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Abstract

Thermal Gradient Gas Chromatography (TGGC) is an operational mode of gas
chromatography (GC), in which a temperature drop is maintained along the length of its
separation column. Compared to the two conventional operational modes, isothermal and
temperature programmed gas chromatography, TGGC has recently been shown to have
unusual separation characteristics. These include an increase in sensitivity due to a
thermal focussing effect, which additionally speeds up the separation process, and a
decrease in elution temperatures. This makes the technique interesting for several fields
of research, especially those in which thermally unstable volatile compounds are
analysed, for example fragrance or explosive compounds, or where the speed of analysis

is a critical parameter.

In this thesis, a TGGC heating module was designed based on the evaluation of promising
models in recent literature. It was designed in such a manner, that it could be freely built
into any standard gas chromatograph. The chosen design uses separate systems for
uniform electrical heating and non-uniform airflow cooling of a capillary column to
produce the thermal gradient. The structure of the model was constructed via 3D-
printing. In order to run the heating and cooling systems, electronic temperature

measurement and control systems were programmed and implemented.

When this TGGC-module is fully optimised, it will allow access to new lines of research.
These range from characterising TGGC as a technique and finding its potentials and
limitations, to using it as a separation mode in day-to-day analyses. Especially, coupling
this novel operational mode with other advanced techniques is expected to broaden the

application spectrum of GC.
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Kurzfassung

“Thermal Gradient” Gaschromatographie (TGGC) ist ein Betriebsmodus der
Gaschromatographie (GC), in welchem ein Temperaturabfall entlang der Trennsaule
erzeugt wird. Es wurde in den letzten Jahren gezeigt, dass TGGC ungewdhnliche
Trenncharakteristika in Vergleich zu den zwei konventionellen Betriebsmodi, isothermer
und temperaturprogrammierter Gaschromatographie, aufweist. Unter anderem kann die
Verwendung dieser Technik zu einer Erhohung der Empfindlichkeit einer Messung
aufgrund eines thermischen Fokussierungseffekts, der des Weiteren den Trennprozess
beschleunigt, sowie zu geringeren Elutionstemperaturen fiihrt. Diese Merkmale machen
TGGC fiir verschiedene Forschungsgebiete zu einer interessanten Messtechnik,
besonders aber fiir jene, bei welchen thermisch instabile fliichtige Stoffe analysiert
werden, zum Beispiel bei Aroma- oder Explosivstoffe, sowie bei welchen die

Trenngeschwindigkeit ein kritischer Parameter ist.

Basierend auf vielversprechenden Modellen aus jiingster Literatur wurde im Rahmen
dieser Arbeit ein TGGC-Heizmodul entwickelt. Es wurde so entworfen, dass es in gangige
Gaschromatographen eingebaut werden kann. Um den thermischen Gradienten zu
erzeugen, verwendet das Modul getrennte Systeme fiir die gleichmafiige elektrische
Beheizung und ungleichmaflige Luftkiihlung einer Kapillarsaule.

Die Hiille des Models wurde mittels 3D-Druck produziert. Um die Heiz- und Kiihlsysteme
zu kontrollieren, wurden elektronische Mess- und Steuerungssysteme programmiert und

implementiert.

Nach der Optimierung wird dieses TGGC-Modul Zugang zu neuen Anwendungsgebieten
ermoglichen. Diese reichen von der Charakterisierung von TGGC als eine
Separationstechnik und die Erforschung ihrer Anwendungsmoglichkeiten sowie ihrer
Limitationen, bis hin zur Verwendung dieses Separationsmodus in tagtaglichen Analysen.
Voraussichtlich wird besonders die Kopplung dieses neuen Betriebsmodus mit anderen

speziellen Techniken das Anwendungsspektrum der Gaschromatographie erweitern.

ii
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apy, Qs, Arot

QConv: QRad

r

ii. Symbols
Symbols from the Roman Alphabet

Activity of a substance in the mobile (M), stationary (S) phase and in
total (Tot)

Area or surface area

Concentration of substance A in the mobile (M), stationary (S) phases.
Coefficient in the convective heat flow approximation of a tube
Coefficient in the convective heat flow approximation of a tube
Specific heat capacity

Deviation of a set value from a measured value

Gravitational constant

Free enthalpy

Grashof number

Enthalpy

Electrical current

Capacity factor

Equilibrium constant

Derivative (d), integral (I) and proportional (P) coefficients of a PID-
controller

Characteristic length

Length

Mass

Coefficient in the convective heat flow approximation of a tube
Theoretical number of plates of a separation

Nusselt number

Electrical power

Power required to achieve thermal stability at an elevated temperature
Power required to increase the temperature of an object

Prandtl number

Heat

Radiative (Rad) and convective (Conv) heat flow

Radius of a circle
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Re

Rs

R T > m

Ps

Reynolds number

Ideal gas constant

Chromatographic resolution

Entropy

Time

Corrected retention time

Retention time

Dead time

Absolute temperature

Wall Temperature

Absolute temperature of the surroundings
Carrier gas velocity

Flow velocity of a fluid

Voltage

Stationary (S) and mobile (M) phase volumes
Corrected retention volume

Retention volume

Width of a peak at its base (b) and at half its height (h)

Symbols from the Greek Alphabet

Selectivity factor

Convective heat transfer coefficient

Phase ratio of a column

Expansion coefficient of a fluid

Difference of retention times of two substances
Emissivity of a surface

Heat conductivity

Velocity proportionality factor

Net velocity of a substance in a separation column
Kinematic viscosity of a fluid

Specific electrical resistance

Stefan-Boltzmann constant
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ABS
BYU
DC
FF-TGGC
GC
GEP
GLC
HDT
HPLC
I2C
IR
ITGC
MOSFET
PTGC
PWM
RPM
SCL
SDA
SMBus
TGGC
TWI

iii. Abbreviations and Acronyms

Acrylonitrile butadiene styrene

Brigham Young University

Direct current

Flow field thermal gradient gas chromatograph
Gas chromatograph / chromatography

General elution problem

Gas liquid chromatography

Heat distortion temperature

High performance liquid chromatography
Inter-integrated circuit

Infrared

[sothermal gas chromatography
Metal-oxide-semiconductor field-effect transistor
Programmed temperature gas chromatography
Pulse width modulation

Revolutions per minute

Serial clock

Serial data

System management bus

Thermal gradient gas chromatograph / chromatography

Two wire interface
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1. Introduction

1.1. Background

Gas chromatography has long secured an important role in many scientific disciplines due
to its capability to separate and detect the volatile and semi-volatile components of
complex samples with relative simplicity but high sensitivity [1], [2].
The process of analysis with gas chromatography can be divided into three basic
operations:

e the introduction of the sample,

e the separation of the components of the sample and

e the detection of these components [3].
In the most common case, the sample is injected into a heated chamber, where it is rapidly
evaporated and is transported by a so-called carrier gas. The sample flows at a
predetermined rate through the separation column, which is placed within a heated oven.
The components of the sample migrate through the column at different rates due to
adsorption processes of different strengths within the so-called stationary phase of the
column. Due to their differing speeds, the components separate from one another. After
passing through the separation column, the gas flows to a detector which creates a time
resolved electrical signal corresponding to the mass or concentration of the substances
passing through the detector.
A key factor in gas chromatography is its ability to separate the analytes and the time
needed for this process. These factors can be influenced by a variety of parameters. The
most important ones are the choice of the stationary phase and carrier gas, its flow rate
and the temperature of the column. The temperature of the column is relatively easy to
control [3]. Conventionally, this is done in two different operational modes, isothermal
and programmed temperature gas chromatography, in which the temperature is either
kept constant or varied over time, respectively. If the components of the sample have
similar boiling points, isothermal gas chromatography (ITGC) can be used. An optimised
ITGC method is known to achieve higher chromatographic resolutions than the
programmed temperature mode. However, if the boiling points of the analytes vary
widely, it leads to long separation times [4]. If this is the case, using a temperature

program can solve this problem. This is known as programmed temperature gas
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chromatography (PTGC). In this mode, the temperature is increased over time in order to
elute the analyte substances at a faster rate, which leads to a reduction of the analysis
time [5].
One operational mode of gas chromatography that is less known but has in recent
literature been shown to have some advantages [6] over PTGC is thermal gradient gas
chromatography (TGGC). In contrast to the operational modes mentioned above, in TGGC,
the column is not kept at a spatially constant temperature, but rather the temperature
drops from the inlet of the column to its outlet. The analytes, therefore, pass through
subsequently colder regions of the column. This requires specialised heating apparatuses
to achieve and maintain the thermal gradient. TGGC can be subcategorised into
operational modes where the temperature is solely varied spatially (stationary thermal
gradient) or additionally increased over time (moving thermal gradient). The advantages
of using TGGC over PTGC and ITGC are:
e a peak focussing effect, which can counteract the effects of suboptimal operation
parameters, [6]
e reduction of elution temperatures and, therefore, better quantification of
thermally unstable analytes [6],
e improved optimisation potentially leading to higher separation performance [6],
and
e suitability for high-speed analyses [6], [7] and micro-GC-technology [8], [9].
TGGC has so far not been extensively researched and its applicability has only been

reported to small extent.

1.2. Goals of the Thesis

The goal of this thesis is to construct a heating module capable of creating a thermal
gradient on a capillary column for usage in TGGC. This heating module is to be made
purely for research purposes and can based on either new ideas or existing concepts,
which have shown potential for success. The module should be designed to allow creating
both stationary and moving thermal gradients. Furthermore, this heating device is to be
designed as a unit, which can be placed within a deactivated GC-oven, in order to allow
the direct connection to the injector and the detector of the GC. This should allow for use

of TGGC-modes without requiring the deconstruction of a GC.
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1.3. Theory of Gas Chromatography

Gas chromatography is an analytical method for separating and quantifying the individual
constituents of a sample. It makes use of a gaseous mobile phase (the carrier gas) which
is passed over the surface of a liquid or solid stationary phase. A sample is rapidly
evaporated and is carried by the mobile phase. As the components of the sample reach
the stationary phase, they are partially adsorbed or absorbed by it [10].

When distributed between the two phases, a substance will still be transported with the
carrier gas. It will, however, move at a net velocity v lower than, but proportional to, the
carrier gas velocity u. The proportionality constant u is directly related to the fraction of
the total amount of substance ar,;, which is in the mobile phase a,,. This is described in

Eq.1[10].

a
M u Eq. 1

V= uu=
Aot

This results in differences in the times required for the carrier gas t,, (dead time) and
other substances tp (retention time) to pass through the length of column. The
distribution of the amount of a substance in the stationary phase ag and in the mobile
phase ay, is described with the capacity factor k [10]. The capacity factor is also related
to the amount of time spent in each phase. The retention time is the sum of the time spent
in the mobile phase t,, and in the stationary phase t, (corrected retention time). The

capacity factor can be written as seen in Eq. 2 [11].

k Qs tr tR - tm
= nr = t = t Eq. 2

The most common type of modern gas chromatography uses liquid stationary phases (gas
liquid chromatography, GLC). In GLC, a component substance is distributed between the
two phases until the distribution reaches an equilibrium state. The equilibrium is

described with an equilibrium constant, as shown in Eq. 3. [10]

K¢
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K. is the equilibrium constant of the distribution of the substance A between the two
phases. [A]s and [A], are the concentrations of the substance within the stationary and
mobile phase, respectively.

The equilibrium constant K is directly related to thermodynamic quantities, as described
by the Van’t-Hoff-equation (Eq. 4), which details the relationship according to the ideal

thermodynamic model [10].

G oS,
K, = eRiT = e RiT Ri Eq. 4

In Eq. 4, G, H and S are the free enthalpy, the enthalpy and the entropy of the substance,

respectively. T is the absolute temperature and R; is the ideal gas constant.

[Alm
Altot

The factor [
Eq.5).

can furthermore be put into relation to K. via a phase ratio factor S (see

B is defined as the ratio of the volumes of the stationary phase Vs and the mobile phase

Vu (see Eq. 6) [10].

Vs

ﬁ:VM

Eq. 6

Through Eqg. 2 to Eq. 5, it becomes apparent, that the temperature of the GC-Column has a
large effect on the capacity factor and, therefore, also on the corrected retention times of

analytes.

It is also important to understand the factors that determine the distance between two
peaks in a chromatogram. The distribution of the corrected retention volumes V; is closely
related to the constants k and K. The corrected retention volume V. of a substance is the

volume of carrier gas corresponding to the carrier gas flow in t,.. The ratio of the capacity
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factors of two substances (1 and 2) is described via the selectivity factor a, as shown in

Eq.7 [12].

Vr,Z _ E _ KC,Z
Vr,l kl Kc,l

a = Eq. 7

Due to the selectivity factor’s dependency on the K, values of each substance, it quickly

becomes apparent, that « is also a function of the column temperature.

The number of theoretical plates N is another quantity often used in the field of
chromatography. N is a measure of the width of a peak relative to its retention time or
volume. It originates from plate theory of chromatography and is often used to state the
efficiency of a column. Furthermore, N can be used to calculate the height of a theoretical
plate, which can be used to compare two chromatographic columns of different lengths
[12]. N is obtained from a chromatogram with Eq. 8, wherein w;, and w,, are the peak
width at its base and the peak width at half-maximum, respectively. V/; is the absolute
retention volume, which is the volume of carrier gas that flows out of the column within

tr at a given rate of carrier gas flow.
% %
N = 16<—R> 2 =554 (—R) 2 Eq.8

The factors influential to the theoretical number of plates N are described in detail in the

Van-Deemter-Equation [11].

The quality of separation is described with the chromatographic resolution Rs between
two peaks (1 and 2). The quantities N, @ and k contribute to the resolution, which is
described in Eq. 9. In this equation, 4t, is the difference between the retention times of

two peaks. N and k refer to the later eluting compound.

1 —1\/ k 24t
Rs=Z\/N<a )( >= 4 Eq.9

a 1+k Wp1 + Wpy
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Of the variables on the left expression of Eq. 9, k is the most temperature sensitive.
Generally, k and a decrease when the temperature of the separation column is increased

[11].

This brief discussion of the theory of gas chromatography leads to the conclusion that the
temperature of the separation column is an immensely important parameter in this
analytical technique. The choice of temperature and how it is changed over time has a
large influence on the quality of separation. Increasing the temperature of the separation
column usually leads to a decrease in retention time of a substance and in the selectivity

factor between substances.

1.4. Operational Modes of Gas Chromatography

1.4.1. Isothermal GC and Programmed-Temperature GC

Isothermal gas chromatography (ITGC) refers to a GC-separation run at a column
temperature that is constant over time [11], [12].

