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Abstract

Steam sterilization is the most common method of sterilizing both wrapped and
unwrapped pieces of medical equipment prior to re-use. The steam sterilization
process is based on high heat transfer rates from the steam to the load, which occur
as a result of condensation effects. At the beginning of the steam sterilization process,
the steam sterilizer is filled with Non-Condensable Gases (NCGs) (namely air). These
NCGs have to be removed from both the sterilization chamber and hollow loads in

order to enable high heat transfer rates due to steam condensation effects.

The goal of this thesis was to develop a Computational Fluid Dynamics (CFD) model,
able to predict all of the relevant phenomena inside a steam sterilizer. To achieve this
goal, four main research questions must be answered:

i) Is it possible to simulate the heating process of the load?

ii) Which approach can be used to simulate the influence of the wrapping of the load?
iii) Is it possible to simulate the inactivation of different bacteria types on the surface
of the load?

iv) Which approach works best to simulate the air removal and the steam penetration

inside the steam sterilizer as well as inside hollow loads (cavities)?
To answer these research questions, this thesis deals with four major subjects:

To investigate the first question, the sterilization phase of the steam sterilization cycle
was considered in detail. To validate the CFD model, transient measurements of the
pressure, the fluid temperature, and the load temperature were performed. In this
part, a two phase Eulerian-Eulerian multiphase model was used to simulate both the
condensation and evaporation effects inside the steam sterilizer. A numerically efficient
heat transfer model was developed in order to simulate the heat transfer from the
steam to the load. The measured and simulated pressures, fluid temperatures, and
load temperatures were all in very good accordance. These results prove that i) the

developed CFD model is able to accurately predict the heating process of the load.
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To answer the second research question, the heat transfer to wrapped load was investi-
gated. To model the permeability of the paper in which the load is usually wrapped,
a time-efficient porous media model was developed. The permeability of the paper
was measured on a novel test rig, which was developed in-house. The results indicate
that the wrapping has a negligible influence on the load temperature; however, it has a
massive influence on the quality of the steam inside the steam sterilizer. These results
prove that ii) it is possible to simulate the influence of the wrapping on the sterilization

process.

Thirdly, a first-order reaction kinetic approach, coupled with the Arrhenius equation,
was added to the CFD code in order to simulate the inactivation of different types of
bacteria inside the sterilization chamber as well as on the surface of the load. With
this approach, iii) the inactivation of bacteria can be predicted on the surface of the
load. In this thesis different types of bacteria were investigated, including the most

heat-resistant bacteria type, Geobacillus stearothermophilus.

Finally, both air-removal and steam penetration were investigated in the steam steriliza-
tion chamber as well as inside hollow loads (cavities). For this purpose, a three-phase
Eulerian model was used to simulate the steam, water, and NCGs (namely, air) mixture,
which is present inside the steam sterilizer. Furthermore, the heat transfer model was
enhanced so as to also be able to predict the heat transfer due to condensation effects
in the presence of NCGs. With this CFD model, it was possible to iv) simulate the
air-removal inside the steam sterilizer. To investigate research question iv) the removal
of the NCGs was simulated and measured in both a vacuum and a non- vacuum steam
sterilizer. The measured and simulated NCGs ratios were in very good accordance.
Furthermore, the NCGs ratio was investigated in two different helix tests. These sim-
ulation results were validated by means of chemical indicator measurements. The

simulated results matched the measured ones very well.

The CFD models developed in the course of this research project are able to predict
numerous physical phenomena inside modern steam sterilizers. Thus, the results
presented in this thesis should support both the developers of steam sterilizers and
researchers of steam sterilization processes as they attempt to optimize the performance

of such devices.



Kurzfassung

Die Dampfsterilisation ist eine weitverbreitete Methode, um nicht verpackte sowie
verpackte medizinische Instrumente vor der Wiederverwendung zu sterilisieren. Der
Dampfsterilisationsprozess basiert auf sehr hohen Warmeiibergangszahlen vom Dampf
auf die Beladung. Diese sehr hohen Warmeiibergangszahlen entstehen durch Kon-
densation des Dampfes an der Oberfliche der Beladung. Zu Beginn des Dampf-
sterilisationsprozesses ist der Dampfsterilisator mit Nicht-Kondensierbaren Gasen
(NKGs) (i.d.R. Luft) gefiillt. Die NKGs miissen aus der Sterilisationskammer sowie aus
den Hohlrdaumen gebracht werden, um einen hohen Warmetibergang aufgrund von

Dampfkondensationseffekten zu ermoglichen.

Das Ziel dieser Arbeit war es, ein rechnergestiitztes Computational Fluid Dynamics
(CFD) Modell zu entwickeln, welches alle relevanten Phinomene innerhalb eines
Dampfsterilisators berechnen kann. Um dieses Ziel zu erreichen, mussten vier zentrale
Forschungsfragen beantwortet werden:

i) Kann der Aufheizvorgang der Beladung simuliert werden?

ii) Welcher Ansatz kann verwendet werden, um den Einfluss der Verpackung (der
Beladung) zu simulieren?

iii) Ist es moglich, die Abtotung verschiedener Bakterienstimme auf der Oberfldche
der Beladung zu simulieren?

iv) Wie kann die Entliiftung und das Eindringen von Dampf in der Sterilisationskam-

mer als auch in Hohlkorper simuliert werden?

Um diese Forschungsfragen zu beantworten, befasst sich diese Arbeit mit vier Haupt-

themen:

Zur Behandlung der ersten Forschungsfrage wurde die Sterilisationsphase des Dampf-
sterilisationszyklus untersucht. Es wurden Messungen des Drucks, der Dampftemper-
atur und der Temperatur der Beladung durchgefiihrt. Zusétzlich wurde ein zweiphasiges
Euler-Euler-Mehrphasenmodell verwendet, um Kondensation und Verdampfung im
Dampfsterilisator zu simulieren. Ein numerisch sehr effizientes Modell wurde en-

twickelt, um den Warmeiibergang zwischen Dampf und Beladung zu berechnen.
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Gemessene und simulierte Driicke, Dampftemperaturen, und Temperaturen der Be-
ladung stimmten sehr gut mit Messungen tiberein. Diese Ergebnisse haben gezeigt,
dass i) das entwickelte CFD-Modell in der Lage ist, den Aufheizvorgang der Beladung

sehr genau zu simulieren.

Fiir die Untersuchung der zweiten Forschungsfrage wurde der Warmetibergang auf
die verpackte Ladung untersucht. Um die Durchldssigkeit des Verpackungspapiers
(in welches die Beladung normalerweise gewickelt ist) zu modellieren, wurde ein
zeiteffizientes poroses Medium Modell entwickelt. Die Durchléssigkeit des Verpack-
ungspapiers wurde an einem neuartigen Priifstand gemessen, der am Institut fiir
Warmetechnik entwickelt wurde. Die Ergebnisse zeigten, dass der Einfluss der Ver-
packung auf die Temperatur der Beladung sehr gering ist. Der Einfluss der Verpackung
auf die Dampfziffer im Dampfsterilisator ist jedoch sehr grofs. Ohne das entwickelte
Modell zur Simulation der Durchldssigkeit der Verpackung als pordses Medium, wére
es nicht moglich diese genauen Ergebnisse zu erzielen. Dartiiber hinaus zeigen die
Ergebnisse, dass ii) der Einfluss der Verpackung auf den Sterilisationsprozess genau

und numerisch effizient simuliert werden kann.

Drittens wurde ein Reaktionskinetik-Modell erster Ordnung in Verbindung mit der
Arrhenius-Gleichung zum CFD Code hinzugefiigt, um die Abtétung verschiedener
Bakterienstimme innerhalb der Sterilisationskammer sowie auf der Oberfldche der
Beladung zu simulieren. Mit diesem Modellansatz kann iii) die Abtétung von Bakterien
auf der Oberfldche der Beladung ortlich und zeitlich aufgelost vorhergesagt werden.
In dieser Arbeit wurden verschiedene Bakterienstimme untersucht, darunter der am

schwersten abzutotende Bakterienstamm, Geobacillus stearothermophilus.

SchlieSlich wurde die Entlifftung und das Eindringen von Dampf in die Sterilisation-
skammer sowie in Hohlrdumen untersucht. Daher wurde ein Euler-Euler-Modell mit
drei Phasen verwendet, um das Dampf-, Wasser- und NKGs- (i.d.R. Luft-) Gemisch
zu simulieren, das sich im Dampfsterilisator befindet. Dariiber hinaus wurde ein
Warmetibertragungsmodell weiterentwickelt, um die Warmetibertragung aufgrund
von Kondensationseffekten in der Gegenwart von NKGs vorherzusagen. Mit dem
entwickelten CFD-Modell konnte iv) die Entliiftung im Dampfsterilisator simuliert wer-
den. Zur Demonstration wurde das Entfernen der NKGs in einem Vakuum- und einem
Nicht-Vakuum-Dampfsterilisator simuliert und gemessen. Gemessene und simulierte
NKGs-Anteile stimmten sehr gut tiberein. Dariiber hinaus wurden die NKGs-Anteile
in zwei verschiedenen Helix-Tests untersucht. Diese Simulationsergebnisse wurden
auch mit Messungen mit chemischen Indikatoren validiert. Die simulierten Ergebnisse

stimmten mit den gemessenen Ergebnissen gut tiberein.



Die in dieser Arbeit entwickelten CFD-Modelle kénnen viele physikalische Phdanomene
in modernen Dampfsterilisatoren vorhersagen. Die Ergebnisse sollen Entwicklern
von Dampfsterilisatoren und Forschern von Dampfsterilisationsprozessen bei ihrer

zukiinftigen Arbeit unterstiitzen.
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Introduction

The sterilization of medical equipment is of major importance to ensure patients’
safety. By making it possible to reuse medical equipment, sterilization allows societies
to maintain cost-efficient and environmentally sustainable healthcare systems. To
guarantee that medical equipment can be reused safely, all bacteria must be inactivated
prior to contact with a new patient. To this end, sterilization processes refer to the
procedures used to inactivate all bacteria on the surfaces of medical equipment. Many
scientists have investigated different aspects of steam sterilization processes in the past.
Nevertheless, to understand all of the phenomena that take place during the steam
sterilization process, there is still more research to be done. To contribute to this field,
the overarching goal of this thesis was to develop a numerical model able to simulate

all of the relevant phenomena inside a steam sterilizer, resolved in time and space.

This chapter begins with an overview of the journal publications that provided the
basis of this PhD thesis as well as an assessment of the author’s own contribution
to the total work. Subsequently, this chapter presents an overview of the motivation
behind this project, the state of the art in this field, the methods that were employed in
the course of these investigations, the impact this research may have on the scientific

community, and future fields of application for this thesis.

This PhD thesis is based on three peer-reviewed journal publications, which are

presented in the following list:

e M. FEURHUBER, A. CATTIDE, M. MAGNO, M. MIRANDA, R. PRIELER, C.
HOCHENAUER, Prediction of the fluid flow, heat transfer and inactivation of
microorganism at medical devices in modern steam sterilizers using compu-
tational fluid dynamics, Applied Thermal Engineering 127 (2017) 1391-1403.
https:/ /doi.org/10.1016/j.applthermaleng.2017.08.085
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e M. FEURHUBER, M. MAGNO, M. MIRANDA, R. PRIELER, C. HOCHENAUER,
CFD Investigation of Non-Condensable Gases in Vacuum and Non-Vacuum
Steam Sterilizers, Chem. Ing. Tech. 91 (4) (2019) 502-513.
https:/ /doi.org/10.1002/ cite.201800088

e M. FEURHUBER, M. MAGNO, M. MIRANDA, C. HOCHENAUER, CFD in-
vestigations of steam penetration, air-removal and condensation inside hol-
low loads and cavities, Applied Thermal Engineering 147 (2019) 1070-1082.

https:/ /doi.org/10.1016/j.applthermaleng.2018.10.135

Paper [1] presents a study in which a CFD model was developed to predict the heat
transfer from the steam to the load and the inactivation of bacteria on the surface of
wrapped cylindrical loads made out of different materials. The CFD model for this
study was developed by the author, with the help of Professor Christoph Hochenauer
and Rene Prieler. Antonello Cattide, Marco Miranda, and Marino Magno contributed

their experimental work, which was needed to validate the CFD model.

In paper [2], the removal of NCGs inside both a vacuum and a non-vacuum steam
sterilizer was investigated. The measured and simulated NCGs contents were compared
and found to be in good accordance. The CFD simulations for this work were done
by the author, with the help of Professor Christoph Hochenauer and Rene Prieler.
Marco Miranda and Marino Magno assisted with the measurements performed for
this study.

Paper [3] presents further developments of paper [2]. In this paper, the air-removal and
the steam penetration processes were investigated inside the sterilisation chamber, as
well as inside two different kinds of helix tests. The results of the simulation of steam
penetration in the helix tests were validated with measurements of chemical indicators.
The author carried out the CFD simulations for this work under the supervision of
Professor Christoph Hochenauer. Marco Miranda worked on the experiments under

the supervision of Marino Magno.

Furthermore, during work on this thesis, two more publications were written. The
fourth publication was submitted to the journal Physics in Medicine. For this paper the
revision has already been uploaded. The fifth publication is accepted for publication

in the International Journal of Heat and Mass Transfer.

e M. FEURHUBER, P. BURIAN, M. MAGNO, M. MIRANDA, C. HOCHENAUER,
Development of a spatially and timely resolved CFD model of a steam sterilizer

to predict the load temperature and the inactivation of bacteria, under review.
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e M. FEURHUBER, P. BURIAN, M. MAGNO, M. MIRANDA, C. HOCHENAUER,
CFD simulation of the inactivation of Geobacillus stearothermophilus on dental
handpieces, International Journal of Heat and Mass Transfer 144 (2019), Article

118649.

[4] investigates the time and spatially resolved CFD simulation of both load tempera-
ture and the inactivation of bacteria on the surface of an unwrapped cylindrical load.
The author and Paul Burian worked on the development of the CFD model under the
supervision of Professor Christoph Hochenauer. Marino Magno and Marco Miranda

worked on the experimental part and helped with the validation of the CFD model.

[5] is a further development of paper [1] and paper [4]. In this paper, the inactivation of
the bacteria type Geobacillus stearothermophilus was investigated on the surface of both
wrapped and unwrapped dental handpieces. The author and Paul Burian worked on
the development of the CFD model with the support Professor Christoph Hochenauer.
Again, the experimental work was done by Marco Miranda and supported by Marino

Magno.

The interpretation of the results of papers [1-5] was done by the author with the
support of Professor Christoph Hochenauer. All of the papers were written by the
author under the supervision of Professor Christoph Hochenauer. In total the author’s

own contribution to the total work of papers [1-5] is estimated to be more than 85 %.

1.1 Motivation and state of the art !

Steam sterilization is the most commonly used method to sterilize re-usable medical
equipment. Nowadays, many different steam sterilizers and steam sterilization pro-
cesses are available on the market. The correct use of steam sterilizers is important in
order to avoid contaminated surgical instruments [6]. Criteria for effective sterilization

processes can be found in the European standards [7, 8] and in international norms

[9].

Many authors have investigated the steam sterilization process experimentally. Van
Doornmalen, for example, showed that the quality of the sterilization process depends
on factors such as the load, the pouches, the wrapping and, obviously, the sterilizer
itself [10]. Another work by van Doornmalen et al. pointed out that the orientation of

hand pieces has an influence on the sterilization process [11]. Furthermore, the presence

'Segments of this section have already been published in [1, 3].
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of NCGs, such as air, has a big influence on the quality of the sterilization process due
to the fact that increasing volume fractions of NCGs lead to decreasing rates of heat
transfer due to condensation. Bowie et al. found that NCGs that were absorbed by
textile or porous loads have a negative influence on sterility due to a lower heat transfer
rate from the steam to the load [12]. Other authors have also investigated the sterility
of the load. Van Doornmalen and Dankert validated 197 steam sterilizers. The results
revealed that only 40 % of these steam sterilizers met the standards [13]. Esel et al.
looked at the polymicrobial ventriculitis and the evaluation of an outbreak in a surgical
intensive care unit due to inadequate sterilization. Their work demonstrated that strict
infection control is necessary to prevent surgical infections [14]. Vadrot and Darbord
investigated the evaluation of prion inactivation by comparing chemical sterilization
and steam sterilization [15]. Lapanaitis et al. [16], investigated the relationship between
the length of the steam sterilization cycle and the weight of the load. Many other
authors have also investigated air removal from and steam penetration into hollow
loads (helix tests) [17—20]. The work of Kaiser [21] shows the influence of NCGs on
the steam sterilization cycle. Another study has shown that a non-vacuum sterilizer
failed to sterilize dental handpieces [22]. Winter et al. investigated steam penetration
into dental handpieces with narrow internal lumen during sterilization by means of
both vacuum and non-vacuum processes. They found that a non-vacuum sterilizer
was not able to reliably achieve sterilization conditions inside the handpieces [23]. This
is due to the fact that it is more difficult for a non-vacuum steam sterilizer to remove
the NCGs inside the handpieces. As a result, the heat transfer from the steam to the
load decreases. In contrast, it is easier for a vacuum steam sterilizer to remove the
NCGs inside hollow cavities (volumes) of dental handpieces; this means that they are
able to achieve higher heat transfer rates and, therefore, to inactivate bacteria more

effectively.

All of these studies underline the importance of a thorough understanding of the
steam sterilization cycle. To further this understanding, numerical simulations are
an extremely useful tool to clarify the relevant phenomena that take place inside a
steam sterilizer. Despite their advantages, there are still few numerical simulations
of steam sterilization processes published in scientific literature. One of these, Lau
et al. [24], developed a numerical model of a steam sterilizer without load. In a further
study, the same authors incorporated load effects on the steam sterilizer [25]. The major
disadvantage of the models by Lau et al. [24, 25] is that they do not enable researches to
investigate the relevant phenomena inside a steam sterilizer, resolved in time and space.
Therefore, in this PhD thesis, a numerically inexpensive CFD model was developed to

simulate the air-removal, steam penetration, fluid temperatures, load temperatures,
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pressures, condensation and evaporation effects as well as the inactivation of different

types of bacteria, allowing all of the above to be resolved in both time and space.

1.2 A short overview of this study

This thesis is based on both experimental and numerical investigations. As reflected
in the title of this thesis, the main focus of this work is on CFD simulations of steam
sterilization processes. The aim of this research project was to develop CFD models
capable of simulating all of the relevant phenomena inside a steam sterilizer. As a
result of this goal, different aspects were considered in the developed CFD models.

With this goal in mind, the following research questions were defined:

i) Is it possible to simulate the heating process of the load?
ii) Which model can be used to simulate the wrapping of the load?
iii) How can the inactivation of bacteria on the surface of the medical equipment be
predicted?
iv) Which approach works best to simulate the air removal and the steam penetration

inside the steam sterilizer as well as inside hollow loads (cavities)?

This thesis consists of six chapters. Chapter 2 presents a theoretical background of
the principles of steam sterilization processes, including a description of the different
working principles, steam sterilization cycles, the inactivation of bacteria, the air-
removal and steam penetration process, and the different kinds of loads (medical

equipment).

Chapter 3 provides an overview of all the experiments that were performed in the
course of this research project. It also presents the experimental set-ups that were used
to measure the pressures, fluid temperatures, and load temperatures. Furthermore, the
test rig that was used to measure the permeability of the paper in which loads can
be wrapped is introduced. Finally, the measurement set-up that was used to measure
the NCGs inside the steam sterilizer and the steam penetration inside hollow loads is

presented.

Chapter 4 describes the numerical models, the heat transfer model that was developed
by the author to answer with research question i), and the boundary conditions as
well as the numerical grids that were used for all of the simulations carried out in the
course of this thesis. In Chapter 5, all of the results of this study are presented, and

research questions i), ii), iii) and iv) are answered.
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Finally, Chapter 6 presents the conclusions that can be drawn from all the work
presented in the context of this dissertation and make suggestions regarding future

research in this area.

1.3 Impact of this study on the scientific community

Numerical simulations are a useful tool for the description and analysis of the spatial
and temporal occurrence of phenomena related to a medical field of research. For
example, past studies have investigated the flow and the heat transfer in the human
eye [26, 27]. Other studies have simulated the behaviour of infant radiant warmers [28]
and infant incubator [29]. Another study investigated the 3D blood flow [30]. However,
when it comes to numerical simulations of steam sterilization processes, hardly any

studies can be found in existent scientific literature.

This thesis presents a flexible and numerically inexpensive model for 3D simulations
in order to predict all the relevant transient phenomena inside various types of steam
sterilizers. Particular attention was paid to simulating the fluid temperatures as well as
the load temperatures within the steam sterilizer. To predict the heat transfer to the
load and to the walls of the steam sterilizer, a very numerically efficient heat transfer
model was developed. The main advantage of this model is that the condensation wall
film does not have to be modelled. The heat transfer model developed by the author
was adapted so as to be able to predict the heat transfer from the fluid to the load
in the presence of NCGs. A first-order reaction kinetic approach was added to the
CFD code to simulate the inactivation of different kinds of bacteria. The CFD model
was thereafter extended to simulate the removal of air and the penetration of steam
inside hollow loads (cavities). With the CFD model that was developed in the course
of this research project, it is possible to gain deep numerical insight into the steam
sterilization process. As a result, very complex and time-consuming experiments can

be reduced. Thus, valuable time and money can be saved.

The model and the findings that presented in this thesis are new to the scientific com-
munity. To the best knowledge of the author, no CFD simulations of steam sterilization
processes were published in scientific literature prior to the simulations presented
in this thesis. These models can help both researchers and the developers of steam
sterilization processes gain a deep and thorough insight into different types of steam
sterilization processes. Hopefully, the advantages of these models will prompt re-

searchers to carry out further CFD simulations in the field of steam sterilization, and
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will be of significant assistance to the development of future steam sterilizers and

sterilization techniques.

1.4 Methods and future fields of application

The CFD models presented in this thesis are an exact geometrical reproduction of
the steam sterilizers investigated. These CFD models are based on the commercially
available software, ANSYS Fluent, with additional customized code to model the heat

transfer due to condensation as well as the inactivation of different types of bacteria.

For the purpose of this investigation, both numerical and experimental investigations
were performed to gain more insight into steam sterilization processes. In this thesis,
the load temperatures and the inactivation of bacteria were evaluated for unwrapped
and wrapped cylinders, as well as unwrapped and wrapped dental handpieces. Fur-
thermore, the removal of air and the penetration of steam were investigated for different
kinds of hollow loads (cavities). As mentioned above, the simulation model that was
developed in this thesis is extremely versatile; it can be used for a variety of multiple
applications in different kinds of steam sterilizers as well as for different kinds of

loads.

The CFD model presented in this thesis is capable of simulating the inactivation of
all bacteria types on the surface of all kinds of medical equipment. Furthermore, the
air-removal and steam-penetration processes can be simulated inside any kind of
medical equipment, as well as inside all kinds of commercially available helix tests.
The deep numerical insight that this model provides into many relevant phenomena
that occur during the steam sterilization process is of great interest to the developers

of steam sterilizers.



Steam sterilization principles

This chapter provides a theoretical overview of certain aspects of the steam sterilization
process. This overview includes the different types of steam sterilizer, the theoretical
background that was used to calculate the inactivation of bacteria, the difficulty of
the air-removal and steam penetration processes, and the different kinds of loads
that can be sterilized. In this thesis, two different steam sterilizers were investigated:
one benchtop vacuum steam sterilizer [31] and one benchtop non-vacuum (gravity

displacement) steam sterilizer [32].

Generally in this PhD thesis, ‘steam’ refers to saturated steam, wet steam or slightly

superheated steam, while ‘water” refers to condensed steam or boiling water.

2.1 The steam sterilization cycle

Before a steam sterilization cycle begins, the steam sterilizer is loaded, e.g., with the
medical instruments that need to be sterilized. After the door has been closed, the steam
sterilization cycle itself can start. At the beginning of every steam sterilization cycle,

the steam sterilizer contains both the load and ambient air at ambient conditions.
A steam sterilization cycle can generally be divided into three phases:

In the first phase of the steam sterilization cycle, referred to as the pre-sterilization
phase, the ambient air inside the steam sterilization chamber must be removed and
replaced with steam. There are different methods of steam sterilization that can be
carried out according to norm [8]. This thesis considers a type B [31] vacuum steam
sterilization cycle (see Section 2.1.1) and a type N [32] (gravity displacement) non-

vacuum steam sterilization cycle (see Section 2.1.2). In both of these cycles, saturated
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steam is fed into the sterilization chamber to remove the ambient air. This saturated
steam partially condenses on the cold surfaces of the sterilization chamber as well
as on the cold surface of the load. As a result, wet steam, condensed water, and air
are present inside the sterilization chamber. In vacuum steam sterilization cycles, a
vacuum pump is used to remove the air from the sterilization chamber. In non-vacuum
steam sterilizers, the outlets are opened and saturated steam pushes the air out of
the sterilization chamber. More information about the process of air removal inside
vacuum and non-vacuum steam sterilizers is provided in Sections 2.1.1 and 2.1.2,

respectively.

In the second phase, the actual sterilization takes place. First, the pressure and the
temperature are increased to a pre-defined level in order to inactivate the bacteria.
After this initial increase in pressure, the pressure and temperature are held constant
for a set amount of time (holding time). To raise the pressure as well as to hold the
pressure constant, saturated steam is permanently fed into the sterilization chamber.
During this phase, only saturated steam, wet steam, condensate and the load are
present within the steam sterilizer’s chamber. A small amount of NCGs (air) may be
present inside hollow loads (cavities). The saturated and wet steam condenses on all
surfaces of the load (medical equipment) as well as on the surface of the sterilization
chamber. As a result, very high heat transfer rates occur between the steam and the
surface of the load. These high heat transfer rates mean that the load is homogeneously
heated to nearly the same temperature as the saturated steam. The higher the load
temperature, the faster the bacteria can be inactivated [33, 34]. As a result, the holding
time depends on the sterilization temperature. An overview of different holding times

as a function of the sterilization temperature is provided in Table 2.1 [8].

Table 2.1: Minimum holding time in the sterilization phase for different sterilization temperatures [8].

Sterilization temperature Minimum holding time

121 °C 15 min
126 °C 10 min
134 °C 3 min
143 °C 1 min

During the third phase, referred to as the drying and cooling phase, the pressure
within the steam sterilizer is reduced to very low levels; this is done using the vacuum
pump for vacuum steam sterilizers or an externally cooled condenser for non-vacuum

steam sterilizers. The purpose of this phase is to dry and cool the load. During this
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phase, wet air, the load, and small amounts of unevaporated water are present inside
the sterilization chamber. At the end of the third phase the steam sterilizer is filled
with ambient air to guarantee a safe opening and un-loading of the steam sterilizer

and a further cooling of the hot walls and the load.

