;
34 end
35

36

37

38 % Specifying motor number, position, velocity and acceleration
39 belt nr = [1,2,3,4]; %Choosing desired motor(s)
40 t act = 1250; % Actuation time [s]
41 omega = [1 1 -1 -1]; % Rotational direction (clockwise +1, anti-clockwise -1)
42 Pos Pulses = 122000000; % Sending motor to a position
43 v act = 2; % Belt velocity [mm/s]
44 Vel = v act*135.2; % Velocity conversion mm/s -> RPM
45 Acc = 5000; % Acceleration from 0 to desired velocity in RPM/s
46 for i=1:length(belt nr)
47 % Enable motors
48 Motor1.EnableNode;Motor2.EnableNode;Motor3.EnableNode;Motor4.EnableNode; % ...

Motors have to be enabled before every actuation
49 nodeid=belt nr(i); % Motor Number
50 CurrentPos = GetPosition(a,nodeid);
51 Pos = omega(i)*(Pos Pulses+abs(CurrentPos));
52

53 %% Actuation
54 Motors(nodeid).MotionInPosition(Pos, Vel, Acc); % Motor actuation command
55 disp(['Motor actuation of ' num2str(nodeid) ' started.'])
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56 pause(t act) % force MATLAB to wait with next command until desired actuation ...
time has elapsed

57 QuickStop(a,nodeid); % Force motor to stop
58 end

E.4 Camera connection & calibration

1 function [ImStream,FLIR Camera] = CameraConnection();
2

3 %% Camera Setup
4

5 atPath = getenv('FLIR Atlas MATLAB');
6 atLive = strcat(atPath,'Flir.Atlas.Live.dll');
7 asmInfo = NET.addAssembly(atLive);
8 % Init camera discovery
9 camera list = Flir.Atlas.Live.Discovery.Discovery;

10 % Search for cameras for 10 seconds
11 FLIR Camera = camera list.Start(10);
12

13 %Selecting the FLIR Camera
14 ImStream = Flir.Atlas.Live.Device.ThermalCamera(true);
15 pause(3)
16 ImStream.Connect(FLIR Camera.Item(2));
17 pause(5)
18 disp('Initial camera connection established')
19

20 end

1 function [x,y,xunit,yunit,Nrt,Nthetat] = CircleSelection(ImStream,rad,Center);
2 set(0,'DefaultFigureWindowStyle','docked');
3

4 %% Construct Polar Coordinate Temperature Matrix for TFCT
5 epsi = sqrt(eps);
6 Nrt = 100;
7 Nthetat = 100;
8 r = linspace(0,rad,Nrt);
9 theta = linspace(-pi+epsi,pi-epsi,Nthetat);

10 x = r'*cos(theta);y=r'*sin(theta);
11 for i = 1:length(r)
12 xunit(i,:) = floor(r(i) * -cos(theta-(pi/2+pi/8)) + Center(1));
13 yunit(i,:) = floor(r(i) * -sin(theta-(pi/2+pi/8)) + Center(2));
14 end
15

16

17 ImagePixels = ImStream.ThermalImage.ImageProcessing.GetPixelsArray;
18 Im = double(ImagePixels);
19 DimCheck = size(Im);
20

21 if DimCheck(1) == 421
22 disp('Image acquisition functioning correctly')
23 else
24 disp('Reiterating')
25 ImagePixels = ImStream.ThermalImage.ImageProcessing.GetPixelsArray;
26 Im = double(ImagePixels);
27 DimCheck = size(Im);
28 if DimCheck(1) == 421
29 disp('Image acquisition functioning correctly')
30 else
31 disp('Image acquisition functioning incorrectly')
32 end
33 end
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34

35 for i=1:1:421
36 for j=1:561
37 temp(i,j) = ImStream.ThermalImage.GetValueFromSignal(Im(i,j));
38 end
39 end
40 % Set Circle
41 for z=1:length(xunit)
42 for j=1:length(yunit)
43 xc = xunit(z,j); yc = yunit(z,j);
44 T Im(z,j) = ImStream.ThermalImage.GetValueFromSignal(Im(yc,xc));
45 end
46 end
47 LT = 22;%min(min(T Im));UT = max(max(T Im));
48 UT = 24;
49 figure(1);
50 imagesc(temp);shading interp;colormap(jet);view([0 ...

90]);set(gca,'visible','off');axis square;
51 title('Selected circle');set(get(gca,'Title'),'Visible','on');caxis([LT ...

UT]);colorbar
52 hold on;scatter(xunit(Nrt,:),yunit(Nrt,:),'k')
53

54 end
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