If the components of a sample have a relatively small range of boiling points, ITGC can be
used to separate and analyse them. However, If the boiling points of the components in a
sample are distributed over a wide range, analysis with ITGC becomes problematic.
Substances which elute early, might not be separated completely, making quantification
difficult [12]. These components would require lower temperatures to increase retention
time and, therefore, spacing the peaks farther apart. Late eluting substances, however, are
far apart, have long retention times and large peak widths, which decreases their
detectability [11]. Increasing the column temperature would decrease the retention time
and improve the detectability of these substances.

In summary, late and early eluting peaks require different separation parameters to be
analysed efficiently. This is called the “General Elution Problem” (GEP), which is
analogously found in high performance liquid chromatography (HPLC) and GC. The
“General Elution Problem” is solved in both techniques by influencing the capacity factors
(see Eq. 2) of the analytes over time. This is done differently in liquid and gas
chromatography. In liquid chromatography, the composition of the mobile phase is

changed over time. In gas chromatography, the temperature of the separation column is
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increased over time [13]. The operational mode in which the temperature of the

separation column is changed over time is called programmed temperature GC (PTGC).

Some of the advantages that PTGC has compared to ITGC are:

better resolution of early eluting peaks [11], [12],

better detectability for late eluting peaks [11], [12],

shorter analysis times [11], [12],

clean-out effect on the column if the temperature is increased enough to remove
less volatile sample constituents [11], [12],

decreased width for late eluting peaks [12] and

better peak shapes and precision [12].

The drawbacks include [12]:

more complex instruments are necessary,

an increase in baseline noise,

not all liquid stationary phases are suitable for use at high temperatures and
eventually longer total analysis time due to a long cooling period after each

analysis.

Three types of temperature profiles are generally used in gas chromatography [11]:

linear profiles, at which the temperature is changed at a constant rate,
multilinear profiles, which consist of several phases of either isotherm operation
or heating at a constant rate and

ballistic profiles, which occur when an oven is rapidly heated. The heating rate

changes over time.

1.4.2. Thermal Gradient GC

In modern GC, whether ITGC or PTGC is used, depends on the sample to be analysed. If the

components of the sample have a narrow boiling point range, ITGC is favoured due to its

ability to achieve higher resolution. In ITGC, the temperature of the separation column is

constant and, therefore, not a function of either time or any spatial dimension. In contrast,

PTGC is used when the boiling point range of the components of the sample is too wide to

analyse with ITGC in a reasonable amount of time. In PTGC, the temperature is changed

7
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with time but is constant with respect to the spatial dimensions. Therefore, the column
temperature T can be written as a function of time ¢, T = f(t) [3].

Thermal Gradient GC (TGGC) is a novel operational mode [5]. In TGGC, the temperature
of the separation column is changed along the axial length of the GC-column x, in addition
to changes in time. The temperature can, therefore, be written as a function of column
length and time, T = f(x, t) [14]. More specifically, the column temperature is decreased
over the length of column, causing substances moving through the column to be
transported into sequentially colder areas of separation. This leads to a focussing effect
of the analytes passing through the column [5], which decreases the peak width and
increases the achievable sensitivity.

TGGC can be subcategorized into two modes, depending on if the temperature is constant
or changed with respect to time. This is analogous to the differentiation of ITGC and PTGC.
In some literature, the word “Programmed” has been added to the name of thermal
gradient gas chromatography (TGPGC) to emphasize that the temperature is ramped over
time [5]. In “TGPGC”, the column temperature can be represented as a curved surface in a
three-dimensional plot with the variables time, position along the column and
temperature. This is shown in Fig. 1. The use of this differentiation has become
increasingly rare in more recent studies. This is likely due to prioritising research on
“TGPGC”, leading it to adopting the name of the TGGC category. As this might lead to
misunderstandings in the context of this thesis, a different nomenclature will be used. If
athermal gradient does not change with respect to time, it will be considered “stationary”.
If the thermal gradient changes with respect to time, it will be called “moving” or

“dynamic”. This nomenclature is shown in Tab. 1.

TEMPERATURE

Fig. 1: Three-dimensional temperature surface with the variables: temperature, time and distance
along the column. [15]
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Several advantages of thermal gradient gas chromatography over PTGC are listed below:

Use in hyperfast-GC analyses is possible, [6]

Elution temperatures are lower, which is especially useful for the analysis of
thermally unstable substances, [6], [16]

Chromatographic resolution can be increased, [6]

Use in miniature or even micro-GC-units is possible [9], [17],

Continuous sample injection is feasible in some designs [3].

Tab. 1: Nomenclature of the conventional and thermal gradient operational modes.

T = f (Position along Column) ?

No Yes
[sothermal GC TGGC with a
No (ITGC) Stationary Gradient
T = f (time)?
Programmed Temperature GC TGGC with a
Yes (PTGC) Moving Gradient

Producing and maintaining a stable thermal gradient requires a different instrumental

set-up than conventional GC. Therefore, much effort has been invested in designing GC

models capable of running in TGGC-mode.

1.5. Development of TGGC

1.5.1. Early development of TGGC

The original idea for using a negative thermal gradient along the length of a gas

chromatography column is often attributed to Zhukhovitskii and Turkeltaub in the 1950s,

who referred to the technique as Chromathermography [18]. The first researchers of

TGGC quickly realized that this new technique could be used as a method of concentrating

analytes within the GC-column and, therefore, increasing achievable sensitivity [19]-[21].
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The first designs of systems capable of creating a thermal gradient were based on mobile
ovens or furnaces that were placed directly around the packed column. These ovens were
built to have a temperature increase along their lengths, which enabled them to create
thermal gradients along the column. By moving the oven in the direction of the carrier gas

flow, the temperature profile could also be shifted (see Fig. 2) [19].

Packed GC-Columns

Fig. 2: Two early designs of TGGC by Zhukhovitskii et al. using mobile ovens as a means of moving
the thermal gradient along the GC-Column [19].

In 1960, Nerheim published a paper on experiments using a TGGC System with a motor-
driven heated glass sleeve that moved along a straight packed column [22]. The
temperature of the glass sleeve was set using heating tape and could be adjusted using
variable power source. The heating sleeve was set to pass over the column several times
with increasing temperatures, sequentially eluting different analytes each time. Using this
system Nerheim was able to demonstrate a band focusing effect of TGGC in an alkane
mixture [22].

Ohline and Deford released a paper in 1963 [23] describing a set-up with a different
thermal gradient production technique. They had made a mobile heater out of a 38 cm
aluminium cylinder of 4 cm diameter with a hole of 64 mm drilled through the centre for
the GC-column. At each end of the cylinder, a heat transfer chamber was installed. A
stream of cold tap water passed through the heat transfer chamber closer to the outlet
while hot water vapor was flowed through the upper chamber, leading to a temperature
drop along the aluminium cylinder due to heat conduction. Using this system, they made
a theoretical study on the resolution change in TGGC in comparison to isothermal GC

(ITGC) operation.
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1.5.2. Developments following the Invention of the Capillary
Column

The increased use of capillary columns in the following years lead to changes in the
designs of new TGGC-systems. Generally, the significantly longer capillary columns
required a method of heating that affects the entire column. Therefore, researchers no
longer built set-ups based on mobile heating units, as these were no longer sufficient for
the task.

The first time the use of capillary columns for thermal gradient gas chromatography was
reported was in 1975 by Fenimore et al. The research group used multiple segments of
brass tubes of 4.5 cm outer diameter and 7.6 cm length, which were heated using resistive
heating wires placed inside the tubes. A capillary column was wrapped around the outer
wall of the tube in order to heat it. This set-up was able to create linear gradients of
varying slopes and temperature programming was possible [14].

In 1991, Rubey et al. reported the use of a TGGC-system using a column-sheath assembly
(CSA). With a nitrogen gas source, nitrogen was passed through the sheath, which was
cooled in the process. The sheath contained a resistive heating wire, which caused a
temperature increase of the gas as it passed through the sheath. Temperatures between
- 100 and 400°C were reportedly achieved with this instrument. Finally, an open tubular
capillary column was mounted within the sheath. The direction of flow of the carrier gas
was opposite to the flow direction of the nitrogen gas through the sheath, leading to a
negative thermal gradient along the column’s length. Fig. 3 shows a diagram of the set-up.
The author notes that the temperature drop in this instrument was intense and implies

that future designs should allow for a more gradual decline in temperature [5].

QPFEN TYBLILAR PRESSURE CONTROLLED SaLD
COLUMMN HITAOGEN GAS
VENT TOP RESISTANGE Fi
COMNDLNT HEATING WIRE
e _ / [F]
a— "{ CETECTOR
{HFIO)
, fu L]
GAS PERMEAB E BOTTOM
A FLOW COMTROLLED BARRIER CompulT  POAT
RITRDGEN GAS

PROGRAMMABLE
FOWER SUPPLY

Fig. 3: Reported design of the TGGC built by Rubey et al. in 1991 [5].
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Rubey et al. released a paper on a set-up of a similar design in 1992 [15]. In this set-up,
the open tubular column was wrapped around the outside of the column sheath assembly

(shown in Fig. 4).

DETAIL OF OTC BONDED
TO CSA CONDUIT

FUSED SILIGA DR
METAL OTC

FROM
INJECTOR WRAPPED DETECTOR
INSULATION

i

» <

—

Fig. 4: Set-up by Rubey et al. in 1992 [15].

Jain and Phillips attempted a different approach centred around resistive heating in 1995
[7], [24], [25]. They applied a layer of electrically conductive paint to the outside of a
capillary column and varied the thickness of the film along its length. By doing this, they
could ensure that a gradient in the electrical resistance of the column was produced. By
applying power, this set-up created a linear negative temperature gradient along the
length of column due to the differences in resistive heat dissipation. Temperature
programming was achieved by increasing the applied current over time. Using this set-
up, they were able to separate a mixture of alkanes from heptane to decane within 2 s
with a short length of column and with improved resolution compared to a similar high-
speed separation in a temperature programmed operational mode. They further note that
such chromatograms could be produced every 6 s after reaching a steady-state, which
could allow similar techniques to be used to analyse samples of a rapidly changing gas [7].
In a later paper [25], the researchers reported achieving a high-speed separation between
the components of a mixture of 13 substances with boiling points ranging from 37 to
135°C within 3.5s. Jain and Phillips mention several times in their 1995 papers that
instrumental aspects of the set-up needed to be refined to utilize the method completely.
Especially applying the electrical paint was prone to cause problems, as this had to be

done by hand [7], [24], [25].

12
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1.5.3. Developments at Brigham Young University in the 21st
Century

Since the turn of the century, a research group at the Brigham Young University (BYU) in
Provo, Utah, USA, has been highly active in developing theory and instrumentation for
TGGC-systems. The following TGGC-systems originated at the BYU and have refined
TGGC-designs.

In 2004, Contreras et al. described a different design solution using a column sheath
assembly. They placed a 1 m capillary column within a 6.35 mm polyimide-tube with a
low thermal mass and passed cold nitrogen as a cooling fluid through the tube (see Fig.
5). This was then mounted inside a GC-oven, which was used as the heat source. With this
assembly they were able to achieve high heating and cooling rates. Due to the low
separation time achievable with this system, Contreras et al. were able to build a
functioning multidimensional-GC-MS, using the TGGC assembly in the second dimension

of separation [26].

11

Fig. 5: Column sheath assembly built by Contreras in 2004 |3]. Green arrows: Cooling gas flow. Red
arrows: Heat flow from the GC oven.

In 2010, Contreras’s Ph.D. thesis [3] was published, which included three models for
TGGCs. The first model described in the thesis was structurally similar to the column
sheath assembly reported in 2004 [26] but used resistive heating instead of a GC-oven
and could be used in different operational modes allowing the variation of the TGGC’s
temperature profile. It consisted of a capillary column in a nickel sheath, which was
resistively heated. The sheath was in turn placed inside a polyimide-tube of 6.35 mm
outer diameter, through which nitrogen gas could be flowed. This assembly could be run
in two different modes, leading to a concave down or concave up spatial temperature
profile (see Fig. 6, A and B, respectively). In experiments using Co-C14-n-Alkanes, the
researchers compared the two types of temperature profiles and found that a concave

down profile led to early peaks being closer together while later peaks were further apart

13
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from one another relative to the concave up mode. This led them to conclude that if a
mixture with a broad boiling point range is expected to have a larger amount of non-
volatile components, then using a concave down temperature profile would be beneficial
for the separation. If a mixture has a large fraction of volatile components, however, then
it would separate better using a concave up profile. It is, therefore, advantageous to have

a system which can flexibly create different temperature profiles [3].

" Polyimide Heat Exchanger Tube " Polyimide Heat Exchanger Tube

Cmugmgen Hot o Coolg' rogen
_ 3% 35 ‘ as
A B
Resistively Heated Fused Siica Ni Sleeve
Ni Sleave
g @
= 2
2 o
3 Concave Down g Concave Up
E
5 5
= [
Column Length Column Length

Fig. 6: The first assembly presented in the Ph.D. thesis of Contreras in 2010. A: An operational mode
for generating concave down temperature profiles. B: An operational mode for generating concave
up temperature profiles [3].

[,1' Liquid CO; Inlet

= Sampling Separation
I & &
Nickel Column Sleeve Separation Focusing

CO; Jet 1 3 Resistively Heated A
Gman . =0 / ’ A v A \

Thermocouple

Injector

Temperatur

FID

Detector

Power Supply Column Length

Fig. 7: Left: First reported TGGC design in Contreras’'s 2010 dissertation. Right: Temperature profile
produced by this system but with three column loops [3].

The second model discussed in the thesis [3], which was also later reported in a 2014
paper [27], consisted of a fused-silica capillary column that was placed within a nickel
sleeve and resistively heated. The sleeve was then locally cooled via a moving jet of cold
CO:2. A diagram of the model is shown on the left of Fig. 7. The cooling system produced a

concave sawtooth temperature profile (see Fig. 7, right), in which the analytes would
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experience two periods of the cyclic temperature profile, one for sampling, the second for
separation and elution. Therefore, this system could be used for continuous injection of
analytes from the headspace of a sample tube. Among the advantages of this technique
compared to other TGGC-methods is that the sawtooth profile decreases time lost in

heating and cooling cycles because it is capable of continuous sampling and separation

[3].

The third model presented in Contreras’s dissertation [3] and later further discussed in a
separate paper in 2014 [28] attempted to combine the best characteristics of the two
models mentioned above and add a degree of flexibility in controlling the temperature
profile shape on the column. The heating mechanism of this instrument consisted of 40
individual 2.5 cm sections of resistively heated wire, which were wrapped around a nickel
sleeve, which contained the GC-column (see Fig. 8, left). These sections were
electronically controlled and could be programmed to create a moving temperature
gradient along the column, which was smoothed out due to the thermal conductivity of
the nickel sleeve. As a cooling mechanism, air was blown over the sleeve. Samples could
be introduced by either drawing directly from the headspace of a vial or by injection. A
significant advantage of this system was the broad range of thermal gradient profiles that
could be achieved (see Fig. 8, right). It was shown that resolution and S/N-ratio for areas
of interest within a chromatogram could be increased by optimising the shape of the
temperature gradient. The limitation of this technique was the axial temperature
resolution, which could be increased using a larger number of shorter heated sections [3],
[28].