2.1.1 Vacuum sterilization cycle

Vacuum steam sterilizers (type B) are frequently used to sterilize wrapped reusable
medical instruments, such as forks, knives, scalpels, and dental handpieces. After the
loading of the steam sterilizer, the steam sterilizer is filled with the load and air at
ambient pressure and ambient temperature. In the course of the vacuum steam steril-
ization cycle, a vacuum pump removes the air from inside the steam sterilizer before
the saturated steam enters. To ensure sterility at every point inside the sterilization
chamber, high heat transfer rates are required. To achieve these high heat transfer
rates, all of the air inside the steam sterilizer has to be removed. Hollow volumes and
cavities are the most difficult shapes to penetrate with steam. Thanks to the vacuum
pump, vacuum steam sterilizers are more effective when it comes to ensuring the steam
penetration of hollow loads and cavities. The pressure reduction leads to a reduction
of the total mass of the NCGs. As a result, it is easier to ensure the sterility of medical

equipment using a vacuum steam sterilizer.

The working principle of a vacuum steam sterilizer is shown in Figure 2.1. The pressure

trend during a typical vacuum steam sterilization cycle is shown in Figure 2.2.

At the beginning of the pre-sterilization phase, the vacuum pump reduces the pressure
from ambient values (see “ambient pressure” in Figure 2.2) to the minimum pressure
(see “minimum pressure” in Figure 2.2). Until this point, the steam sterilizer contains
only air and the load. Once the minimum pressure has been reached for the first
time, the steam generator feeds saturated steam into the sterilization chamber. The
saturated steam that enters the sterilization chamber is partly needed to raise the
pressure and the temperature, and partly to condense on the chamber’s walls, as
well as the trays and the load. As a result, the inner walls of the steam sterilizer are
heated up. Due to gravity, a large part of the condensed water is collected in the
bottom region of the steam sterilizer. The steam generator stops feeding steam into
the sterilization chamber when the pressure reaches the “top pulse pressure” (see
Figure 2.2). Afterwards the vacuum pump works at full power and the steam generator
is switched off (see Figure 2.1(a)). The mixture (steam, condensed water and air) flows

through a condenser as it exits of the sterilization chamber. Afterwards, the condensate
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is collected in the used water tank. The vacuum pump stops when the pressure reaches
the “minimum pressure” for the second time. In the sterilizer that was investigated in
this work, such a vacuum pulse is repeated three times. In general, the pressure levels
(minimum pressure and top pulse pressure) and the number of vacuum pulses can

vary between different models of vacuum steam sterilizers.

The sterilization phase starts after the last (in this case, the third) vacuum pulse. All
outlets are closed and the steam generator increases the pressure inside the steam
sterilizer to the sterilization pressure (see “pressure rise” in Figure 2.2). The saturated
steam, which is fed into the sterilization chamber, is generated in a steam generator. In
order to produce the steam, water is pumped from the fresh water tank to the steam
generator (see Figure 2.1(b)). In the sterilization phase, hardly any air is present inside
the steam sterilizer due to the fact that the air was removed in the pre-sterilization
phase. Therefore, in this phase, the sterilization chamber contains only saturated steam,
condensed water and the load. Due to condensation of the saturated and wet steam on
the trays, load, and chamber walls, the time it takes to reach the sterilization pressure
is mainly influenced by the mass of the load [16]. Once this point has been reached, the
pressure and the temperature are held for the pre-defined holding time (see Table 2.1).
To maintain a constant pressure within the sterilization chamber, the steam generator
operates in a pulse mode. This is necessary because of ongoing condensation effects.
The holding time is important in order to inactivate bacteria strains with a high thermal
resistance. Therefore, in this phase of the steam sterilization cycle the main inactivation

of the bacteria takes place.

The third phase starts after the defined holding time has elapsed. In this phase, the
vacuum pump reduces the pressure to the minimum pressure (see Figure 2.2). The
minimum pressure is held for a certain time. At pre-defined times, air at ambient
temperatures is fed into the sterilization chamber to reduce the partial pressure of
the water. During this low-pressure period, the evaporation of the condensed water
takes place. As a result, the load is dehumidified. Due to the heat that is needed to
evaporate the condensed water, the load is cooled by this process. At the very end of
the steam sterilization cycle, the steam sterilizer is refilled with ambient air. Therefore,

the pressure rises to ambient levels and the user can safely open the door.

Generally, at all times when the pressure decreases inside the steam sterilizer, the
vacuum pump works at full power and the steam generator is switched off (see
Figure 2.1(a)). Whenever the pressure is rising, the outlets are closed and the vacuum
pump is switched off, the steam generator works at full power and feeds steam into

the sterilization chamber (see Figure 2.1(b)). During the pre-sterilization phase and the
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drying and cooling phases, a heater is used to heat up the walls of the steam sterilizer’s

chamber.

Fresh water tank Vacuum steam sterilizer (Autoclave)

/ \ Diffuser

Dlnsulation [MHeater

Water pump
Steam generator

Door side
(Front side)

Used water tank

Vacuum pump Condenser

Door

(a) Functional sketch of the working principle of a vacuum steam sterilizer in the pre-sterilization phase.

Fresh water tank Vacuum steam sterilizer (Autoclave)

/ \ Diffuser

Dlnsulation [ Heater

Water pump
Steam generator

Door side
(Front side)

Used water tank

Vacuum pump Condenser

Door

(b) Functional sketch of the working principle of a vacuum steam sterilizer in the sterilization phase.

Figure 2.1: Functional sketch of the working principle of a vacuum steam sterilizer in the (a) pre-
sterilization phase and (b) sterilization phase.
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Figure 2.2: Pressure trend during a vacuum steam sterilization cycle.
2.1.2 Non-vacuum sterilization cycle

A non-vacuum steam sterilizer (gravity displacement, type N) is another frequently
used instrument to sterilize medical equipment. Compared to the vacuum steam
sterilization cycle described above, the main difference is, logically, that no vacuum is

used during the pre-sterilization phase.

The working principle of the air-removal process in a non-vacuum steam sterilizer is
shown in Figure 2.3. Figure 2.4 shows the pressure trend during a non-vacuum steam

sterilization cycle.

At the beginning of the cycle, the steam sterilizer contains the load and air at an
ambient pressure and temperature. In the pre-sterilization phase, the air is removed
as it is displaced by the steam entering the steam sterilizer. Thus, in this case, the
air-removal process occurs due to gravity. To release the air from the steam sterilizer’s
chamber, its outlet is opened. The steam generator works at full power and feeds
saturated steam into the sterilization chamber. The water for the steam production
flows through the water pump to the steam generator. Afterwards, the steam generator

evaporates the water to saturated steam. The entering steam is partially mixed with
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the air in the sterilization chamber, partially condenses on the cold walls, and partially
exits out of the sterilization chamber through the outlet pipe (see Figure 2.3). In the
pre-sterilization phase, saturated and wet steam, condensed water, and air are present
in the sterilization chamber. The exiting mixture (steam, water and air) flows through
the outlet pipe to a condenser. After the condenser, the condensed steam and the water
flow to the used water tank. By opening and closing the outlet valve, the pressure
during the pre-sterilization phase is varied between the “maximum pulse pressure”
and the “minimum pulse pressure” (see Figure 2.4). In this regard, the main difference
of the non-vacuum from the vacuum steam sterilization cycle is that the minimum
pulse pressure is determined by the atmospheric pressure. During the pre-sterilization
phase, the heater, which is mounted on the outside of the chamber, is used to heat up

the steam sterilizer’s chamber.

After the pre-sterilization phase, the outlet is closed and the sterilization phase begins.
In the sterilization phase, hardly any air (NCGs) is present inside the steam sterilizer.
The steam generator feeds steam into the steam sterilizer to increase the pressure to the
sterilization pressure (see ”pressure rise” in Figure 2.4). Afterwards, the pressure and
the temperature are held constant for a pre-defined length of time (see “holding time /
sterilization plateau” in Figure 2.4). To achieve constant temperatures and pressures
during the holding time, steam is constantly being partially fed into the sterilization
chamber in order to compensate for the ongoing condensation effects. The sterilization
phase of the non-vacuum steam sterilization cycle is very similar to the sterilization

phase of the vacuum steam sterilization cycle (see Section 2.1.1).

In the drying and cooling phase, the pressure is reduced to the ambient pressure (see
blue line in Figure 2.4) or to lower pressures. The pressure reduction to lower pressures
happens with an externally cooled condenser (see dashed blue line in Figure 2.4). In
order to dry the load, a heater heats up the walls of the steam sterilizer’s chamber and
dries the load by means of radiation and convection. In the drying phase, ambient air
is partially fed into the sterilization chamber to reduce the partial pressure of the steam.
As a result, more water evaporates and, therefore, cools down the load. At the end of
the non-vacuum sterilization cycle, the sterilization chamber is filled with ambient air

to guarantee that the door of the non-vacuum steam sterilizer can safely be opened.
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Figure 2.3: Working principle of a non-vacuum steam sterilizer during air-removal in the pre-sterilization
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Figure 2.4: Pressure trend during a non-vacuum (gravity displacement) steam sterilization cycle.
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2.2 Inactivation of bacteria

This section presents the theoretical background of how the inactivation of bacteria
takes place within steam sterilizers. The variables which are used to describe the steam
sterilization process and the resistance of the bacteria, such as the Fy-value, D-value,

and z-value are described in this section as well.

2.2.1 First-order reaction kinetic approach

The inactivation of bacteria by means of steam autoclaving follows an exponential
decrease curve. For steam sterilization processes, the inactivation of bacteria can be

modelled with a first-order kinetic approach (see Eq. (2.1)) [33, 35].

dN

E = —kd(T) -N (2.1)
where N stands for the current number of bacteria, k;(T) is the inactivation rate of
the bacteria for a given temperature (T), and ¢ is the sterilization time. Eq. (2.1) was
integrated to get the final equation to model the inactivation of different types of

bacteria (Eq. (2.2)):

N = Ny -e k(D) (2.2)

where Nj is the initial number of the bacteria at the time (f = 0 s). In the past, many
researchers have demonstrated that a first-order reaction kinetic approach is able to

predict the inactivation of bacteria by steam sterilization [36, 37].

2.2.2 Arrhenius equation

The rate of bacteria inactivation is usually modelled with the Arrhenius equation (see
Eq. (2.3)) [38]

ka(T) = kgo - 570 (2.3)
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where kj is the pre-exponential factor, E; is the activation energy, R is the universal

gas constant (R = 8.3144598,(715%) and T(; is the temperature at a given time f.

2.2.3 D-value and z-value

The resistance of bacteria can also be described by the D-value and the z-value. The
D-value represents the exposure time (in minutes), which is needed to reduce go %
of the bacteria at a given temperature (T) [39]. The smaller the D-value, the faster
the inactivation of the bacteria takes place. Generally, each bacteria type has its own
specific D-value for steam sterilization. Figure 2.5(a) shows the definition of the D-
values for the thermal-death curves of a specific bacteria type at 111 °C and 121 °C. The
horizontal black dashed lines in Figure 2.5(a) represent 1 log-reduction of the active
bacteria. The D-value for 111 °C is the time which is needed to reduce 1 log-value of
the active bacteria at this temperature (see horizontal distance between the vertical
blue dashed lines in Figure 2.5(a)). The distance between the vertical red dashed lines
in Figure 2.5(a) shows the D-value for the same bacteria type for 121 °C. Usually,
the higher the temperature, the lower the D-value. The D-value is only given for one

specific temperature and one specific bacteria type.

To model the inactivation rate (k;) the Arrhenius equation is usually used (see Eq. (2.3)).
Eq. (2.4) presents a simple correlation between the D-value and the inactivation rate
(kg) [40]. Eq. (2.4) calculates the D-value in seconds. More information about Eq. (2.4)
and the correlation between the D-value and the inactivation rate (k;) can be found in

literature [41, 42].

D= K, (2.4)

The temperature dependency of the D-value is determined and described with the
z-value. The z-value describes how the inactivation of bacteria changes with changes
in the temperature. Mathematically, the z-value is defined as the number of degrees
(in Celsius) the temperature has to be increased to achieve a reduction of the D-value
by a factor of 10 or 1 log-in step. The z-value describes the temperature dependency
of the D-value for one specific type of bacteria. The definition of the z-value for a
given thermal resistance curve is shown in Figure 2.5(b). The D-value is shown on the
y-axis, while the x-axis shows the temperature in degrees Celsius. The vertical distance

between the two black dashed horizontal lines represent a reduction of the D-value by
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a factor of 10. The two vertical dashed blue lines start at the interception point between
the black dashed horizontal lines and the thermal resistance curve. The horizontal

distance between these lines represents the z-value.

To get a better understanding of the D-value and the z-value, Table 2.2 shows these
values for the bacteria types Geobacillus stearothermophilus, Bacillus subtilis, Bacillus

megaterium and Colstridium sporogenes.

Table 2.2: D-value and z-value for different types of bacteria [37].
D-value in min D-value in min

Bacteria type for 115 °C for 121 °C zi-::aolge
(D115 °C) (D121 °0)
Geobacillus stearothermophilus 15 - 24 1,5 - 4,0 6-7
Bacillus subtilis 2,2 0,4 -0,7 8-13
Bacillus megaterium 0,025 0,04 7

Clostridium sporogenes 2,8-3,6 0,8-1,4 13
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(b) Thermal resistance curve for bacteria with the definition of the z-value.

Figure 2.5: (a) Thermal-death curves with the definition of the D-value and (b) a thermal resistance
curve with the definition of the z-value.
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2.2.4 F;y-value

The Fy-value is defined as the number of equivalent minutes of a steam sterilization
process delivered to a product, compared to a steam sterilization at a constant tem-
perature of 121.1 °C. The higher the Fy-value the higher the theoretical inactivation of
bacteria during the sterilization process. The Fy-value is often specified as a reference
for many processes in the steam sterilization industry [43]. The equation to calculate

the Fy-value on the surface of medical equipment is given by Eq. ( 2.5),

Fy = / " () (2.5)
t

0

where T, is the surface wall temperature (in degrees Celsius) of the medical equip-
ment, tp and ¢, are the times when the sterilization process starts and ends, respectively.
In this thesis, the count for the Fy-value starts when the temperature is over 100 °C due
to the fact that exposure to temperatures below 100 °C has hardly any influence on the
inactivation of temperature-resistant bacteria. All Fy-values were calculated according
to the norm for a reference z-value of 10 °C [8]. More information about Fy-values can

be found in literature [44—46].

2.2.5 Log-reduction and SAL

The inactivation log ratio of the investigated bacteria type was calculated as the number
of surviving bacteria for a given time after sterilization (N) to the number of the bacteria

at the beginning of the steam sterilization process (Np), as shown in Eq. (2.6).

inactivation log ratio = log% (2.6)

Furthermore the log survival ratio can be used to calculate the inactivation of bacteria.

The log survival ratio is defined by dividing the current number of bacteria (N) by the

initial number of the bacteria before the sterilization process (Np) (see Eq. (2.7)).

log survival ratio = log% (2.7)

The difference between the inactivation log ratio and the log survival ratio is simply

that the inactivation log ratio is a positive value whereas the log survival ratio is a
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negative one. An inactivation log ratio of 14 represents a log survival ratio of -14 and

vice versa.

The Sterility Assurance Level (SAL) describes the probability that an item is not sterile.
Generally, a SAL of 107° is required; this represents the probability that one in a
million items is not sterile. Due to the fact that no inactivation log ratio higher than six
or a log survival ratio lower than minus six can be measured using spore stripes, an
inactivation log ratio of 12 or higher, or a log survival ratio of -12 or lower, is required
to achieve a SAL of 10~°.

2.3 Steam specification

During a steam sterilization cycle, the steam conditions inside the steam sterilizer are
constantly changing. Furthermore, the fluids inside the steam sterilizer can be removed
or fed to the sterilization chamber. This section provides a theoretical overview of the

different types of steam that can be present during a steam sterilization cycle.

2.3.1 Superheated steam

Superheated steam is steam that has a higher temperature than its saturation tempera-
ture at the current pressure. This means that superheated steam can lose some energy
(e. g., due to convective heat transfer) without condensing [47]. Superheated steam has
significantly lower heat transfer rates compared to saturated steam, which condenses
on cold walls [48]. Therefore, superheated steam is not suitable for steam sterilization
[49]. Dry heat (superheated steam) requires higher temperatures to inactivate the

bacteria or to generate the same Fy-values [50].

2.3.2 Saturated steam and wet steam

Saturated steam and wet steam represent steam at the saturation temperature for the
current pressure. Under these conditions, water and steam can co-exist. Saturated
and wet steam condense as soon as they come into in contact with cold walls. The
heat transfer rates that can be achieved depend on the steam quality inside the steam

sterilizer, especially near the load. Generally, high steam qualities lead to high heat
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transfer rates due to condensation [51-53]. The steam quality (x) is defined by dividing

the mass of the saturated steam through the mass of the wet steam (see Eq. (2.8)).

"

m m
x — Msaturated steam _ (2.8)

/ "
Met steam m +m

where Mgutrated steam Stands for the mass of the saturated steam, Myt steam Stands
for the mass of the wet steam, ' stands for the mass of the boiling liquid, and m"
represents the mass of the saturated steam that is in the thermodynamic equilibrium.
Saturated steam is steam with a steam quality of one (x = 1), while wet steam is steam
with a steam quality between 0.01 and 0.99 (> 0 and < 1). According to the norm, the

steam at the inlet of the steam sterilizer should have a steam quality of 0.975 or higher

[8].

It is very difficult to measure steam quality inside the steam sterilizer. Therefore, in
this thesis, the steam quality was investigated using CFD. With the CFD model that
was developed in this work, the steam quality was investigated in the steam sterilizer’s
chamber as well as near different kinds of loads. Per its definition, the steam quality
can only be calculated when saturated steam and wet steam are both present inside
the steam sterilizer. Therefore, in this thesis, the steam quality was calculated during
the sterilization phase of the two investigated steam sterilization cycles (see Figure 2.2

and Figure 2.4).

2.3.3 Steam-air mixture

As described in Section 2.1, in the pre-sterilization phase, not only steam, but a mixture
of steam, condensed water, and NCGs (air) is present within the sterilization chamber.
In a mixture with three different fluids, it is not possible to calculate the steam quality

(see Section 2.3.2).

Due to the fact that the heat transfer that occurs from the hot steam to the load due to
condensation effects is mainly influenced by the presence of NCGs (air) [54—58], it is
important to analyse the spatial distribution of NCGs inside the sterilization chamber.
To this end, the mass fraction of the saturated steam (ysteam) (shown in Eq. (2.9)) can

be considered:

"
Msaturated steam m

- / "
Muwet steam + Myir m +m + My

Usteam =
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where Mg,1yrated steam Stands for the mass of the saturated steam, 1yt stea Stands for
the mass of the wet steam, and m,;, stands for the mass of the air. If the NCGs (air)
are completely removed from the sterilization chamber, the mass fraction of the steam

(Usteam) is equal to the steam quality (x).

Furthermore, the volume fraction of the saturated steam (¢s¢cqm) can also be investigated

(see Eq. (2.10)).

"

Vsatumted steam _ 14
Vtotal Vl + VH + Vair

Psteam = (2.10)
where Vi, iurated steam Stands for the volume of the saturated steam inside the sterilization
chamber, V;,, stands for the total volume, V' stands for the volume of the boiling
liquid, V" stands for the volume of the saturated steam which is in the thermodynamic

equilibrium, and V,;, stands for the volume of the air (NCGs).

2.3.4 Condensed water

Condensed water can have a negative impact on the heat transfer rates [59-61]. Con-
densed water is inherently present when steam enters the sterilization chamber due to
condensation. At times when the pressure decreases, some condensed water evaporates
again. This effect is utilized in both the drying and cooling phases of the sterilization

cycle.

To explore the extent of this impact, in this thesis, both wrapped and unwrapped load
were used so as to consider influence of condensed water near the surface of the load,

on the surface temperature, and on the inactivation of bacteria.

2.4 Air-removal and steam penetration

High surface temperatures on the medical equipment are beneficial to inactivate all
types of bacteria (see Eq. (2.2) and Eq. (2.5)). To reach these high surface temperatures,
high heat transfer rates are needed, and these high heat transfer rates occur due to
condensation effects. In the past, many studies have shown that the heat transfer rates
that occur due to condensation decrease in the presence of NCGs (air) [27, 62-66].
As a result, all the NCGs present inside the steam sterilizer at the beginning of the

steam sterilization cycle must be removed from the steam sterilizer’s chamber as well
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as from all hollow spaces (cavities) within the medical equipment. During the air-
removal process (pre-sterilization phase), steam, water, and NCGs (see Section 2.3.3),

are contained within the sterilization chamber.

2.4.1 Air-removal from the steam sterilizer’'s chamber

All of the ambient air (NCGs) present inside the sterilization chamber at the beginning
of the sterilization cycle has to be removed and replaced with steam before the
sterilization phase begins in order to guarantee that effective sterilization can take
place [11, 12, 50, 67]. To remove the air from the steam sterilizer’s chamber, different
working principles can be used [8]. In this thesis, both a vacuum- and a non-vacuum
steam sterilizer were investigated. The air-removal procedures of both the vacuum and

non-vacuum steam sterilizers were described in Section 2.1.1 and Section 2.1.2.

During the sterilization plateau, international norms demand that the volume of NCGs
is below 3.5 % of the total mixture of the fluids [8]. The mixture of fluids consists
of steam, condensed water, and NCGs (air). The normalized measurements require
a randomly chosen break in the sterilization cycle during the sterilization plateau.
During this break, the measurement is taken by analysing the fluid mixture exiting the
sterilizer’s outlet. The exiting steam is condensed by an external condenser followed
by a quantitative comparison between the volumes of condensed water and condensed
steam (liquid) and the volume of the NCGs (gaseous). A detailed description of
the procedure used to measure the ratio of the NCGs as well as the volumes for
considered these measurement can be found in Section 3.5 of this thesis. According to
the definition of the norm, a gas volume is compared with a liquid volume. Therefore,
the real volume fraction of NCGs is significantly lower compared to the content of
the NCGs as defined by the norm. In this thesis, a new approach was developed to
calculate the real volume fraction of the NCGs out of the measurements, according to

EN 13060 [8]. A detailed description of that approach can be found in Section 3.6.

2.4.2 Air-removal and steam penetration in hollow loads (cavities)

To guarantee high wall temperatures, and, therefore, high heat transfer rates in all
hollow volumes during the steam sterilization cycle, the air must be removed and the
steam must penetrate all hollow volumes (cavities). Helix tests are normally used to

investigate air removal and the steam penetration. A helix test is a specific type of a
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PCD used to investigate air-removal and steam penetration in thin tubes. For small
steam sterilizers, this is a standardized test required by EN 13060. According to EN
13060, the helix must have a length-to-internal diameter ratio of > 750 : 1, with a
maximum length of 1500 mm [8]. Many different types of PCDs are available on the
market [68]. In this thesis, two different types of helix tests were investigated, both

experimentally and numerically (see Section 3.7 and Section 5.6).

2.5 Different types of loads

This section provides an overview of the different kinds of loads that can be sterilized
in a steam steriliser. Solid loads can be wrapped or unwrapped. Helix test are required
to investigate the steam penetration and the air-removal in hollow loads (cavities).

Finally, the load can be porous, for example, textile equipment.

2.5.1 Solid unwrapped loads

Unwrapped solid loads are one of the most common types of load to be sterilized in
steam sterilizers. Examples of solid loads include knives, scalpels, glassware, surgical
instruments, and machine parts. For all of these loads, the steam is in direct contact
with the load. Therefore, the steam is responsible for heating the load as well as for
sterilizing the load. Figure 2.6 shows dental handpieces, an example of an unwrapped
solid load. According to the norm, screws can also be used to measure the influence of
the load on the steam sterilization process [8]. In this thesis, unwrapped cylinders and

unwrapped dental handpieces were investigated.
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Figure 2.6: Picture of a typical unwrapped load of dental handpieces on an aluminium tray.

2.5.2 Solid wrapped loads

In order to store or transport solid loads, pieces of medical equipment are often placed
in pouches to guarantee sterile conditions [69]. Such pouches may consist of different
materials. In this thesis, the wrapping of the load made of a specific paper, on one side,
and of a plastic foil, on the other side [70]. Wrapped dental handpieces are visible with
the plastic foil in Figure 2.7(a), whereas wrapped dental handpieces with the paper
visible are shown in Figure 2.7(b). In the steam sterilizer investigated [31], placing
the wrapped load in the steam sterilizer with the paper visible is recommended for
the sterilization process. This paper represents only a flow resistance as the wet and
saturated steam reaches the load, whereas the plastic foil is impermeable to the steam.
The paper is also a flow resistance for the air (NCGs) near the load. Furthermore, the
paper is a huge flow resistance to the condensed water. This condensed water forms
when saturated or steam flows through the paper and condenses on the surface the
load. The condensed water has to be evaporated in order to remove it from the inside
of the pouch (during the drying and cooling phase). To determine the permeability
of the paper, a test rig was developed (see Section 3.4). The influence of the paper
on the steam quality, the load temperature, and the inactivation of the bacteria was

investigated as well (see Section 5.4).
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(a) Wrapped dental handpieces on an aluminium tray with the plastic foil visible (on the top).

(b) Wrapped dental handpieces on an aluminium tray with the paper visible (on the top).

Figure 2.7: (a) Wrapped dental handpieces on an aluminium tray with the plastic foil visible (on the
top) and (b) Wrapped dental handpieces on an aluminium tray with the paper visible (on
the top). Position (b) is recommended to sterilize medical equipment inside the investigated
steam sterilizer.
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2.5.3 Liquid loads

Liquid loads also present a common sterilization issue. The main difference between
liquid loads and solid loads is that the steam comes into direct contact with a solid
load, whereas the steam only comes into indirect contact with a liquid load, due to the
fact that a material is between the steam and the liquid in order to prevent leakage.
Generally, the materials used for this purpose include glass and plastic foils. In the
case of liquid loads, the steam is only used to heat the liquid load, rather than for
sterilization itself. Figure 2.8 shows a dialysis bag as an example of a liquid load. Other
examples include infusions and filled laboratory glassware. More information about
liquid loads can be found in [43, 71, 72]. Liquid loads were not investigated in the

course of this thesis.

Figure 2.8: Picture of dialysis bag as an example of a liquid load.

2.5.4 Porous loads

The sterilization of porous loads is achieved through direct contact with the steam.
The heat transfer takes place when the steam condenses on the surface of the porous
items. Before the porous load can be sterilized, all air (NCGs) has to be removed from
its pores. To this end, a vacuum steam sterilizer uses vacuum pulses (as described in
Section 2.1.1). After the removal of the NCGs, it is easier for the steam to diffuse into
the pores inside the porous load. There, the steam condenses on the cold surfaces of

the pores and heats up the porous load. This heating process is is beneficial for the



2.5 Different types of loads 29

inactivation of all kinds of bacteria (see Eq. (2.3) and Eq. (2.5)). Due to the fact that it is
very difficult for steam to penetrate all of the pores of porous loads, and because they
are usually not very heat resistant, porous loads are typically sterilized at 121 °C with
a holding time of 20 min [8]. Figure 2.9 shows towels as an example of a porous textile
load. Other examples of porous loads include filters, cloths, and cleaning equipment.
Additional information on the sterilization of porous loads can be found in [43, 73, 74].

