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ARTICLE INFO ABSTRACT

This paper presents a CFD model to predict the fluid flow, fluid temperature, load temperature and the theo-
retical inactivation of bacteria in a modern steam sterilizer, with three significant modifications compared to
current state-of-the-art simulations of steam sterilizers. 1) The fluid and the load temperature was investigated
for unwrapped load. Measurements of the fluid temperature and the load temperature were performed to va-
lidate the CFD model. The average error between the simulated and the measured temperatures was below 0.4 K.
2) The steam quality inside a steam sterilizer was investigated for unwrapped load. With the developed CFD
model it is possible to predict the steam quality inside the steam sterilizer spatially and temporally resolved. 3) A
first order reaction kinetic approach was added to the CFD model to predict the theoretical inactivation of two
different types of bacteria in the steam sterilizer, as well as on the surface of the unwrapped load based on
sterilization parameters. The results indicate that the CFD model is able to predict the theoretical inactivation of

Keywords:

Steam sterilization

Computational fluid dynamics (CFD)
Heat transfer

Inactivation of bacteria

Multiphase flow

bacteria on the surface of the load, based on sterilization parameters.

1. Introduction

Steam sterilization is commonly used to sterilize scalpels, forceps,
tubes and other re-useable medical items. Criteria for an effective
sterilization cycle can be found in the European standards [1,2] and in
international norms [3]. In general every steam sterilization cycle can
be divided into three phases. The pressure profile and fluid temperature
of the sterilization cycle researched in this work can be seen in Fig. 1.
During the first phase a vacuum pump reduces the pressure in the steam
sterilizer to a value of approximately 0.15 bar. Afterwards a steam
generator fills the steam sterilizer with steam until the pressure reaches
1.4 bar. The pressure is reduced three times, and raised twice during
this initial phase, the aim of which is to remove all non-condensable
gases (NCGs) from the steam sterilizer. In the second phase the steam
sterilizer raises the pressure from 0.3 bar to the sterilization plateau of
approximately 3.2 bar. Following the pressure increase, regulations
demand a pressure hold for a pre-defined time. During that phase the
sterilization takes place. This phase of the steam sterilization cycle was
investigated in this study (see Fig. 1). In the third phase a vacuum pump
is used to reduce the pressure. The aim of the third phase is to dry and
cool down the load. At the end of the sterilization cycle the steam
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sterilizer is filled with ambient air to guarantee a safe opening of the
door.

The working principle of a steam sterilizer is based on the high heat
transfer rates from the steam to the load. These high heat transfer rates
result due to condensation from the steam on the surface of the medical
equipment. In this way, the surface temperature of the medical equip-
ment nearly reaches the saturation temperature of the steam. These
high surface temperatures compared with high dwell times of these
temperatures are beneficial to inactivate the bacteria on the surface of
the load. To guarantee these high heat transfer rates, all NCGs must be
removed from the steam sterilizer [4].

In the past a wide area of researchers investigated the steam ster-
ilization cycle experimentally. Lapanaitis et al. [5], for example, in-
vestigated the relation between the length of the steam sterilization
cycle and the weight of the load. Many other authors investigated the
air removal and steam penetration into hollow loads (helix tests) [6-9].
The work of Kaiser [10] shows the influence of the non-condensable
gases (NCGs) on the steam sterilization cycle.

In contrast, few articles have been published that investigate steam
sterilization cycles numerically. Lau et al. developed a 1-D numerical
model to simulate the temperatures in a steam sterilizer [11] as well as
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Fig. 1. Measured pressure and fluid temperature in the steam sterilizer during a sterilization cycle. First phase: Removal of the air; Second phase: Sterilization; Third

phase: Drying and cooling.

the load temperature [12]. Feurhuber et al. [13] developed a CFD
model to predict the fluid temperature, as well as the load temperature
in a steam sterilizer for wrapped load. Furthermore research of Feur-
huber et al. [14] investigated the air-removal and the steam penetration
inside hollow loads (helix tests). In a third publication the Feurhuber
et al. [15] investigated the NCGs in vacuum and non-vacuum steam
sterilizers using CFD.