In 2014 Tolley et al. released a paper [29] further developing the theory of moving
thermal gradients in TGGC, based on a stochastic computing approach and models of
analyte partitioning and transport. In the paper, it is predicted that analytes reach
constant resolution and relative position within one meter of column. Longer columns no
longer increase these figures of merit significantly while otherwise using the same
parameters. Furthermore, the limit of the band width of an analyte is primarily dependent
on the temperature gradient and is almost reached within 40-70 cm of column [29]. A
subsequent paper by Wang et al. [8] and a later Master’s Thesis by Foster [9] supported
and validated Tolley’s model with qualitative and quantitative experimental results,

respectively, using uTGGC systems.
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Fig. 8: Left: Diagram of three of the 40 individually heated sections of the third model presented by
Contreras in 2010. Right: Examples of different sawtooth (linear) and curvilinear profiles
producible by this instrument [3], [28].

In 2014, Wang et al. reported the development of a microchip-GC with thermal gradient
based heating systems [8]. They produced 1.4 m serpentine channels on 10.2 cm long and
1 mm thick silicon wafers (see Fig. 9). They created a thermal gradient by heating the
wafers on one end using cartridge heaters and cooled them on the opposite end using an
airflow. Additionally, a silicon rubber heater was used to heat the chip uniformly.
Experiments with this device concluded that applying TGGC could be beneficial for

improving resolution, quantification and peak symmetry in uGC-systems [8].

80 mm

Fig. 9: Picture of a u-GC Chip by Wang et al. [8].

In a 2019 Master’s thesis [9], Foster reported on producing three pTGGC-systems,
continuing the work of Wang. The first design used a silicon wafer with a pGC channel and
a cartridge heater attached by a clamp, like that of Wang’s design. A conductive silver

paste was silkscreened onto the wafer in a serpentine shape and used for uniform
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resistive heating. The second design was generally similar but used a ceramic-coated
stainless-steel substrate. The final design used a 15 cm aluminium disc with a spiral grove
moving outward at 1 mm per turn. The back side of this device was coated with an
electrically insolating ceramic. A circular pattern of silver paste was then silkscreened on
top of the ceramic layer and was subsequently used for a resistive heating circuit. The
device was thus able to generate the thermal gradient. The TGGC-models of Tolley et al.
[29] were calibrated and validated with further experiments using these instruments.

The research group patented the method of performing gas chromatography using two
separate heaters, one heating the column uniformly, one heating it non-uniformly, to
create a “monotonously decreasing gradient with a substantially non-linear profile with

a substantially non-negative second derivative” [30].

1.5.4. Other Developments in the 21st Century

In 2015, Boeker and Leppert released a paper [6] on an innovative design of TGGC shown
in Fig. 10. In their design, a capillary column was placed within a stainless-steel sheath
capillary, which was heated uniformly via resistive heating. The capillary was then cooled
by a non-uniform airflow, that increased along the length of column. They referred to the
design based on a non-uniform airflow as a flow field thermal gradient gas
chromatograph (FF-TGGC). The flow field was produced using a structure, which
consisted of a tube with a helical channel removed from its wall. This was then filled with
a porous material, which acted as an airflow resistance. One side of the pipe was attached
to a cooling fan and the other side was closed. Air was forced to flow through the porous
material and out through the helical channel. This led to a decrease in flow along the
length of the pipe, as one moves away from the fan. By positioning the capillary sheath
over the helical channel with the column outlet near to the fan, a smooth thermal gradient
could be achieved over the length of column. The shape of the thermal gradient was
originally reported to be almostlinear [6], buta 2020 paper by Leppert et al. suggests that
an exponential model might better describe the temperature functionality [31]. This set-
up was tested using a Cg-C3o n-alkane mixture [6], a mixture of explosive compounds [6],
[16], a mixture of thermally unstable compounds [6] and a sample of ASTM gas oil [6]. In
the experiments the researchers noted several advantages of their instrumentation. The

elution temperatures for the compounds were lower than in comparable conventional GC
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separation methods. High resolution analyses could be achieved. The short measurement
cycles made using this system for “hyperfast” analyses feasible.
Boeker and Leppert patented the design for the “Flow-Field TGGC” [32] and suggested

other designs, which would create flow fields in different ways.

to detector| 3.
|

resistively
------------------------ heated
_______________ separation
= = column

in helical
gradient fan channel

Fig. 10: Diagram of the Flow Field TGGC by Boeker and Jeppert [6]. The green dotted cylinder inside
the tube represents the porous material, which acts as a resistance to the airflow (Blue arrows).
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2. Design Considerations

In this chapter, the considerations towards the design of the TGGC module constructed in
this thesis are discussed. A design can be based on promising concepts from literature,
which will be adapted to accommodate particular conditions. When this has been done,
preparatory considerations towards the individual components of the TGGC are required

in order to plan its construction.

2.1. Choice of Design

TGGC literature (see chapter 1.5) has shown that characteristics of a thermal gradient gas
chromatographic systems are strongly dependant on the manner of how the thermal
gradient is generated. The choice of design influences the analysis time [6], [25], the
temperature profile [3], the temperature range [5] as well as the size of the instrument.
Although several promising designs were considered, the scope of this thesis only allowed
for the construction of one module.

In this thesis, the most limiting factor in the design of the TGGC module is the requirement
for the module to be small enough to fit into a standard GC oven. Many of the considered
designs were discarded as they were difficult to build in a sufficiently small size to place
them within the oven of a standard GC. Furthermore, the prototype must be able to
flexibly run both stationary as well as moving thermal gradients. From recent literature,
it has become clear that electrical resistive heating is advantageous due to its high heating
rates [6] and its ease of control and scalability.

Ultimately, the design of the Flow-Field TGGC [6], [32] from Boeker and Leppert was
chosen to be rebuilt and tested for this thesis. Especially the potential for building a
compact FF-TGGC was important for this decision.

It is important to note, however, that due to the design of the FF-TGGC being patented

[33], its use is strictly limited to research and non-commercial purposes.

2.2. Basic Design

2.2.1. Heating System and Power calculation

The heating system described by Boeker and Leppert [6] was based on resistive heating.

A thin-walled stainless steel capillary (“heating capillary”) is used for a resistive heating

19



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

system. A GC-capillary column is placed within the heating capillary. GC-capillaries are
generally much smaller and have a lower thermal mass than the heating capillary. It can
therefore be assumed that the GC-capillary is at a similar temperature to the heating
capillary.

The heating capillary has an electrical resistance of R and a current [ is run through it by
applying a voltage U. The power P that is dissipated by this process is given by Eq. 11

[34]. Eq. 10 shows the correlation for U and I for an ohmic resistance.

U=R=*I Eq. 10

P=Usl=1xR="Y Eq.11

This power is converted into heat and increases the temperature of the heating capillary.
To control the heating power, it is necessary to either control the voltage of the power
supply or the current passing through the wire.

In order to find the right electrical components for this task, it is necessary to calculate

approximate values for the electrical parameters of this heating system.

2.2.1.1. Capillary Resistance Calculation

First, in order to find fitting dimensions for the heating capillary, the relationship between
the electrical resistance of a capillary made of a conductive material and its dimensions
must be found. The resistance of a conductor is primarily dependant on its material cross-
section 4, its length L and the material’s specific resistance ps [34]. The relationship

between these variables can be seen in Eq. 12.

L
R:pS*Z Eq. 12

The material cross-section of the capillary can be found easily using Eq. 13, in which the
area of small circle of radius r;, is subtracted from a larger circle of radius r;. In Eq. 13,y

and r, correspond to the outer and inner radii of the capillary, respectively (see Fig. 11).

A =1 * (12 —1y?) Eq. 13
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Using 2 m of a stainless steel capillary of with 0.8 mm inner and 1.0 mm outer diameters,
which is similar to the setup described by Boeker and Leppert [6], and the specific
resistance of 1.4301 stainless steel (0.73 Q mm?/m) from its data sheet [35], the heating
capillary is expected to have a resistance of 5.2 (2 at 20°C. This calculation does not factor

in the temperature dependence of the material’s resistance.

1y

Fig. 11: Calculation of the material cross-section of the stainless steel capillary.

2.2.1.2. Total Heating System Power Calculation

Next, the electrical power required by the heating system must be calculated.
The power required by the heating system has two primary components (see Eq. 14).

e First, a certain amount of heating power Py is required to increase the
temperature of an object within a given time.

e Second, a certain power F, is required to counteract the cooling of the object due
to interactions with its surroundings and thereby maintaining the object’s elevated
temperature. This power is, therefore, equivalent in value to the heat flow which
is transferred from the hot object to its environment. P, is highly dependent on

the temperatures of the object and its environment.
P=Py+ Py, Eq. 14
Calculating the power P, required to keep an object at a certain elevated temperature is

complex, as several factors contribute to it. At thermal equilibrium, this component of the

total heating power exactly compensates the heat transferred from the capillary to its
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surroundings. In the case of a capillary suspended in air, F,, can be further divided into
two methods of heat loss (see Eq. 15).
e First, a heat flow Qg,q is caused by the radiation emitted by the hot object.
e Second, a heat flow Q.. is transferred from the object to the surrounding air. If
the air is being blown over the capillary, the heat transfer laws of forced convection
apply. Otherwise, if the air is not being blown over the capillary, the laws of free

convection can be used to calculate the heat transfer.
Peq = |QRad + QConvl Eq. 15

The values of P

g Qraa and Qony are highly temperature dependent. For the purposes of

this calculation, their values at temperatures of around 300°C are of interest.

2.2.1.2.1. Power for Increasing the Temperature

The change in heat dQ required to increase the temperature of an object by dT is given by

Eq. 16, in which m is the mass of the object and ¢, is its specific heat capacity.
dQ =mxc, xdT Eq. 16

If this temperature increase is to be done in a set time ¢, then Eq. 16 can be shown as Eq.
17, in which Q is the heat flow to the object. This intrinsically assumes that distribution
of the heat happens instantaneously or is generated evenly throughout the object. The
latter can be considered true in the case of resistively heating a geometrically uniform

conductor.

dQ . dT
E:Q:m*cp*E:PH Eq. 17

The mass of the capillary is not specifically known but can be found by calculating its
volume from the geometric dimensions and multiplying it by the density of stainless
steel [35]. To achieve similar heating rates as described in the paper by Boeker and

Leppert [6] approximately 32 W of power is expected to be required, according to Eq. 17.
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This approximation does not factor in the specific heat capacity’s dependency on

temperature.

2.2.1.2.2. Radiative Heat Flow

Calculating the heat flow caused by irradiation is done by using Eq. 18. In this formula, the
heat flow caused by radiation to and from an object is the difference of the outgoing and

incoming radiation heat flows [36].

Qraa = Qrad, out — Qrad, m Eq. 18

The heat flow irradiated from an object at atemperature T over the surface area A is given
by the Stefan-Boltzmann law, in which ¢ is the emissivity of a grey body and o is the

Stefan-Boltzmann constant [37]. T,, is the temperature of the surroundings.
Qrag =0 % £x Ax (T* =T, Eq. 19

Values for the emissivity of 1.4301 stainless steel can be found in literature [38] but are
known to vary strongly, since they depend on the roughness of the radiating surface [39].
Using the tabulated value for sandblasted stainless steel (0.488 at 200°C [38]) and the
surface area of a capillary with the same dimensions given in the original paper by Boeker

and Leppert [6], Qrqq can be estimated to be in the order of 19 W for a 2 m capillary.

2.2.1.2.3. Convective Heat Flow

Convective heat flow is calculated using Newton’s law of cooling [36] (see Eq. 20), in

which «a, is the mean heat transfer coefficient.
QConv =acxA*x (T —Ty) Eq.20
As the heat transfer coefficient is dependent on the parameters of flow, it must be found

empirically or calculated. One method of calculation is using the theory of similitude, in

which a can be found using the Nusselt number Nu (see Eq. 21) [36].
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a. x 1
Nu = Eq.21

In Eq. 21, L is the characteristic length and A is the heat conductivity of an object.
The formula used in the calculation of the Nusselt number depends on several factors in
the system under investigation. One empirical formula for calculating Nu for tube-shaped

objects being cooled by an airflow is shown in Eq. 22 [40].
Pr
Nu = ¢ * Re? Pr™(—)%25 Eq. 22
Pr,

In Eq. 22, Re and Pr are the Reynolds and Prandtl numbers at the mean fluid
temperatures, respectively, and Pr, is the temperature at the wall of the cylinder. The
coefficients ¢, b and n (shown in Tab. 2) are dependent on the airflow’s Reynolds number

[40].

Tab. 2: Coefficients reported by A. Zukaukas [40] for Eq. 22.

Re c b n
1-40 0.76 0.4 0.37
40 — 103 0.56 0.5 0.37
103 — 2 % 10° 0.26 0.6 0.37
2% 10°%—107 0.023 0.8 0.4

The definition of Reynolds number can be found in Eq. 23, in which u and vf are the
velocity and the kinematic viscosity of the fluid, and [ is a characteristic length, in this case
the outer diameter of the capillary.

Ufr * [
Re = !

Eq. 23
Vr

All variables required to calculate @, can be found tabulated in literature [38] for a variety

of temperatures with the exception of the velocity of the airflow us, which is solely

dependent on the system. In the case of air flowing past a capillary in a flow field device,

this value will decrease along the height of the FF-TGGC, leading to a varying cooling
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effect. While this is important for the actual design of the FF-TGGC, it makes finding a
mean value for this parameter difficult.

Qualitatively, it is reasonable to assume that air, which has been accelerated by a fan, is
decelerated when moving through a porous medium. Therefore, a profile of the air flow
velocity and reference values need to be assumed in order to estimate a mean value for
Uy,

Ifan “F12” computer case fan from ARCTIC GmbH [41] is used as an example, the 120 mm
fan can transport air at 90.1 m3/h, corresponding to a mean velocity of 2 m/s. Due to the
drop in airflow velocity caused by the airflow resistance material, the top of the capillary
is expected to not be cooled at all. If a linear airflow profile is assumed between the
maximal, unimpeded airflow velocity (2 m/s) and the minimal mean velocity (0 m/s),
then the mean airflow velocity would be in the order of magnitude of 1 m/s. Realistically,
this estimation is likely much higher than the actual airflow cooling the column. This is
likely to be the case because the air is decelerated by the airflow resistance, even at the
bottom of the channel where the airflow is strongest. Nonetheless, this estimation will be
sufficient to calculate an upper limit for Qcypy-

In order to get a quantitative value for the heat flow in this case, an air temperature of
20°C and a capillary temperature of 300°C over its entire length are assumed. Using Eq.
20 - 23, this results in a heat flow of around 171 W for a capillary of 2 m length.