Porous loads were not investigated in the course of this thesis.

Figure 2.9: Picture of towels as an example of a porous load.

2.5.5 Helix tests (PCDs)

A PCD is a process challenge devise that is used as a functional control of the air-
removal and the steam penetration of the steam sterilizer. In large steam sterilizers,
the Brownie and Dick test [12] is used in order to measure air-removal and steam
penetration. Helix tests are predominantly used in the field of dentistry, due to the fact
that medical instruments come in direct contact with the patients” blood; therefore, it
is necessary to protect subsequent patients from contamination by ensuring that such
tools are adequately sterilized. In order to guarantee that the effective sterilization of
various instruments, including hollow loads, has taken place, helix tests are used to
check if the steam sterilizer is able to penetrate steam through the length of a lumen or

a small tube (cavities). Generally, helix tests can be divided into two types [8, 75]:
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e Type A: This type of test considers small devices, including wands and turbines.
The helix test can be done on a one-side open tube, with a length-diameter ratio
between 1 < L/D < 750 and a tube-length of no longer than 1500 mm. The tube
can also be open on both sides. In this case, the length-diameter ratio must be
between 2 < L/D < 1500. The maximum length must be smaller that 3000 mm.

e Type B: This type of test considers tips and tubes. The helix test can be open on
one side or on both sides. The length-diameter ratio for the one-side open helix
must be between 1 < L/D < 5. The length-diameter ratio when both sides are
open must be between 2 < L/D < 10. In both cases, the diameter of the tube

must be equal to or greater than 5 mm.

Figure 2.10 shows two different examples of Type A helix tests. There are a wide
variety of helix tests available on the market [68]. In this thesis, two different types
of Type A helix tests were investigated experimentally, using two different types of
chemical indicators (see Section 3.7). Furthermore, both the air-removal and the steam

penetration were investigated using CFD (see Section 5.6).

Figure 2.10: Picture of two helix tests: (left) a typical Type A helix test with a tube diameter of 2 mm
and a 1500 mm long tube and (right) another type of a Type A helix test with the same
dimensions. Both PCDs are in accordance with [75].



Experimental set-up

This chapter provides insight into all of the experimental work that was carried out for
this thesis. It describes the procedures that were followed to measure the pressures,
fluid temperatures, load temperatures, and the mass flow rate of the steam generator.
A test rig was built to measure the permeability of the paper in which the load may be
wrapped during the sterilization process. Furthermore, it describes the experimental
set-up that was used to measure the NCGs inside the steam. Finally, this chapter
presents the experimental set-up that was used to evaluate the air-removal inside

hollow loads (cavities).

3.1 Experimental set-up to measure the pressure and the

fluid temperature !

It is necessary to obtain transient measurement data of both the fluid temperature
and the pressure during vacuum- and non-vacuum sterilization cycles in order to
validate the CFD results. In this thesis, these measurements were performed using
eight thermocouples and one pressure sensor. In this section, the positions of the
eight thermocouples and the pressure sensor inside the steam sterilizer are described.
Individual measurements of the fluid temperature and the pressure inside the steam
sterilizers were performed for each type of investigated load. In all of these tests, the

pressure sensor and the thermocouples remained in the same positions.

'Segments of this section have already been published in [1-5].
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3.1.1 Measurement of the pressure and the fluid temperature inside

a vacuum steam sterilizer

The measurement data were obtained using a commercially available benchtop vacuum
steam sterilizer [31]. To measure the fluid temperature inside the vacuum steam
sterilizer, eight type J thermocouples were placed at different positions within its
chamber (see T1 - T8 in Figure 3.1). The pressure inside the steam sterilizer was
measured with one pressure sensor (see p in Figure 3.1). The pressure sensor has an
accuracy of & 0.75 %. The complete measurement set-up, including the positions of all
of the thermocouples (T1 - T8) and the pressure sensor (p) for the sterilization cycle

with a helix test can be seen in Figure 3.1.

Inlet Diffuser
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T4 ®p g
T5 (Tg?
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Outlets —
Tray Helix test Diffuser Helix test ~ Tray
(PCD) (PCD)

Figure 3.1: Geometry of the vacuum steam sterilizer with the positions of the eight thermocouples (T1
to T8) and the pressure sensor (p) [2].

The vacuum steam sterilizer considered in this investigation has a cylindrical shape
and a volume of 22 litres. The chamber of the steam sterilizer has a diameter of
approximately 250 mm and a length of approximately 430 mm. A diffuser is mounted
on the back wall of the steam sterilizer to distribute the steam within the steam
sterilizer. The inlet is located at the back of the chamber. One of the steam sterilizer’s
outlets is located behind the diffuser, while the other outlet is located at the bottom in
front of the diffuser. The positions of the inlet and the outlets can be seen in Figure 3.1.
A heater was mounted on the outside of the chamber’s walls. All of the walls and
the heater were insulated. The steam sterilizer’s chamber is made of stainless steel,
whereas the diffuser is made of Polyphenylensulfid (PPS). More information about the

investigated vacuum steam sterilizer can be found in Section 2.1.1.
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3.1.2 Measurement of the pressure and the fluid temperature inside

a non-vacuum steam sterilizer

To validate the CFD simulations of the non-vacuum steam sterilizer, eight type ]
thermocouples were distributed inside the chamber of the non-vacuum steam sterilizer.
Additionally, a pressure sensor was added to the experimental set-up. The experimental
set-up of the non-vacuum steam sterilizer, with the positions of the eight thermocouples
(T1 - T8) and the pressure sensor (p) can be seen in Figure 3.2. The present investigation
considers a small, high-end benchtop non-vacuum steam sterilizer with a volume of 22
litres [32]. The diameter of the sterilization chamber is approximately 260 mm, while its
length is approximately 410 mm. The inlet of the steam sterilizer is located at the back
of the chamber. The diffuser (made of PPS) is mounted in front of the inlet in order to
ensure the turbulence of the entering steam. Compared to the vacuum steam sterilizer
(see Figure 3.1), the position of the inlet is higher and the diffuser has a different shape.
The non-vacuum steam sterilizer has three outlets, which are all located at the bottom
of the chamber. The sterilization chamber was made of stainless steel. On the outside
of the sterilization chamber a heater was mounted to heat up the chamber’s walls. All

outer walls of the sterilization chamber as well as the heater were insulated.
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Figure 3.2: Geometry of the non-vacuum steam sterilizer with the positions of the eight thermocouples
(T1 to T8) and the pressure sensor (p) [2].

More information about the investigated non-vacuum steam sterilizer and the non-

vacuum steam sterilization cycle can be found in Section 2.1.2.
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3.2 Experimental set-up to measure the load

temperature 2

To inactivate all bacteria, not only the steam temperature, but also the surface tem-
perature of the load plays a crucial part. In this thesis, the load temperature was
measured for different materials, as well as for wrapped and unwrapped loads. These
measurements are the basis of an indirect validation of the simulated heat transfer
to the load. This validation of the heat transfer is considered indirect because the
(transient) increase in the load temperature was measured, rather than the heat transfer

coefficients.

3.2.1 Measurement of the load temperature of an unwrapped load

In this thesis, unwrapped cylinders made of four different materials were investigated.
The eight cylinders were distributed on two trays. The measurement set-up used to
measure the unwrapped load temperatures can be seen in Figure 3.3. The materials
considered were steel, aluminium, brass, and plastic (Polytetrafluorethylen (PTFE)),
due to the fact that most pieces of medical equipment are made of one of these
materials. The cylinders had a diameter of approximately 25 mm and a length of
approximately 100 mm. With these dimensions, it was possible to investigate the
heat transfer to heavy solids (steel cylinder) as well as light solids (plastic cylinder).
The trays had dimensions of 380 mm x 186 mm X 2 mm and were made out of
aluminium. The load temperature was measured at the centre of gravity. Therefore,
four thermocouples were placed in the centre of gravity of the cylinders of the upper
tray (see T Steel”, ”T Aluminium”, ”T Brass” and ”T Plastic” in Figure 3.3). All of the
type ] thermocouples used for these measurements have an accuracy of £ 1 K. These

measurements were performed with the vacuum steam sterilizer [31].

3.2.2 Measurement of the load temperature for a wrapped load

In addition to the unwrapped cylinders, wrapped cylinders made of three different
materials were investigated. As described in Section 2.5.2, loads may be wrapped for
transport or storage reasons [69]. During the steam sterilization process, the wrapping

represents a barrier between the steam and the load’s surface. Thus, to investigate the

*Segments of this section have already been published in [1, 4].
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T Steel
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cylinders cylinders

Figure 3.3: Geometry of the vacuum steam sterilizer with the unwrapped load and the locations of the
thermocouples (“T Steel - T Plastic”) to measure the load temperature in the centre of gravity

[4].

influence of this wrapping on the load temperature, the steam sterilizer was loaded
with eight wrapped cylinders on two trays (see Figure 3.4(a)). Figure 3.4(b) presents
a picture of the wrapped cylinders. The cylinders and the trays were of the same
dimensions as described in Section 3.2.1. The cylinders used in this section were made
of stainless steel, aluminium and brass; because most wrapped (pouched) loads are
metal, no plastic cylinders were considered for these measurements. Rather, instead of
a plastic cylinder, a second steel cylinder was added to the measurement set-up (see
Figure 3.4(a)). The pouch in which the loads were wrapped represents the standard
wrapping material [70] used to ensure the sterilization of medical equipment. The
positions of the thermocouples used to measure the load temperature at the cylinders’
centre of gravity ("T Steel”, T Aluminium” and ”T Brass”) can be seen in Figure 3.4(a).
These type ] thermocouples have a maximum error of 0.75 % of the measured value.

This error represents an uncertainty of approximately +1 K of the measured value.
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(a) Geometry of the vacuum steam sterilizer with the wrapped load and the locations of the thermocouples
(T Steel - T Brass”) to measure the load temperature at the centre of gravity.

Tray Pouches out of paper
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(b) Tray with the real wrapped (pouched) load.

Figure 3.4: (a) Geometry of the vacuum steam sterilizer with the wrapped load and (b) a real tray with
the load wrapped in paper [1].
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3.3 Experimental set-up to measure the mass flow rate

of the steam generator

To simulate the steam sterilization process, the mass flow rate of the steam gener-
ator is of huge importance. As a result, the mass flow rate of the steam generator
was measured during a steam sterilization cycle. The experimental set-up for these
measurements is shown in Figure 3.5. The steam generator was positioned on a scale,
where the total mass of the steam generator (steam sterilizer and water) was measured.
During the phases when the steam generator was in operation, no water is refilled
from the fresh water tank and some of the water evaporates. As a result, the total
mass of the steam generator decreases. This mass decrease was measured over time,
and the resulting data makes it possible to calculate the mass flow rate of the steam

generator.

These measurements were performed for both the vacuum steam sterilizer (see Fig-
ure 2.1) and the non-vacuum steam sterilizer (see Figure 2.3). Due to the fact that both
steam sterilizers use a 2100 W steam generator, the same mass flow rate was measured
for the vacuum steam sterilizer and the non-vacuum steam sterilizer (approximately

0.92 g/s).

Fresh water tank

/ \ Diffuser Steam sterilizer
\ ) Water pump Steam T~ __

Steam generator
/x‘ Door side
-~ (Front side)

Condensed water
H—I | pE

D Insulation [ Heater

Door

Figure 3.5: Experimental set-up to measure the mass flow rate of the steam generator.
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3.4 Experimental set-up to measure the permeability of

the paper 3

To understand the full sterilization process, the properties of the paper used to wrap
the load [70] are also of high interest to this research project [11, 76]. During the steam
sterilization process, the paper represents a flow resistance to the outgoing air, the
entering steam, and the condensing water. To simulate the influence of the paper on
the sterilization process of the medical equipment (load), the permeability of the paper
is of huge interest. Therefore, a test rig was developed to measure the permeability
of the paper for air and steam. A functional sketch of the (permeability) test rig that
was developed for these measurements is shown in Figure 3.6. A pressure reducer was
used to reduce the pressure of the incoming pressurized air (approximately 5 bar) to
pressures more similar to those present inside real steam sterilizers (approximately
0.3 bar to 3 bar). A flow meter was used to measure the volume flow rate of the air
after the pressure reducer. The heater, which was mounted on the outside of the test
rig, was used to heat the air through the whole temperature range that occurs in a real
steam sterilizer (approximately 20 °C to 140 °C). The pressure adjuster at the end of the
test rig was used to vary the flow rates of the air. Test rigs with similar principles can
be found in literature [77]. With this test rig (see Figure 3.6), it was possible to measure
the pressure drop of the air through the paper for different velocities, temperatures,

and pressures.

\~

Outlet air

Inlet
pressurized

air Y
Heater

Flow meter
Pressure reducer Insulation Pressure adjuster

Figure 3.6: Functional sketch of the test rig to determine the permeability of the paper for air.

The test rig that was developed to measure the permeability of the paper for air (see

Figure 3.6) was further developed to measure the permeability of the paper for steam

3Segments of this section have already been published in [1, 5].
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(see Figure 3.7). The same steam generator which is integrated into the steam sterilizer
feeds steam into the test rig. Afterwards, the velocity of the steam is measured. A
heater was used to achieve the desired temperature and to prevent condensation. At
the end of the test rig, a pressure adjuster was mounted to set the pressure in the
test rig according to measured pressure in the steam sterilizer. Heat losses due to
convection and radiation on the surface of the test rig were minimized with by a layer
of outer insulation. The pressure drop (see p; — p2 in 3.7) induced by the paper was
measured for a temperature range between 70 °C and 140 °C and a pressure range
between 300 mbar, and 3200 mbar,. This temperature and pressure range represents
the real range of pressures and temperatures that occur inside the sterilization chamber.
70 °C and 300 mbar, represent the point in the steam sterilization cycle at which the
pressure and the temperature are reduced by the vacuum pump. 140 °C and 3200 mbar,
represent the beginning of the sterilization plateau during the steam sterilization cycle

(see Figure 3.1).

The measurements performed in this section were the basis of the development of a
time-efficient porous media model that can be used to simulate the flow of both steam

and air through the paper in which the load is wrapped (see Section 4.5).

Outlet steam

Pressure adjuster

' Flow considerer
Inlet steam

Figure 3.7: Functional sketch of the test rig to determine the permeability of the paper for steam [1].

3.5 Experimental set-up to measure NCGs inside the

steam sterilizer 4

Steam sterilization processes are based on high heat transfer rates from the steam

to the load, which occur as a result of condensation. The steam condenses partially

4Segments of this section have already been published in [2, 3].
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on the chamber walls, partially on the trays, and, of course, on the load (medical
equipment) itself. Before the sterilization cycle begins, the whole steam sterilizer is
filled with NCGs. During the sterilization cycle, the NCGs are partially mixed with
the instreaming steam, partially not mixed with the instreaming steam, and, finally,
removed from the steam sterilizer. Previous studies have shown that the heat transfer
rate decreases in the presence of NCGs [27, 64]. As a result of these studies, it is
known that the volume fraction of NCGs must be reduced before the sterilization of
the medical equipment takes place. Eq. (3.1) shows the definition of the NCGs ratio

according to the norm (¢norm) [8].

Vi

(PNorm = 175

7 (3.1)

In this equation, V, is the volume of the collected NCGs and V, is the volume of
the collected condensate at the considered cycle time (see Figure 3.8(b)). The NCGs
ratio must be below 3.5 % according to the norm [8]. According to the norm, the
measurement of the NCGs takes place during the holding time of the sterilization
phase (see Figure 3.9(a) and Figure 3.9(b)). The holding time denotes the phase of the
sterilization cycle during which the pressure and temperature remain at a constant, pre-
defined level (here, approximately 3 bar and 134 °C, respectively) for a specified amount
of time. The ratios of NCGs were measured for both steam sterilizers investigated
(vacuum and non-vacuum), as well as for pre-sterilization phases of different lengths.
The experimental set-up used to measure the NCGs ratios (¢norm), Which can be seen
in Figure 3.8. Figure 3.8(a) depicts the set-up before the measurements were carried
out, while Figure 3.8(b) shows the measurement set-up after the measurements. Before
the measurements begin, all NCGs are removed from the measurement system. At the
beginning of the measurements (see the blue circles in Figure 3.9(a) and Figure 3.9(b)),
the outlets of the steam sterilizer open, and all of the fluid inside the steam sterilizer
flows towards the measurement system. The measurements cease when the pressure

in the steam sterilizer reaches ambient conditions.

At the measurement points (see the blue circles in Figure 3.9(a) and Figure 3.9(b)), the
steam sterilizer is filled with steam, water, and NCGs at a pressure of approximately 3
bar and a temperature of 134 °C, respectively. After exiting the condenser, the water
(condensed steam and condensed water out of the steam sterilizer) and the NCGs
(both water and NCGs with a pressure of approximately 1 bar and temperature of
approximately 15 °C) flow from the condenser to a measuring cylinder, which is filled

with a pre-defined volume (mass) of water. The measuring cylinder is positioned in a
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water-filled tank, connected by a cavity (see Figure 3.8). If the water level in the tank
rises, the over-flowing water flows into a second measuring cylinder (see Figure 3.8(b)).
The mixture of water and NCGs from the condenser flows into the first measuring
cylinder. The difference in density between the water and the NCGs results in the
rise of the NCGs in the measuring cylinder (see Figure 3.8(b)). The ascending NCGs
push down the water level in the first measurement cylinder, which, in combination
with the condensate, lead the tank to overflow. The spilled water is then collected in
the second measurement cylinder (see Figure 3.8(b)). The measurements end after the
steam sterilizer has reached ambient pressure (approximately 1 bar) and a temperature
of 100 °C.
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(a) Measurement set-up before the measurement of the NCGs
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(b) Measurement set-up after the measurement of the NCGs

Figure 3.8: Measurement set-up of the NCGs (a) before and (b) after the measurements according to the
norm (EN 13060 [8]) [2].
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Figure 3.9: Measured pressure, average temperature, and saturation temperature of the steam for (a)

the vacuum sterilization cycle and (b) the non-vacuum sterilization cycle [2].
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At the end of the investigation, the volume of the collected NCGs (V},) and the volume
of the collected condensate (V) were measured (see Figure 3.8(b)). These measurements
were performed over several cycles: for each measurement, a new sterilization cycle
with a different length of the pre-sterilization was used. The NCGs ratios can be
calculated with Eq. (3.1), which shows that a high volume of collected water (V) is

beneficial to obtain low NCGs ratios according to the norm (¢norm)-

As a result, a lot of condensation inside the steam sterilizer leads to low NCGs ratios,
according to the norm. According to this definition, both a heavy chamber and cold
walls are beneficial to the sterilizers’ ability to surpass the norm measurements. To
investigate the real ratios of NCGs inside steam sterilizers, a novel approach was

developed to calculate the real volume fraction of NCGs (see Section 3.6).

3.6 Novel approach to calculate the real volume fraction
of NCGs

Eq. (3.1) shows the formula for calculating the NCGs according to the European norm
for small steam sterilizers [8]. It reveals that a high volume of collected water helps
to ensure NCGs ratios well below the limit value of 3.5 %, as defined by the norm.
Because this equation sees a volume of gas divided by a volume of water (both at
ambient pressure and temperate), the norm NCGs ratio does not reflect the real ratio
of NCGs in the steam sterilizer. The more water there is in the sterilizer, the easier it is
to surpass the norm value since the volume of collected water (V;) also increases. This
high amount of water leads to less sterile medical devices, as a result of the poor heat
transfer from the steam to the load. For this reason, a novel approach was developed
to calculate the real volume fractions of the NCGs, based on the measurements of the

norm test (presented in Section 3.5).

The following description of the developed approach is rather complex. Therefore,
Figure 3.9 presents all of the relevant measurement points and calculation points, as
well as the pressures and temperatures that were used to calculate the real volume
fraction of NCGs.

First, the mass of NCGs in the measurement system (m1;) was calculated. m,, represents
the mass of the volume of NCGs collected in the measurement system (see V} in
Figure 3.8(b)). The index "b” was chosen according to the norm [8]. To calculate the

mass my, the ideal gas law was used:
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-V
my, = Pm - Vp

= - 2
RNCGS : Tm (3 )

where p;, Rycgs and Ty, stand for the absolute pressure in the measurement system
(approximately 1 bar), the gas constant of the NCGs, and the temperature in the mea-
surement system (approximately 15 °C), respectively. At the end of the measurement,
the pressure in the steam sterilizer reaches ambient pressure (see the green circle in
Figure 3.9). The mixture of water and NCGs that is collected between the sterilization
pressure (approximately 3 bar, see the blue circle in Figure 3.9) and ambient pressure
(see the green circle in Figure 3.9) is removed from the steam sterilizer. The mixture
that is collected between the total vacuum (o bar) and ambient pressure (approximately
1 bar) remains in the steam sterilizer. Therefore, Eq. (3.3) is used to calculate the total
mass of the NCGs in the steam sterilizer (mycgs)- Mncgs presents the total mass of the

NCGs inside the steam sterilizer before the measurement started.

Psterilization
MNCGs = My - (3-3)
Psterilization — Pambient

Eq. (3.3) is a research achievement of this author. In this equation, both the temperature
distribution inside the sterilization chamber and the distribution of the NCGs inside
the steam sterilizer are neglected. Nevertheless, the results presented in Section 5.1.2
demonstrate that the Eq. (3.3) is able to accurately calculate the total mass of the NCGs

in the steam sterilizer (mycgs)-

During the increase in pressure after the pre-sterilization phase (pressure increase to
approximately 3 bar), all of the outlets are closed (see the measured pressure between
the orange and blue circles in Figure 3.9). As a result, the mass of the NCGs in the
steam sterilizer remains constant. From the total mass of the NCGs (myncgs), the real
volume fraction of NCGs can be determined. In this investigation, the volume of NCGs
in the steam sterilizer was always calculated for the final point of the considered phase
(see the orange circles in Figure 3.9(a) and Figure 3.9(b)). Due to the fact that steam is
fed into the chamber to increase the pressure, the real values of the NCGs reach their
maximum at this point. Eq. (3.4) shows the formula used to calculate the volume of

the NCGs at the endpoint of the considered phase of the steam sterilization cycle.

mncas * Rncgs * Tss
VNCcGs = - - - (3.4)
S
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In Eq. (3.4), Tss stands for the temperature at the final point of the considered phase of
the sterilization cycle, while pncgs stands for the partial pressure of the NCGs at at
which the real volume fraction of the NCGs was determined (see the orange circles in
Figure 3.9). The real volume fraction of the NCGs can easily be calculated by dividing
the volume of the NCGs (Vncgs) by the volume of the steam sterilizer (Vserijizer) (see

Eq. (3.5))-

VNeas

(3-5)
VSterilizer 3>

(Preal =
By inserting Eq. (3.4) into Eq. (3.5), it is possible to calculate the real volume fraction of
the NCGs. In this equation, the partial pressure of the NCGs (pncgs) has to be known.
Using Eq. (3.6) the partial pressure of the NCGs (pncgs) can be calculated from the

real volume fraction of the NCGs (¢,¢,;) and the pressure inside the steam sterilizer

(pss):

PNCGs = Preal = PSS (3.6)

Equations (3.2-3.6) were combined to a final equation (Eq. (3.7)). The negative value of
the quadratic equation was ignored, due to the fact that a negative volume fraction
has no physical meaning. With Eq. (3.7), it is possible to calculate the real volume
fraction of the NCGs (¢,¢,;) from the norm measurement of the NCGs (see Figure 3.8).
Furthermore, using this equation, only the pressure inside the steam sterilizer (pss) and
the temperature in the steam sterilizer (Tss) have to be measured. The partial pressure

of the NCGs (pncgs) is considered in Eq. (3.7) through thermodynamic laws.

mncGs - Rncags - Tss
4)reul - \/ V. - ° (37)
Sterilizer * PSS

The major advantage of this approach is that the real volume fraction of NCGs inside
the steam sterilizer at the end of the pre-sterilization phase (see the orange circles in

Figure 3.9) can easily be determined based on measurable values.

As described in Section 3.5, the NCGs ratio as calculated according to the norm is
not able to predict the real NCGs ratios inside the steam sterilizer due to the fact
that a gas volume is divided by a water volume (see Eq. (3.1)). According to this
definition, it would be beneficial if water were fed into the sterilization chamber before

the normative measurement were taken. Furthermore, heavy thick walls are beneficial
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to the NCGs ratio, due to the fact that more steam condenses inside the steam sterilizer.
With Eq. (3.7), the “real volume fraction” of the NCGs can be calculated from the NCGs
measurements, according to the norm [8]. This value is more accurate and able to
predict the real conditions inside the steam sterilizer. Furthermore, with Eq. (3.7), the
air-removal process inside the sterilization chamber can be investigated in more detail

due to the fact that condensed water does not influence the measurement result.

3.7 Experimental set-up to measure the removal of air

from hollow loads °

For small steam sterilizers, a PCD test (process challenge device (PCD) and indicator
system) is a standard test required by EN 13060 for hollow loads (defined in the
standards as a (defined in standards: length:internal diameter ratio < 750:1, and length
not exceeding 1500 mm) [8]. In this thesis, two different kinds of PCDs were used to
investigate the steam penetration in hollow loads. For both tests, the tube length was
1500 mm and the inner diameter of the tube was 2 mm; the shape of the tubes was
similar to a helix, and the wall thickness of both tubes was 0.5 mm. The tube used in
the first test, referred to as “Process Challenge Device 1 (PCD 1)”, was made of PTFE.
The tube’s geometry and the inlet position can be seen in Figure 3.10(a). The tube used
for the second test, referred to as “Process Challenge Device 2 (PCD 2)”, was made of
stainless steel and surrounded by a plastic container. The container was used to make
it even more difficult for the steam to enter into the tube of the PCD. Figure 3.10(b)
shows the geometry and the inlet position of PCD 2. The plastic shell is a box with a
rectangular base. The base is 50 mm in width and 25 mm in height, while the length
of the plastic shell is approximately 143 mm. In order to experimentally investigate
steam penetration through the tube, a chemical indicator was added to both of the
closed ends of the helix tubes of the PCDs. The length of the indicator system was
approximately 40 mm. The positions of the indicators on PCD 1 and PCD 2 can be
seen in Figure 3.10. PCD 1 and PCD 2 have two different types of chemical indicators,
which change colour when they come into contact with steam. To investigate the
influence of the chemical indicators, two types of chemical indicators were used in
both investigated helix tests. The working principle of the chemical indicators can be
seen in Figure 3.11. The chemical indicator of PCD 1 changes colour from yellow to

violet when the steam successful penetrates the whole helix tube of the PCD 1. If there

5Segments of this section have already been published in [3].
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is insufficient steam penetration in the helix tube, the chemical indicator of PCD 1
remains partially or completely yellow (see Figure 3.11(a)). The chemical indicator
of PCD 2 is divided into four squares. This indicator turns black when the target
temperature has been reached and the steam penetration was sufficient. If the colour
turns brown, the required temperature of 134 °C has been reached, but the steam
penetration was insufficient (see Figure 3.11(b)). With the indicator of PCD 2, it is
possible that some squares will change black (steam penetration and temperature was
sufficient), whereas the other squares change to brown (temperature was achieved but
the steam penetration was insufficient). Measurements with both chemical indicators
were carried out on both PCD 1 and PCD 2, and repeated 20 times to ensure their

repeatability. The results of these measurements can be seen in Section 5.6.4.
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Figure 3.10: Geometry of the vacuum steam sterilizer with (a) the first helix test (PCD 1) and (b) the

second helix test (PCD 2) [3].
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Numerical modelling

In the course of the research carried out for this thesis, steam sterilization processes
were investigated using the commercially available CFD code ANSYS Fluent [78]. The
CFD method used is based on the Finite Volume Method (FVM). Using the FVM,
conservation equations for mass, momentum, energy and other scalars, such as the
volume fractions of the phases, can be solved for each control volume by various
numerical methods. A more detailed description of the methods used in CFD can be

found in literature [79, 80].