In this study the 1) the fluid temperature and the load temperature
was investigated for unwrapped load, 2) the steam quality in a steam
sterilizer with unwrapped load was investigated and 3) the theoretical
inactivation of two different bacteria types based on sterilization
parameters was investigated on the surface of the load.

2. Experimental set up

Transient measurement data of the fluid temperature, the load
temperature and the pressure during a sterilization cycle are required
for validating the CFD results. The measurement data was obtained by
using a commercially available benchtop steam sterilizer [16]. The
steam sterilizer had a cylindrical shape with volume of 22 litre. On the
back wall of the steam sterilizer a diffuser was mounted to distribute
the steam within the steam sterilizer. On the opposite side of the steam
sterilizer the door was mounted.

For the measurements of the fluid temperature, eight type-J ther-
mocouples were evenly distributed within the steam sterilizer. The
pressure inside the steam sterilizer was measured with one electronic
pressure sensor [17]. The accuracy of the pressure sensor was given
with + 0.5%. The accuracy of all thermocouples (type J) used in this
study was given with + 1 K. The locations of the thermocouples T1, T4,
T5 and T7 are depicted in Fig. 2. The location of all eight thermocouples
and the location of the pressure sensor is described in a previous pub-
lication [13].

To guarantee sterile medical conditions for the purpose of storing or
transporting the load is wrapped into pouches [18]. The pouch is made
out of a special paper [19]. This study only investigated unwrapped
load. For unwrapped load the steam is in direct contact with the load,
and therefore responsible for the heating process of the load. To in-
vestigate all relevant phenomena on unwrapped load, in this study, the
steam sterilizer was filled with eight cylinders placed on two trays (see
Fig. 2). The cylinder materials were steel, aluminium, brass and plastic
(ptfe). The cylinders had a diameter of approximately 25 mm and a

length of 100 mm. The trays had a dimension of 380 mm X 186 mm x
2 mm and were made out of aluminium. To validate the heat transfer to
the load, the load temperature was measured. Therefore, four thermo-
couples were placed in the center of the cylinders of the upper tray (see
Fig. 2). This study progressed beyond the state-of-the-art by considering
1) the fluid temperature and the load temperature for unwrapped load.

3. Computational fluid dynamics (CFD)

CFD is a widely used method in the field of fluid mechanics.
Numerical methods and algorithms are used to solve partial differential
equations for velocity, pressure, energy, turbulence, and multiphase
flow under given boundary conditions. The fluid region is subdivided
into small control volumes (cells), known as a numerical grid. In this
work, the steam sterilizer with the trays, the diffuser and the load were
analyzed with approximately 550,000 polyhedron and hexahedron
cells, including both the fluid and solid geometries of the steam steri-
lizer. The complete steam sterilizer was simulated due to the fact that
the inlet is not in the symmetry plane of the sterilization chamber.
Furthermore, the diffuser has no cylindrical shape. To get a better
overview, the numerical grid is shown in Fig. 3. The fluid as well as the
solids inside the steam sterilizer was finely resolved.

Past studies have shown that CFD is capable of predicting complex
transport phenomena in the field of medicine [20-22]. Furthermore,
previous works of Feurhuber et al. [13-15] showed that CFD is a useful
tool to predict the complex flow inside steam sterilizers. The CFD model
was extended to 1) predict the fluid temperature and the load tem-
perature as well as the 2) steam quality inside a steam sterilizer for
unwrapped load. Third, 3) the inactivation of the bacteria bacillus
atrophaeus (Type 1) and the type bacillus subtilis (Type 2) was simu-
lated on the surface of the load.