It is important to note that this represents the upper limit of what should be expected for
Qcony- This is likely higher than its actual value, as it assumes that the entire capillary is

at 300°C and being cooled with air of a mean velocity of 1 m/s.

A similar calculation can be made in order to approximate a lower limit of Q,,, in which
no airflow is used for cooling and, therefore, the capillary is only cooled by free
convection. In this case, heat is transferred from the capillary to the stationary air around
it, which then rises due to its decreased density at higher temperatures. In this model, Eq.
22 is replaced by another empirical formula, shown in Eq. 24 [42], in which Gr is the

Grashof number.
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1
0.387(Gr * Pr)e
Nu =10.60 + 5 ( Eq. 24

9127
0.559)11
)

1+( Pr

The Grashof number is defined in Eq. 25, in which g is the gravitational constant and ff
is the expansion coefficient of the fluid. If the fluid is modelled as an ideal gas, f; is the

reciprocal value of T,, [38].

_g*.gf*(Tw_Too)*l3
= v

Gr

Eq. 25

Despite the complexity of these formulae, this model is especially appealing because the
value of every variable can either be found tabulated in literature, can easily be calculated
or is known from the system [38].

Eq. 20, 21, 24 and 25 can be used while assuming that the 2 m capillary’s temperature is

at 300°C over its entire length in a 20°C air atmosphere. This results in a value of 68 W for

QConv-

2.2.1.2.4. Summary of the Total Heating Power

As shown in Eq. 14, the power which must be delivered by the electrical energy of the
heating system is separated subdivides into two factors, one for increasing the
temperature of the capillary and another for maintaining an elevated temperature in a
cooler surrounding atmosphere. The second factor is primarily defined by the heat flow
to the surroundings of the capillary and is further divided into radiative heat loss and
convective heat loss. Tab. 3 shows the total heat balance of the system.

Based on this calculation, the power supply is required to deliver more than 119-222 W
of power in order to operate the FF-TGGC’s heating system fully. Any additional power

will lead to higher maximal heating rates.
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Tab. 3: Calculation of total heating power.

Factor Power
(W)
Temperature Increase 32
Radiative Heat Loss 19
Convective Heat Loss 68-171
Sum 119-222

2.2.1.3. Minimal Requirements for the Power Supply

Now that the required power and the expected resistance of the capillary have been
calculated, the minimal requirements for voltage and amperage can also be calculated by
rearranging Eq. 11 to Eq. 26 and 27. The values for the requirements for a DC power

supply can be found in Tab. 4.

Py Eq. 26
R &
VP*R=U Eq.27

Tab. 4: Electrical DC requirements for the heating system power supply of the TGGC for a 2m length
of capillary.

Current (A) 6.5
Voltage V) 34
Power (W) 222

2.2.1.4. Influence of the Geometry of the Steel Capillary

The geometry of the capillary has a large influence on the electrical requirements of the
power supply of this system and the heat exchange parameters. These factors must be
taken into consideration if the capillary is to be replaced or upgraded.

The thickness of the wall of the capillary was influential in calculating the electrical

resistance of the capillary, as can be seen in Fig. 11 and implicitly in Eq. 12 and 13.
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Decreasing the thickness of the capillary essentially decreases the material cross section
of the conductor and, therefore, increases its resistance. Doing this has an influence on
the distribution of the values of voltage and current, as can be seen in Eq. 26 and 27. With
a higher resistance, less current is required to deliver the same heating power. This comes
at the cost of an increase in required voltage. Therefore, it is not only advantageous to
increase or decrease the thickness of the capillary by a large margin as both methods
would quickly lead to requiring expensive, specialised power supply equipment.

The thickness of the capillary also influences the heating speed of the capillary, as it effects
the mass of the capillary and thus the heat required to increase the object’s temperature.
This can be seen in Eq. 17.

Furthermore, changing the outer diameter of the capillary also has an effect on the
convective heat loss, as it is a parameter in the Reynolds and the Grashof number ([, the
characteristic length, see Eq. 23 and Eq. 25) and the surface area, over which the heat
transfer takes place (see Eq. 20). Also, increasing the surface area increases radiative heat
loss (see Eq. 19).

To summarise, the wall thickness and outer diameter of the capillary are highly sensitive
parameters in the heating system as they factor into the calculation at several points. If a
replacement capillary either has different geometric values or consists of a different

material, then it is advisable to review the calculation of the heating system requirements.

2.2.1.5. Heating System Control

A method must be found to control the power being delivered to the steel capillary. Using
the relationship between the variables power, voltage and current (see Eq. 11), two
simple methods can be found to influence the heating power. First, using a programmable
laboratory power supply, the voltage can be controlled. This would simultaneously
change the current flowing through the system (see Eq. 10). Essentially, changing the
voltage leads to a change in the heating power applied to the system. Eq. 28 shows the
time dependent variation of Eq. 11 for this solution, where the power P(t), the voltage

U(t) and the current I (t) are time t dependent, but the resistance R is not.

P(t) =U(®) «I(H) = 1(t)* *R = “& Eq. 28
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A different method of controlling the power is to set constant voltage from a laboratory
power supply and control the current using a transistor. The transistor acts as a current
limiting resistor, which can in turn be controlled using a microcontroller. This essentially
leads to the power, resistance R(t) and current of the heating circuit becoming

controllable in time. This is shown in Eq. 29.

PO =U+I(®) = 10« R(®) = 7 Fq. 29
The second solution has several advantages compared over the first. First, any DC power
supply meeting the specification requirements can be used if no programming control is
necessary. The output voltage does not even necessarily need to be variable. Second, N-
channel Metal-oxide-semiconductor field-effect transistors (MOSFETs) with the required
specifications are inexpensively available [43]. Third, controlling an N-channel MOSFET
using amicrocontroller is easy and adjustments in the heating power can be made quickly.
Fig. 12 shows a simplified circuit diagram for the heating system using an N-channel
MOSFET to control the flow of current. A high-value resistor (pulldown resistor)
connected to the MOSFET’s gate and ground is required to allow the MOSFET to switch

correctly.

Steel Capillary Capillary Column

i l

Power Supply
®UO —r
Pulldown
Resistor N-MOSFET
Arduino™
Microcontroller

Fig. 12: Electrical power supply and control of the heating system.
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2.2.1.6. Transfer Lines

In a standard GC, the capillary column is placed within a heated oven and is connected to
the injector on one side and the detector on the other. Both connected units are usually
heated to elevated temperatures in order for them to function correctly. The oven is then
used to keep the entire capillary column at a spatially constant temperature at any point
in time.

In the FF-TGGC-module designed for this project the GC-oven is deactivated. The first
length of capillary column between the injector and the beginning of the steel capillary
and a second length between the end of the steel heating capillary and the detector are
not heated by the device itself. Especially the low temperature of the line before the steel
capillary is likely to have a negative effect on the separation performance of the TGGC, as
it is a “cold spot” in the system. Analogously to how a negative thermal gradient is
expected to have a focussing effect on the analyte bands passing through it, a “cold spot”
is expected to lead to undesirable broadening and flattening of these bands. Boeker and
Leppert described heating the transfer lines with independent “transfer ovens” [6], thus
solving this problem. An optimised TGGC-module will require a similar solution to
minimise the temperature drop between the transfer lines and the injector or the steel
capillary.

Heating the transfer lines can be done in a variety of ways. A simple solution would be to
mount the steel capillary in such a way, that the distance between it and the nut of the
injector is very short. The problem with this solution is that the steel capillary will then
likely put a lot of shear stress on the GC capillary, potentially breaking it if it is moved.
Furthermore, this solution can only be used on the inlet side of the module as the outlet
side requires a cooling mechanism in order to reach the lower temperatures required at
the outlet.

A different solution is to use separate heating elements for this purpose, for example a
separately heated sheath with the capillary column placed inside it or a heated cylinder

with the transfer line wrapped around it.

2.2.2. Cooling System

The cooling system of the FF-TGGC as reported by Boeker and Leppert [6] is the most

innovative part of the device, as it allows for a smoothly changing cooling effect along the

30



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

length of column. It consists of a fan which blows air into a cylindrical open porous
material, which acts as a resistance to the airflow. This porous cylinder is placed in a tube
structure of 20 cm diameter and 6 mm wall thickness with a helical channel cut out of the
side wall. The air is, therefore, forced to flow out of the device through the helical channel.
Due to the airflow resistance material, the airflow is stronger near the fan than further
away from it, leading to a gradient in flow or a “flow field” (see Fig. 10). If the gradient fan
is attached to the bottom of the device’s hull, a pedestal is necessary to allow air to be
sucked into the device. Furthermore, holding clamps are necessary to hold the capillary

at a specified distance from the material of the air resistance.

The heat flow passing from a hot cylinder to air moving at a certain velocity was discussed
in chapter 2.2.1.2.3, calculating the velocity of the air after it has flowed through an air
resistance is no trivial task. It likely requires a simulation using computational fluid
dynamics and is, therefore, beyond the scope of this thesis. Even if a good working model
were available, the characteristics of the permeability of the air resistance would have to
be determined, as they are not often known for commercially available porous materials.
For these reasons, building the cooling system will be based primarily on a trial-and-error

approach.

2.2.2.1. Cooling Fan

Finding fans usable to produce an airflow for the FF-TGGC is fairly easy, as many fans of
different sizes are commercially available for many different purposes. As the version of
the FF-TGGC planned in this thesis is required to be built into a standard GC oven, 12 cm
computer cooling fans come into question. These also come in a variety of performance
strengths and price categories, depending on their intended use, and can generally be

controlled using a microcontroller.

2.2.2.2. Material Characteristics of the Airflow Resistance Material

Choosing the right material for the airflow resistance is important for generating the flow
field. A material must fulfil several characteristics to be usable for this purpose.
An open porous material must be found, which has a flow resistance large enough to

produce a gradient in the airflow but low enough to still be largely permeable for the
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airflow. For this purpose, either using either a porous foam material or a filling made of
individual particles is feasible. However, using a particulate filling seems disadvantageous
as it requires a method of holding the particles in place to avoid them falling through the
structure or out the helical channel. Therefore, in this thesis, only foam materials will be
considered in detail.

Gaps between the wall of the tube and the porous material should be avoided. Therefore,
the material should also be elastic and be cut into a size slightly larger than the inner
volume of the cylinder. Such a material could be compressed while placing it inside the
tube and would then expand to fill the inner volume without leaving gaps between itself
and the cylinder’s wall.

Furthermore, the material is placed close to the heating capillary and will thus be heated
to a certain extent. For this reason, the material must also be thermally stable and must
not pose a danger of catching fire when heated. Using an electrically conductive material
might also prove problematic because the material might come in direct contact with the
heating capillary. This could lead to a short circuiting of the heating system.

There are not many materials that have all these characteristics. Porous foam materials

made of temperature stable plastics come especially into question.

2.2.2.3. Hull of the Device

The main structure of the system is shaped as a tube with a spiral channel cut out of its
wall. One end of the tube is closed off completely. On the other end, the tube needs to be
connected to the gradient fan.

Analogously to chapter 2.2.2.2, the material for the tube must be thermally stable to avoid
being damaged in places close to the heated steel capillary. Material strength is not of
concern, as the material must only be rigid enough to hold the weight of the capillary,
porous material and eventually of temperature sensors. A lot of plastics come into
question as materials for the hull of the device. Producing the shape of the tube can be
done in at least two ways. One method is cutting the helical channel out of a commercially
available tube. Alternatively, 3D-printing the entire structure might allow for more
precise geometry. Furthermore, the shape can be made more complex, adding features
that allow easier building of the hull.

Making the hull from metal was considered as an alternative to plastic materials.

However, there is a profound risk of the hull coming into contact with the heating capillary
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during operation. As considered in chapter 2.2.2.2, this might lead to the heating system
short-circuiting. Using non-conductive clamps to hold the heating capillary in position
might lessen this issue. Due to this potential hazard, using non-conductive materials like
plastics was considered more advantageous for the prototype.

For these reasons, the device’s hull was chosen to be 3D-printed. Additionally, a 12 cm
square of material was connected to the open end of the tube, which could later be used
to screw the gradient fan to the tube.

While the original design from Boeker and Leppert had a diameter of 20 cm [6], these
dimensions would be too large for the TGGC module of this thesis, as it is required to fit
inside a standard GC-oven. Although it would be beneficial to replicate the original design
with a diameter of 20 cm [6], as it would result in a similar flow field, this size would be
too large for the space within a GC oven. Therefore, a diameter of 10 cm was chosen. All
wall thicknesses were arbitrarily chosen to be 5 mm. In these dimensions, 7.5 revolutions
of the channel are required to hold a capillary of 2 m. Therefore, a height of 20 cm was
chosen. This leaves around 8 cm of room for a pedestal with the gradient fan attached to

the bottom of'it.

2.2.2.4. Capillary Holding Clamps

The steel heating capillary must be held on a path over the channel of the hull of the device
in order to be cooled by the flow field. Furthermore, it must be kept at a constant distance
from the channel to avoid variation of the cooling effect. Making holding clamps for the
capillary is necessary for this purpose.

Optimally, the clamps would have a clipping mechanism, so that the capillary can easily
be placed into and removed from the clamp. A simpler model would have either a loop or
a hole in the clamp structure, through which the capillary can be placed, like threading a
sewing needle.

These clamps need to meet certain requirements. They must be made of a material able
to withstand the maximal temperatures expected for the heating capillary, as they are in
direct contact with it. Therefore, the material must have a high temperature stability and
is not allowed to become soft at temperatures around 300°C.

Additionally, while one end of each clamp is in contact with the hot capillary, the other
end will be held in place on the hull. So it is expected to be touching the device’s hull and

perhaps also the airflow resistance material. Therefore, the clamp should not allow a lot
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of heat to be transferred from the heated capillary to these parts. This can be limited in at
least two ways:

e First, choosing a material with low thermal conductivity would decrease the heat
flow from one end of it to the other and essentially create a spatial thermal gradient
along its length.

e Second, the heat flow from the heating capillary to the hull can be limited by
choosing a size and shape of the clamps which increase the heat flow transferred
to the surrounding air. For example, making the clamps very thin would increase
its surface-area-to-volume ratio. This would increase the heat transferred to the
surrounding air, and increasing the temperature drop along the length of the
clamp.