This chapter provides an overview of the various numerical models that were developed
to simulate the relevant physical phenomena inside steam sterilizers. These include
the flow modelling of the sterilization phase and the pre-sterilization phase, the
turbulence modelling, and the modelling of the evaporation and condensation effects.
Furthermore, a heat transfer model developed by the author is presented, which is
capable of simulating the heat transfer that occurs from condensation effects in the
presence of NCGs. A model to simulate the inactivation of bacteria is presented as
well. This chapter also includes a model to simulate the permeability of the paper
pouches used to store and transport medical instruments, all boundary conditions of
the simulations, and the numerical grids used to simulate the investigated vacuum
and non-vacuum steam sterilizers. To the best of the author’s knowledge, the CFD
models presented in this chapter were the first CFD models about steam sterilization

processes published in the scientific literature.
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4.1 Flow modelling !

A double precision pressure-based solver was used to achieve transient solutions of
the Reynolds-Averaged-Navier-Stokes equations (RANS) for mass, momentum, and
energy, as well as additional equations for turbulence, evaporation, and condensation
effects. The multiphase flow inside the steam sterilizer was modelled with the Eulerian-

Eulerian multiphase model.

The operating pressure was set to 0.289 bar for the simulation of the vacuum steam
sterilizer and to 1.013 bar for the simulation of the non-vacuum steam sterilizer. A
second-order upwind discretization scheme was chosen for the scalars mass, mo-
mentum, turbulent kinetic energy, turbulent dissipation rate, and energy. Quadratic
Upstream Interpolation for Convective Kinematics (QUICK) was used for the dis-
cretization of the density and the volume fraction. The pressure velocity coupling was
modelled with the Phase Coupled Semi-Implicit Method for Pressure Linked Equa-
tions (SIMPLE), while the Least Squares Cell-Based method was used to determine the
gradients. The discretization scheme for the transient formulation was second-order

implicit. Gravity was added to the CFD model to account for buoyancy.

The simulation was performed with a time step of 0.01 s. The maximum number of
iterations per time step was set to 35. The convergence criteria for the simulation were
not only low residuals (below 10~°), but also monitors of pressure, temperature and

volume fractions.

4.1.1 Flow modelling of the sterilization phase

The flow inside the sterilization chamber in the sterilization phase was modelled with
a two-phase Eulerian-Eulerian model. The primary phase was set to steam, while the
secondary phase was set to water. Because the “real volume fraction” of the NCGs (see
Eq. (3.7)) was below 0.15 % at the beginning of the sterilization phase (see ”sterilization
phase” in Figure 2.2 and Figure 2.4), NCGs were not considered in the CFD model. As
the cycle time in the sterilization phase increases, the volume fraction of NCGs further
decreases due to the fact that additional steam is fed into the sterilization chamber to
increase the pressure during the pressure rise of the sterilization phase (see ”pressure
rise” in Figure 2.2 and Figure 2.4). More information about the volume fraction of

NCGs at the beginning of the sterilization phase is presented in Section 5.1.

'Segments of this section have already been published in [1-5].
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The material properties of all phases were set to values that have been established in
literature [81]. The temperature dependency of the material properties was added to
the CFD code using piecewise polynomials. The density of the steam was modelled
with the ideal gas law in order to reduce the numerical effort required. There are
numerous studies that consider the difference between the ideal gas properties and
real gas properties of steam [82, 83]. Borgnakke and Sonntag, for example, showed
that the maximum deviation between the measured values and the calculated values
with the ideal gas law is less than 1.5 % up to a pressure of 1 bar [84]. Klein and
Nellis demonstrated that the maximum deviation for a pressure of 3.16 bar is also less
than 2 % between the measured specific volumes and the calculated specific volumes
with the ideal gas law [85]. Furthermore, the density of the steam was also modelled
with several real gas models. As might have been expected, hardly any differences
between the real gas models and the ideal gas law were detected. This is because steam
sterilizers operate at much lower pressure levels compared to many other industrial
applications (e.g., boilers, steam power plants, etc.) [86]. The minimum pressure in
the vacuum steam sterilization cycle is approximately 0.16 bar, whereas the maximum
pressure is approximately 3.16 bar. Furthermore, the steam in the steam sterilizer is
saturated or wet, not overheated. At these conditions, saturated steam is very similar

to an ideal gas [87].

4.1.2 Flow modelling of the pre-sterilization phase

In the pre-sterilization phase (see Figure 2.2 and Figure 3.2), steam, water, and NCGs
(air) are present in the chamber of the steam sterilizer. As a result, the multiphase flow

was modelled with an Eulerian-Eulerian multiphase model with three phases.

The primary phase was steam, and the material properties of the steam were set
according to literature [84]. The properties of steam were added to the CFD code via
piecewise polynomials. The two secondary phases were set to water and NCGs. All
properties of both secondary phases were set to the values found in literature [85, 88].
The droplet diameter of the secondary water phase was set to 0.1 ym. Many studies
have investigated the droplet diameter of water in steam, which is very difficult to
measure. White [89] identified an average water droplet diameter of 0.0y ym. However,
Ryley and Al-Azzawi [9o] found that the average diameter of the water droplets is
approximately 0.1 ym. In a previous study, the authors of the present work investigated
simulations carried out with different droplet diameters, and found that hardly any

differences in the simulation results could be identified [1]. Thus the droplet diameter
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of the NCGs secondary phase was set to 0.1 ym. Droplet diameters of 0.01 ym and
1 um were also investigated for the secondary phase of the NCGs. Again, the droplet

diameter was found to have hardly any influence on the simulation results.

4.2 Turbulence modelling 2

Turbulence is dictated by several factors, including the density, the velocity, and the
characteristic length of the flow, as well as the viscosity of the fluid. All of these
properties are related to the Reynolds number (Re). The Reynolds number can be

calculated with Eq. (4.1) [91, 92]:

-v- L v-L
_P , c _ 1/c (4.1)

Re

where p stands for the density, v for the velocity, L. for the characteristic length, 77 and
v for the dynamic and the kinetic viscosity, respectively. Due to changing geometries
inside the steam sterilizers (see Figure 3.1 and Figure 3.2) the Reynolds number was
calculated for different regions inside the steam sterilizer. The Reynolds number near
the inlet is approximately 14,500, while behind the diffuser, the Reynolds number
is approximately 3,800. The average flow Reynolds number inside the sterilization
chamber was approximately 1,900. Generally, pipe flows with a Reynolds number
of over 2,300 are turbulent; pipe flows with lower Reynolds numbers are (usually)
laminar. As the range of the Reynolds number within the sterilization chamber is
between a turbulent and laminar flow, simulations were performed with and without a
turbulent model. It was found that the simulations with the turbulence model exhibited
better numerical robustness. Regarding the pressure and the temperature within the
sterilization chamber, hardy any differences between the turbulent and the laminar
simulations were identified. Due to those facts, all further simulations in this study

were simulated with a turbulence model.

In the present work, the realizable k-e model by Shih et al. [93] was used to deal with
the turbulent flow in the steam sterilizer. The advantage of the realizable k-¢ model is
its numerical robustness. The standard wall function was used to model the near wall
region of the fluid domain, because y was 30 < y* < 200 in > 99 % of the near wall

cells of all of the numerical grids.

*Segments of this section have already been published in [4, 5].
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Many authors have simulated industrial applications using the realizable k-¢ turbu-
lence model. Wurm et al., for example, used the realizable k-e model to simulate
the temperatures in an exhaust [94], and for the simulation of the heat transfer in
continuous variable transmissions [95, 96]. Landfahrer et al. simulated the heating
process of beams and steel tubes in furnaces using the realizable k-¢ model [97, 98].
Other authors have simulated the condensation of steam [99], and the condensation
of steam in the presence of NCGs [100, 101] using the realizable k-e model. All of
these studies demonstrate that the realizable k-¢ model should make it possible to
simulate both condensation as well as the heat transfer rate inside a steam sterilizer

under turbulent flow conditions.

4.3 Condensation and evaporation modelling 3

The condensation was modelled using a numerical technique first published by W. Lee
[102]. In this approach, the mass transfer from the steam to water (r5,) takes place
when the steam temperature (Ts) is lower than the saturation temperature (Ts;), and is

given with:

Msw = Tsw - Ps - Ps - (4.2)
where, ¢ is the volume fraction of the steam phase, p;s is the density of the steam and
Tsw is a coefficient that defines “how fast” the mass transfer takes place. If the water
temperature is higher than the saturation temperature, mass transfer from water to

steam (ri1,5) takes place:

Tw - Tsat

Tsat (4"3)

Mws = Tws * Pw * Pw -
where, ¢, and p, stand for the volume fraction of water and the density of water,
respectively. Again, the coefficient rys defines “how fast” the mass transfer takes

place.

The coefficients rs,, and rys are both case sensitive and difficult to detect. Overall, the
optimum values for rg, and r4s depend on the flow rate, the size of the computational

domain, the mesh size, and the size of the time step [103]. H. Lee et al. [52] measured

3Segments of this section have already been published in [1, 4, 5].
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and simulated downflow condensation in a circular tube. In their study, simulations
with s, = 10,000 s~ showed the best accordance with the measurements. The same
coefficient yielded good results during a simulation of upstream condensation [104].
H. L. Wu et al. [105] simulated flow boiling in serpentine tubes with 7,5 = 0.1 s~ 1.
Another work by Yang et al. [106] investigated flow boiling in a coiled tube with
Fsw = Tws = 100 s~1. The authors of that study investigated coefficients of rs, = 2 s~
20 s~ 1, 200 s~ ! and 2000 s~ 1. They found that the simulations carried out with a
coefficient of 200 s~! showed the best accordance with their experimental results.
More information about selecting the coefficients s, and rys for the simulation of

condensation effects can be can be found in literature [102, 103, 107, 108].

4.4 Heat transfer modelling *

Modelling the heat transfer induced by wall condensation is not a trivial matter for
CFD simulations. Many authors have attempted to address this challenge. Yoon, Jo,
and Corradini [109], for example, developed a model to predict the heat transfer due
to condensation effects on a planar wall. Zschaeck et al. [110] developed a heat transfer
model to simulate the heat transfer due to condensation in the presence of NCGs.
J.-D. Li [60] presented a CFD model to simulate condensation on vertical cylindrical
condensers, while Phan et al. [111] simulated the steam-air mixture condensation in a
vertical tube. Nonetheless, all of these models require a very fine mesh near the wall in
order to resolve the condensed film and the heat transfer coefficients directly on the
wall, which is a disadvantage because this is such a computationally expensive process.
In order to reduce the computational effort required to model heat transfer due to
condensation effects, the author of this thesis took up the challenge of developing a

heat transfer model of his own.

Figure 4.1 shows the schematic of heat flux in the condensation process for (a) satu-
rated and wet steam and (b) for saturated and wet steam in the presence of NCGs.
For condensation to occur, the wall temperature must be lower than the saturation
temperature of the steam. For this condition, the author wanted to develop a heat
transfer model that would be able to predict the heat transfer from the steam to the
load as the result of condensation effects for both saturated and wet steam as well as

for saturated and wet steam in the presence of NCGs. The goal of this PhD thesis was

4Segments of this section have already been published in [1-5].
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to develop a heat transfer model that does not necessarily require the modelling of the

condensation film, which can be seen in Figure 4.1.

Wall temperature Wall temperature

Direction of Direction of

) Steam temperature N Steam temperature
gravity / gravity /

/ NCGs (air) temperature
NCGs (air)

Solid material

Solid material

Wall condensation Saturated and Wall condensation Saturated and
film (condensed wet steam film (condensed wet steam
water) water)
(a) Wall film condensation for saturated and (b) Wall film condensation for saturated and wet
wet steam. steam in the presence of NCGs (air).

Figure 4.1: Schematic sketch of (a) wall film condensation for saturated and wet steam and (b) wall film
condensation for saturated and wet steam in the presence of NCGs (air).

The resulting heat transfer model that was developed to predict the heat transfer due
to wall condensation for saturated and wet steam is presented in Section 4.4.1; the
heat transfer model developed to predict the heat transfer from wall condensation for

saturated and wet steam in the presence of NCGs is introduced in Section 4.4.2.

4.4.1 Heat transfer modelling in the sterilization phase

In the sterilization phase (see Figure 2.2 and Figure 2.4), hardly any NCGs are present
in the steam sterilizer’s chamber. This fact means that the heat transfer rate from the

steam to the load that occurs due to wall condensation effects is high.

The developed heat transfer model is based on the Convective Augmentation Factor
(CAF) [78], which is defined by the ratio of the “real” Nusselt number for wall conden-
sation (Nucondensation), divided by the Nusselt number of the ideal flow (Nujgeqr f1ow)

(see Eq. (4.4)).
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CAF = Nucondensation

(4-4)
Nuideal flow 4

The Nusselt number of the ideal flow is the Nusselt number that results from pure
(natural and forced) convection. This Nusselt number is calculated by the CFD code out
of the heat flux, the thermal conductivity, the position of the cell and the temperature

difference between the wall temperature and the temperature of the fluid [78].

In order to determine the real Nusselt number due to wall condensation, a User-
Defined Function (UDF) was developed, which analyses two different cases in every

cell near the wall of the fluid domain. The two cases are shown in Eq. (4.5).

Nuigear flow for Tyar 2 Tsat

Nu = (4.5)

Nujgear flow - CAF  for Tya<Tsat

In the first case, the wall temperature (Ty,;;) is higher or equal to the saturation
temperature of the steam (Ts4) (see the left side of Figure 4.2). In this case, heat
transfer only happens due to (natural and forced) convection, and, thus, the Nusselt
number was set to the originally calculated Nusselt number by the CFD code due to
convection. In the second case, the saturation temperature of the steam is higher than
the wall temperature, which results in wall condensation (see right side of Figure 4.2).
Therefore, the Nusselt number was set to the Nusselt number calculated in Fluent,
multiplied by the convective augmentation factor. The value of the CAF was obtained
by calculating the Nusselt number on a vertical flat plate for natural convection and for
wall condensation with an analytical formula. Eq. (4.6) shows the analytical formula

that was used to calculate the Nusselt number for natural convection.

Ntideal flow = (0.825 + 0387 - Ras - (1+0.671 - Pr~16)~#)? (4.6)

In Eq. (4.6), Ra stands for the Rayleigh number and Pr stands for the Prandtl number.

The Nusselt number for wall condensation was calculated with Eq. (4.7):

1
g1 (pw—ps)- L3 ]*

condensation Aw - Vo * (Tsar — Typanr)

(4-7)

where L, stands for the characteristic length of the vertical plate, g for the gravity, r

for the enthalpy of evaporation, p;, is the density of the water and p; is the density of
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Figure 4.2: Schematic sketch of the heat transfer due to natural and forced convection (left) and due to

wall condensation (right).
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the steam. A, stands for the thermal conductivity of the water, v;, for the kinematic
viscosity of the water, and Ty, and T, stand for the saturation temperature and
the wall temperature, respectively. Analytical calculations showed that the CAF has a
value of approximately 3200 over the whole sterilization phase. Simulations were also
performed with CAFs of 500, 2000, 5000 and 100,000. Simulations of the temperature
of the load show hardly any difference between these convective augmentation factors.
The main advantage of this approach is the efficiency with which the numerical
calculation of the heat transfer can be accomplished, due to the fact that it is not
necessary to simulate the wall film on the surface of the load. Therefore, a much coarser
mesh can be used near the wall. This approach is able to calculate the heat transfer
to unwrapped cylinders (see Section 5.3.3), wrapped cylinders (see Section 5.4.2),
and both wrapped and unwrapped dental handpieces (see Section 5.5) with high

accuracy.

4.4.2 Heat transfer modelling in the pre-sterilization phase

In the pre-sterilization phase (see Figure 2.2 and Figure 2.4), not only steam and
condensed water are present in the sterilization chamber, but also NCGs (mainly air).
Modelling the heat transfer due to wall condensation in the presence of NCGs using
CFD is a difficult task. This topic has been addressed by various researchers in the
past. For example, Yoon, Jo, and Corradini [109] developed a condensation model
to predict the heat transfer with NCGs on a planar wall. Other works by Zschaeck
et al. [110], Mimouni et al. [112] and Qiu et al. [113] also simulated heat transfer
through condensation, and their simulation results were in good accordance with
their experimental measurements. However, these models are limited by the fact that
they only work on planar surfaces, or that they require a very fine mesh near the
walls. Thus, a very numerically efficient model to predict heat transfer through wall
condensation in a steam sterilizer, while NCGs are present, was developed in this PhD

thesis.

This heat transfer model to predict the heat transfer due to wall condensation in the
presence of NCGs is also based on the CAF. For this model, the CAF is defined by
the Nusselt number due to condensation in the presence of NCGs (N opdensation NCGs)
divided by the Nusselt number of the ideal flow (Nu;geq f101)- The Nusselt number of

the ideal flow is the Nusselt number due to natural and forced convection.
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CAF — N”cli}qdensation NCGs (4.8)
Uideal flow

The Nusselt number of the ideal flow (due to convection) (Nujzeqr f10w) is calculated by
the CFD code as a result of the flow field (see Eq. (4.9)) [78].

Nutigeal flow = ety (4.9)
(Twanr — Tp)A

In Eq. (4.9) 4p, Xy, Ty and A stand for the heat flux density at point p, the location of
point p (represents the characteristic length), the bulk temperature of the fluid at point
p and the thermal conductivity of the fluid, respectively. In Section 4.4.1 the CAF was
obtained by calculating the Nusselt numbers using analytical formulas, and found
that the CAF factor was approximately 3000. The main limitation of the heat transfer
model described in Section 4.4.1 is that it is only applicable to steam and water that
are not mixed with NCGs. As a result, this section seeks to expand upon the heat
transfer model presented in Section 4.4.1 in order to be able to predict the heat transfer
through wall condensation when NCGs are present. Therefore, the heat transfer model

developed in this section separates three different cases (see Eq. (4.10)).

Nujgeqr flow for Tya > Tsar or 0 < Psteam < 0.02
Nu = ¢ Ntjgear flow - S5 for Ty <Tsar and 0.02 < Psteqm < 0.9 (4.10)

NUjgeqr flow * CAF for Ty, <Tser and 0.9 < Psteam < 1

For wall temperatures (Ty,;;) higher than or equal to the saturation temperature of
steam (Ts4¢), or for volume fractions of the steam ¢steqm lower than 0.02, the heat transfer
occurs only due to convection (see I in Figure 4.3). In this case, the Nusselt numbers
were set to the Nusselt numbers of the ideal flow. The range of the volume fraction of
the steam ¢s0am Was selected based on the fact that studies have shown that there is
hardly any difference between heat transfer due to convection and heat transfer due to
condensation at such low volume fractions of steam [114, 115]. In the second case, the
wall temperature is lower than the saturation temperature, and the volume fraction
of the steam is higher than 0.02 and lower than 0.9 (see II in Figure 4.3). In that case,
the Nusselt number is set to the Nusselt number under ideal flow conditions times
half of the CAF. The range of the volume fraction and the calculation of the Nusselt
number was chosen by the author on the basis of studies that have investigated the

heat transfer due to condensation in the presence of NCGs [116, 117]. In the third case
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(see III in Figure 4.3), the wall temperature is lower than the saturation temperature,
but the volume fraction of the steam at the wall is higher than o0.9. Therefore, the
Nusselt number is set to the Nusselt number of the ideal flow times the CAF. This
calculation of the Nusselt number was obtained from the measurement data of R. Chen
et al. [118]. Their work shows that very high heat transfer rates occur at such high

volume fractions of the steam.

Heat transfer due to natural and Heat transfer due to wall condensation Heat transfer due to wall condensation
forced convection in the presence of NCGs in the presence of NCGs
Twan = Tsat OF 0 £ Pgteam < 0.02 Twan < Tsar and 0.02 < Pgeam < 0.9 Twan < Tsat and 0.9 < Pgream < 1
Saturated and Saturated and Saturated and
wet steam wet steam / wet steam
Direction of Direction of Wall

condensation

gravity gravity i
/ .

-
\\ Wall
condensation

/ NCGs (air) film

Solid Material NCGs (air)

N / ) )
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Figure 4.3: Schematic sketch of the heat transfer due to natural and forced convection (left), due to wall
condensation with a high volume fraction of NCGs (middle), and due to wall condensation
with a low volume fraction of NCGs (right).

The heat transfer model described in this section was used to simulate the removal
of NCGs (air) inside both a vacuum and a non-vacuum steam sterilizer, and inside
two different kinds of helix tests. The results presented in Section 5.1 and Section 5.6
demonstrate that the Nusselt number as calculated in the manner presented above (see
Eq. 4.10) is able to predict the pressure, the temperature and the distribution of the

NCGs inside the steam sterilizers as well as inside hollow loads (cavities).

4.4.3 Heat transfer between the phases

The heat transfer between the phases was modelled with an approach first published
by Ranz and Marshall [119, 120]. The Nusselt number of the pth phase (Nuy) is shown
in Eq. (4.11):
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1
Nup = 2.0+ 0.6 - Re? - Pr3 (4.11)

where Re, stands for the Reynolds number of the p! phase and Pr for the Prandtl
number of the p** phase [78].

In the sterilization phase (see Figure 2.2 and Figure 2.4), only steam and condensed
water are present inside the sterilization chamber. In this phase, the Ranz and Marshall

model was used to calculate the heat transfer between these phases.

During the pre-sterilization phase (see Figure 2.2 and Figure 2.4) steam, condensed
water, and NCGs are present inside the steam sterilizer. In this phase, the Ranz and
Marshall model was used to calculate the heat transfer between the steam and the
NCGs, between the steam and the condensed water, and between the NCGs and the

condensed water.

4.5 Modelling the paper °

To investigate flow phenomena in the vicinity of the surface of the load, it is necessary
to model the paper in which the load is wrapped. Therefore, a porous media model
was developed to simulate the permeability of the paper. Porous media are modelled
by adding a momentum source term to the standard fluid flow equation. The source

term that was used in the CFD model can be seen in Eq. (4.12) [78]:

1.,
Si= (gvi + §C2\Ui|vz‘) (4.12)

where S; is the source term, and 7, v;, |7;| stand for the dynamic viscosity, the velocity
of the i component, and the velocity magnitude, respectively. a is the permeability
and C; is the inertial resistance factor. The pressure drop over the porous media is
defined as:

Ap = —SiAn (4.13)

where An stands for the thickness of the porous media. Measurements of the perme-

ability of the paper were performed for both air and for steam. The experimental data

5Segments of this section have already been published in [1, 5].
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are available in the form of pressure drop against velocity which was determined by
an in-house test rig that was presented in Section 3.4. From this measured data, two
porous media models to simulate the permeability of the paper for air and for steam
were obtained. These new porous media models make it possible to simulate the fluids
passing through the paper. Therefore, wrapped loads can be simulated. A validation

of the new porous media models can be found in Section 5.2.

4.6 Modelling the bacteria

The inactivation of the bacteria was modelled following a first-order reaction kinetic
approach (see in Eq. (2.1) and Eq. (2.2)). A source term was then used to simulate its
inactivation rate. The temperature dependency of the inactivation rate was modelled
with the Arrhenius equation (2.3). This source term was added to the CFD code using
a UDF. More information about the approach used to model the inactivation of the

bacteria can be found in literature [34, 121-123].

The active bacteria were added to every cell of the CFD code using a User-Defined
Scalar (UDS). As the inactivation is dependent on the local cell temperature, the
inactivation was resolved in time and space, in every cell. This novel approach to
modelling the bacteria’s inactivation makes it possible to simulate that inactivation
both inside the steam sterilizer as well as on the surface of the load, over the whole

sterilization cycle.

The reaction kinetics of the different bacteria types investigated are described in the

Chapter: Results (see Section 5.3.4, Section 5.4.4 and Section 5.5.5).

4.7 Numerical grids ©

In this section, all of the numerical grids that were used for the simulations in this
thesis are presented. The geometry of the CFD models was generated in the ANSYS
Design Modeller. The geometry of the CFD models was obtained from Computer-
Aided Design (CAD) models of the sterilization chamber, diffusers, trays and medical
equipment. Based on these geometries, all of the numerical grids were generated with
the ANSYS Meshing Tool or ANSYS ICEM CFD.

6Segments of this section have already been published in [1-5].
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4.7.1 Numerical grid for unwrapped loads

The steam sterilizer with the trays, the diffuser, and the unwrapped cylinders was
analysed with approximately 550,000 polyhedral and hexahedral cells, including both
the fluid and solid geometries of the steam sterilizer. The geometry of the CFD model
can be seen in Figure 3.3. To get a better overview, the numerical grid is shown in
Figure 4.4. As can be seen, both the fluid and the solids inside the steam sterilizer were
finely resolved. The maximum skewness of the mesh was 0.799 while the maximum
aspect ratio was 21.17. To verify the mesh independence, a finer grid was used. The
fine numerical grid consisted of 1,445,982 (polyhedron and hexahedron) cells. The
maximum aspect ratio was 35.21. The skewness of the fine mesh was 0.884. The
differences in the simulated temperatures between the grid with approximately 550,000
cells and the grid with 1,445,982 cells were below the uncertainties of the thermocouples

used (approximately +1 K).

(b)

Figure 4.4: (a) Top view of the numerical grid with the unwrapped load, (b) back view of the numerical
grid with the unwrapped load, and (d) a 3D-view of the numerical grid with the unwrapped
load [4].
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4.7.2 Numerical grid for wrapped load

As introduced in Section 3.2.2, this thesis investigated wrapped loads by simulating a
sterilization cycle with eight cylinders on two trays. All eight cylinders were wrapped
in paper. The whole set-up of the investigated load and a picture of the wrapped
cylinders were shown in Figure 3.4. The paper in which the load is wrapped was

modelled with a porous media approach, as described in Section 4.5.

To model the steam sterilizer filled with the wrapped load, in the first step, a numerical
grid with 1,931,120 elements (tetrahedrons and hexahedrons) was created. As a result
of the high computational costs and convergence characteristics, the tetrahedrons
were converted into polyhedrons. This results in a final numerical grid with 684,478
polyhedral and hexahedral cells, including the whole fluid volume of the steam
sterilizer, the porous media for the paper and the solids for the wrapped load, the trays,
and the diffuser. The maximum skewness of the grid was 0.859, while the maximum
aspect ratio was 20.24. The 684,478-polyhedron grid including all solids (load, trays,
and diffuser) can be seen in Figure 4.5.