Simulations in this study were performed with ANSYS Fluent v19
[23]. The user defined functions (UDFs) were used for the definition of
transient boundary conditions, for calculating the heat transfer to the
load and for the calculation of the inactivation of the bacteria. All si-
mulations were performed under transient conditions. Gravity was
added to the CFD model to account for buoyancy. The complete ster-
ilization phase of the investigated sterilization cycle (see blue arrow in
Fig. 1) was simulated . This part of the sterilization cycle was selected
due to the high levels of condensation as well as the high temperature
gradients in the steam sterilizer as well as in the load. Furthermore, in
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Fig. 2. Geometry of the CFD model with the unwrapped load and the locations of the measurements of the load temperature.

this part of the sterilization cycle, the main inactivation of the bacteria
takes place.

3.1. Turbulence modeling

Modeling turbulence is a complex issue in the field of CFD. In the
present work the realizable k-¢ model by Shih et al. [24] was used to
deal with the turbulent flow in the steam sterilizer. The realizable k-¢
model solves one equation for the turbulent kinetic energy (k) and one
equation for the turbulent dissipation (e) to simulate the turbulence.
The advantage of the realizable k-¢ model is its numerical robustness
and the fact that it shows substantially better results for free flows,
rotating flows and channel flows compared to the standard k-¢ model

[23]. As a result, the realizable k-¢ model is an often used turbulence
model in industrial applications.

3.2. Evaporation and condensation model

A simple numerical technique, first published by Lee in 1980, was
used in this paper [25]. Mass transfer due to evaporation (liquid phase
to vapour phase) m;, was considered in the model if the liquid tem-
perature T; exceeds the value of the saturation temperature Ty,;.

Tsar

m, rocpﬂ_
b = nyctyp, L= Tat
TV T, )

In Eq. (1) o represents the volume fraction of the liquid phase and p,

()

Fig. 3. (a) Top view of the numerically grid, (b) back view of the numerically grid and (d) a 3D-view of the numerical grid.
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Fig. 4. k4 values for Bacteria Type 1 and Bacteria Type 2 over the temperature.

represents the density of the liquid phase. r, represents the evaporation
coefficient of the Lee model. If the vapour temperature T, is lower than
the saturation temperature Ty, in any specific point within the steam
sterilizer, then condensation takes place. The mass transfer for con-
densation (vapour phase to the liquid phase) r1,; is calculated in the
following way (see Eq. (2)).

Tsat_ T;)

My = FyOlye
vl v Xy, ’I;ap (2)

The coefficients r, and r,; are very sensitive depending on the re-
spective case. The authors of this study carried out some individual
experiments to investigate this coefficient. The condensation coefficient
is similar to a frequency and describes the velocity at which the phase
change takes place. In this study condensation coefficients 1, were in-
vestigated for 257!, 20 s7!, 200 s71, 2000 s~! and 10000 s—!. The coeffi-
cient r,; = 200 s~! was found to match the experimental data very well.
More details about the coefficients r, and r,, investigated for other flow
regimes, can be found in the literature [25-28].

3.3. Modeling heat transfer

The modeling of the heat transfer is rather difficult in the CFD due
to wall condensation. In order to reach the right heat transfer coeffi-
cients, a very fine mesh near the wall is necessary. Zschaeck et al. de-
veloped a model which was able to predict the heat transfer due do wall
condensation [29]. Therefore, the authors decided to develop a nu-
merically very efficient approach to calculate the heat transfer due to
wall condensation. This model is based on an analytical approach. If the
wall temperature is lower compared to the saturation temperature, the
Nusselt number is multiplied by a factor. As a result, the heat transfer
factor due to wall condensation can be calculated. More details about
the developed heat transfer model can be found in the literature [13].

The big advantage of the developed heat transfer model is that the
fluid flow inside the wall film which results from condensation must not
be calculated. Therefore, no fine mesh near the wall is needed. The
results in section 4.1, section 4.2 and section 4.3 show that the devel-
oped heat transfer model is able to predict the heat transfer and the
condensation on the surface load.