Therefore, these clamps would ideally be made of a thin high temperature plastic or

ceramic material with low thermal conductivity.

2.2.3. Temperature Measurement and Control

2.2.3.1. Temperature Measurement

The measurement of the temperature at different points of the capillary is a crucial aspect
of a TGGC system. In the reported design, Boeker and Leppert describe measuring the
temperature of the capillary using infrared temperature sensors at the top and bottom of
the steel capillary [6]. Using thermocouples is also mentioned as a possible solution for
this task in their patent [33].

Using thermocouples for the FF-TGGC is generally feasible, but it comes with some issues
that might influence the measurement. One factor is that the measured position might be
cooled by putting it in contact with the head of the thermocouple. This is because a
capillary with alow thermal mass is required in the heating system. Additionally, the area
of contact between the capillary and the thermocouple is expected to be relatively small,
which might lead to an offset of the measured temperature. This effect can be minimised
by using thermally conductive paste, but this again increases the thermal mass of the
point of measurement.

Using contact-based temperature measurement might generally be problematic if used in
moving thermal gradient mode as the local increase in thermal mass could lead to a lag

between the measured and actual temperatures at the points of measurement. In
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stationary gradient mode, however, this is not an issue as the temperature is constant
with respect to time.

The advantage of infrared temperature measurement is that no direct contact between
the sensor and the hot object is necessary. Therefore, contact cooling is not an issue. The
drawback of using infrared temperature sensors is that the hot object should fill the field
of view of the sensor to ensure correct measurements. Additionally, the distance between
the sensor and the measured object, the emissivity of the object and the temperature of
the surroundings play a role in the measured temperature. If kept constant, these factors
can pragmatically be considered systematic errors which do not influence reproducibility
of measurements. They must, however, be considered if different TGGCs are to be
compared. The emissivity of the capillary can also easily be increased if the measurement
point of the capillary is covered by a thin layer of a paint with a high emissivity. Generally,
all of these issues can, at least in theory, be circumvented if the sensor is recalibrated to
the conditions of the measured system.

Concerning the number of sensors required for the system, two temperature sensors are
required to fully define a linear spatial temperature gradient. As there is only one heating
and one cooling system in the design, additional sensors would only have value in
showing the shape of the gradient more exactly. This might be interesting if trying to

characterise the system but has no apparent practical use in a regular measurement.

2.2.3.2. PID Temperature Control

After confirming that the temperature measurement, heating and cooling systems operate
correctly, a system needs to be put into place which can automatically adjust the power
sent to the heating and cooling systems in order to regulate the temperature. Boeker and
Leppert describe using a PI-controller for this purpose [6].

A “PID-controller” (proportional-integral-derivative-controller) is a controller for closed-
loop systems. Digital PID-controllers calculate a numerical output value based on the
difference of a setpoint and an input value at that point in time. First, the deviation e(t)
of the setpoint to the input value is calculated (see Eq. 30). The deviation is then set into

the PID-function (see Eq. 31) resulting in the output value [44].
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e(t) = Setpoint — Input Eq. 30
t

d
Output = Kp *e(t) + K; *f e(t)dt + K, * Ee(t) Eq. 31

0

In which the Setpoint is the required value for the variable being controlled and the Input
is the measured value of that variable at the current point in time. Kp, K; and K, are the
PIDs coefficients.
The function of the PID-controller has three terms [44]:
e a “proportional term”, which is directly proportional to the deviation,
e an “integral term”, which is proportional to the integral of the deviation with
respect to time, and
e a “deviation term”, which is proportional to the derivative of the deviation with
respect to time.
The user of such a controller needs to specify the setpoint for the variable being controlled
and the coefficients Kp, K; and K;. The coefficients need to be found using a tuning
strategy in order for the controlled variable to reach the setpoint and remain stable. A “PI-
controller” is essentially a controller with a K;-value of zero.
PID controllers can be implemented as parts of programs for microcontrollers. Therefore,
temperature control can be done using a program (“sketch”) on a commercially available

microcontroller. Furthermore, PID libraries for microcontrollers are freely available [45].
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3. Construction of the TGGC-Module

This chapter will give practical details on the construction of the TGGC-module. It will
present the actual parts that were produced in this thesis. Furthermore, it will go into why

deviations from the ideal considerations of chapter 2 were made.

3.1. Construction of the Heating System

3.1.1. Steel Heating Capillary

Due to the large influence of the geometry of the steel heating capillary on the electrical
power required to heat the system (see chapter 2.2.1.4), a capillary of the same
dimensions as described in the paper by Boeker and Leppert [6] was also used for the FF-
TGGC-module in this project. A similar capillary as mentioned in the paper was purchas
(SWS Edelstahl GmbH & Co. KG, Emmingen-Liptingen, Germany). The capillary was made
from 1.4301 stainless steel and had a nominal outer diameter of 1.0 mm and wall
thickness of 0.1 mm. However, the length of the capillary was 1.5 m, differing by 30 cm
from the one described in the original paper. This shorter length eliminated the possibility
of using the capillary directly to heat the transfer lines between the injector and the TGGC-
module.

Before purchasing a laboratory power supply, the electrical resistance of the steel
capillary was measured in order to assure that it fitted to the power supply calculation.
The capillary was found to have a resistance of 5 , which is in good agreement with the

calculation.

3.1.2. Power Supply and Transistor

A power supply was chosen based on the specification requirements discussed in chapter
2.2.1.3. Using these specifications as a guideline, variable direct current bench power
source with the maximal voltage of 30 V DC, current of 10 A and power of 300 W was used
to power the heating system. The maximum voltage is lower than the 34 V calculated in
2.2.1.3. However, the calculations in the earlier chapter are based on a 2 m heating
capillary. Adjusting the calculation to the length of the purchased 1.5 m steel capillary
reduces this value to 26 V, justifying the use of this power supply.
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A MOSFET transistor with suitable specifications could easily be found for the purpose of
the heating system control. An International Rectifier “IRFZ44N” power MOSFET (Conrad
Electronic GmbH & Co KG, Vienna, Austria) was used in this project [43].

3.1.3. Heating System Set-Up

Heating Capillary

— | I—
Bench
Power Supply N-Channel
30V 10 A MOSFET
aiS
N £3.)
0

10k

Fig. 13: Schematic diagram of the heating system, which is controlled using an Arduino Uno
microcontroller. Drawn using TinyCAD 3.00.02 [46].

The heating system was built as previously shown in Fig. 12. The source pin of the
transistor was soldered directly to a wire with a plug for the ground socket of the power
supply. The drain pin was soldered to a wire with a crocodile clip at the other end. The
crocodile clip could be directly connected to the steel capillary, which was connected to

the voltage output using a second lead with a crocodile clip. The gate was connected to a
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socket for a jumper cable, which could be used by an Arduino Uno-Type microcontroller,
and additionally to ground over a 10 kQ pulldown resistor.

In summary, the path of the electrical heating of the capillary was from ground of the
power supply, over the transistor to the steel capillary and to the voltage output of the
power supply. A schematic diagram of the set-up of the heating system can be seen in Fig.

13.

3.2. Construction of the Cooling System

Next, the steps taken to build the flow field cooling unit are discussed. The final design of
the unit can be seen in Fig. 14. Each component of the cooling system will be described in

separate subchapters.

Wwo g2

Fig. 14: Flow field cooling system constructed for the TGGC-module.
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3.2.1. Hull of the Device

From the considerations mentioned in 2.2.2.3, producing the device’s hull with a 3D-
printer was deemed advantageous. Fig. 15 shows two- and three-dimensional
representations of the model as simulated in 3D-printing software.

The hull was printed from a copolymer acrylonitrile butadiene styrene (ABS) filament,
which is a common material in 3D-printing [47]. It is, however, not among the most
thermally stable plastics as can be seen by its heat distortion temperature (HDT at
1.8 MPa) of 95-105°C [48]. It is advisable to hold the temperature of the structure well
under this value to avoid damaging it. The material was chosen because of its good

availability and to avoid making the structure of this prototype too costly as it was not

clear if changes had to be made to the structure.

Fig. 15: Left: Two dimensional diagram of the cooling tower showing all its significant dimensions
(in mm). Right: Three dimensional representation of the same model with a cut cross section.

The dimensions of the structure are shown in the left diagram of Fig. 15. The height and
outer diameter of the tube was chosen to be 20 cm and 10 cm, respectively. A tube with

this diameter has a circumference of approximately 31.4 cm, therefore around 6.5
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revolutions are necessary to get a channel of 2 m. This can be achieved with a 2.6 cm
difference in height between each revolution of the channel. The thickness of the walls
and lid of the structure was set to 5 mm, resulting in an inner diameter of 9 cm.
Additionally, the tube is mounted on a 12 cm square platform, into which holes were

drilled in order to connect this structure to a pedestal and to the cooling fan.

3.2.2. Airflow Resistance Material

Finding materials suitable as airflow resistance materials was found to be difficult for
several reasons. First, the design in this project is a first prototype. Therefore, only easily
commercially available porous materials could be used and tested for this design. Second,
no simple calculation model could be found, which provides clues on the required
characteristic parameters of the material. It was only known that the material must be
open porous, thermally stable and at least slightly elastic. For this reason, it was not clear
what level of open porosity and pore size were sufficient to make an airflow resistance of
the required quality. Additionally, for most porous plastic materials commercially
available, details like these parameters and sometimes even the products’ compositions
are not found in their descriptions. They are usually made for very specific purposes and,
thus, it is not necessary to publish the materials’ properties. Third, quantifying the airflow
after it has passed through the air resistance would likely also require specialised
equipment not available for this project. For these reasons, several porous materials of
different plastics, pore sizes and pore distributions were tested as airflow resistance
materials based on an trial-and-error approach.

Because Boeker and Leppert suggest using filter materials like polyurethane, silicate and
aramide foams in their patent [33], the first material used was a polyurethane foam with
a fine pore structure (BAUHAUS Depot GmbH, Vienna, Austria). This product was cut into
a single cylinder of 20 cm height and 10 cm diameter so that it could be placed into the
hull of the device by compressing it. In subsequent tests, it was found that the airflow
resistance of this material was too high, as it did not allow much air to pass through it.
Therefore, materials with higher porosity and larger pores were used in subsequent
experiments.

The second product tested was a soft sponge material of a non-specified composition
(Forstinger Osterreich GmbH, Vienna Austria). It had visibly larger pores than the first

material with the largest pores being in the order of magnitude of several millimetres in
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diameter. Though the air resistance of this material was noticeably smaller than the first
material, it was still found to be too large to create a significant cooling effect.

The third airflow resistance material was a filter of a very high porosity, commercially
available as an aquarium water filter (BAUHAUS Depot GmbH, Wels, Austria). Neither the
composition of this product nor any information on its temperature stability is given in
its technical specification. This material was originally sold in cuboids of 12.5 x 12.5 x
5.0 cm. The filter was cut into cylinders of 9.5 cm diameter and 5 cm height and four of
them were stacked in order to reach the required height. This material produced a much
lower resistance to airflow than the other two materials and was deemed sufficient for

use in this prototype.

3.2.3. Cooling Fan

A cooling fan was required to produce an initial airflow, which would pass through the
airflow resistance material and the channel, creating the flow field. Additionally, a
pedestal was made to connect the hull of the device with the cooling fan and suspend them
in the air. Furthermore, the pedestal had a centred circular hole to allow air to flow
through it freely. The fan and the hull could be screwed to the bottom and top of this
pedestal, respectively.

As the inner diameter of the hull was 9 cm, 12 cm computer cooling fans were used for
this project. The first cooling fan used in the project was an F12 fan from ARCTIC (ARCTIC
GmbH, Brunswick, Germany) [41], which is an inexpensive 3-pin 12 V DC fan often used
for generating airflow in computer cases. As there is no revolution speed control in 3-pin
fans (12 V, Ground and RPM measurement), a transistor set-up on the ground pin was
used in order to control the power sent to the fan and thus the revolution speed.
According to its specifications, it is capable of reaching an airflow of 90.1 m®/h. When
using this fan with the air resistance materials, it was found to produce only very weak
airflow out of the bottom of the helical channel. Therefore, a stronger fan was purchased.
The second fan used in this project was a 12 VDC NF-F12 industrialPPC-3000 PWM fan
produced by “Noctua” (Rascom Computerdistribution Ges.m.b.H., Vienna, Austria) [49].
While it is of the same format as 12 cm computer fans, it is stronger and louder than usual
computer fans and is, therefore, suggested for industrial cooling applications. According
to its specifications, it can reach airflows of up to 186.7 m3/h. In contrast to the Arctic-

model, the Noctua NF-F12 industrialPPC-3000 PWM uses a 4-pin adapter. This is
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advantageous as the fourth pin is for revolution speed regulation, which could control the
speed of the fan much more precisely than the transistor set-up required for the 3-pin fan.
According to the general control specifications of 4-pin Noctua fans, a 5 V square wave
signal at a frequency of 25 kHz is required to control the fan’s revolution speed [50]. This
can be done using the pulse width modulation (PWM) [51] signal from the “Arduino Uno”-
type microcontroller. However, the PWM frequency needs to be adjusted in order to be
within the fan’s required frequency range. The PWM frequency adjustment could be done
in the control sketch for the microcontroller using a program library, which can be
accessed online [52].

In the set-up, this fan was found to produce a much larger airflow through the helical
channel than the Arctic fan. A simple hook up diagram of the cooling system can be seen

in Fig. 16.

Power Supply  —
12%DC +

Cooling Fan

GRN

W4
RFM teas.
RPM Contr.

Fig. 16 Schematic diagram of the cooling system using a 4-pin fan. Drawn using TinyCAD 3.00.02
[46].
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3.2.4. Increasing the Flow Field’s Strength

A large portion of the air accelerated by the fan to the airflow resistance material was
found to rebound and flow back past the cooling fan instead of passing into the porous
material. This is an issue worth examining more, as it ultimately decreases the airflow
available to produce the flow field.

[t was suspected that this is partially due to a difference in the diameter of the fan blades
(11.5 cm) as compared to the inner diameter of the hull of the device (9 cm). Therefore, a
reducer was 3D-printed in order to allow a smoother transition between these sizes. The
reducer was a cuboid unit made from a polylactic acid (PLA) filament of the dimensions
12 x 12 x 3 cm with a cone removed from its centre, leading to a reduction of the cross
section of the airflow. A three-dimensional representation and a picture of the final object
can be seen in Fig. 17.

After this unit was produced, it was attached to the FF-TGGC-module between the fan and
the pedestal. It was, however, not possible to find a way of determining to what extent
this unit increases the fraction of air passing through the porous material. This is because
no method of measuring the airflow passing through the porous material was available in
the scope of this thesis. The reducer was not used in subsequent experiments as it led to
an unplanned increase in height of the FF-TGGC-module causing it to no longer fit into a
standard GC oven.