Paper to wrap
the load

(a)

Wrapped cylinders

Figure 4.5: Computational grid with the wrapped load (a) view from the side, (b) view from the front,
and the computational grid of the components (c) trays and load and (d) diffuser.

Several calculations with different grid sizes were performed to verify the grid inde-

pendency. The number of cells was increased up to 1,841,194 cells in the whole steam
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sterilizer. The influence of even more cells on the temperature and other flow variables,
such as velocity and heat transfer, was also examined and the temperature of the load
between the two meshes was monitored and compared. The deviation of the load
temperature between these two grids was below 0.2 K, which is within the uncertainty

range of the thermocouples (approximately +1 K).

4.7.3 Numerical grid for the dental handpieces

The simulations of dental handpieces were carried out with four Type 1 dental hand-
pieces [124] and four Type 2 dental handpieces [125]. More information about the types
of handpieces investigated can be found in Section 5.5. Two dental handpieces of each
type were distributed on two trays. The four handpieces on the first tray were wrapped
in paper, whereas the four dental handpieces on the second tray were unwrapped (see
Figure 4.6). The paper containing the dental handpieces on the first tray was modelled
using the porous media approach described in Section 4.5. Further information about

the load set-up of the dental handpieces can be found in Section 5.5.

The whole steam sterilizer, including the entire fluid domain, the two trays, the
diffuser, the chamber with its insulation, and the eight dental handpieces were meshed
with 1,140,783 tetrahedral and hexahedral cells. Afterwards, this numerical grid was
converted into a polyhedral and hexahedral mesh with 647,909 cells. The maximum
skewness and aspect ratio of the numerical grid were 0.89 and 33.41, respectively.
Figure 4.6 shows the numerical grid of the sterilization chamber, filled with the
wrapped dental handpieces (first tray) and unwrapped dental handpieces (second
tray). Furthermore, the mesh of the paper containing the dental handpieces is shown. A
numerical grid with 202,985 cells was investigated as well. This numerical grid slightly
over-predicted the heat fluxes due to condensation. Furthermore, two numerical grids
with a higher number of cells were considered. These grids were 1,567,467 and 8,364,196
in size, respectively. Hardly any differences in any of the transported scalars were

detected between the grids with 647,909 and 8,364,196 cells.
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First tray with wrapped
dental handpieces

Second tray v(/ith unwrapped
dental handpieces

Paper to wrap
— theload

(c) (d) (e)

Figure 4.6: Numerical grid with the dental handpieces (647,909 cells) (a) from the side, (b) from the
front, (c) view of the trays, (d) view of the dental handpiece — Type 1 and (e) view of the
dental handpiece — Type 2.

4.7.4 Numerical grids to simulate the removal of the NCGs

In this thesis, the removal of the NCGs was investigated for a vacuum (see geometry

in Figure 3.1) and for a non-vacuum steam sterilizer (see geometry in Figure 3.2).

The vacuum steam sterilizer was meshed with 620,776 polyhedral and hexahedral cells,
including the fluid, the diffuser, the tray and the helix test. The maximum skewness
and maximum aspect ratio of the mesh were 0.8963 and 30.04, respectively. A side
view and a front view of the mesh used can be seen in Figure 4.7(a). The mesh of
the non-vacuum steam sterilizer consists of 574,343 polyhedral and hexahedral cells.
The maximum skewness of the mesh was 0.8963, and the maximum aspect ratio was
33.74. The mesh of the non-vacuum steam sterilizer is shown in Figure 4.7(b). Mesh
independency studies were performed with two meshes for each steam sterilizer, with
approximately 2.4 and 8 million cells, respectively. Hardly any differences were found

between the solutions provided by the different meshes.
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(b) Front and side view of the mesh of the non-vacuum steam sterilizer

Figure 4.7: Mesh of the (a) vacuum steam sterilizer and (b) of the non-vacuum steam sterilizer [2].
4.7.5 Numerical grids to simulate hollow loads (cavities)

The removal of the NCGs and the steam penetration into hollow loads was investigated

using two different PCDs (helix tests) (see Figure 3.10).

The steam sterilizer containing PCD 1 was meshed with 695,232 polyhedral and
hexahedral cells (see Figure 4.8(a)). The minimum orthogonal quality of the mesh
was 0.0783, maximal aspect ratio was 26.69. The steam sterilizer containing the PCD 2
was meshed with 624,699 cells (see Figure 4.8(b)). The minimal orthogonal quality
and aspect ratio were 0.1007 and 32.85, respectively. Mesh independence studies
were performed with meshes of approximately 1,200,000 cells and 11,000,000 cells.
Hardly any differences were found between the meshes in terms of the pressure, the

temperature or the volume fractions.
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(b) Numerical grid of the vacuum steam sterilizer with the second helix test (PCD 2).

Figure 4.8: Numerical grid of the vacuum steam sterilizer with (a) the first helix test (PCD 1) and (b)
the second helix test (PCD 2).
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4.8 Boundary conditions ’

This section provides a general overview of all the boundary conditions used to
simulate the steam sterilization process in this thesis. Nearly all of the boundary
conditions were time-dependent. These time-dependent boundary conditions were
added to the CFD model using UDFs.

4.8.1 Boundary condition to simulate the sterilization phase

The 2100 W steam generator that increases the pressure inside the steam sterilizer to
the sterilization plateau (see Figure 2.2 and Figure 2.4) was modelled with a pressure
inlet. The steam’s pressure and temperature were set to values based on measurements.
According to these measurements, the steam at the inlet is saturated. Turbulence was
modelled with a hydraulic diameter of 0.005 m and a turbulence intensity of 5 %. In
the sterilization phase, the outlet of the steam sterilizer is always closed. Therefore, the
outlet was modelled as an adiabatic wall. The outer walls of the real steam sterilizer are
insulated; therefore, a convective boundary condition with a heat transfer coefficient
of 5 % and a free stream temperature of 293.15 K was used to simulate the heat
transfer from the insulation and the outer walls to the ambient air. All of the wall
temperatures inside the steam sterilizer were calculated with the heat transfer model

that was developed in-house and described in Section 4.4.1 (see Eq. (4.5)).

In this thesis, the sterilization phase was simulated with both unwrapped and wrapped
loads, consisting of different cylinders, as well as with dental headpieces. The material
properties used to simulate the fluids of the sterilization phase can be seen in Table 4.1.
Table 4.2 shows the material properties of all of the solids that were used in the

simulations, either as materials for the steam sterilizer or for the loads.

The pressure at the beginning of the sterilization phase was initialised with the
corresponding measured pressure. The temperature inside the steam sterilizer was
initialised with the average measured temperature value of the eight thermocouples.
The load temperatures, the temperatures of the trays, and the temperature diffuser

were also initialised according to measured values.

7Segments of this section have already been published in [1-5].
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Table 4.1: Fluid material properties for the CFD simulation of the sterilization phase.

Steam (gas phase)

Density (kg/m?>) ideal gas (see section 4.1.1)
Specific heat (] /kgK) piecewise polynomial
Thermal conductivity (W/mK) | 0.0242

Viscosity (kg/ms) 1.7894-107°

Water (liquid phase)

Density (kg/m?>) piecewise polynomial
Specific heat (J/kgK) 4246.7

Thermal conductivity (W/mK) | 0.6

Viscosity (kg/ms) 0.001003

Table 4.2: Solid material properties for the CFD simulation of the sterilization phase.
Steel (stainless)

Density (kg/m?)) 7900
Specific heat (J/kgK) 500
Thermal conductivity (W/mK) | 20
Aluminium

Density (kg/m?>) 2700
Specific heat (J/kgK) 897
Thermal conductivity (W/mK) | 236
Brass

Density (kg/m?®) 8500
Specific heat (J /kgK) 377

Thermal conductivity (W/mK) | 120

Plastic (PPS)

Density (kg/m®) 1550
Specific heat (J /kgK) 1660
Thermal conductivity (W/mK) | 0.2
Paper

Density (kg/m?) 800
Specific heat (J/kgK) 200
Thermal conductivity (W/mK) | 0.5
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4.8.2 Boundary conditions used to simulate the pre-sterilization

phase

In this thesis, the removal of the NCGs during the pre-sterilization phase in both
a vacuum steam sterilizer (see Figure 2.2) and a non-vacuum steam sterilizer (see
Figure 2.4) was simulated. Therefore, this section describing the boundary conditions

that were used to simulate the pre-sterilization phase was divided into two parts.

Boundary conditions for the pre-sterilization phase of the vacuum steam sterilizer

The pre-sterilization phase of a vacuum steam sterilization cycle was simulated so as to
investigate the process of air removal from inside the steam sterilizer, as well as inside
hollow loads (cavities). The measured pressure profile and the average temperature
in the sterilization chamber of the investigated vacuum steam sterilization cycle are
presented in Figure 4.9. Table 4.3 describes in detail the various stages that take place in
the course of the investigated pre-sterilization phase, depicted graphically in Figure 4.9.
Table 4.3 also provides a detailed description of the times at which the outlets were
either open or closed, and of the minimum and maximum pressures that were reached
at the end of the respective phases. The durations of each phase, which are presented in
Table 4.3, may vary based on the chamber’s load or according to the initial conditions

inside the steam sterilizer.

Generally, during any period where the pressure increases, a 2100 W steam generator
fed steam into the chamber of the vacuum steam sterilizer.This steam generator was
modelled using a mass flow inlet. The mass flow rate, temperature, and quality of
the steam were set according to the measurements. Turbulence boundary conditions
were modelled with a hydraulic diameter of 0.005 m and a turbulent intensity of 5 %.
When the inlet was closed (during the pressure decreases), the inlet was modelled
as an adiabatic wall, due to the fact that the surface of the inlet is negligibly small
compared to the other surfaces of the steam sterilization chamber. A pressure outlet
represents the vacuum pump, which is mounted on the steam sterilizer to reduce
pressure inside the sterilization chamber. The pressure at the outlet was set according
to the measurements. All wall temperatures of both the dry and wet surfaces were
calculated based on the heat transfer model described in Section 4.4.1. On the outside
of the steam sterilizer, a heater (see Figure 2.1(a)) is used to heat up the chamber walls.
A detailed description of the function of this heater is provided in Section 2.1.1. The

outer wall temperatures were set according to the measured values.
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Figure 4.9: Measured pressure and measured average temperature in the pre-sterilization phase of the
investigated vacuum steam sterilizer.

Table 4.3: Description of pre-sterilization phase of the vacuum steam sterilizer including the times at
which the inlet and outlets were open or closed closed.

Cycle time | Inlet | Outlets Description
the steam sterilizer is filled with air;
0-143 closed | open | avacuum pump reduces the pressure from the ambient

pressure to approximately 142 mbar

all outlets are closed;

143-298 open | closed | steam generator works at full power

and increases the pressure to approximately 1.4 bar
the steam generator is switched off;

298-393 | closed | open | the vacuum pump reduces the pressure to
approximately 140 mbar for a second time

the steam generator increases the pressure to

a value of approximately 1.4 bar; all outlets are closed
the inlets are closed;

548-648 | closed | open | the vacuum pump reduces the pressure to
approximately 140 mbar a final time

393-548 open | closed

Temperature in °C
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Boundary conditions for the pre-sterilization phase of the non-vacuum steam

sterilizer

The measured pressure and the measured average pressure during the pre-sterilization
phase of the non-vacuum steam sterilizer are presented in Figure 4.10. During the pre-
sterilization phase, a 2100 W steam generator fed steam into the non-vacuum sterilizer,
thereby flushing NCGs out of the chamber, and, subsequently, increasing the pressure
inside the chamber when the outlets were closed. The incoming steam was modelled
using a mass flow inlet. The mass flow rate was set according to measurements.
Turbulence was modelled with a hydraulic diameter of 0.005 m and a turbulence

intensity of 5 %.

A description of the investigated pre-sterilization phase (depicted graphically in Fig-
ure 4.10) can be found in Table 4.4. Table 4.4 also presents the times at which the outlets
were closed or opened. In the pre-sterilization phase, the outlets are closed for the
first 59 s of the cycle. During this time, the outlets are modelled as adiabatic walls due
to the small size of their surfaces compared to the other walls of the steam sterilizer.
Outlets were modelled as pressure outlets during the times when the outlets were open
(between 59 s and 640 s of the investigated pre-sterilization phase, see Figure 4.10).

The pressure at the outlet was set according to the measured pressure profile.

An electrical heater was placed outside the chamber to heat up the chamber’s walls.
The outside wall temperature was set according to measurements. The position of the
heater can be seen in Figure 2.3. A description of the heater’s functionality is provided

in Section 2.1.2.



4.8 Boundary conditions

75

1,800

= Measured pressure of the pre-sterilization phase of the non-vacuum cycle

— Measured average temperature of the pre-sterilization phase of the non-vacuum cycle

1,600

1,400 -

1,200

Absolute pressure in mbar

1,000

800

50

100 150

|
200 250 300 350 400 450 500 550 600

Time in s

Figure 4.10: Measured pressure and measured average temperature in the pre-sterilization phase of the
investigated non-vacuum steam sterilizer.

Table 4.4: Description of pre-sterilization phase of the non-vacuum steam sterilizer including the times
at which the inlet and outlets were open or closed.

Cycle time

Inlet

Outlets

Description

0-59

open

closed

the steam sterilizer is filled with air;

all outlets are closed;

generator works at full power

and increases the pressure to approximately 1.6 bar;

59-140

open

open

steam generator works at full power

and feeds steam into the sterilization chamber;
all outlets are open;

air, wet steam and condensed water are exiting
in the sterilization chamber;

140-640

open

open

steam generator works at full power

and feeds steam into the sterilization chamber;
all outlets are open;

the pressure fluctuation are due to the control
circuit of the control unit of the steam sterilizer;

- 120

110

100

90

80

Temperature in °C



Results

This chapter will present all of the results that were obtained in the course of this
PhD thesis. First, the removal of the NCGs (air) from the vacuum and non-vacuum
steam sterilizers was investigated. Second, the model that was developed to simulate
the paper in which the load can be wrapped was validated. Third, simulations of
the load temperature and the inactivation of different bacteria types were carried on
both unwrapped and wrapped cylinders, as well as unwrapped and wrapped dental
handpieces. Finally, the processes of air-removal and the steam penetration inside

hollow loads and cavities were simulated.

5.1 Investigations of the removal of NCGs in the

pre-sterilization phase 1

This section presents both the simulated and the measured results of the removal
of the NCGs (namely air) inside the chamber of the steam sterilizers. The removal
of the NCGs was investigated in the pre-sterilization phase of both a vacuum (see
"pre-sterilization phase” in Figure 5.1(a)) and a non-vacuum steam sterilizer (see “pre-
sterilization phase” in Figure 5.1(b)). For this purpose, the pre-sterilization phases were
simulated using CFD. The simulation results were then validated using measurement

data of the pressure, the fluid temperature, and the ratio of the NCGs.

Figure 5.1 shows the measured pressures and the measured temperatures within the
sterilization chamber for the vacuum sterilization cycle (see Figure 5.1(a)) and for the
non-vacuum sterilization cycle (see Figure 5.1(b)). As mentioned above, in this section,

only the pre-sterilization phases of the two sterilization cycles were investigated. More

'Segments of this section have already been published in [2].
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detailed information about the entire steam sterilization cycle of each sterilizer can
be found in Section 2.1.1 and Section 2.1.2. Detailed accounts of the pre-sterilization

phases of the investigated steam sterilization cycles can be found in Section 4.8.2.
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(a) Measured pressure and temperature to investigate the removal of NCGs from the vacuum steam sterilizer.
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(b) Measured pressure and temperature to investigate the removal of NCGs from the non-vacuum steam sterilizer.

Figure 5.1: Measured pressure and temperature of the sterilization cycles to investigate the NCGs-
removal in the (a) vacuum steam sterilizer and (b) non-vacuum steam sterilizer.

5.1.1 Pressure and temperature during the pre-sterilization phase

The results of the simulated flow inside the steam sterilizer were validated using

the measurements of a pressure sensor and several thermocouples. The positions
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of the pressure sensor and the thermocouples in the vacuum steam sterilizer are
shown in Figure 3.1, while Figure 3.2 shows the positions of the pressure sensor and
the thermocouples in the non-vacuum steam sterilizer. Small volumes of 10 mm X
10 mm X 10 mm were defined in the numerical grid of the CFD model in order to
compare the measured values with the simulated ones. Using these volumes, volume
average monitors of temperature or the pressure were defined for comparison with the

measurements.

The temperature was measured with type ] thermocouples. The diameter of the ther-
mocouples was 1 mm and the maximum margin of error was £ 1 K. The maximum
margin of error of the pressure sensor was + 0.75 %. The measured pressure and the
average temperatures of the eight thermocouples of both investigated cycles can be
seen in Figure 5.1. The simulation starts at the beginning of the steam sterilization
cycle and ends before the pressure starts to increase to the sterilization plateau (ap-
proximately 3 bar and 134°C) (see "pre-sterilization phase” in Figure 5.1). Figure 5.2(a)
shows the simulated and measured pressures for the relevant phase of the vacuum
steam sterilization cycle. This figure indicates the excellent accordance between the
simulated and measured pressures. Both the simulated and measured pressures for
the non-vacuum steam sterilizer can be seen Figure 5.2(b). The simulated and the
measured pressures are in very good accordance for the non-vacuum steam steril-
ization cycle, as well. The validation of the CFD model of the non-vacuum steam
sterilizer was performed in a similar manner as described above. The results indicate
that the simulated temperature is in good accordance with the measured temperature
(see Figure 5.3(a) and Figure 5.3(b)). The differences between the measured and the
simulated temperatures are within the measuring inaccuracy of the thermocouples
for 99% of the simulated time. Furthermore, a comparison between the measured and
simulated temperatures at specific locations in the sterilization chamber showed that
not only the average temperature, but also the measured and simulated temperature

at specific locations were in very good accordance.

The differences between the measured and the simulated pressures were approximately
0.7 % throughout the entire simulated pre-sterilization phase of both the vacuum
and non-vacuum steam sterilizers. Due to the fact that the pressure sensor had an
uncertainty of £ 0.75 %, the measured and the simulated pressures were in excellent
accordance. The average error between the simulated and measured temperatures
was approximately 1.3 K in the simulated pre-sterilization phases. This difference
is slightly higher compared with the uncertainties of the thermocouples, which was

+ 1 K. Nevertheless, an average difference of 1.3 K is still a very good result. These



5.1 Investigations of the removal of NCGs in the pre-sterilization phase 79

detailed validations demonstrate that the developed CFD model is able to correctly
predict the fluid flow, the heat transfer due to condensation, and the temperature inside
steam sterilizers. To obtain these results, the heat transfer model that was developed
by the author to calculate the heat transfer due to wall condensation (see Section 4.4.2)
is of high importance. Without this model, the condensation would not be simulated
correctly, and, therefore, it would not be possible to predict either the pressure or the
temperature with this high degree of accuracy (see Figure 5.2 and Figure 5.3). Having
validated the CFD model with these accurate calculations of pressure and temperature,
the model will subsequently be used to calculate the NCGs ratio inside the steam

sterilizers.

5.1.2 Ratio of NCGs during the sterilization cycle

According to the EN 13060, the volume of NCGs within a steam sterilizer must be below
3.5 % of the volume of condensed steam [8]. The norm only requires one measurement
at the beginning of the sterilization plateau (indicated by the blue circles in Figure 3.9).
The goal of this section was to investigate the trend of NCGs inside the steam sterilizers;
therefore, the NCGs ratio was measured at different cycle times. Furthermore, the
difference between the NCGs ratio according to the norm (see Eq. (3.1)) and the real
volume fraction of NCGs (see Eq. (3.5)) was investigated. The measurement set-up
used to determine the volume of NCGs inside the steam sterilizer was shown and
described in Section 3.5. A CFD model was developed to simulate the volume fraction
of NCGs inside the two steam sterilization cycles that were investigated. The definition

of the volume fraction in the CFD models (¢crp) is shown in Eq. (5.1).

k
Yi1 Veeli - PnCGs,i
VSteril izer

$crp = (5.1)
where V¢, ; represents the cell volume and ¢ncgs; denotes the volume fraction of
NCGs in the individual cells of the numerical grid. Vs;,,iji,er represents the total volume
of the sterilizer and k represents the total number of the fluid cells of the numerical
grid. In summary, Eq. (5.1) is equivalent to the real volume of the NCGs ¢, (see
Eq. (3.5)). Figure 5.4(a) shows the time curve of the simulated volume fraction of the
NCGs (see Eq. (5.1)), the NCGs according to the norm (see Eq. (3.1)), the calculated
real volume fraction of the NCGs (see Eq. (3.7)) and the measured pressure for the
pre-sterilization phase of the vacuum sterilization cycle (see ”pre-sterilization phase” in

Figure 5.1). In the first 142 seconds of the cycle, a vacuum pump reduces the pressure
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(b) Measured and simulated pressures for the non-vacuum steam sterilizer.

Figure 5.2: Measured and simulated pressures in the (a) vacuum steam sterilizer and (b) in the non-

vacuum steam sterilizer [2].
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(b) Measured and simulated average temperatures in the non-vacuum steam sterilizer.

Figure 5.3: Measured and simulated average temperatures of eight thermocouples in the (a) vacuum
steam sterilizer and (b) in the non-vacuum steam sterilizer [2].
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and no steam enters the chamber. Therefore, the volume fraction of NCGs remains
constant. Afterwards, the outlets are closed and the steam generator feeds steam to
the sterilizer. This increases the pressure inside the vacuum steam sterilizer from
approximately 0.142 bar to approximately 1.4 bar at 290 s of cycle time. As a result,
the volume fraction of the NCGs falls to a value of approximately 0.16. Next, the
steam generator stops, and the vacuum pump again reduces the pressure to a value of
approximately 0.142 bar. At this point, the first measurement of the NCGs ratio was
carried out, according to the norm. From this measurement, the real volume fraction
of NCGs was calculated using Eq. (3.7), as well as according to the standard (Eq. (3.1)).
The duration of the pre-sterilization phase was varied between the measurements in
order to experimentally determine the NCGs ratio according to the norm. At the end
of the pre-sterilization phase of the sterilization cycle, the second measurement was
performed. The data gathered from these measurements were used to validate the CFD
model. The measurements indicate that the CFD model of the vacuum steam sterilizer
is able to simulate the temporal development of the real volume fraction of NCGs (see
Eqg. (3.7)) inside the steam sterilizer. Both the measured and simulated real volume
fractions of NCGs were in very good accordance. The results indicate that calculating
the NCGs ratio according to the norm (see Eq. (3.1)) does not reflect the real ratios of
NCGs inside the steam sterilizer (see Section 3.5). This is because the measurements
according to the norm [8] compare the gas volume of the NCGs to the liquid volume
of the condensed steam and the condensed water (see see Eq. (3.1)). According to
this definition, it would be beneficial to pass the norm measurement, if water were
added inside the steam sterilizer before the measurement was taken. Furthermore, the
use of a heavy sterilization chamber would be beneficial for the norm measurements
as it would result in more condensed water inside the sterilization chamber. More
information and a critical discussion of the calculation of NCGs content according to

the norm can be found in Section 3.5.

The results of the simulation of the non-vacuum steam sterilizer are shown in Figure
5.4(b). In the pre-sterilization phase of this cycle (see ”pre-sterilization phase” in
Figure 5.1(b)), the outlets are closed at the beginning, and the steam generator increases
the pressure inside the steam sterilizer to a value of approximately 1.6 bar. As a result,
the simulated volume fraction of the NCGs decreases to a value of approximately
0.68. Afterwards, the outlets were opened; the steam generator works at full power
and feeds steam to the steam sterilizer for approximately 530 seconds. During this
time, the NCGs ratio was measured seven times, according to the norm. With these
measurements, it is possible to see the ratios of the NCGs during this phase of the

sterilization cycle. To the best knowledge of the author, these are the first investigations
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to simulate and measure the NCGs inside two different steam sterilizers as a function
of time. The real values of the volume fraction of the NCGs were calculated from
the norm measurement with Eq. (3.7). The error rate of the NCGs ratio according
to the norm was determined to be £ 5 %. The results show that the CFD simulated
volume fraction is in very good accordance with the real volume fraction, which was
calculated with Eq. (3.7). The values of the NCGs ratio according to the norm (Eq. (3.1))
are significantly different compared to the real volume fraction of NCGs in the steam

sterilizer.

From Figure 5.4, it is possible to see that a non-vacuum steam sterilizer reduces the
NCGs much faster than a vacuum steam sterilizer with the same power. Furthermore,
the results show that the NCGs ratio determined according to the norm is significantly
higher compared to the real volume of the NCGs. For example, the NCGs ratio
according to the norm is 12.78 % after 477 s of cycle time in the non-vacuum steam
sterilizer (see Figure 5.4(b)), while the real volume fraction is 0.18 % at this point.
Measurements in literature show that such a small volume fraction of NCGs has no
influence on the heat transfer that occurs due to wall condensation [63, 126]. Similar
results were obtained for the vacuum steam sterilizer (see Figure 5.4(a)). As a result,
cycle time and energy can be saved thanks to a better understanding of the NCGs

ratios in international norms and standards.

5.1.3 Distribution of the NCGs in the steam sterilizers

The distribution of the NCGs inside the steam sterilizer is of major interest to re-
searchers seeking to remove the NCGs efficiently from the sterilization chamber.
Figure 5.5 shows the distribution of NCGs in the vacuum and the non-vacuum steam
sterilizers after 50 s, 150 s, 250 s, 350 s and 450 s of cycle time. The investigated cycle
times are represented by vertical dotted green lines in Figure 5.4. Figure 5.5 shows the
distribution of NCGs in the vacuum and the non-vacuum steam sterilizers after 50 s,
150 s, 250 s, 350 s and 450 s of cycle time. The investigated cycle times are represented
with vertical dotted green lines in Figure 5.4. Due to density differences between the
steam and the NCGs, the latter are located in the bottom regions of the steam sterilizers
(see Figure 5.5). Furthermore, the condensed steam (water) is also located in the bottom
regions of the steam sterilizers. To guarantee the displacement of NCGs in the steam
sterilizer, steam should enter the chamber from the top. The flow of the steam should
be homogenized, with a flow direction from the top to the bottom in order to minimize
the mixing of NCGs and steam. The results show that the CFD model developed is



5.1 Investigations of the removal of NCGs in the pre-sterilization phase 84

1.2 T T
508 150 s
1 . .
[7)) | } L
8 ' S 3508 450 s
z 081 . : :
g : o : : R
- . . [ ] [ ] L4 .
é 0.6 : : ’ ‘l : : "' “
s . . . " ' g .
] [ . . ] [ . .
S 0.4 *‘t‘ : “ E E "' “‘
o + “ X q' .
> s . . o .
0.2 | X “s : e : “0 |
. : ~ 'S - . Q‘ X “ - . -m .O
Sag : : u
0 | | | | | © = ; : ; : 0
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Time in s
= Simulated volume fraction of the NCGs inside the steam sterilizer Eq. (5.1)
x Measured NCGs content according to the norm Eq. (3.1)
o Calculated real volume fraction NCGs based on the norm measurement Eq. (3.6)
= = Measured pressure during the pre-sterilization phase of the vacuum cycle
(a) Measured and simulated volume fraction of NCGs in the vacuum steam sterilizer.
1.2 T T
EDU; 250's 350 s 450
Z . . .
g 1 1 " --- -
-g I-"--.’.---:-----.’---1----- ~""--- e
£ : : :
v . . .
% A 5
< : . : :
o S
0 50 100 150 200 250 30 350 400 450 500 550 600

Time in s

= Simulated volume fraction of the NCGs inside the steam sterilizer Eq. (5.1)

x Measured NCGs content according to the norm Eq. (3.1)

o Calculated real volume fraction NCGs based on the norm measurement Eq. (3.6)
= = Measured pressure during the pre-sterilization phase of the non-vacuum cycle

(b) Measured and simulated volume fraction of NCGs in the non-vacuum steam sterilizer.
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able to calculate the volume fraction of NCGs, the fluid flow, and the temperature,
as well as the heat transfer within the steam sterilizers separated in both time and
space. Thus, the CFD model developed in this work will support optimizations to both

sterilization cycles as well as the geometries of steam sterilizers in the future.