3.4. Modeling the theoretical inactivation of bacteria

Two user defined scalars (UDS) were added to the commercial CFD
code to simulate two strains of bacteria. The theoretical inactivation of
the bacteria was modeled with a first order reaction kinematic ap-
proach. The integrated final equation of this approach is shown in Eq.

3.
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N = Nyekat 3)

where, N is the number of active bacteria, N, is the number of bacteria
at the time t = 0 and ky is the inactivation rate of the bacteria. In
physical chemistry, the Arrhenius equation is often used to model the
temperature dependence of reaction rates. In the past, it was found out
that the inactivation rate of bacteria can also be modeled with the
Arrhenius equation [30-32]. Therefore, the temperature dependence of
the inactivation rate k; in this study, was also modeled with the Ar-
rhenius equation was used.

—AEq

kd = kdg'eR'T([) (4)

In Eq. (4), kg9 stands for the pre-exponential factor, whereas AE,
represents the activation energy of the bacteria type. R stands for the
universal gas constant and T stands for the temperature in Kelvin at a
given time (¢). In this study two different strains of bacteria were in-
vestigated. At first, the bacteria bacillus atrophaeus (Bacteria Type 1)
was modeled. The reaction kinetics for this bacteria were taken from
the work of Wallhduler [32]. Secondly, the bacteria type of the work of
P. De Santis and V.S. Rudo [33] (Bacteria Type 2) were investigated.
Fig. 4 shows the inactivation rate k; of the two investigated bacteria
types as a function of the temperature. Furthermore, Table 1 shows the
D-value of Bacteria Type 1 and of Bacteria Type 2. The D-value re-
presents the exposure time (in minutes), which is needed to reduce 90%
of the bacteria at a given temperature (T) [34]. 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. As can
be seen in Fig. 4 and Table 1 Bacteria Type 1 represents a bacteria,
which is easy to inactivate, whereas Bacteria Type 2 represents a bac-
teria, which is much more difficult to inactivate.

At the beginning of the simulation both types of were initialized
with N, = 10'2, which represents an overkill value. An overkill value
represents a cycle were more than 12-log of the investigated bacteria
are inactivated. This value represents a possibility that one in a million
items is not sterile (Sterility Assurance Level (SAL)) of 107°. More in-
formation about the modeling and the inactivation of bacteria, the
overkill value and the SAL can be found in the literature [35, 36] and in
guidelines [37].

3.5. Boundary conditions

In this model, a pressure inlet represents a 2100 W steam generator,
which raises the pressure inside the steam sterilizer to the sterilization
plateau (3.2 bar and 136 °C). The positioning of the inlet and the outlet
can be seen in Fig. 2. According to measurements the steam at the inlet
was saturated. The pressure and temperature of the steam at the inlet
were also set to values based on measurements. In the simulated part of
the sterilization cycle (see blue arrow in Fig. 1) all outlets are closed. All
wall temperatures, as well as all load temperatures were calculated with
the heat transfer model, described in section 3.3.

The heat losses were modeled with a convective boundary condition
on the outer walls of the steam sterilizer. The free stream temperature
was set according to the room temperature, which was approximately
298.15 K. The heat transfer coefficient on the outer walls was set to
5 % The initial pressure, the initial fluid temperature as well as the
initial temperature of the loads was set according to the measurements.

Table 1
D-values of the two investigated bacteria types.