Another solution considered to increase the strength of the flow field was to decrease the
turbulence of the flow of the air accelerated by the fan by having it pass through a
honeycomb lattice. This might increase the efficiency of the air permeating into the

porous foam. But due to an expected increase in height, this solution was not tested.
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Fig. 17: Left: 3D representation of the airflow reducer from the 3D-printing software. Right: Picture
of the 3D-printed reducer unit.

3.2.5. Capillary Holding Clamps

As discussed in chapter 2.2.2.4, clamps are necessary in order to hold the steel heating
capillary in position over the channel in the hull and at a constant distance from the
porous foam. As the exact design of these clamps is not critically important for the
function of the FF-TGGC, clamps were constructed from iron wire with a 1 mm diameter.
These clamps could fit through the channel on the hull and were held in place between
the airflow resistance material and the inner wall of the cylinder. Suspended at
approximately 3 cm from the wall, they had loops through which the heating capillary
could be placed.

These clamps were considered a temporary solution because the iron wire does not fulfil
the requirements considered for these parts (see 2.2.2.4). However, they could still be
used in first experiments to prove the functionality of the entire system by limiting the

maximal temperature of first experiments to under 100°C.

3.3. Temperature Measurement System

Infrared temperature sensors were chosen as a method of measuring the temperature of
the heating capillary. There are several companies offering infrared temperature sensors
that vary strongly in the temperature range that they can measure. One product line that
comes into question for this project is the MLX90614-series (Melexis Technologies NV,
Ypres, Belgium). MLX90614 IR sensors are small inexpensive temperature sensors, which

can measure object temperatures of up to 380°C [53] and can be used with commercially
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available microcontrollers. Furthermore, there are several different models in this line,
which differ in their parameters. The fields of view of the available models range from 90°
to 5° [54]. As the temperature of a small object, the heating capillary, needs to be
measured, using a sensor with a smaller field of view will likely decrease the
measurement error of the sensor. Therefore, two MLX90614 IR sensors with 35° fields of
view were used in this project (see Fig. 18).

In order to increase the emissivity of the steel capillary at the points of temperature
measurement, these positions were painted black using a temperature resistant spray
paint. The MLX90614 sensors were then mounted onto small circuit boards, which were
held in place over the points of measurement of the heating capillary using iron wire. This
set-up was sufficiently stable for it to be used in first experiments. It was not considered
a long-term positioning solution because the distance from the heating capillary and its
angle to the sensors could not be determined or easily reproduced after dismounting the
sensors. This leads to reproducibility problems in the temperature measurement after

every significant adjustment of the sensor position or column replacement.

Fig. 18: Picture of the 35° field of view MLX90614 model used in the FF-TGGC.

Concerning the specific electronic connection of these parts, MLX90614 sensors use
“System Management Bus” (SMBus) communication, which makes it compatible with two
wire interface (TWI) and inter-integrated circuit (I°C) communication. This means
several of them can be connected in parallel to an Arduino Uno-type microcontroller using
the same communication and power supply lines. Each sensor is connected to the
microcontroller via four pins: the input voltage, ground, serial clock (SCL) and serial data
(SDA) pins. The SCL and SDA lines are furthermore connected to the input voltage lines
using one 1 k() pull-up resistor each. Furthermore, two parallel 100 nF capacitors were

connected between ground and the input voltages for these sensors, as recommended in
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the MLX90614 datasheet [54]. A schematic diagram of how the two MLX90614 were

connected to the microcontroller can be seen in Fig. 19.

100 nF
i

GND

V+/-\ SCL
k_jmxsosu

SDA

100 nF
¢ 1|

GND

(e
N/ A

SDA

W+

Fig. 19: Schematic diagram of the temperature measurement system using two MLX90614 IR
temperature sensors. Drawn using TinyCAD 3.00.02 [46].

3.4. Temperature Control Programs

Up to this point, systems for heating the entire column, cooling its outlet and temperature
measurement have been discussed. Next, it is necessary to consider the process used to
reach the temperatures set by the user. This was done using an “Arduino Uno”-type
microcontroller. It was programmed to read out the temperatures measured by the
MLX90614 sensors, set the measured temperatures as input values into separate PID-
controllers (as discussed in 2.2.3.2) for the heating and cooling systems to calculate an
output value. This is then sent as a pulse width modulation (PWM) [51] signal to the
respective controlling components in the heating (N-Channel MOSFET) and cooling (RPM

control pin) systems. This leads to the heating and cooling systems to correct the amount

47



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

that they operate according to the temperatures that is measured at the inlet and outlet,
respectively.

Separate sketches were written for the stationary thermal gradient and moving thermal
gradient modes. The programming specifics of these are discussed in full detail in a
separate document [55], containing a user guide and a source code breakdown.
Nevertheless, the basic structure of the programs will be described here briefly, and the
source codes can be found the appendix. Both of these sketches use libraries found online

for the PWM frequency modulation [52] and PID controllers [45].

3.4.1. Stationary Thermal Gradient Sketch

The structure of the stationary thermal gradient sketch can be seen in Fig. 20. It has a
partially cyclical structure, which infinitely loops after an initial setup section of code.
First, all necessary libraries are included and variables are declared and initialised. Next,
several setup statements prepare and start up different parts of the sketch. The serial
monitor for the data output, the I°C-communication for the temperature sensors and two
PID-controllers are initiated and the PWM-frequency is adjusted to 25 kHz for the pin
controlling the cooling fan (see 3.2.3). Titles and units of the variables that are monitored
are sent to a data monitoring program, such as the serial monitor of the Arduino
Integrated Development Environment (Arduino IDE) [56] or the Microsoft office data
streamer add-in for Excel [57]. Finally, the time required for the setup is registered.
After the setup commands have been carried out, the looping part of the sketch can
commence, in which the control steps take place. First, the time at the beginning of each
loop is registered. Next, the temperature measured by each infrared sensor is requested
via I?C-communication. These two measured temperatures are then set as inputs to the
corresponding PID-controllers. The PID-controller is then used to calculate output values,
which are directly used to adjust the PWM duty cycle sent to the transistor of the heating
system and the revolution speed control pin of the cooling fan. Essentially, this changes
how strongly the heating and cooling systems operate in order to reach the set
temperatures for the inlet and the outlet of the TGGC-module, respectively. Next, the
MLX90614 temperature data is sent to the user interface program. Finally, a delay is
carried out in order to limit the amount of data sent to the user and give the system some
time for the adjustments in the heating and cooling systems to take effect. Then the

program loops back to the first command after the setup and repeats all commands that
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come after that point. After each loop, the difference between the setpoint and the

measured temperature should decrease until the system has reached a point of stability.

Include Libraries and
Initialise Variables

4

Setup of Serial Monitor, I2C,
PWM-Library and two PIDs

4

Qo
) Serial Print of Output
-IG—J-I Variable Names and Units
L 4
Register Time of Setup
Register Time since First
Loop
Measure Temperatures
o Calculate PID Outputs
8
9 4

Adjust PWM Duty Cycle for
Heating and Cooling Systems

\ g

Send Data to Qutput
Program

\ 4

Delay

Fig. 20: Structure of the sketch designed to control stationary thermal gradients in the TGGC.
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3.4.2. Moving Thermal Gradient Sketch

The moving thermal gradient sketch is more complex than its stationary gradient
counterpart. This is because of several differences in the requirements of moving thermal
gradients due to their time dependency. The most important differences are that:

e the setpoints of the inlet and outlet need to be able to be changed by a pre-set
amount each loop in order to create a change in temperature with time
(“temperature ramp”).

e additionally, a temperature profile might have different sections, each with a
different temperature ramp or isothermal phases. The users must be able to
choose how many such sections they require, how long each should last and specify
the temperature ramp of each one.

e this sketch requires a program structure that will allow it to start preheating
immediately but only commence with the temperature program after a signal has
been given so that it is synchronised with the injection of an analyte into the GC.

e there must be an end point of the temperature program, after which the sketch
resets and restarts the preheating stage. This means that the program will have to
be fully cyclical in contrast with the stationary program, which is only partially

cyclical.

The structure of the sketch for controlling moving thermal gradients can be seen in Fig.
21. In the first step, libraries are included and variables are initialised. Next, some parts
of the sketch need to be initialised, namely the serial monitor, the temperature sensors’
IC-communication, and the PID-controllers. Furthermore, the PWM-frequency of the
cooling fan is adjusted and the pins for external signals, e.g.,, a button for ending the
preheating stage, are set up. Next, the settings concerning the temperature profiles are
saved and adjusted to allow safe use of the TGGC. After this, there is a data output, in which
the names and units of the variables being monitored are printed to the user’s interface

program.
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Fig. 21: Structure of the sketch for controlling moving thermal gradients.

At this point, the preheating stage commences. In principle, the preheating stage has the
same structure as the looping part of the stationary gradient sketch, but with an
interrupting function, which ends the otherwise infinite loop. This function is carried out
after a corresponding signal, e.g., from a signal-button, has been received. After the
preheating stage has ended, the time since the start of the program is registered. The
control program then starts to run the set temperature program.

The structure of the rest of the code contains the commands for running the temperature
profile. It consists primarily of aloop with a counting mechanism (For-Loop). The counted
number is incremented by one at the beginning of each new loop. This number defines
what section of a temperature profile should currently be run and therefore, what
temperature settings and durations should be used. It starts by calculating the
temperature ramp for the current section and registering the time. Then, within the For-
Loop, a second loop (While-Loop) is run. The While-Loop is used to readjust the
temperature setpoints and, additionally, take all the steps needed to appropriately change

the power sent to the heating and cooling systems. So, in the While-Loop, the time is
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registered and used to calculate what temperature the inlet and outlet should have at that
point in time. Next, their measured temperatures are registered via the temperature
sensors. The setpoints and the measured temperatures are sent to the PID-controllers and
output values are calculated. These values are then used to change the amount the heating
and cooling systems operate. The temperature data is sent to the user and a delay takes
place before the While-Loop repeats.

The While-Loop ends when the registered time is greater than the set duration for the
current section of the temperature profile. When this happens, the For-Loop starts its next
repetition. This means, the next section of the temperature profile should be started.
When the last section of the temperature profile is done, the For-Loop ends. The last

command in the sketch is to reset the microcontroller, restarting the sketch from the start.

3.4.3. Tuning the PID-Coefficients

Finding the correct PID-coefficients is an important step in making the temperature
control work. If the coefficients are not fitted to the system, this might have several bad
effects on how well the temperatures are reached and their stability. Signs of unsuitable
PID-coefficients are, for example, oscillations around a setpoint, constant offsets from
setpoints, drifts or generally low reproducibility for temperature profiles. However, in
spite of that, little effort to find good values for the coefficients could be invested in the
scope of this thesis, as for each sketch it is an optimisation problem with seven
interdependent variables, namely the three coefficients for each of the two PID-
controllers and the loop time.

The stationary gradient sketch is expected to be easier to tune than the moving gradient
sketch because of the unchanging temperature setpoints. For this reason, the PID-
coefficients for this program were roughly tuned in order to use it in first experiments
and early projects in the near future. Therefore, a test run of the stationary gradient
sketch can be presented in the next subchapter.

As mentioned above, the optimisation of the PID-coefficients for a moving gradient are
out of the scope of this thesis. However, a preliminary test run showed that the sketch can

generally control moving thermal gradients.
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3.4.4. Testing the Stationary Gradient Sketch

In order to determine if the stationary gradient sketch works, a test was performed in
order to observe the temperature stability of a simple thermal gradient. For this, the
setpoints of the inlet and outlet were set arbitrarily to 80°C and 70°C, respectively. Then,
this thermal gradient was run with the constructed TGGC-module, monitoring the
temperature data at a frequency of around two measurements per second. The data
shown in Fig. 22 was recorded using the Microsoft Office Excel Data Streamer add-in [57].
The target temperatures were reached in approximately two minutes. Only the datapoints
after the setpoint temperatures were reached are shown in Fig. 22. Furthermore, the
temperatures’ means and standard deviations can be seen in Tab. 5. As shown in the
diagrams, both inlet and outlet reached the set temperatures and became relatively stable
within less than five minutes. The mean temperatures also correspond well with the
setpoints. The standard deviation of the outlet is larger than that of the inlet. This is likely
due to oscillations that can be seen in the graph and might be a result of outliers causing
the PID-controller to overreact. Further PID-coefficient tuning is expected counteract this

effect.

Tab. 5: Mean and standard deviation of the temperatures of the inlet and outlet for the setpoints
80°C and 70°C, respectively.

Inlet Outlet
Mean Temperature (°Q) 80.01 69.99
Temperature Std. Dev. (°Q) 0.28 0.44

Overall, this sketch, the PID-controller and the heating and cooling systems seem to be
able to produce a thermal gradient. Finding the FF-TGGC'’s capabilities and limitations is

highly recommendable for future projects.
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Fig. 22: Top: Measured temperature of the inlet at a setpoint of 80°C. Bottom: Measured
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4. Discussion and Upgrade Suggestions

It has generally been shown that the constructed prototype TGGC-module can create
stable stationary thermal gradients. It is also expected to be able to run moving thermal
gradients when the PID-coefficients of the controllers have been tuned properly.

In its separation capabilities, however, the module cannot yet be compared to standard
GC methods, as it requires several upgrades before it is possible to test it adequately. In
this chapter, the individual components of the instrument will be reviewed in order to

discuss the potential of upgrading and optimising them.

4.1. Transfer Lines Heating Systems

The most important components that are required for an optimised module are heating
systems for the transfer lines. These are necessary in order to limit the effects of “cold
spots” causing peak broadening. This is suggested as a first step in any attempts to further

develop the TGGC-module.

4.2. Heating System

As a whole, the heating system seems to work well. The components allow for a heating
power of 180 W to pass over the heating capillary, which allows it to heat up very quickly.
Furthermore, the transistor allows for precise heating power control. One point worth
considering is if there are resistance gradients anywhere along the heating capillary. For
example, the transition resistance from the crocodile clamp of the power line to the
heating capillary might increase the power dissipation at the connection point.
Furthermore, the homogeneity of the capillary has in no way been considered. Welded
points for example might be positions, at which the resistance differs from the bulk of the
material. Such resistance gradients are likely to be found in temperature distribution
experiments. Such experiments will be important in characterising the TGGC-module in
future projects.