With the results presented in this section, the first part of research question iv) “Which
approach works best so simulate the air removal and the steam penetration inside the
steam sterilizer as well as inside hollow loads (cavities)?” can be answered. The results
have demonstrated that the developed CFD model is able to simulate the removal
of NCGs inside the sterilization chamber. Figure 5.4(a) shows the simulated volume
fraction, the NCGs content according to the norm, and the calculated real volume
fraction of the NCGs of the pre-sterilization phase of the vacuum sterilization cycle.
The simulated volume fraction of the NCGs and the real volume fraction of the NCGs
were in very good accordance. The same results were obtained for the non-vacuum
steam sterilizer (see Figure 5.4(b)). Furthermore, the distribution of the NCGs inside the
steam sterilizers was also investigated (see Figure 5.5). All of these results have proven
that that the developed CFD model is able to simulate the air-removal and the steam
penetration inside the steam sterilizers. Section 5.6 will investigate the air-removal and

steam penetration inside hollow loads.

The simulations presented in this section were performed on a cluster with 16 Intel
Core iy processors and 32 GB RAM. The total simulation time was approximately eight
weeks for the vacuum steam sterilizer and approximately nine and a half week for the

non-vacuum steam sterilizer.
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5.2 Validation of the paper model 2

As discussed in Section 2.5.2 and Section 3.4, medical equipment is often wrapped
in paper for transport and storage [69, 70]. During the steam sterilization process,
this paper represents a flow resistance for the NCGs (air) to leave the sterilization
chamber, as well as for the steam to enter the space near the load. To simulate the paper
packaging’s influence on the sterilization process in a numerically efficient manner, a

porous media model was developed.

The measurements that were necessary to develop this paper model were described in
Section 3.4. More information about the theoretical approach to the porous media that
was used is provided in Section 4.5. The following sections will present the derivation
of the model parameters out of the measurement data and a validation of the developed

porous media model for both steam and air.

5.2.1 Validation of the paper model for air

The experimental set-up (see Figure 3.6) made it possible to identify the correlation
between the pressure drop and air velocity through the paper. The pressure drop
induced by the paper for air was measured for a temperature range between 70 °C
and 140 °C and a pressure range between 300 mbar, and 3200 mbar,. The quadratic

trend lines of the measured data of the air are shown in Eq. (5.2):

Apair = 23502 - v* 4 40052 - v (5.2)

where Ap,;, is the pressure drop of the air (in Pa) over the paper and v is the area-
weighted flow velocity (in m/s) perpendicular to the paper. This polynomial function
represents a fitted function of the measurement data. In the CFD code, a porous media
approach was used to simulate the permeability of the paper. Using this technique,
porous media are modelled by adding a source term (S;) to the momentum equation
(see Eq. (4.12) in Section 4.5). The pressure drop over the paper is calculated by CFD
code using Eq. (4.13). By comparing the coefficients of Eq. (4.13) from Section 4.5 and
Eq. (5.2) with material properties from Table 4.1, the permeability a and the inertial

resistance factor C; can be computed. Thus, the investigated paper was found [70]

*Segments of this section have already been published in [1, 5].
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to have a permeability of & = 8.935384 - 103 m? and an inertial resistance factor of
C, = 19185306 L.

A CFD model of the test rig, which can be seen in Figure 3.6, was generated to validate
the paper model based on the experimental data. The length of the model was 60 cm,
which represents approximately 30 cm in front of the paper and approximately 30 cm
behind the paper in the test rig. The numerical grid of this CFD model consists of
130,389 hexahedral cells of high quality. A velocity inlet was set to reach the same
velocities as the real test rig. A pressure outlet represents the pressure adjuster. As
a consequence of the insulation on the test rig, the walls in the CFD model were set
as adiabatic. In the middle of the CFD model a small fluid domain was defined as
a porous media model in order to represent the paper. The pressure drop over the
paper was simulated for different velocities, temperatures, and pressures. Figure 5.6
shows the measured and simulated values of the pressure drop over the paper for air

at different pressures and temperatures.
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Figure 5.6: Simulated and measured pressure drops over the paper for air.

From the measured results, the pressure drop over the paper for air was found to
depend mainly on the velocity. Small deviations in the measurements were detected
because both wet and dry paper were measured. However, the measured and simulated
results demonstrate that the pressure drop over the paper is a relatively linear function

of the velocity for the investigated velocity range. Furthermore, the results demonstrate
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that the developed porous media model is able to predict the pressure drop over the
paper for a pressure of 1 bar and a temperature of 100 °C as well as for a pressure
of 3.2 bar and a temperature of 130 °C. These results thus prove that the developed

model is able to simulate the permeability of the paper for air.

5.2.2 Validation of the paper model for steam

The process used to validate the porous media model for simulations of the permeabil-
ity of paper for steam was similar to the process described above validation for air (see
Section 5.2.1). To measure the polynomial function of the pressure drop over the paper,
the test rig shown in Figure 3.7 was used. The average pressure drop (see "p2 - p1”
in Figure 3.7) induced by the paper for steam was measured for a temperature range
between 70 °C and 140 °C and a pressure range between 300 mbar, and 3200 mbar,.

The average measured polynomial function of the velocity was thus determined to
be:

Apsteam = 1163950 - v% 4 2254 - v (5.3)

As described in Section 5.2.1, comparing Eq. (4.13) from Section 4.5 and Eq. (5.3) with
the material properties from Table 4.1, the permeability « and the inertial resistance
factor C, were calculated. The permeability was thus found to be a = 1.18894- 107! m?,
while the inertial resistance factor was C, = 2100234018 %

Figure 5.7 shows the measured and simulated pressure drops over the paper over the
velocity. The CFD simulations were performed with the same CFD model as described
in Section 5.2.1. The deviations in the measurement points were larger compared to
the measurements of the pressure drop for air (see Figure 5.6). This is because both
wet and dry papers were investigated. Due to the fact that it is not known if the paper
is wet or dry in the real steam sterilization process, the average of the wet and dry
measurement data was used. As for the measurements of the pressure drop for air, it
was found that the pressure drop over the paper for steam depends mainly on velocity
as well. Simulations were performed with steam at a temperature of 100 °C, which
represents a pressure of 1 bar, and steam at 130 °C, which represents a pressure of
approximately 2.7 bar. The simulated pressure drop over the paper for steam was
found to correspond to the average values of the measured pressure drop values.
These results again prove that the developed porous media model is able to predict

the permeability of the paper for steam.
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Figure 5.7: Simulated and measured pressure drops over the paper for steam [1].
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5.3 Simulation of the sterilization phase with an

unwrapped load 3

The aim of this section is to simulate both the temperature and the inactivation of
bacteria on the surface of an unwrapped load. To this end, the steam sterilizer was
filled with eight unwrapped cylinders on two trays. The geometry of the CFD model

with the unwrapped load can be seen in Figure 3.3.

This investigation of the sterilization phase (see ”sterilization phase” in Figure 2.2)
of the vacuum steam sterilization cycle begins, logically, at the beginning of the
sterilization phase (286 mbar, 81.6 °C) and ends at the end of the sterilization phase
(approximately, 3150 mbar and 136.4 °C, see “second phase” in Figure 5.8). To provide
a better overview of the sterilization phase in question, Figure 5.8 shows the measured
pressure and the measured average fluid temperature inside the steam sterilizer loaded
with the unwrapped load. The dotted vertical lines represent the times at which the

simulation results were presented.
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Figure 5.8: Measured pressure and fluid temperature in the steam sterilizer loaded with the unwrapped
load during a sterilization cycle. First phase: Removal of the air; Second phase: Sterilization;
Third phase: Drying and cooling [4].

3Segments of this section have already been published in [4].
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5.3.1 Simulated pressure and fluid temperatures for an unwrapped

load

The flow field of the CFD model was validated by the measurements of one pressure
sensor and eight thermocouples in the steam sterilizer (see Figure 3.1). The pres-
sure sensor and the thermocouples were represented in the CFD model using small

volumes.

Figure 5.9 shows the measured and simulated pressures inside the steam sterilizer
during the simulated sterilization phase. It is possible to see that the measured and the

simulated pressures were in very good accordance.

The maximum error between the measured and the simulated pressures was below
2 %. In Figure 5.10, the temperatures calculated and measured by four thermocouples
during the simulated part of the sterilization cycle can be seen. In this thesis, the
temperatures of thermocouples T1, T4, T5 and T7 were compared with the simulated
temperatures. The locations of the thermocouples are shown in Figure 3.1. Furthermore,
the measured and simulated fluid temperatures were compared for the other four
thermocouples (T2, T3, T6 and T8) as well, with similar results. The results indicate
that the measured fluid temperatures were in very good accordance with the simulated
fluid temperatures. In order to demonstrate the accuracy of the CFD model, the error
between the measured and simulated temperatures was calculated for different cycle

times (see Eq. (5.4)).

Error = (1 — M) -100 % (5.4)
TMeasurement
In this equation Taeasurement is the measured temperature and Ts;y,;10ti0n 1S the simulated
temperature in Kelvin. The absolute errors of all eight thermocouples for 205 s, 300 s,
410 s and 620 s of simulation time are shown in Table 5.1. The times at which the
errors were calculated are indicated by the blue vertical dotted lines in Figure 5.9. The
largest error, with a value of 0.55 %, was detected after 205 s at the location of T2.
Nevertheless, this error is still very small. The average error was below 0.2 %. These
results indicate that the CFD model developed in this thesis is able to predict the fluid

temperature inside the steam sterilizer.

After the validation of the simulated fluid temperature, the temperature distribution
inside the steam sterilizer was investigated using CFD. Volume renderings of the fluid

temperature inside the steam sterilizer are shown in Figure 5.11. Figure 5.11(a) shows
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the fluid temperature after 205 s. The maximum temperature differences detected at
this time were 2 K. As is to be expected, the temperature difference decreases as the
cycle goes on. After 410 s of simulation time, the temperature stratification inside
the steam sterilizer is below 0.6 K (see Figure 5.11(c)). These results indicate that the
investigated benchtop steam sterilizer [31] works very well as the temperature inside
the steam sterilizer is very homogeneously distributed. After 450 s of simulation time,
the temperature difference inside the steam sterilizer is under o.5 K (see Figure 5.11(c)).
The coldest spots were detected in the middle of the steam sterilizer under the second
tray for all investigated cycle times. Thus, these results prove that, using CFD, it is
possible to predict the fluid temperature and the pressure within a steam sterilizer
containing an unwrapped load. Furthermore, the results demonstrate that CFD is a
very useful tool to predict the “cold spots” inside the steam sterilizer. In contrast, using
measurements, it is only possible to detect the temperature at pre-defined locations

and with a limited number of thermocouples.
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Figure 5.9: Measured and simulated pressures inside the steam sterilizer [4].

5.3.2 Simulated steam quality for an unwrapped load

The steam quality in the steam sterilizer is of interest to researchers due to the fact
that low steam quality decreases the heat transfer due to wall condensation [113].

Considering that it is quite difficult to measure steam quality in a steam sterilizer,
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(d) Measured and simulated fluid temperatures at the location of T7.

Figure 5.10: Measured and simulated fluid temperatures at the locations (a) T1, (b) T4, (c) T5 and (d) T7

[4].



5.3 Simulation of the sterilization phase with an unwrapped load 95

P st

Fluid Temperature
Tmax 123.0

122.7
1225
1222
122.0 /
1217
1215

AT =2K

121.2

Tinin 121.0
[C]

(a) Fluid temperature in the steam sterilizer after 205 s of simu-
lation time.

Fluid Temperature

max —

128.5
128.3
128.1
128.0
127.8

AT =15K

127.6
127.4

Tinin 127.2
[C]
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(c) Fluid temperature in the steam sterilizer after 410 s of simula-
tion time.

Figure 5.11: Volume rendering of the fluid temperature in the steam sterilizer loaded with unwrapped
load after (a) 205 s, (b) 300 s and (c) 410 s of simulation time [4].
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Table 5.1: Absolute errors of the simulated fluid temperatures at eight locations.
After 205 s After 300s After 410s After 620 s

Error Tt -0.15 % -0.02 % 0.10 % -0.04 %
Error T2 0.54 % -0.24 % -0.16 % -0.2 %
Error T3  -0.22 % -0.25 % -0.28 % -0.20 %
Error T4  -0.16 % -0.06 % -0.19 % -0.11 %
Error Ts  -0.05 % -0.09 % -0.04 % -0.05 %
Error Té 0.36 % -0.05 % -0.05 % -0.06 %
Error Ty 0.07 Y% -0.18 % -0.12 % -0.37 %
Error T8  -0.14 % 0.19 % 0.25 % -0.02 %

CFD calculations were used to investigate this issue. In this section, the steam quality
was investigated for an unwrapped load. The simulated steam quality is shown on
four planes in the steam sterilizer. Those planes are the vertical middle surface, the
horizontal middle surface, and two radial planes. The latter two can be found halfway
through and near the back of the steam sterilizer. Upon closer examination of additional
radial planes, no further differences were found. The lowest quality steam was found
in the bottom region of the steam sterilizer (see Figure 5.12) due to the fact that
the density of the condensed water is much higher compared to the density of the
steam. Furthermore, the results show that the steam quality decreases as the cycle
time increases (see Figure 5.12). This thesis also investigates the steam quality within
a steam sterilizer containing a wrapped load (see Section 5.4.3). The results of that
section reveal that the average steam quality in the steam sterilizer improves when
the load is wrapped, whereas the average steam quality near the load improves when
the load is unwrapped. Nevertheless, hardly any differences were identified between
the wrapped load and unwrapped loads in terms of the surface temperature of the
load. This indicates that both the wrapping of the load and the steam quality have a
negligible impact on its surface temperature, given that high heat transfer rates to the

load occur regardless of either of these variables.

Without the heat transfer model developed in this thesis (described in Section 4.4.1),
it would not be possible to calculate the heat transfer to the load and the chamber
of the steam sterilizer in a reasonable amount of simulation time. As a result, the
condensation could not be correctly predicted, and, therefore, it would not be possible

to predict the steam quality inside the steam sterilizer.
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(a) Steam quality in the steam sterilizer after 205 s of simulation
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(c) Steam quality in the steam sterilizer after 620 s of simulation
time.

Figure 5.12: Steam quality in the steam sterilizer loaded with unwrapped load after (a) 205 s, (b) 410 s

and (c) 620 s of simulation time [4].



5.3 Simulation of the sterilization phase with an unwrapped load 98

5.3.3 Simulated temperature of an unwrapped load

In order to understand the full sterilization process, it is essential to have thorough
knowledge of the load temperature and of what constitutes sufficient process time.
To reach sterility, high wall temperatures are required. To validate the predicted heat
transfer of the CFD model to the load and vice versa, simulated load temperatures were
compared with measured load temperatures. The temperature was recorded at the
centre of all eight cylinders. Both the position and materials of the load cylinders can be
seen in Figure 3.3. As shown in Figure 5.13, the simulated load temperatures are in very
good accordance with the measured load temperatures throughout the investigated
phase. The calculated temperatures for the materials (a) steel, (b) aluminium, (c) brass

and (d) plastic were in good accordance with the measured values.

To predict the inactivation of bacteria, the surface temperature of the load is of much
interest. Figure 5.14 shows the surface load temperature after (a) 205 s, (b) 410 s
and (c) 620 s of simulation time. The times in the sterilization cycle at which the
load temperature was investigated are shown in Figure 5.8. After 200 s of simulation
time, the lowest surface temperatures were identified on the steel cylinders (see
Figure 5.14(a)). This can be explained by their higher mass, compared to the other
cylinders. After 620 s of cycle time, the temperature difference on the surface of the
load decreased to under 0.3 K. The highest temperatures were detected on the edges
of the cylinders (see Figure 5.14(c)). These small temperature differences can have a
big influence on the inactivation of the bacteria due to the fact that the inactivation

rate of the bacteria k; is an exponential factor of the temperature (see Eq. (2.2)).

These results prove that the heat transfer model developed in this thesis (see Sec-
tion 4.4.1) is able to accurately predict the heat transfer to the unwrapped load. With
these results, the research question i) ”Is it possible to simulate the heating process
of the load?” can be answered with “yes” due to the fact that the measured and the
simulated temperatures in the centre of gravity for four different cylinders were in very
good accordance (see Figure 5.13). These results were obtained for steel, aluminium,
brass, and plastic cylinders. Thus, the results of this simulation prove that the process

of heating the load can be simulated accurately.

5.3.4 Simulation of active bacteria on the unwrapped load

The main goal of a sterilization cycle is to inactivate the bacteria on all surfaces of the

medical equipment. To investigate this topic, a first-order reaction kinetic approach
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(a) Measured and simulated temperatures in the centre of the unwrapped steel cylinder.
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(b) Measured and simulated temperature in the centre of the unwrapped aluminium cylinder.
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(c) Measured and simulated temperature in the centre of the unwrapped brass cylinder.
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(d) (d) Measured and simulated temperature in the centre of the unwrapped plastic cylinder.

Figure 5.13: Measured and simulated temperature in the centres of the unwrapped (a) steel cylinder, (b)
aluminium cylinder, (c) brass cylinder and (d) plastic cylinder [4].
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Figure 5.14: Simulated surface temperatures of the unwrapped load after (a) 205 s, (b) 410 s and (c)
620 s of cycle time [4].
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was added to the CFD code, which is able to predict the active bacteria at every point
of the steam sterilizer, resolved in time and space. More about the modelling of the
inactivation and the inactivation rates k; of the investigated bacteria types can be found

in Section 2.2.

Two different types of bacteria were investigated (Bacteria Type 1 and Bacteria Type 2).
The reaction kinetics for the first bacteria type were taken from the work of Wallhdufser
[37]. The reaction kinetics for the second bacteria type were taken from the work of De
Santis and Rudo [127]. Figure 5.15 shows the inactivation rate k; of the two investigated
bacteria types as a function of temperature. Furthermore, Table 5.2 shows the D-values
of Bacteria Type 1 and Bacteria Type 2. As can be seen in Figure 5.15 and Table 5.2,
Bacteria Type 1 represents a bacterium which is easy to inactivate, whereas Bacteria

Type 2 represents a bacterium which is much more difficult to inactivate.

Table 5.2: D-values of the two investigated bacteria types [4].
Bacteria Type 1 Bacteria Type 2
D-value for 111 °C 2.2 2.25
D-value for 121 °C 0.55 0.61

At the beginning of the simulation, both types of bacteria were initialized with a
number of Ny = 10'2 in every cell of the numerical grid. Additional information about
the modelling and the inactivation of bacteria can be found in scientific literature [34,

128-131].

The active bacteria of Type 1 and Type 2 for the simulation times 205 s, 410 s and
620 s can be seen in Figure 5.16. The inactivation rate of Bacteria Type 1 is significantly
higher for every temperature compared to the inactivation rate of Bacteria Type 2 (see
Figure 5.15). For example, at 136 °C the inactivation rate of Bacteria Type 1 is 2.3 57},
whereas the inactivation rate of Bacteria Type 2 is 0.2 s~1. As a result, the inactivation
of Bacteria of Type 1 takes considerably less time. At the end of the pressure rise in the
sterilization phase (410 s), hardly any active Type 1 bacteria remain (see Figure 5.16(c)).
At the same time, approximately a third of the Type 2 bacteria is still active. It is also
possible to see that the regions with the lowest surface temperatures are the same
regions where the most bacteria are still active (see, e.g., surface of the steel cylinder in

Figure 5.14 and Figure 5.16).

To gain a better understanding of the inactivation of the bacteria, the log survival
ratio is often used. The log survival ratio is defined as the log of the division of active
number of bacteria (N) by the initial number of bacteria (Np). The formula of the log

survival ratio is given by Eq. (2.7) in Section 2.2.5.
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Figure 5.15: k; values for Bacteria Type 1 and Bacteria Type 2 over temperature [4].

Table 5.3 shows the surface average logarithmic survival ratio of the steel cylinders
for 205 s, 410 s, and 620 s of simulation time. As might have been expected, the
log reduction ratio of Bacteria Type 1 is significantly higher compared to that of
Bacteria Type 2. After 410 s, approximately 33 log ratios were inactivated for Bacteria
Type 1, whereas approximately 6.45 log ratios were inactivated for Bacteria Type 2.
Nevertheless, at the end of the simulated phase of the steam sterilization cycle (620 s)
hardly any bacteria of Type 1 or Type 2 were active (see Figure 5.16(c)). At the end of
the sterilization phase (620 s), the log reduction of Type 1 bacteria is approximately 51,
while that of Bacteria Type 2 is approximately 22 (see Table 5.3). In this thesis, similar

results were obtained for Bacteria Type 2 on a wrapped load (see Section 5.4.4).

These results indicate that it is possible to predict the inactivation of different types
of bacteria on the surface of an unwrapped load using CFD. Once again, the heat
transfer model developed in this thesis and described in Section 4.4.1 is key to the
ability to perform a CFD simulation of the inactivation of bacteria. This is because the
surface temperature of the load must be calculated very accurate accurately since the

inactivation rate k; is strongly dependent on the temperature (see Eq. (2.3)).

A cluster with 16 Intel iy processors and 32 GB RAM was used to simulate the
sterilization of an unwrapped load. The simulation time was approximately five weeks.

Without the heat transfer model presented in Section 4.4.1, the simulation time would
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Table 5.3: Surface average log survival ratio for Bacteria Type 1 and Bacteria Type 2 for different
simulation times on the surface of the steel cylinder [4].

log survival ratio of | log survival ratio of
Bacteria Type 1 Bacteria Type 2
After 205 s -1.89 -1.12
After 410 s -33.95 -6.45
After 620 s -50.96 -22.21

have been twice as long, due to the fact that the wall condensation film would have
had to be resolved.

Validating the CFD simulation of the bacteria is difficult, due to the fact that spore
strips are only able to measure a log survival ratio of minus six or higher. In the
present PhD thesis, the full-length sterilization phase was always simulated. As can
be seen in the results, during the full sterilization phase, a log survival ratio of lower
than -22 was reached for Bacteria Type 2. A log survival ratio of approximately -51
was reached for Bacteria Type 1 (see Table 5.3). Measurements with spore strips can
only confirm that the steam sterilizer under investigation is able to achieve a log
survival ratio of minus six or higher. Nevertheless, to fully validate the simulated
inactivation of bacteria, shorter cycles would have to be investigated, in which a log
survival ratio over minus six is reached. Only for such short cycles can a full validation
of the simulated inactivation of the bacteria be performed. More information about this
topic can be found in Chapter 6. In Section 5.5, measurements with spore strips were
performed to validate the CFD results for the inactivation of bacteria type Geobacillus

stearothermophilus.
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Figure 5.16: Active bacteria of the two investigated types on the surface of the unwrapped load after (a)
205 s, (b) 410 s and (c) 620 s of simulation time.
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5.4 Simulation of the sterilization phase with a wrapped

load 4

The aim of this section was to simulate both the temperature and the inactivation of
bacteria on the surface of a wrapped load. To this end, the steam sterilizer was filled
with eight wrapped cylinders on two trays. The geometry of the CFD model with the

wrapped load as well as the experimental set-up can be seen in Figure 3.4.

The pressure profile of the sterilization cycle for wrapped load investigated in this
section can be seen in Figure 5.17 (see green arrow in Figure 5.17). The investigated
sterilization phase starts at 0.29 bar and 82°C and ends at 3.16 bar and 136°C (see
"sterilization phase” in Figure 5.17). The vertical blue lines represent the times at which

the simulation results were analysed.
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Figure 5.17: Pressure profile of the investigated sterilization cycle for the steam sterilizer loaded with
wrapped load.

5.4.1 Simulated fluid temperature for a wrapped load

The results of the simulation of both flow and temperature distribution within the

steam sterilizer were validated by the measurements of eight thermocouples. The

4Segments of this section have already been published in [1].
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positions of these eight thermocouples can be seen in Figure 3.1. In the CFD model,
the thermocouples were modelled as eight small volumes with dimensions of 10 mm X
10 mm X 10 mm. The positions of these eight volumes were the same as the positions
of the thermocouples in the measurement set-up. The type | thermocouples with a
diameter of 1 mm were used to measure the temperature within the steam sterilizer
during the sterilization phase. To compare the simulated and measured temperatures,
monitors of the volume average temperature were used in small volumes to investigate
the temperature trend. The simulated and measured average fluid temperatures of all
eight thermocouples can be seen in Figure 5.18(a). The simulated fluid temperature was
in very good accordance with the measured fluid temperature. Figure 5.18(b) shows
the average error between the simulated fluid temperatures and the measured ones
for all eight thermocouples. The two black dashed horizontal lines in Figure 5.18(b)
represent the relative average error of the thermocouples. The definition of the Error is

given with Eq. (5.4) in Section 5.3.1.

As can be seen in Figure 5.18(b), the most significant error occurred in the first 150
seconds of the sterilization phase. This deviation between the measured and simulated
fluid temperatures can be explained by the constant temperature initialization of the
CFD simulation. In the real steam sterilization process, an inhomogeneous temperature
distribution exists at the beginning of the sterilization phase. Due to the fact that
the main inactivation of bacteria happens mainly at higher temperatures, these small
deviations at low temperatures can be neglected. Thus, it is possible to conclude that
the developed CFD model is able to predict the fluid temperature in the steam sterilizer

over the whole sterilization phase.