Bacteria Type 1 Bacteria Type 2

D-value for 111 °C
D-value for 121 °C

2.25 min
0.61 min

2.2 min
0.55 min
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N Table 2
Absolute errors of the simulated fluid temperature on eight locations.
After 205 s After 300 s After 410 s After 620 s

Error T1 0.15% 0.02% —0.10% 0.04%
Error T2 —0.55% 0.24% 0.16% 0.2%
Error T3 0.22% 0.25% 0.29% 0.21%
Error T4 0.16% 0.06% 0.19% 0.11%
Error TS 0.05% 0.09% 0.04% 0.05%
Error T6 —0.37% 0.05% 0.05% 0.06%
Error T7 —0.07% 0.18% 0.12% 0.38%

i Error T8 0.14% —0.19% —0.25% 0.02%

0 50

Fig. 5. Measured and simulated pressure inside the steam sterilizer.
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Fig. 6. Measured and simulated fluid temperature at the locations (a) T1, (b) T4, (¢) T5 and (d) T7.
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Fig. 7. Volume rendering of the fluid temperature in the steam sterilizer after
(a) 205 s, (b) 300 s and (c) 410 s of simulation time.

4. Results
4.1. Pressure and fluid temperature in the steam sterilizer

The flow field of the CFD model was validated with measurements
of one pressure sensor and eight thermocouples (type B) in the steam
sterilizer. The thermocouples were represented in the CFD model using
small volumes. Furthermore, an identical volume was created to com-
pare the measured pressure with the simulated one. The diameter of the
thermocouples was 1 mm. The simulation starts at the beginning of the
sterilization phase (0.29 bar, 82 °C) and ends at the end of the

Physics in Medicine 8 (2019) 100020

sterilization phase (approximately, 3.2 bar and 136 °C, see blue arrow
in Fig. 1).

Fig. 5 shows the measured and simulated pressure inside the steam
sterilizer. It can be seen that the measured and the simulated pressure
are in very good accordance, due to the fact that the average error
between the simulated and the measured pressure is below 0.5%, which
is below the accuracy of the pressure sensor. The maximum error be-
tween the measured and the simulated pressure is below 2%. In Fig. 6,
the temperatures calculated and measured by four thermocouples
during the simulated part of the sterilization cycle can be seen. In this
study, the temperatures of thermocouples T1, T4, T5 and T7 are com-
pared with the simulated temperatures. The locations of the thermo-
couples can be seen in Fig. 2. Furthermore, the measured and simulated
fluid temperatures are compared for the other four thermocouples (T2,
T3, T6 and T8) as well, indicating similar results. The results indicate
that the measured fluid temperatures are in a very good accordance
with the simulated fluid temperatures. To show the accuracy of the CFD
model the error between the measured and simulated temperatures was
calculated for different cycle times (see Eq. (5)).

Error = (1 _ TMeasurement ).100 %

TSimulalion

()

In this equation Tyegsuremen: iS the measured temperature and
Tsimulation 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 2. The times where the errors are calculated
are shown with blue vertical doted lines in Fig. 1. The biggest error with
a value of 0.55% is detected after 205 s on the location of T2. Never-
theless, this error is still negligible, as the average error is below 0.2%.
These results indicate that the developed CFD model is able to predict
the fluid temperature inside the steam sterilizer.

After the validation of the simulated fluid temperature, the tem-
perature distribution inside the steam sterilizer was investigated using
CFD. Therefore, volume renderings of the fluid temperature inside the
steam sterilizer are shown in Fig. 7. Fig. 7(a) shows the fluid tem-
perature after 205 s. The maximum temperature differences detected at
this time are 2 K. As is to be expected, the temperature difference de-
creases as the cycle goes on. After 410 s of simulation time the tem-
perature stratification inside the steam sterilizer is below 0.6 K (see
Fig. 7(c)). These results indicate that the investigated benchtop steam
sterilizer [16] works very well. The temperature distribution inside the
steam sterilizer is homogeneously (as can be seen in Fig. 7(c)). After
450 s of simulation time the temperature difference inside the steam
sterilizer is below 0.5 K. The coldest spots are detected in the middle of
the steam sterilizer under the second tray for all investigated cycle
times. It is proven that with 1) CFD it is possible to predict the fluid
temperature and the pressure within the steam sterilizer for unwrapped
load.