Furthermore, for projects using moving thermal gradients, knowledge about the
measured maximal heating rates could also be of some importance. It is expected from

the considerations in chapter 2.2.1.2 that these will be temperature dependent.
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4.3. Hull of the Device

The device’s hull is required to be made of a thermally stable material, as the heated steel
capillary is placed close to it. An ABS-filament was used in 3D-printing the cooling
system’s hull, which is thermally stable up to only about 95-105°C (HDT at 1.8 MPa) [48].
Because the material is not in direct contact with the capillary, the temperature of the
capillary is not strictly limited to this temperature but at much higher temperatures, the
material runs the risk of being damaged. Therefore, reprinting or otherwise reproducing
the hull using a more thermally stable material is recommendable if future research
projects require much higher separation temperatures. However, optimising the capillary
holding clamps should be done first, as most of the heat transferred from the capillary to
the hull is conducted by these parts.

Furthermore, the geometric design of the hull could be improved. Increasing the diameter
of this component while making it shorter would likely be advantageous because it would
decrease the path of the air through the airflow resistance material. This would lower the
airflow resistance experienced by the air and is therefore expected to increase the
achievable flow field strength significantly. Additionally, decreasing the distance between

the single threads of the channel in the hull should have a similar effect.

4.4. Airflow Resistance Material

Analogous to the hull of the device, the airflow resistance material is positioned close to
the heating capillary. It therefore requires a degree of thermal stability to avoid being
damaged due to the heat of the capillary. Furthermore, the material is required to have an
open porous structure in order to not impede the flow of air too much.

In this project, a commercially available filter material of a non-specified composition was
used as an airflow resistance material due to the requirements concerning its porosity.
The thermal properties of this material are not known. Therefore, either testing the
thermal stability or replacing the material with a porous body of a known composition
with good thermal properties would clarify the limitations of use of the TGGC-module due
to this factor.

Generally, from the observations made in the construction of the cooling unit, choosing
an airflow resistance material with a very high porosity, regular pore distribution and

large pore size appears to be the best solution.

56



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m You

Alternatively, using a filling made of loose particles might also be worth considering in

future projects.

4.5. Holding Clamps

In order to reach better thermal isolation of the heating capillary from the hull, holding
clamps made of a material with low thermal conductivity and high thermal stability were
suggested in the theoretical considerations for these parts. Due to time limitations, it was
not possible to plan, design and organise satisfactory parts for this purpose. Therefore,
iron wire was used as a place holder to make simple holding clamps with loops to hold
the heating capillary in position. Replacing these with thermally isolating clamps is
recommendable, as it decreases the thermal strain on the device’s hull and the air
resistance material. For example, these could be 3D-printed from high-performance
polymer filaments or made of a ceramic material. This would have the added bonus of
being able to shape them as required, potentially allowing a clip-in holding feature, which

could make the heating capillary easier to mount.

4.6. Using a Reducer and a Honeycomb

As mentioned in chapter 3.2.4, a lot of the air accelerated by the fan was found to rebound
against the airflow resistance material and flow back against the flow direction of the fan.
In order to increase the amount of air flowing from the fan into the airflow resistance
material, a reducer was made to fit the cross-section of the airflow to the inner geometry
of the hull. Of course, if the hull is reproduced, it could be redesigned to fix exactly with
the cooling fan. However, using a reducer would have the benefit that larger, more
powerful fans could be used.

Due to the height limitations of the GC oven, this component was not built into the final
TGGC-module. In the scope of this thesis, it was not possible to test, whether the reducer
influenced the airflow efficiency. Finding a method of comparing the airflows with and
without the reducer is necessary in order to quantify its effect. Monitoring the
temperature at the outlet while using a constant heating power and using Eq. 20 - Eq. 23

is one method that could be used to estimate the airflow.
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Another idea to increase the efficiency of the air flowing into the porous foam is using a
honeycomb lattice to decrease its turbulence. Like the reducer, it was not possible to test

this idea due to height constraints.

4.7. Temperature Sensors

As discussed in 2.2.3.1, using contact and non-contact temperature sensors each come
with their own drawbacks, which vary in their severity depending on if a moving or
stationary thermal gradient is required. Because of the flexibility in their use, MLX90614
non-contact infrared temperature sensors were used in this project. Furthermore,
MLX90614 come in different models, which differ in, among other factors, their fields of
view from 90° to 5°. As using a sensor with a too large field of view is known to be a source
of measurement error, a model of MLX90614 with a reduced field of view of 35° was used
in this project. Furthermore, distance and angle to the measured object likely introduce
uncertainty to the measurement, especially due to the iron wire hold clamps used to hold
the MLX90614 in place. If the error in temperature measurement is a significant factor in
future projects, several steps can be taken to reduce it. First, using steadier clamps to hold
the sensor in an exactly defined position would reduce the influence of measuring
distance and angle. Second, using models with an even smaller field of view might be
worth considering in order to reduce the contribution of the surroundings to the
measured temperature value. Third, finding a satisfactory method of recalibrating the
sensors to the measurements system would be highly advantageous. Finally, especially if
a future project uses a stationary thermal gradient, using contact temperature sensors

like K-type thermocouples might also come into question.

4.8. Temperature Control Sketches

The temperature control sketches generally seem to be in working order. They can be
used to control the heating and cooling systems, thereby creating temperature gradients.
The PID-controllers of both need to be tuned in order to decrease temperature offsets,
increase temperature stability and reproducibility of temperature programs. Especially
for the moving thermal gradient program, this is expected to be challenging.

Furthermore, the sketches can be improved by increasing their ease of use. For example,

no user interface has currently been prepared for these sketches. Parameters like the
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temperature gradient or profile are set in variables directly in the source code.
Furthermore, recording the outputted temperature data is done with a separate program.
Preparing a graphic user interface would be advantageous in that it increases the user
friendliness of the control sketches and would also allow for the incorporation of data

recording features.
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5. Conclusion

In this thesis, a prototype TGGC-module based on the flow field TGGC by Boeker and
Leppert [6] was designed and built.

In the prototype, the thermal gradient is produced along a thin steel capillary sheath,
through which a short length of GC capillary column is placed. The thermal gradient is
generated using separate heating and cooling systems. The heating system heats
uniformly and is based on resistively heating the steel capillary sheath. The cooling
mechanism relies on a non-uniform airflow, which cools the steel capillary by an
increasing amount along the length of the steel capillary. The temperature of the inlet and
outlet of the steel capillary were measured using infrared temperature sensors.
Furthermore, control programs for stationary and moving thermal gradients were
written for a microcontroller.

In the scope of this thesis, it was not possible to develop the device up to a level at which
measurements can be made. More time and effort need to be invested into this project
before this module can be used in actual test separations. It is especially important to find
a robust way of heating the transfer lines before and after the module in order to avoid
undesired positive thermal gradients. When this has been done, it is expected that first
separations can be done using the device. Additionally, several suggestions have been
made on how to further upgrade the components of the module.

This project was the first step into TGGC-development for the research group. It will likely
pave the road for further projects in researching and applying this method in the near
future. Several suggestions have already been made, in which TGGC could be combined

with advanced GC techniques.
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7. Appendix

7.1. Source Code: Stationary Thermal Gradient

/* This is a Program for controlling the Temperatures of the Inlet and
Outlet of a

* Flow-Field Thermal Gradient Gas Chromatograph in stationary Gradient
Mode.

* For a detailed description of how the sketch works, see the User Guide.

* Written By Robert D. Miller

*/

#include "i2cmaster.h"™ // File for MLX on I2C

#include <PID vl.h> // PID File

#include <PWM.h> // File for PWM frequency variation
/7777 User Set Variables for regular Use /177

// Set the target Temperatures for the PID

double Setpointl = 50; // Cold Outlet (°C)

double Setpoint2 = 70; // Hot Inlet (°C)

// Loop Delays

int Total Loop delay = 500; // Approximatly how long each loop
should take (ms).

int Read delay = 100; // Delay between the read out of

different sensors (ms).
// Read delay must be smaller than Total Loop Delay/2!!

// Data Output Variables

const bool DataRead Excel = false; // Variable for controlling the data
Output format.

// True: MS Excel Data Streamer

// False: Arduino IDE Serial Monitor

const bool Monitor Output = true; // Should the Output PWM-Signal byte be
monitored in

// MS Excel/Serial Monitor? true: Yes, false: No.

/1777 User Set Variables for Development /////

//PID Coefficients
double Kpl = 1.0, Kil = 1.0, K
double Kp2 = 5.0, Ki2 1.0, K

= 0; // Cooling System PID Coefficients

dl
d2 = 0; // Heating System PID Coefficients

// I?C-Addresses for the MLX 9061l4-Sensors

byte MLXAddrl = 0x5B; // Sensor 1, (Cooling System
Sensor)
byte MLXAddr2 = 0x5A; // Sensor 2, (Heating System
Sensor)

// Pin Positions of Digital Signal Outputs

byte PIN OUTPUT1 = 3; // Pin 3 is the Fan Pin.

byte PIN OUTPUT2 5; // Pin 5 is the Heating System
Transistor Pin.
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// Frequency of Fan PWM-Signal

int32 t frequency = 25000;
function (Hz)

// (25 kHz recommended for fan in Specs)

// PWM Frequency for pwmWrite()-

///// Utility Variables, no adjustment required /////

// Utility Variables for PID and 2 instances of PID-class objects

double Inputl = 30;
double Input2 = 30;
double Outputl, Output2;

PID myPIDI1 (&Inputl, &Outputl,
PID

PID myPID2 (&Input2, &Output2,
Transistor PID

// Loop Utility Variable

&Setpointl, Kpl, Kil, Kdl, REVERSE); // Fan

&Setpoint2, Kp2, Ki2, Kd2, DIRECT); //

int Loop Part delay = Total Loop delay - 2 * Read delay; // Here assumed

that 2 Sensors are activated

// Temperature Registration
float TempC2;
float TempCl;

// Time Registration
long Time ms;

long Time Setup ms;
float Time min;

These Functions are for setting up different parts of the program:

I?2C-Communication for the Sensors,

the changed PWM Frequency for the fan and Signal Input and Output

void setup ()
{ /*
The Serial Monitor, the PIDs, the
pins
*/

Serial.begin (9600);

myPID1.SetMode (AUTOMATIC) ;
myPID2.SetMode (AUTOMATIC) ;

i2c init();

InitTimersSafe () ;

bool success = SetPinFrequencySafe

// PWM-Change to set Frequency
(PIN OUTPUT1, frequency);

// First Information Output to the Computer. Format dependant on the

monitoring Program
if (DataRead Excel == true)
Excel Datastreamer

{

if (Monitor Output == true) {

Output is activated

// Output Via MS

// Monitoring

Serial.println("Heating to set Temperatures...");
Serial.println("Time, Inlet Temp,Outlet Temp,Outp. Heating, Outp.

Cooling");
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Serial.println (" (min), (deg. C), (deg. C), (), O)O");

}

else { // Monitoring

Output is deactivated

Serial.println("Heating to set Temperatures...");
Serial.println("Time, Inlet Temp,Outlet Temp");
Serial.println(" (min), (deg. C), (deg. C)");

}

} // End of Excel-Output branch

else { // Output Via
Arduino IDE Serial Monitor

if (Monitor Output == true) { // Monitoring
Output is activated
Serial.println("Heating to set Temperatures...");
Serial.println("Time Inlet Temp Outlet Temp Outp.
Heating Outp. Cooling™);
Serial.println (" (min) (°C) (°C) ()
() ")
}
else { // Monitoring
Output is deactivated
Serial.println("Heating to set Temperatures...");
Serial.println("Time Inlet Temp Outlet Temp"):;
Serial.println (" (min) (°cy (°cy™;
}
} // End of Serial Monitor Output Branch

Time Setup ms = millis(); // Register Time Required for Setup

}

void loop ()
{

// Register Time and convert to mins
Time ms = millis() - Time Setup ms;
Time min = float (Time ms) / 60 / 1000;

// Measure Tempature at the Inlet and delay
TempC2 = ReadTemp (MLXAddr2 << 1);
delay (Read delay);

// Measure Temperature at Cold End
TempCl = ReadTemp (MLXAddrl << 1);

//Calculate Output for the Heating System

Input2 = TempC2 ; // Input for myPID2 is TempC2.
myPID2.Compute () ; // Calculate Output2.
analogWrite (PIN OUTPUT2, Output2); // Send PWM-signal with changed

Frequency to Fan.
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//Calculate Output for Cold End

Inputl = TempCl ;
myPID1.Compute () ;

pwmWrite (PIN OUTPUTL1, Outputl);

Frequency to Fan.

if (DataRead Excel == true) {

Serial.print (Time min, 3);
Serial.print (TempC2) ;
Serial.print (TempCl) ;

if (Monitor Output == true)
activated
Serial.print (Output?2);
Serial.print (Outputl) ;
}
else {
deactivated
Serial.println("");

// Input for myPIDl is TempCl.
// Calculate Outputl.
// Send PWM-signal with changed

// Output Via MS Excel Datastreamer
Serial.print(",");
Serial.print(",");
Serial.print(",");

{ // Monitor Output PWM-Signals is

Serial.print(",");
Serial.println();

// Monitor Output PWM-Signals is

// New Line

} // End if Excel-Readout Branch

else {
Monitor
Serial.print (Time min, 3);
Serial.print (TempC2) ;
Serial.print (TempCl) ;

if (Monitor Output == true)
activated
Serial.print (Output2);
Serial.print (Outputl);
}
else {
deactivated
Serial.println("");

}

// Output Via Arduino IDE Serial

Serial.print (" ")

Serial.print (" ")
Serial.print (" ")

{ // Monitor Output PWM-Signals is

Serial.print (" ")
Serial.println();

// Monitor Output PWM-Signals is

// New Line

} // End if Serial Monitor-Readout Branch

delay (Read delay);
delay (Loop_ Part delay);

float ReadTemp (byte Address)
{

/*

* This is a function for reading the Temperature sent by a
* MLX-90614 Sensor via I?C-Communication.