5.4.2 Simulated load temperature of a wrapped load

The surface temperature of the load must be predicted with high accuracy in order
to determine the inactivation rates of the bacteria on the load’s surface, due to the
exponential temperature dependency of the inactivation of the bacteria (see Eq. (2.3)).
The simulated temperatures were compared with measured load temperatures in order
to validate this topic. The positions of the load cylinders and the thermocouples used
to measure the temperature of the load cylinders are shown in Figure 3.4(a). As can
be seen in Figure 5.19, the simulated load temperatures match the measured load
temperatures very well. The selected approach to calculate the heat transfer to the load
and vice versa was validated by the measured data (see Figure 5.19). As described in

Section 3.2.2, the investigated cylinders were wrapped in paper. The flow resistance to
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Figure 5.18: (a) Measured and simulated average fluid temperatures for wrapped load, (b) Average

errors between the CFD simulation and the measurements of all eight thermocouples for
wrapped load [1].
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the steam that is introduced due to the paper was modelled with the porous media

model developed in this thesis, which is explained and validated in Section 5.2.2.
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(c) Measured and simulated load temperatures of the wrapped brass cylinder.

Figure 5.19: Measured and simulated load temperatures for a wrapped (a) steel cylinder, (b) aluminium

cylinder and (c) brass cylinder [1].

The simulated load temperature is in very good accordance with the measured load

temperature. The maximum deviation between the measured and simulated load

temperatures was under 0.2 K at the sterilization plateau (see between approximately

1100 s and approximately 1320 s in Figure 5.18(a)). The results indicate that the

approach developed in this thesis to model the heat transfer due to wall condensation

(described in Section 4.4.1) works quite well. The second advantage of this approach is
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that computational costs can be saved. Figure 5.20 shows the simulated surface load
temperature after (a) 817 s, (b) 1052 s and (c) 1272 s of cycle time. These times are

indicated by the vertical dotted lines in Figure 5.17.

As it might have been expected, the heating process of the cylinders on tray 1 and tray 2
were very similar. Small temperature differences, below 0.2 K, were detected after
1272 s of cycle time between the cylinders on tray 1 and tray 2. Furthermore, the results
show that the difference between the highest and lowest surface load temperature of
the different materials decreases as the cycle time increases. These results also confirm
that the investigated steam sterilizer [31] works very well. The generation of such a
homogeneous surface load temperature is the result of the significant effort that went

into its development.

A comparison of the simulated results presented in Figure 5.14 and Figure 5.20 confirms
that the influence of the wrapping on the surface temperature is negligible. A more
detailed comparison of the unwrapped and wrapped loads is presented in Section 5.5.
Without the heat transfer model developed in this thesis (presented in Section 4.4.1)
and the novel model used to simulate the paper in which the load was wrapped
(presented in Section 3.4 and Section 4.5), it would not have been possible to obtain

these results.

5.4.3 Simulated steam quality for a wrapped load

High wall temperatures are beneficial during the sterilization process. To achieve high
wall temperatures, high heat transfer coefficients due to wall condensation are desired.
In order to analyse heat transfer within a steam sterilizer, a good understand of the
distribution of the steam quality inside the steam sterilizer is crucial. The results of the
steam quality were depicted in the symmetry plane of the steam sterilizer as well as
on two radial surfaces (see Figure 5.12). The selected cycle times represent a time at
the beginning, in the middle, and at the end of the sterilization phase. The cycle times
at which the steam quality was evaluated are shown in Figure 5.17. Figure 5.21 shows

the steam quality in the steam sterilizer after 817 s, 1052 s and 1272 s.

The lowest values of steam quality were detected within the pouches on tray 2. However,
as the cycle time increases, the steam quality in the pouches also increases. The highest
steam quality outside the pouches was found on the top of the steam sterilizer,
where the highest temperatures were obtained. The steam quality outside the pouches

decreases as the cycle time increases. As the simulation time goes on, the quality could
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Figure 5.20: Surface temperatures on the surface of the wrapped load after (a) 817 s, (b) 1052 s and (c)
1272 s of cycle time [1].
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Figure 5.21: Steam quality in the steam sterilizer loaded with wrapped load after (a) 817 s, (b) 1052 s
and (c) 1272 s of cycle time [1]. The materials of the investigated cylinders can be seen in
Figure 5.20.
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reaches approximately 0.4 in the lower part of the steam sterilizer. At this quality, the
assumption of a constant droplet diameter might fail. However, as the load is only
present in the upper part of the chamber, water droplets in the lower part of the steam

sterilizer may not affect the surface temperature of the load.

Measurements of steam quality are very difficult to obtain. As a result, it is difficult to
validate the simulation results of the steam quality. In this thesis, an indirect validation
of the steam quality was performed. This validation was based on a comparison
between the mass of the condensate simulated with CFD and the calculated mass
of the condensate out of a mass and energy balance. The resulting difference of this
comparison was always below 11 %. Thus, these results prove that the CFD model
developed in this thesis is able to accurately predict the steam quality. In order to carry
out a more detailed validation, it would be necessary to obtain detailed measurements
of the condensate. Though beyond the scope of this thesis, this is a field for further

research.

With the paper model developed in this thesis, it is possible to simulate the steam
quality both outside as well as inside the paper pouches containing the cylindrical load;
knowing this value makes it possible accurately predict the inactivation of bacteria on
the surface of the load. This novel the time-efficient porous media model also makes it
possible to simulate the distribution of the steam quality within the steam sterilizer
as well as the distribution of the fluid temperature inside the steam sterilizer. The
difference between the measured and simulated fluid temperatures was below the
accuracy of the thermocouples (see Figure 5.18(b)). Furthermore, this paper model
made it possible to simulate the load temperature in a very accurate manner (see
Figure 5.19). All of these results show that research question ii) “What model can be
used to simulate the wrapping of the load?” can be answered as follows: The porous
media model developed in this thesis is able to simulate the wrapping of the load in a

very accurate manner.

5.4.4 Simulated active bacteria on the wrapped load

In order to understand the full sterilization process, it is essential to have knowledge
of the inactivation log ratio within the steam sterilizer as well on the surface of the

load. A definition of the inactivation log ratio is given in Eq. (2.6) in Section 2.2.

Values from the work of De Santis and Rudo [127] were used to simulate the inactivation

of bacteria. The first-order reaction reaction kinetic approach is shown in Section 2.2.
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The pre-exponential factor of the investigated bacteria was (kg = 2.38053 - 10742 1/s)
and the activation energy was (E; = 1.914477928 ] /mol).

According to norms and standards, a sterilization process for medical devices should
reach an inactivation log ratio of six or higher [132]. The big advantage of the developed
CFD model is that this model can predict the inactivation log ratios resolved in time at
every point in the steam sterilizer. Figure 5.22 presents the simulated volume average
inactivated log ratio of the fluid as well as the area-weighted average of the steel
cylinders on the upper tray during the sterilization phase. The pressure profile of the

sterilization cycle is shown in Figure 5.17).
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Figure 5.22: Time-resolved simulated inactivation log ratio in the fluid of the steam sterilizer and on the
surface of the wrapped steel cylinder [1].

As might have been expected, hardly any inactivation of the bacteria takes place at
temperatures below 120 °C (see the first goo s in Figure 5.22). In the first part of the
sterilization phase, when the pressure rises from 0.29 bar to the sterilization plateau
(3.16 bar), the volume average in the fluid of the inactivation log ratio has already
reached a level of approximately six. The area-weighted average of the steel cylinders
is slightly lower compared to the inactivation log ratio value of the fluid. This is the
result of a temperature difference between load and fluid. At the sterilization plateau,
where the pressure and the temperature are constant at 3.16 bar and 135 °C, the
inactivation log ratio rises from approximately six to values of 22 and higher. These

results demonstrate that the investigated steam sterilizer [31] is extremely effective and
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able to inactivate all bacteria on the surface of the load. These results can be attributed
to the homogeneously high temperatures that the investigated steam sterilizer is able

to generate on the surface of the load (see Figure 5.20).

Figure 5.23 shows the active bacteria (microorganisms) after 817 s, 1052 s and 1272 s
of cycle time. As might have been expected, hardly any differences in terms of the
quantities of active bacteria are visible at the beginning of the sterilization phase (see
Figure 5.23(a)). As the cycle time increases, the active number of bacteria decreases. At
the end of the sterilization phase, hardly any active bacteria are present on the surface
of the cylinder. Furthermore, the results show that there were hardly any differences
between tray 1 and tray 2 (see Figure 5.23(c)). Again, these results can be attributed to
the homogeneously high temperatures that the investigated steam sterilizer is able to
generate on the surface of the load (see Figure 5.20). Without this excellent temperature
distribution inside the steam sterilizer, it would not be possible to inactivate all of the

bacteria.

The results presented in Section 5.4 show that the CFD model developed in this thesis
is able to calculate the inactivated log ratio in the fluid as well as on the surface of the
load. Additionally, the number and distribution of active bacteria (microorganisms) on

the load surface can be determined.

For the simulations of the sterilization phase with a wrapped load, a cluster with 16
Intel i7 processors and 32 GB RAM was used. The simulations took approximately five

and a half weeks.
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(c) Active bacteria on the surface of the wrapped load after 1272 s.

Figure 5.23: Active bacteria on the surface of the wrapped load after (a) 817 s, (b) 1052 s and (c) 1272 s
of cycle time [1].
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5.5 Simulation of the sterilization phase with dental

handpieces °

In the previous sections (Section 5.3 and Section 5.4), the load temperature and the
inactivation of bacteria were simulated on unwrapped and wrapped cylinders. In this
section, the CFD model is further developed to simulate both the load temperature and
the inactivation of the bacteria type Geobacillus stearothermophilus on dental handpieces.
For this purpose, the steam sterilizer was loaded with four Type 1 dental handpieces
and four Type 2 handpieces. The two types of dental handpieces are not only different

in terms of their masses and shapes, but also in their working principles.

All of the models that were employed and validated in Section 5.3 and Section 5.4
were used for the simulation in this section. In this section, only the reaction kinetics
were changed in order to simulate the inactivation of Geobacillus stearothermophilus. The
same heat transfer model that has already been validated for unwrapped and wrapped
loads was used to simulate the heating process of the two types of dental handpieces
as well as both wrapped and unwrapped dental handpieces. As a result, this section
presents a further use of the CFD models presented in Section 5.3 and Section 5.4 so as
to demonstrate that dental handpieces can also be simulated in a time-efficient manner

using the developed CFD models.

The eight handpieces were distributed on two trays, each of which held two Type 1
handpieces and two Type 2 handpieces. The geometries and shapes of the two types
of dental handpieces used in this thesis are shown in Figure 5.24(b). A picture of the
unwrapped dental handpieces that were investigated can be seen in Figure 2.6, and
a picture of the wrapped dental handpieces can be found in Figure 2.7. All of the
dental handpieces were made of stainless steel, while the trays they were placed on
were made of aluminium. In practice, dental handpieces such as these are sometimes
wrapped, in case they need to be stored or transported after the sterilization process
[69]. In order to investigate the influence of wrapping on the load, the four handpieces
on the first tray were wrapped in paper [70], while the four handpieces on the second

tray were left unwrapped (see Figure 5.24(a)).

As in the two previous sections (Section 5.3 and Section 5.4), this section investigates
the sterilization phase of the steam sterilization cycle (see ”sterilization phase” in

Figure 5.8 and Figure 5.17). The measured pressure and fluid temperatures of the

5Segments of this section have already been published in [5].
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(a) Geometry of the CFD model with the positions of the thermocouples T1 - T8 and the
pressure sensor p.

(b) Geometry of the dental handpiece Type 1 and Type 2.

Figure 5.24: Geometry of (a) CFD model of the steam sterilizer with the experimental set-up, (b) the
dental handpieces, Types 1 and 2 [5].
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sterilization phase are shown in Figure 5.25. The green vertical lines represent the

times within the sterilization phase at which the simulation results are presented.
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Figure 5.25: Measured pressure and fluid temperatures during the sterilization phase while the steam
sterilizer was filled with dental handpieces [5].

5.5.1 Validation of the CFD model for dental handpieces

In order to simulate the inactivation of bacteria, it is crucial to accurately predict the
temperatures on the surface of the load (see Eq. (2.3) and Eq. (2.5)). The saturation
temperature of the steam is a function of the pressure in the steam sterilizers” chamber
[8]. Thus, in order to validate the CFD model, the measured pressure and the simulated
pressure as well as the measured and simulated fluid temperatures inside the steam
sterilizer were compared. Figure 5.26(a) shows the measured and simulated pressures
during the sterilization phase of the steam sterilization cycle. It is possible to see that
the simulated pressure is in very good accordance with the measured one. Furthermore,
it is possible to see that between 250 s and 300 s, a small pressure decrease occurs
due to the fact that, at this point, the steam generator is refilled with water. Therefore,
the mass flow rate of the steam generator decreases slightly, and, consequently, the
pressure inside the steam sterilizer decreases due to the condensation effects that
occur. The novel CFD model presented in this thesis was also able to predict these

phenomena.

160

140

120

100

80

Temperature in °C



5.5 Simulation of the sterilization phase with dental handpieces 119

To investigate the difference between the measured and the simulated pressures in
more detail, the error between the measured and simulated pressures (xpressure) Was

calculated using Eq. (5.5) in order to demonstrate the accuracy of the CFD model.

PCED
XPressure — 1—

P Measurement 5-5)
where, pyteasurement Stands for the measured pressure and pcrp stands for the pressure
calculated by the CFD model. Figure 5.26(b) presents the error of the simulated values
of the pressure during the sterilization phase of the steam sterilization cycle. Small
deviations between the measured and the simulated values can be seen within the first
100 s of simulation time. This can be explained by the constant initialization of the
temperature at the beginning of the simulation. After 100 s, the difference between the
measured and the simulated pressures is within the uncertainty of the pressure sensor,

which was 4 1 %.

Next, the average fluid temperatures measured by means of eight thermocouples
were compared with the simulated temperature values (see Figure 5.27(a)). Here, too,
the temporally resolved error between the measured and the simulated temperatures

(XTemperature) Was investigated using Eq. (5.4).

The calculated error for each thermocouple can be seen in Figure 5.27(b), which shows
that the error between the measured and the simulated temperatures was below the
measurement uncertainties of the thermocouples for the entirety of the sterilization
phase. Small deviations between the measured and the simulated temperatures are
seen only within the first 50 s of the simulation (see Figure 5.27(b)). On the one hand,
these deviations occur because of radiation effects from the chamber walls to the
thermocouples because of high temperature differences. As the cycle time goes on, the
temperature difference between the chamber walls and the fluid decreases; thus, the
error between the measured and simulated temperatures decreases as well. On the
other hand, the initial deviations can also be attributed to the non-uniform temperature
stratification (at ¢+ = 0 s) inside the real steam sterilizer. This temperature stratification
is difficult to measure and therefore very difficult to initialize. Due to the fact that
the inactivation of bacteria occurs at higher temperatures, and the Fy value was only
calculated for temperatures above 100 °C (see Eq. (2.5)), these small deviations can be

neglected.

Overall, the results show that the CFD model developed in the course of this thesis is

able to predict both the pressure and the temperature within a steam sterilizer over
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(b) Error between the measured and the simulated absolute pressures.

Figure 5.26: (a) Measured and simulated absolute pressures in the steam sterilizer and (b) error between

the measured and the simulated pressures over the simulated phase of the sterilization
cycle [5].
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the entire sterilization phase with very high accuracy. Furthermore, the results confirm
that the heat transfer model developed in this thesis (see section 4.4.1) and the selected
condensation model (see Section 4.3) were able to accurately predict both the heat

transfer and the condensation inside the steam sterilizer.
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Figure 5.27: (a) Measured and simulated average fluid temperatures of eight thermocouples and (b)
error between the measured and the simulated fluid temperatures for each thermocouple

[5]-
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5.5.2 Fluid temperatures inside the steam sterilizer with dental

handpieces

Using thermocouples, it is only possible to measure the fluid temperatures at certain
pre-defined locations. In contrast, the fluid temperature of the entire steam sterilizer
can be modelled by means of CFD. To guarantee that the fluid is uniformly heated and
that no cold spots are present within the steam sterilizer, Figure 5.28 presents volume
renderings of the fluid temperatures at different times of the sterilization phase (see
the vertical green lines in Figure 5.25). After 200 s and 400 s of the sterilization phase,
the maximum temperature difference inside the steam sterilizer was calculated to be
2 K. At these times, the lowest temperatures were identified to be in the middle of the
steam sterilizer, near the trays. These lower temperatures are caused by the thermal
inertia of the dental handpieces and the trays. As the sterilization phase continues, the
temperature difference between the walls and the fluid decreases to a value of only
0.3 K (see Figure 5.28(c)). After 600 s, the location of the lowest temperature moved
from the middle of the steam sterilizer to the wall regions of the steam sterilizer’s
chamber. To illustrate the fluid temperature distribution in the sterilization plateau in
more detail, Figure 5.29 shows the fluid temperature on two radial planes after 600 s
of simulation time. The highest temperatures can be found near the load, due to the
stored heat of the dental handpieces and the trays. The coldest regions were found
near the walls of the steam sterilizer due to free convection on the outside of the steam
sterilizer (see Section 4.8.1). Nevertheless, the difference between the highest and the
lowest fluid temperature was only approximately 0.3 K. Furthermore, no differences
between the fluid temperatures near the wrapped dental handpieces (first tray) and

the unwrapped dental handpieces (second tray) were identified.

These low temperature differences confirm the fact that the temperature distribu-
tion inside the steam sterilizer investigated in this work is excellent and the most
homogeneous ever investigated by the author of this thesis. Furthermore, without the
CFD model presented in this section, we would have no way to gain insight into the

temporally resolved fluid temperatures of all locations within the steam sterilizer.
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Figure 5.28: Volume rendering of the fluid temperatures in the steam sterilizer after (a) 200 s, (b) 400 s

and (c) 600 s of simulation time [5].
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Figure 5.29: Fluid temperatures on a radial plane at the front and at the back of the steam sterilizer after
600 s of simulation time [5].

5.5.3 Simulated steam quality on dental handpieces

Bacteria can be inactivated on the surface of dental handpieces by means of high
surface temperatures. Within steam sterilizers, these high surface temperatures occur
thanks to the high heat transfer rates that result from condensation effects (see Eq. (2.3)
and Eq. (2.5)). Thus, the distribution of the steam quality is of great interest to a study
of the heat transfer rates. In this PhD thesis, the steam quality (x) inside the steam
sterilizer was investigated at the vertical middle surface, the horizontal middle surface,

and on two radial planes. The definition of steam quality is shown in Eq. (2.8).

Figure 5.30 shows the calculated steam quality after 200 s, 400 s and 600 s of simulation
time. Due to density differences, the highest steam quality could be seen in the top
region of the steam sterilizer throughout the entire simulation. As might have been

expected, the steam quality decreases as it nears the bottom of the steam sterilizer (see

Figure 5.30(c)).

In the present thesis, the dental handpieces on the first tray were wrapped in paper,
whereas the dental handpieces on the second tray were unwrapped (see Figure 5.24(a)).
The results show that the wrapping of the handpieces has a significant influence on
the steam quality. The steam quality near the wrapped handpieces is clearly lower
compared to the steam quality near the unwrapped handpieces. Nevertheless, many
authors have shown that almost all steam qualities still have high heat transfer rates

[51-53]. As a result, the influence of the steam quality on the surface temperatures of
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the dental handpieces is very low.A more detailed discussion of the influence of the

steam quality can be found in Section 5.5.4.

The results presented in this section show that the CFD model developed in this
thesis is able to predict the steam quality inside a steam sterilizer, as resolved in both
time and space. Furthermore, this CFD model makes it possible to investigate the
influence of the wrapping on the steam quality. Prior to this thesis, it was nearly
impossible to investigate the steam quality as resolved in time and space. Without the
time-efficient heat transfer model presented in Section 4.4.1 and the adapted Lee model,
which simulates condensation (see Section 4.3), it would be impossible to obtain these
results. A validation of the models used in this section can be found in Section 5.3 and

Section 5.4.

5.5.4 Simulated temperatures and F0-values on the dental

handpieces

In order to fully understand the steam sterilization process, it is important to con-
sider not only the fluid temperatures inside the steam sterilizer, but also the surface
temperature of the load. Both the bacteria’s inactivation rate and the Fy values are
extremely temperature-sensitive (see Eq. (2.3) and Eq. (2.5)). Therefore, the temperature
distribution on the surface of the dental handpieces was also investigated by means
of a CFD simulation. Figure 5.31 shows the simulated surface temperature of the
eight dental handpieces after 200 s, 400 s and 600 s. The times at which the surface

temperatures were simulated are indicated by the vertical green lines in Figure 5.25.

As might have been expected, the temperature differences on the surfaces of the
handpieces are very small. After 200 s of simulation time (approximately 2 bar and
120 °C), the highest temperature difference was 0.25 K. During the sterilization phase,
the temperature difference decreased further. Hardly any differences between the
wrapped handpieces (first tray) and the unwrapped handpieces (second tray) were
identified (see also “fluid temperature” Figure 5.28 and Figure 5.29). At the beginning
of the sterilisation plateau (after 400 s, see Figure 5.25), the temperature difference on
the surface of the wrapped dental handpieces (first tray) and the unwrapped dental
handpieces (second tray) was below 0.05 K. At this time, the steam sterilizer has already
reached sterilization conditions (approximately 3.15 bar and 134 °C). At the end of the
sterilization phase (after approximately 600 s), the maximum temperature difference

on the surface of the dental handpieces was 0.08 K. These results once again prove that
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Figure 5.30: Steam quality in the steam sterilizer after (a) 200 s, (b) 400 s and (c) 600 s of simulation
time.
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there are hardly any differences to be found between the wrapped and the unwrapped

dental handpieces.

As can be seen in Figure 5.30 and as discussed in Section 5.5.3, the steam quality
is lower near the wrapped load (first tray) compared to near the unwrapped load
(second tray). Furthermore, Figure 5.31 shows that the surface temperature difference
between the wrapped and unwrapped handpieces is negligibly small. These results
demonstrate that the steam quality near the dental handpieces (see Figure 5.30) has
a negligible influence on the surface temperature of the load. This fact, along with
the excellent temperature distribution (seen in Figure 5.28), indicate that the steam
sterilizer investigated in this PhD thesis performs extremely well due to the fact that
it is able to ensure homogeneous conditions inside the entire volume of the steam
sterilizer. The same results were achieved during another cycle with a cylindrical load

(see Section 5.4.2).

The Fy-value of Geobacillus stearothermophilus was calculated based on the surface
temperature of the handpieces. Figure 5.32 shows the simulated Fy-values and simu-
lated average surface temperatures of the dental handpieces during the investigated
sterilization phase (see Figure 5.25). The definition of the Fo value was introduced
in Section 2.2. The accumulation of the Fy-values starts at temperatures equal to or
above 100 °C (see Figure 5.32). Nevertheless, at temperatures below 120 °C, hardly any
Fo-value were generated. During the pressure rise phase (between o s and 405 s), an
Fo-value of approximately 25 min was generated. In the plateau phase, the Fy-value
rises (from approximately 25 min) to approximately 155 min. Such high Fy-values are
very beneficial to inactivate all types of bacteria, especially Geobacillus stearothermophilus,

which was the subject of this investigation.

The results of this line of inquiry demonstrate that the CFD model developed in this
thesis is able to predict the surface temperatures of dental handpieces, in addition to
the Fy-values inside the steam sterilizer and on the surface of the dental handpieces,

resolved in both time and space.
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Figure 5.31: Surface temperatures of the dental handpieces after (a) 200 s, (b) 400 s and (c) 600 s of
simulation time.
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Figure 5.32: Simulated Fy-value and simulated surface average temperatures of all dental handpieces
during the sterilization phase [5].

5.5.5 Simulated active bacteria on dental handpieces

To guarantee the safe re-usability of medical equipment, its SAL is taken into account.
According to international norms and standards, the SAL must be 10~° or lower [7, 8].
To achieve a SAL of 10~° or lower, the inactivation log ratio must exceed 12. Therefore,
the inactivation log ratio was investigated on the surface of the dental handpieces. More
information about the SAL and the inactivation log ratio, as well as their definitions

can be found in Section 2.2.5.

In this section, the inactivation of the bacteria type Geobacillus stearothermophilus was
simulated using CFD. The reaction kinetic of the bacteria was calculated from its D
value and its z value. The D value and the z value for the bacteria type Geobacillus
stearothermophilus are presented in Table 5.4. These values were taken from literature

[37], and represent the highest possible values to inactivate this bacteria type.

Table 5.4: D value and z value of Geobacillus stearothermophilus.
D value for 121 °C | z value
| Geobacillus stearothermophilus 4.0 min 10 °C

The simulated average inactivation log ratio for all the dental handpieces is presented in

Figure 5.33. The results show that the steam sterilizer investigated in this thesis is able
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Figure 5.33: Simulated average inactivated log ratio on the surface of all dental handpieces and simulated
average surface temperature of all dental handpieces [5].

to reach a inactivation log ratio of six as early as the pressure rise of the investigated
sterilization phase (see “pressure rise” in Figure 5.25). During the sterilization plateau,
the inactivation log ratio rises from approximately six to a level of approximately 22.
In order to validate the simulations, measurements with spore strips were taken inside
the steam sterilizer as well. Using spore strips, it is only possible to determine whether

or not the steam sterilizer is able to reach the minimum inactivation log ratio of six.

Figure 5.34 presents the simulated inactivation log ratio on the surface of the dental
handpieces after (a) 200 s, (b) 400 s and (c) 600 s of simulation time (times can be seen
in Figure 5.25). The results show that the difference between the maximum inactivation
log ratio and the minimum inactivation log ratio increases as the simulation time
increases. Nevertheless, the largest difference between the maximum and the minimum
inactivation log ratio was detected after 600 s, with 2.17 - 10~%. Such small differences
in the inactivation log ratio values are negligible and impossible to measure. This low
difference in the inactivation log ratio between the wrapped and the unwrapped dental
handpieces confirms that the wrapping has hardly any influence on the inactivation of

the bacteria.

Measurements of Geobacillus stearothermophilus were also performed with spore strips

in order to validate the simulated inactivation log ratio. As described in Section 5.3.4,
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using spore strips, it is not possible to measure an inactivation log ratio higher than
six. Despite this, all of the measurements performed showed that the steam sterilizer
investigated in this work is able to reach an inactivation log ratio of over six. Thus,
these results prove that the CFD model developed in this thesis is able to predict
the inactivation log ratio of Geobacillus stearothermophilus. However, this cannot be
considered a full validation of the reaction kinetic approach that was used (presented
in Section 2.2); to fully validate this reaction kinetic approach, shorter cycles must be

investigated. This is a topic for further research (see Chapter 6).

All of the results presented in this section confirm that the steam sterilizer investigated
in this work [31] performs extremely well. This high performance can be attributed
to the fact that the temperature distribution inside is very homogeneous. It was
able to reach the required inactivation log ratio of six as early as the pressure rise
in the steam sterilization phase (see Figure 5.34), which is an excellent result for a
benchtop steam sterilizer. To obtain these results, the heat transfer model described in
Section 4.4.1 and the first-order reaction kinetic approach that was used to simulate
the inactivation of bacteria (see Section 4.6) are crucial. Furthermore, these results
have confirmed that the developed CFD model is able to predict the inactivation of
Geobacillus stearothermophilus on the surface of dental handpieces. The simulation time
for these results was approximately five weeks on a cluster with 16 Intel Core iy

processors and 32 GB RAM.
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simulation time.
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5.6 Simulation of the air-removal and the steam

penetration in hollow loads (cavities) °

In this section, not only the air-removal in the steam sterilizer, but also the air-removal
inside hollow loads (cavities) were investigated. Due to the fact that hollow load
tests are only required for vacuum steam sterilizers, the following numerical and
experimental investigation was only performed on the vacuum steam sterilization
cycle. Different types of helix tests were investigated in order to take the geometry of the
helix tests into account. The simulation results were validated with the measurements
of two different chemical indicators. These chemical indicators change colour when
they come into contact with steam or when a certain temperature is reached. The
chemical indicators were put near the closed ends of the helix tests to measure whether
or not steam reaches the closed ends. More information about the measurements with

these chemical indicators can be found in Section 3.7.

The goal of the vacuum steam sterilization cycle is to remove as much air from the
sterilization chamber and hollow loads as possible in order to ensure the high heat
transfer rates that occur thanks to the condensation of hot steam on the cooler surface of
the load. The measured pressures and temperatures of the investigated vacuum steam
sterilization cycle can be seen in Figure 5.35. To investigate whether the air-removal
and the steam penetration inside hollow loads is successful, both the pre-sterilization
phase and the sterilization phase must be considered. Therefore, both phases were
simulated using CFD. The simulation started at the beginning of the pre-sterilization
phase (ambient conditions, approximately 1 bar and 45 °C) when the steam sterilizer
is completely filled with air, and ends at the end sterilization phase (approximately
3.16 bar and 134.5 °C). The simulated part of the vacuum sterilization cycle is presented

with “CFD simulation” in Figure 5.35.

6Segments of this section have already been published in [3].
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Figure 5.35: Measured pressure and measured temperature in the steam sterilizer loaded with hollow
loads.

5.6.1 Pressures and temperatures in the steam sterilizer

The average simulated and measured temperatures taken by the eight thermocouples,
and the simulated and measured pressures were compared in order to validate the CFD
model. Volume-average monitors at the positions of the measured points were defined
in the CFD model in order to compare the simulation results with the measurements. To
demonstrate the accuracy of the CFD model, the average errors between the measured

and the simulated values (Error) were calculated (see Eq. (5.6)).

ZtCycle 1— fcrp
t=1 mesurement

tCycle

Error =

(5.6)

In Eq. (5.6) fMeasurement Stands for the measured physical values and fcrp stands for the
simulated physical values (pressure and temperature). The cycle duration in seconds

is given by tcyce-

Figure 5.36 shows the simulated and the measured pressures inside the steam sterilizer.
As can be seen, the simulated pressure is in excellent accordance with the measured
pressure. The average error between the measured and simulated pressure was -0.16 %,
which is lower than the uncertainty of the pressure sensor. The average simulated and
measured temperatures taken by the eight thermocouples can be seen in Figure 5.37,
and are also in very good accordance. Small deviations can be seen between 200 s and

400 s of cycle time; however, these deviations can be explained by to the heat transfer

Temperature in °C
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rate to the thermocouples. After 400 s, the second purging phase starts, and the steam
sterilizer is re-filled with steam (see Table 4.3). As a result, the heat transfer rate to the
thermocouples increases due to the steam’s higher heat transfer rate in comparison to
the heat transfer rate of the steam-air mixture. This decreases the difference between the
simulated and the measured temperatures. The differences between the simulated and
the measured temperatures before 200 s and after 400 s of cycle time were always lower
than the uncertainty of the thermocouples. The average error between the simulated
and measured temperatures over 1308 s was -0.53 %. Furthermore, comparing the
simulated and the measured temperatures reveals good accordance at the locations of
the eight thermocouples. Thus, the CFD model implemented with the heat transfer
model — both developed in this thesis — was able to predict the temperature and the
pressure in the steam sterilizer, separated in time and space. This validation was used
as the basis for the calculations of steam penetration inside the hollow loads and

cavities.
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Figure 5.36: Measured and simulated pressures in the vacuum steam sterilizer (pre-sterilization and
sterilization phase) [3].
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Figure 5.37: Measured and simulated average temperatures of eight thermocouples in the vacuum steam
sterilizer (pre-sterilization and sterilization phase) [3].

5.6.2 NCGs inside the steam sterilizer

The goal of the pre-sterilization phase of a steam sterilization cycle is to remove all
NCGs from the steam sterilizer. High amounts of NCGs lead to poor heat transfer
through wall condensation [133]. A study by Hoyt et al. [134] demonstrated that a
high amount of NCGs has a negative impact on the sterilization process. As has been
mentioned above, the volume of the collected NCGs must be below 3.5 % of the volume
of the collected water [8]. In this PhD thesis, the NCGs were measured after 398 s
and after 648 s of cycle time. These measurements of the volume fraction of the NCGs
were the basis for the validation of the CFD-simulated volume fractions inside the

sterilization chamber.

Figure 5.38 shows the simulated volume average content of NCGs in the chamber over
the course of one cycle. The dotted vertical lines in Figure 5.38 represent the times
at which the distribution of NCGs inside the steam sterilizer was analysed. In the
tirst 143 seconds, only NCGs are present in the steam sterilizer, as a vacuum pump is
reducing the pressure, but no steam is being fed into the sterilizer. The real volume
fraction of the NCGs was measured at that time with a value of 1.0 (see between o0 s
and 143 s in Figure 5.38); this value was used for the initialization of the CFD model.
From 143 s to 260 s (see Figure 5.38), the outlets are closed, and the steam generator
injects steam into the chamber. Therefore, the volume average of NCGs drops sharply.
After the vacuum pump had reduced the pressure for the second time (at 393 s, see

Figure 5.38), the real volume fraction of NCGs was measured, with a result of 3.2 %.
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After 398 s, the volume fraction of NCGs simulated by the CFD model was 2.8 %. The
third measurement was taken after the vacuum pump had reduced the pressure for a
third time (at 648 s, see Figure 5.38). At this point, the measured real volume fraction
was 0.5 %, while the simulated value was 0.59 %. Thus, all of the simulated values were
in excellent accordance with the measurements. At the sterilization plateau (between
1098 s and 1308 s in Figure 5.38), the simulated volume fraction of NCGs dropped to
a value of 0.15 %. Past studies have shown that these low amounts (< 3 %) of NCGs

have hardly any influence on the heat transfer rate due to wall condensation [59].
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Figure 5.38: Volume average of the simulated and measured NCGs in the steam sterilizer [3].

Figure 5.39 shows contour plots of volume fractions of NCGs in different planes in the
steam sterilizer: the vertical middle plane, a plane below the helix test device (PCD 1),
and two planes through the steam sterilizer (containing PCD 1). All of the times at
which the CFD results were analysed are indicated by the vertical black dashed lines in
Figure 5.38. At the beginning of the sterilization cycle, the steam sterilizer is filled with
air (see Figure 5.39(a)). After 143 s of cycle time, the steam generator begins to inject
steam into the steam sterilizer. Therefore, steam is found near the inlet and at the top
of the steam sterilizer after 148 seconds of cycle time (see Figure 5.39(b)). This is caused
by the lower density of the steam in comparison to the NCGs. After 243 seconds of
cycle time, the top of the steam sterilizer is completely filled with steam, and NCGs
are only present in its bottom region (see Figure 5.39(c)). After 393 seconds of cycle
time, hardly any NCGs are present in the steam sterilizer (see Figure 5.39(d)). These
results demonstrate that the CFD model developed for this thesis is able to generate
spatially and temporally resolved predictions of the volume fraction of NCGs in the

steam sterilizer. Furthermore, the results indicate that the heat transfer model (see

Pressure in mbar
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Section 4.4.2) is able to simulate condensation on all wet surfaces. Without this heat
transfer model, it would not be possible to calculate the NCGs content inside the steam
sterilizer, due to the fact that condensation on the walls would be under-predicted
or even neglected. With other wall condensation models, computational costs would
increase dramatically due to the fact that the wall condensation film must be resolved,
which requires a very fine mesh near the wall. The heat transfer model that was
developed and presented in this PhD thesis is able to predict the heat transfer that

occurs due to condensation in a numerically efficient manner.
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Figure 5.39: Volume fractions of NCGs in the steam sterilizer after (a) o's, (b) 148 s, (c) 243 s and (d)
393 s of cycle time [3].
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5.6.3 NCGs in the hollow loads during the sterilization cycle

Two different types of PCDs (hollow loads) were investigated in this thesis, and
their geometry and inlet positions can be seen in Figure 3.10. The aim of the PCD
investigations was to identify the effects of the geometry and the inlet positions of
the helix tubes on the NCGs contained in the PCD. Furthermore, these investigations
allowed the heat transfer model developed in this PhD thesis (see Section 4.4.2) to be
validated for hollow loads as well. For this purpose, two CFD simulations were carried

out.

Figure 5.40 shows the volume averages of the volume fractions of NCGs in the helix
tubes. The shapes of the helix tubes can be seen in Figure 3.10. Because the steam
sterilizer is filled with NCGs at the beginning of the sterilization process, and no steam
is fed into the steam sterilizer in the first 143 s of the cycle, the volume average of
the volume fraction of NCGs remains constant at a level of 1 (see between o s and
143 s in Figure 5.40). The subsequent pressure decrease (as steam is fed into the steam
sterilizer) leads to a reduction in NCGs in both PCDs (between 143 s and 273 s, see
Figure 5.40). However, in this phase of the sterilization cycle, small differences can be
seen between the two PCDs. Between 143 s and 273 s, PCD 2 showed higher values of
NCGs since the tube inlet is located inside a plastic container (see Figure 3.10). This
means that the steam must replace the NCGs in the container before it can penetrate
into the helix tube of PCD 2. With the next drop in pressure (between 273 s and 393 s,
see Figure 5.40), the volume fraction of NCGs in both PCDs increases to a value of
approximately 1. After this point, the steam generator begins to increase the pressure
in the steam sterilizer again (between 393 s and 548 s, see Figure 5.40). Therefore,
the volume fraction of NCGs in the PCDs decreases once again. In the last pressure
decrease of the pre-sterilization phase, the volume fraction of NCGs rises to a value
of approximately 0.9 (at 648 s, see Figure 5.40). Following this, the sterilization phase
begins, in which the pressure is increased from 0.15 bar to 3.16 bar. In this phase of the
process, the volume average volume fraction of NCGs in the helix tube of the PCDs
falls to a value of approximately 0.07 (at 1098 s, see Figure 5.40). At the sterilization
plateau (3.16 bar, 134 °C, starts at 1098 s in Figure 5.40), there is only a negligible
change to the volume fraction of NCGs in the PCDs (between 1098 s and 1313 s, see
Figure 5.40). This is because the pressure remains constant, and, as a result, no steam
flows into the helix tube. Small changes in volume fraction can only be attributed to
condensation in the tube. Van Doornmalen et al. [135] discovered that the level of
NCGs inside the PCDs never reaches zero, unless a perfect vacuum can be achieved

within the steam sterilizer.
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To validate the CFD simulation, 20 measurements were carried out with PCD 1’s

chemical indicator and 20 measurements were taken with PCD 2’s chemical indicator.

Figure 3.11 shows the two different indicators that were used in this thesis. The
chemical indicators were mounted near the closed ends of the PCDs’ helix tubes
(see Figure 5.41). Therefore, the chemical indicators were able to measure the steam
penetration at the closed ends of the PCDs’ helix tubes. Both devices passed all of
the measurement tests performed using the chemical indicator that is included with
PCD 1 (see Table 5.5). The indicator that is included with PCD 2 was only able to
achieve sufficient steam penetration in all of its squares in one of the measurement
tests with PCD 1, although it also achieved sufficient steam penetration in all of its
squares in two of the measurement tests carried out with PCD 2 (see Table 5.5). In all
of the other measurement tests using the PCD 2-indicator, partially sufficient steam
penetration was measured, which means that some squares turned black, while the
others turned brown (see Figure 3.11(b)). However, the temperature level achieved
(square of the chemical indicator turns brown, see Figure 3.11(b)) was satisfactory in
all of the measurement tests performed (see Table 5.5). The measured results confirm
that the simulated values of NCGs in the PCDs are correct, given that investigations of
both PCDs led to the same results. Furthermore, it was found that the measurement
results primarily depend on the type of chemical indicator, rather than the type of
PCD. The next section presents a detailed validation of the simulated volume fraction
of the NCGs inside the two investigated PCDs.
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Table 5.5: Measurement results of both helix tests with both chemical indicators

PCD1 PCD2
passed 20 20
Indicator PCD 1 | failed 0 0
total number of measurements 20 20
PCD1 PCD2
sufficient steam penetration and temperature 1 2
Indicator PCD 2 partially sufﬁcier.lt steam penetration, 19 8
temperature achieved
insufficient steam penetration, temperature achieved 0 0
total number of measurements 20 20

5.6.4 Distribution of the non-condensable gases in the hollow loads

Steam penetration inside PCDs is a topic of major interest in the field of steam sterilizers.
Therefore, a CFD model was developed to numerically analyse the NCGs content and
steam penetration inside hollow loads (PCDs). Figure 5.41 shows the volume fraction
of the NCGs (air) for both investigated PCDs at 273 s, 648 s, 1098 s, and 1308 s of cycle
time. The times at which the volume fractions of NCGs were analysed are indicated by
the vertical black dotted lines in Figure 5.40. The first investigation of NCGs content
in the PCDs was performed after 273 s of cycle time (see Figure 5.41(a)). Before that
point, the vacuum pump reduces the pressure to approximately o.15 bar. During that
pressure reduction, no steam enters the chamber of the steam sterilizer. Afterwards, the
steam generator increases the pressure to approximately 1.4 bar (see Figure 5.40). As a
result, the half of the PCD’s helix tube that is near the inlet is filled with steam. Because
it is more difficult for the steam to reach the tube inlet of PCD 2 (see Figure 3.10), more
steam is visible inside PCD 1 (see Figure 5.41(a)). Figure 5.41(b) shows the volume
fraction of NCGs inside both PCDs after 648 s. Because these simulation results come
directly after the pressure is reduced to 0.15 bar, the NCGs content inside the PCDs
is high. However, the previous phase results in a lot of steam in front of the tube
inlet and in the PCD near the inlet (see Figure 5.41(b)). Between 648 s and 1098 s, the
steam generator increases the pressure from approximately o0.15 bar to the pre-defined
sterilization pressure (here, approximately 3.16 bar). The PCDs are then filled with
steam, except the part near the closed end of the tube, which still contains NCGs
(see Figure 5.41(c)). Between 1098 s and 1308 s, the pressure remains constant. As a
result, the mass of NCGs in the PCDs also remains constant. During that time, steam
condenses inside the tube, and natural convection between the steam and the NCGs

takes place. This phenomenon, in combination with diffusion effects, leads to the
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mixture of the steam and the NCGs (see Figure 5.41(d)). These results show that the
CFD model developed in this thesis is able to predict steam penetration in PCDs (as
well as in the steam sterilizer). In the sterilization phase (between 1098 s and 1308 s of
cycle time), hardly any differences were detected between the two investigated PCDs.
The same results were obtained using two different chemical indicators (see Table 5.5).
To the best knowledge of this author, this is the first thesis that has investigated steam

penetration inside hollow loads using CFD simulations.

The results depicted in Figure 5.41 show that the steam is easily able to reach volume
fractions of over 95 % in 1450 mm of the 1500 mm-long helix tube. However, since the
chemical indicators were mounted on the closed ends of the helix tubes, the steam
penetration near the closed ends of the tubes is of huge interest. Therefore, the volume
fraction of NCGs near the closed ends of the tubes was analysed at the beginning and
at the end of the sterilization plateau (see the vertical dotted black lines at 1098 s and
1308 s in Figure 5.40). The position at which the chemical indicator was mounted is
shown with dotted lines in Figure 3.10, Figure 5.41 and in Figure 5.42. Figure 5.42(a)
shows the volume fraction of NCGs (air) near the closed end of the tube within PCD 1.
It can be seen that steam is present at every point in the PCD’s helix tube. The total
volume fraction of steam near the closed end was below 10 %. As a result, it is possible
to conclude that it is not possible to achieve complete air-removal in the helix tube
PCD.

Similar results were reported in a previous study by van Doormalen et al. [135].
Nevertheless, the 10 % of steam near the closed end of the tube is beneficial for the
sterilization process, due to the fact that the enthalpy of the steam-NCGs mixture at
3.15 bar and 135 °C is 0.21 | and, therefore, higher than that the enthalpy of pure
saturated steam at a level of 1 bar which is 0.19 J. The enthalpy values were calculated
for the volume near closed end of the helix tube. The simulation result show that
a low steam concentration is able to change the colour of the chemical indicator,
due to the pressure level of 3.15 bar and temperature of 135 °C, resulting in a higher
enthalpy of the steam-NCGs mixture (see Figure 5.42). Furthermore, past investigations
have shown that the heat transfer coefficient increases with increasing air humidity
[136—-138]. This also leads to better sterilization inside hollow loads and cavities. In
the sterilization plateau, where the pressure remains constant (see between 1098 s
and 1308 s in Figure 5.40), some steam condenses and some natural convection takes
place near the closed end of the tube. Therefore, the steam mixes with the NCGs (see
Figure 5.42). As a result, the sterilization plateau is of high importance for the steam

penetration in hollow loads. Similar results were found for PCD 2 (see Figure 5.42(b)).
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Process Challenge Device 1 (PCD 1) Process Challenge Device 2 (PCD 2)

Position of the
chemical indicator

Inlet of the
helix tube

Closed end of
the helix tube

Position of the

Volun_ne chemical indicator
Fraction Inlet of the
NCGs helix tube

(b) Volume fractions of NCGs in the PCDs after 648 s.

Process Challenge Device 1 (PCD 1) Process Challenge Device 2 (PCD 2)

Position of the
chemical indicator

Inlgt of the

Closed end of helix tube
the helix tube

Volume Positi_on o_f th_e

Fraction Inlet of the chemical indicator

NCGs helix tube

(c) Volume fractions of NCGs in the PCDs after 1098 s.
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Figure 5.41: Volume fractions of NCGs in PCD 1 and PCD 2 after (a) 273 s, (b) 648 s, (c) 1098 s and (d)
1308 s of cycle time [3].
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This underlines the fact that the differences between the two PCDs are minimal.

Volume Fraction NCGs
. 1.00

0.99
-0.98
-0.97
- 0.96

-0.95
- 0.94

Closed end of the
helix tube

plateau (cycle time = 1098 s)

- 0.93 End of the sterilization plateau
-0.92 (cycle time = 1308 s)
I 0.91 Position of the
0.90 chemical indicator

(a) Volume fractions of the NCGs near the closed end of PCD 1.

Volume Fraction NCGs Closed end of the Closed end of the

helix tube helix tube

Position of the
chemical indicator

Beginning of the sterilization End of the sterilization plateau
plateau (cycle time = 1098 s) (cycle time = 1308 s)

(b) Volume fractions of the NCGs near the closed end of PCD 2.

Figure 5.42: Volume fractions of the NCGs near the closed end of the helix tube of (a) PCD 1 and
(b) PCD 2 at the beginning of the sterilization plateau (t = 1098 s) and at the end of the
sterilization plateau (t = 1308 s) [3].

Table 5.6 summarizes the simulated and the measured results near the closed ends of
the helix tubes of both PCDs. Both the simulated and measured results of the steam
concentration and temperature investigations were compared in order to validate
the CFD model. The average steam concentration along the chemical indicator was
predicted by the CFD model to be approximately 5 % for PCD 1 and PCD 2. In both
PCDs, sufficient steam concentration was determined using the chemical indicator
of PCD 1. Partially sufficient steam penetration was also determined in both PCDs

with PCD 2’s indicator. Furthermore, the CFD simulation predicted a temperature
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Table 5.6: Comparison between the CFD simulation and the measurements with two chemical indicators
regarding the steam concentration and the temperature near the closed end of both helix
tubes of the PCDs.

Steam concentration/temperature
CFD Simulation Indicator PCD 1 Indicator PCD 2
PCD 1 predicted (approx1omately 5 %) \ determined ' 'determmed \ .
135.85 °C indicated over 134 °C
PCD 2 predicted (approx1omately 5 %) \ determined ' 'determmed \ .
135.74 °C indicated over 134 °C

of approximately 135 °C near the closed end of the tube. Since PCD 2’s chemical
indicator only changes colour if the temperature reaches 134 °C (see Figure 3.11(b)),
this simulation results can be confirmed. A volume fraction of approximately 5 % and
a temperature of over 134 °C must be achieved in order to change the colour of the
chemical indicators. With this knowledge, it is possible to confirm that the results
measured by the chemical indicators indicate that the simulated volume fraction of the
NCGs and the simulated temperature near the closed end of the tube were accurate.
Thus, the CFD model developed in this PhD thesis was able to predict the fluid flow
and temperature in addition to the condensation and evaporation effects in hollow
loads. The heat transfer model developed in this thesis is able to predict the heat
transfer through wall condensation in the presence of NCGs, both within a steam

sterilizer, as well as inside hollow loads and small cavities.

The simulation time for the results presented in this section was approximately ten

weeks on a cluster with 16 Intel Core iy processors and 32 GB RAM.

With the results presented in this section, the fourth research question: “Which ap-
proach works best to simulate the air-removal and the steam penetration inside the
steam sterilizer as well as inside hollow loads (cavities)?” can be answered with an
indirect validation. The simulation results showed that the average volume fraction
of the NCGs near the indicator was approximately 5 % (see Figure 5.42). All of the
measurements with the chemical indicator indicated that steam must be present near
the chemical indicator. Thus, these results indirectly validate that the CFD model
developed in this work is able to accurately predict the volume fraction inside hollow
loads (cavities). To achieve a full validation, very difficult, time-consuming and expen-
sive measurements would have to be performed. This is a potential field for further
research. However, the results presented in Section 5.1.2 and Section 5.6.2 have already
demonstrated that the CFD model in question is able to predict the volume fraction of

the NCGs inside the sterilization chamber in a very accurate manner.



Conclusion and outlook

In the present thesis, the steam sterilization processes that are often used to steril-
ize re-usable pieces of medical equipment were investigated using CFD simulation.
Hardly any publications regarding CFD simulations of steam sterilization cycles have
been published in recent years. Most publications regarding investigations of steam
sterilization processes are based on experiments. In order to overcome the limitations
of experimental investigations, the author of this work developed several CFD sub-
models in order to numerically investigate all relevant phenomena that take place
inside both vacuum and non-vacuum steam sterilizers. In the course of this thesis,
all of the CFD models developed by this author were validated by comparing the
simulated values with measured ones. These CFD models were able to answer the
following four research questions:

i) Is it possible to simulate the heating process of the load?

ii) Which approach can be used to simulate the influence of the wrapping of the load?
iii) Is it possible to simulate the inactivation of different bacteria types on the surface
of the load?

iv) Which approach works best to simulate the air removal and the steam penetration

inside the steam sterilizer as well as inside hollow loads (cavities)?

The answers to these questions, based on the investigations carried out in this thesis,

are presented briefly in the following paragraphs:

i) The heating process of the load was simulated. For this purpose, a very numerically
efficient heat transfer model was developed in order to simulate the heat transfer that
results from condensation effects. The heat transfer model developed by the author
was validated with temperature measurements of both unwrapped and wrapped

cylindrical loads. Four different materials were used for this validation. The measured
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and simulated load temperatures were in very good accordance for all four investi-
gated cylinder materials, as well as for both unwrapped and wrapped cylinders. This
validation made it possible to predict the Fy-values at every point inside the steam

sterilizer, as well as on the surfaces of the dental handpieces.

ii) A time-efficient porous media approach was used to simulate the permeability
of the paper in which loads can be wrapped. To determine the permeability of this
paper, a test-rig was built to measure the pressure drop over the paper for different
fluids (air and steam), temperatures, and pressures. From this measurement data, the
permeability of the paper could be determined. The paper model developed in this
thesis was validated by a CFD simulation of the test-rig. The simulated values matched
the measured values very well. This paper model also made it possible to simulate the
load temperature of both wrapped and unwrapped loads. The results showed that
the influence of the paper on the load temperature is negligible. Nevertheless, the
wrapping of the load does have a significant influence on the steam quality within the

sterilization chamber and especially near the load (pouch).

iii) A first-order reaction kinetic approach coupled with the Arrhenius equation was
added to the CFD code in order to simulate the inactivation of different types of
bacteria, especially the hardest bacteria type to inactivate, Geobacillus stearothermophilus.
The results demonstrated that the CFD model developed in this thesis is able to predict
the inactivation of different bacteria types inside the steam sterilizer as well as on
the surface of the load, resolved in both time and space. Spore strips were used to
measure the inactivation of the Geobacillus stearothermophilus bacteria. The simulation
results showed that the steam sterilizer was able to reach an inactivation log ratio
of approximately 22 for Geobacillus stearothermophilus. All of the measurements with
the spore strips confirmed that the investigated steam sterilizer was able to reach an
inactivation log ratio of over six. However, spore strips are not able to measure an
inactivation log ratio higher than six; therefore, the measured inactivation log ratio is

not a full validation of the simulated one.

iv) The removal of the NCGs (namely air) was simulated using a three-phase Eulerian-
Eulerian multiphase model. The heat transfer model was further developed to predict
the heat transfer due to condensation in the presence of NCGs. With this CFD model,
the removal of NCGs both inside the steam sterilizer and inside helix tests (hollow
loads) was investigated. The simulated volume fraction of the NCGs inside the steam
sterilization chamber was in good accordance with measured values. The simulated
values of the NCGs inside the helix tests were validated with chemical indicators. All

of the chemical indicator measurements showed that steam reaches the closed end of
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the helix tube. These measurements confirm that the CFD model developed in this

work is able to predict the steam penetration inside hollow loads (cavities).

In the course of these investigations, the CFD model developed by this author has
been validated by comparing its results to the measured results of pressure, fluid tem-
perature, load temperature, spore strips, and chemical indicators. All of the simulated
pressures and temperatures were in very good accordance with the measured ones,
thus proving that the CFD models developed in this thesis are able to predict the
pressure, the fluid temperature, condensation effects, and heat transfer to the load in a

very accurate manner.

Furthermore, a new approach was developed to calculate the real volume fraction of
NCGs inside the sterilization chamber from the measurements required by EN 13060.
The results proved that the developed approach is more accurate and able to predict
the real conditions inside the steam sterilizer. Using this approach, the air-removal
process inside the sterilization chamber can be improved in future generations of steam

sterilizers.

In further works, the first-order reaction kinetic approach used to predict the inactiva-
tion of bacteria could be fully validated. As mentioned above, using spore strips, it is
not possible to measure an inactivation log ratio higher than six. In order to validate
the complete simulation of the inactivation of bacteria, much shorter cycles would have
to be investigated so as to reach inactivation log ratios lower than six. Furthermore,
the inactivation of bacteria in a saturated steam atmosphere, in a steam-air mixture
atmosphere, in an air atmosphere, and inside a liquid load could all be simulated

using CFD, and validated with the measurements of spore strips.
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