*/
int data low = 0;
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int data high = 0;
int pec = 0;

i2c_start wait (Address + I2C WRITE);
// Address of temp bytes
i2c_write(0x07);

// Read - the famous repeat start
i2c_rep start (Address + I2C READ);

// Read 1 byte and then send ack (x2)
data low = i2c readAck();

data high = i2c_readAck();

pec = i2c_readNak();

i2c_stop();

// This converts high and low bytes together and processes the
temperature

// MSB is a error bit and is ignored for temperatures

// Zero out the data

float temp = 0x0000;

// This masks off the error bit of the high byte, then moves it left

// 8 bits and adds the low byte.

temp = (float) (((data_high & 0x007F) << 8) + data_low);

temp = (temp * 0.02) - 273.16; // Convert from arbitrary Units to Celsius

return temp;

7.2. Source Code: Moving Thermal Gradient

/* This is a Program for controlling the Temperatures of the Inlet and

Outlet of a
* Flow-Field Thermal Gradient Gas Chromatograph in dynamic Gradient Mode.
* For a detailed description of how the sketch works, see the User Guide.
* Written By Robert D. Miller

*/

#include "i2cmaster.h" // File for Multi-MLX on IZ2C

#include <PID vl1.h>// Files for PID

#include <PWM.h> // File for PWM frequency variation

#define PIN OUTPUT1 3 // Pin 3 and 5 Fan and Transistor pins
#define PIN OUTPUTZ2 5

/1777 User Set Variables for Regular Use /1777

// Preheat-Stage Variables

float Temp Inlet Preheat = 70 ; // Temperature of the hot Inlet for
the Preheating (°C)
float Temp Outlet Preheat = 40 ; // Temperature of the Cold Outlet for

the Preheating stage (°C)

// Temperature Program Variables

const byte Number Segments =

3; //
Important! Number of Ramps in the Temperature Program after the Preheat
Stage
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float SetTemp Inlet[] = { 110, 110, 130, 130,

100, 100, 115, 130, 150, 200}; // Set the Inlet Temperatures
at the end each ramp in order (°C)

float SetTemp Outlet[] = { 60

, 80, 100, 100, 70, 70, 1le6, 132, 151, 201}; // Set

the Outlet Temperatures at the end each ramp in order (°C)

float SetTime[] =

{ 2, 3, 4, 0.2, 0.5, 1, 1, 0.8, 0.2, 1}; // Set
the Duration of each Ramp segment (min)

float MaxTemp = 300; // Maximum temperature allowed to be set into
SetTemp Inlet[] and - Outlet[]. This is a Safety feature. Suggested Value:
300. (°C)

// Loop Delays

int Total Loop delay = 200; // How long each loop should take.
Deviation 5-15 ms (ms)

int Read delay = 50; // Delay between the read out of different
sensors. (ms) Note: Must be smaller than Total Loop Delay/2 !!!

// Data Output Format
const bool DataRead Excel = false; // Variable for controlling the data
Output format.

// True: MS Excel Data Streamer

// False: Arduino IDE Serial Monitor

// Signal Pins and Signal Variables

const byte ledPinl = 13; // End Preheat Signal LED Pin

const byte ButtonPin = 2; // Pin for "End Preheat"-Signal button,
Note: must be digital pin 2 or 3 for Arduino Uno.

const byte ledPin2 = 12; // Temperature Proximity Signal LED Pin
const float Temp Prox = 1; // In Preheat-Stage: LED on ledPin2
Lights up, when both Temp. Sensors register Temperatures which are

// within Temp Prox of their Setpoints

/71777 User Set Variables for Development /////

//Specify the PID coefficients
double Kpl = 10.0, Kil = 0.2, Kdl = 0;
double Kp2 = 2.0, Ki2 = 0.1, Kd2 = 0;

// declares MLX-Sensor Addresses
byte MLXAddrl = 0x5C; // Sensor 1
byte MLXAddr2 0x5D; // Sensor 2

//Fan Control PWM frequency
int32 t frequency = 25000; // PWM Frequency in Hz (25 kHz nec for fan)

///// Utility Variables, no adjustment required /////

// Structure Utility Variables
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volatile bool WaitState = true; // Variable for
Ending the Preheating Stage

void (* resetFunc) (void) = 0; // Prepares the
Reset-Function

// Temperature and Time Utility Arrays

float Array Temp Inlet[Number Segments]; // These arrays
take their values from SetTemp Inlet[], -Outlet[] and SetTimel[]
float Array Temp Outlet[Number Segments]; // But only

"Number Segments" -members, Temperatures under MaxTemp and time in
milliseconds.
float Array Time[Number Segments];

// Measured Temperatures

float TempCl; // Measured
Temperatures
float TempC2; // -Cl: Cold

Outlet. -C2: Hot Inlet

// Utility Time Variables

float Total Time min = 0; // Time since activation.
Millis () in minutes (min)

float Time ms = 0; // Time since end of Setup
(ms)

float Time min = 0; // -

[ - (min)

float Time Setup ms = 0; // Setup

duration (ms)

float Time Segment ms = 0; // Counted time since the
Start of a certain Temperature Program Segment (ms)

float Time PastSegments ms = 0; // Time between Code Start

the start of a certain segment (ms)

// Calculated Utility Variables

double Ramp Inlet; // Temperature Ramp of Inlet
and Outlet in °C/ms

double Ramp Outlet;

int Loop Part delay = Total Loop delay - 2 * Read delay; // Difference
Between the Total Loop Delay and the read Delay. Assumed, that 2 Sensors
are being used.

// PID Variables and PID Instances

double Inputl, Outputl; // Input and Output Variables
for the PIDs

double Input2, Output2; //

double Setpoint Outlet; //Current Setpoint of the
Outlet and inlet

double Setpoint Inlet; // -11-

PID myPIDI (&Inputl, &Outputl, &Setpoint Outlet, Kpl, Kil, Kdl, REVERSE); //
Fan PID

PID myPID2 (&Input2, &Output2, &Setpoint Inlet, Kp2, Ki2, Kd2, DIRECT); //
Transistor PID

void setup () {
/*

These Functions are for setting up different parts of the program:
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The Serial Monitor, the PIDs, the I?C-Communication for the Sensors,

the changed PWM Frequency for the fan and Signal Input and Output pins

*/
Serial.begin (9600) ;

myPID1.SetMode (AUTOMATIC) ;
myPID2.SetMode (AUTOMATIC) ;

i2c_init();

InitTimersSafe(); // PWM-Change to set Frequency
bool success = SetPinFrequencySafe (PIN OUTPUT1, frequency);

pinMode (1ledPinl, OUTPUT) ;

pinMode (1ledPin2, OUTPUT) ;
digitalWrite (ledPinl, LOW) ;
digitalWrite (ledPin2, LOW) ;
pinMode (ButtonPin, INPUT PULLUP);

/* This Section is for preparing the Time and Temperature Arrays for use

in the Temperature Program. It feeds what is

in the User-set Arrays (SetTemp Inlet[], SetTemp Outlet[] and
SetTime[] into Array Temp Inlet[], --Outlet[] & —-Time][]

But only so many members as defined by Number Segments

Additionally, Temperatures are not allowed to be set at values over
MaxTemp. Doing so will have them overwritten by

by MaxTemp and will print an Error-message.

Times in Array Time[] are converted to milliseconds.
* /) o
for (int 1 = 0; 1 < Number Segments; i++)
{ Array Time[i] = SetTime[i] * 60 * 1000 ;

if (SetTemp Inlet[i] <= MaxTemp)

{ Array Temp Inlet[i] = SetTemp Inlet[i] ;}
else
{
Array Temp Inlet[i] = MaxTemp ;
Serial.println("Error: An element of SetTemp Inlet[] is greater than

MaxTemp and has been limited to MaxTemp");

}

if (SetTemp Outlet[i] <= MaxTemp )

{Array Temp Outlet[i] = SetTemp Outlet[i] ; }
else
{

Array Temp Outlet[i] = MaxTemp ;

Serial.println("Error: An element of SetTemp Outlet[]is greater than
MaxTemp and has been limited to MaxTemp") ;

}
}; //end For-loop

if (Temp Outlet Preheat <= MaxTemp)
{Setpoint Outlet = Temp Outlet Preheat;}
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else

{

Setpoint Outlet = MaxTemp;

Serial.println("Error: Temp Outlet Preheat is greater than MaxTemp and
has been limited to MaxTemp") ;

}

if (Temp Inlet Preheat <= MaxTemp)
{Setpoint Inlet = Temp Inlet Preheat;}
else
{
Setpoint Inlet = MaxTemp;
Serial.println("Error: Temp Inlet Preheat is greater than MaxTemp and has
been limited to MaxTemp");

}

/*

First Serial Monitor Output.
*/
if (DataRead Excel == true) {

Serial.println ("Heating to starting Temperatures...");
Serial.println("TimeTotal, Time, Inlet Setp.,Inlet Temp,Outlet
Setp.,Outlet Temp");
Serial.println(" (min), (min), (deg. C), (deg. C), (deg. C), (deg. C)");
}

else {
Serial.println("Heating to starting Temperatures...");
Serial.println("Time Total Time Inlet Setp. Inlet Temp Outlet Setp.
Outlet Temp ");
Serial.println ("
(min) (min) (°C) (°C) (°C) (°cy m;
}

/*

This program Segment runs the preheating stage. A while-loop
containing RunPID

runs at the Temp Inlet Preheat & -Outlet- Temperature setpoints while
WaitState ist "true".

When the Button on ButtonPin is pressed, the interrupt is triggered
and the

function ChangeState () switches Waitstate from true to false, ending
the Loop
An LED 1is turned on to indicate this.

*/

attachInterrupt (digitalPinToInterrupt (ButtonPin), ChangeState, FALLING)
while (WaitState == true)

{

RunPID() ; // The actual PID running
commands
Serial.println("Step: Preheating "); // Additional Data Output of which

Step. Same for Excel and Serial Monitor.

if ( (abs(TempCl - Temp Outlet Preheat) < Temp Prox) && (abs(TempC2 -
Temp Inlet Preheat) < Temp Prox))

{
digitalWrite (ledPin2, HIGH) ;

}
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else

{
digitalWrite (ledPin2, LOW) ;
}
} //End While-Loop

digitalWrite (ledPin2, LOW) ;
Time Setup ms = millis();

} // End Setup ()

void loop () {

/* This part of the program runs the temperature ramp.
It consists of a for loop containing a while loop.
The for loop defines which segment

is being run

(i.e. which element of the Arrays)

The While loop runs the actual ramp.

*/
for (int 1 = 0; 1 < Number Segments; i++)
{
if (1 == 0) // defines the current ramp
{ Ramp Inlet = (Array Temp Inlet[i] - Temp Inlet Preheat) /
Array Timel[i];
Ramp Outlet = (Array Temp Outlet[i] - Temp Outlet Preheat) /
Array Time[i];
}
else
{ Ramp_Inlet = (Array Temp Inlet[i] - Array Temp Inlet[i - 1]) /
Array Time[i] ;
Ramp Outlet = (Array Temp Outlet[i] - Array Temp Outlet[i - 1])
Array Timel[i];
}
Time Segment ms = 0;
Time PastSegments ms = millis();
while ((millis() - Time PastSegments ms) < Array Timel[i])
{
Time Segment ms = millis() - Time PastSegments ms;
Time ms = millis() - Time Setup ms;

Time min = Time ms / 60 / 1000;

if (1 == 0) {

Setpoint Inlet = Temp Inlet Preheat + Ramp Inlet * Time Segment ms;

Setpoint Outlet = Temp Outlet Preheat + Ramp Outlet *

Time Segment ms;

}

else {

Setpoint Inlet = Array Temp Inlet[i - 1] + Ramp Inlet *

Time Segment ms;

Setpoint Outlet = Array Temp Outlet[i - 1] + Ramp Outlet *

Time Segment ms;
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RunPID() ;
Serial.print ("Step: "); Serial.println(i+l); // Additional Data
Output of which stage. Same for Excel and Serial Monitor

} //End While Loop
} //End For Loop

Serial.println ("End of Temperature Program, Resetting The Arduino...");

Serial.println{();

analogWrite (PIN OUTPUT2, O); // Deactivates the Heating System while
waiting for the reset. Safety Feature.

Blink () ; //Blink and Wait. Duration 1ls. x3
Blink () ;
Blink () ;

resetFunc () ;

Serial.println("This is an Easter Egg. The Arduino should never print
this.");

} // End of Loop() // End of Code

float ReadTemp (byte Address) // Function for getting
Temperatures from the MLXs with I?C Communication.
{

int data low = 0;

int data _high = 0;

int pec = 0;

i2c_start wait (Address + I2C WRITE); // Address of temp bytes

i2c write (0x07); // Read - the famous repeat start

i2c _rep start (Address + I2C_READ);

data low = i2c readAck(); // Read 1 byte and then send ack
(x2)

data high = i2c_readAck();
pec = i2c readNak();
i2c_stop();

float temp = 0x0000; // This converts high and low bytes together

and processes the temperature
// MSB is a error bit and is ignored for temperatures
// Zero out the data

temp = (float) (((data high & 0x007F) << 8) + data low); // This masks
off the error bit of the high byte, then moves it left
// 8 bits and adds the low byte.
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temp = (temp * 0.02) - 273.16; // Converts
Data from Arbitrary Unit to Celsius

return temp;

} // End of ReadTemp ()

void RunPID()

{
Total Time min = float(millis()) / 60 / 1000; // Time since Arduino

turned on or last reset

if (WaitState == false) {

Time ms = millis() - Time Setup ms; // Count Time since Setup
Time min = (float(Time ms)) / 60 / 1000;

}

TempC2 = ReadTemp (MLXAddr2 << 1); // Measure Tempature at sent by

MLXAddr2 (Inlet), delay and repeat for MLXAddr2 (Outlet)
delay (Read delay);
TempCl = ReadTemp (MLXAddrl << 1);

Input2 = TempC2 ;

myPID2.Compute () ; //Have myPID2 use the measured

Temperature to calculate an Output (Output2).
analogWrite (PIN OUTPUT2, Output2); // Use Output2 as PWM Signal
for the Heating System control

Inputl = TempCl ;
myPID1.Compute () ; // Same as Above

pwmWrite (PIN OUTPUT1, Outputl); // Send PWM-signal with changed

Frequency to Fan.

if (DataRead Excel == true) ({ // Data Output for MS Excel
Data Streamer

Serial.print (Total Time min, 3); Serial.print(",");
Serial.print (Time min, 3); Serial.print(",");
Serial.print (Setpoint Inlet); Serial.print(",");
Serial.print (TempC2) ; Serial.print(",");
Serial.print (Setpoint Outlet); Serial.print(",");
Serial.print (TempCl) ; Serial.print(",");

}

else { // Data Output for Arduino

Serial Monitor

Serial.print (Total Time min, 3); Serial.print (" ")
Serial.print(Time min, 3); Serial.print (" ")
Serial.print (Setpoint Inlet); Serial.print (" ")
Serial.print (TempC2) ; Serial.print (" ")
Serial.print (Setpoint Outlet); Serial.print (" ")
Serial.print (TempCl) ; Serial.print (" ")
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delay (Read delay);
delay (Loop Part delay);
} // End of RunPID()

void ChangeState () {

//Function for changing the value

WaitState and triggering the start of the Temperature Program.
//Activated by an Interrupt in the Preheating Stage

WaitState = !WaitState;
digitalWrite (ledPinl, HIGH) ;
}

void Blink () {
digitalWrite (ledPinl, LOW);
delay (500);
digitalWrite (ledPinl, HIGH);
delay (500);

//Change Waitstate from true to false
// Turn on an LED as a Signal.
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