4.2. Temperature of the unwrapped load

In order to understand the full sterilization process, it is essential to
have thorough knowledge of the load temperature and of what con-
stitutes sufficient process time. To reach sterility, high wall tempera-
tures 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 at the
center of all eight cylinders was recorded. Position and material of the
load cylinders can be seen in Fig. 2. As can be seen in Fig. 8, the si-
mulated load temperatures are in very good accordance with the
measured load temperatures throughout the investigated phase. Cal-
culated temperatures for steel (a), aluminum (b), brass (c) and plastic
(d) are in good accordance.

To predict the inactivation of bacteria, the surface temperature of
the load is of high interest. Fig. 9 shows the surface load temperature
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Fig. 8. Measured and simulated temperature in the center of the (a) steel cylinder, (b) aluminum cylinder, (c) brass cylinder and (d) the plastic cylinder.

after (a) 205 s, (b) 410 s and (c) 620 s of simulation time. After 200 s of
simulation time the lowest surface temperatures are to be found on the
steel cylinders (see Fig. 9(a)). This can be explained through higher
mass, compared to the other cylinders. After 620 s of cycle time the
temperature difference on the surface of the load decreases under 0.3 K.
Highest temperatures are detected on the edges of the cylinders (see
Fig. 9(c)). This 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. (4).

These results prove that the 1) developed CFD model is able to
predict the heat transfer to the unwrapped load in an accurate way.
Similar results were found in a previous publication for wrapped load
[13]. Furthermore, in this and a previous publication [13] demon-
strated that the influence of the wrapping on the load temperature is
negligible. This means that the wrapping of an load does not influence
the load temperature. Only the steam quality near the load and inside
the steam sterilizer is influenced by the wrapping (see section 4.3).

4.3. Steam quality

The steam quality in the steam sterilizer is of interest due to the fact
that a low steam quality decreases the heat transfer due to wall con-
densation [38]. The steam quality (x) is defined by dividing the mass of
the saturated steam (Mgprared steam) through the mass of the wet steam
(Myer steam) (see Eq. (6)):

"
Myaturated steam m

X = =
Myt steam m + m’ (6)

where m’ stands for the mass of the boiling water and m” for the mass of
the saturated steam. According to this definition saturated steam is
represented with a steam quality of x =1 and boiling water is re-
presented with a steam quality of x = 0.

Due to the fact that it is quite difficult to measure the steam quality
in the steam sterilizer, CFD calculations were used to investigate this
issue. In this study 2) the steam quality was investigated for unwrapped
load. The simulated steam quality is shown on four planes in the steam
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Fig. 9. Simulated surface temperature of the unwrapped load after (a) 205 s, (b)
410 s and (c) 620 s of cycle time.

sterilizer. Those planes are the vertical middle surface, the horizontal
middle surface and two radial planes. The latter two can be found half
way through and near the back of the steam sterilizer. Upon ex-
amination of additional radial planes, no further differences are found.
The lowest quality steam is found in the bottom region of the steam
sterilizer (see Fig. 10) due to the fact of buoyancy effects. Furthermore,
the results show that the volume fraction of the steam quality decreases
with increasing cycle time (see Fig. 10). In a previous publication the
steam quality was investigated for wrapped load [13]. The results of
that study show that the average steam quality in the steam sterilizer
improves if the load is wrapped, whereas the average steam quality
near the load improves if the load is unwrapped. Nevertheless, hardly
any differences regarding the surface temperature of the load are found
between wrapped load [13] and unwrapped load (this study). This in-
dicates that both wrapping the load and the steam quality have a
negligible impact, due to the fact that high heat transfer rates to the
load are present in every case.

Without the developed heat transfer model it would not be possible
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Steam Quality

(a) Steam quality in the steam sterilizer after 205 s of
simulation time
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(b) Steam quality in the steam sterilizer after 410 s of
simulation time
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(c) Steam quality in the steam sterilizer after 620 s of
simulation time

Fig. 10. Steam quality in the steam sterilizer after (a) 205 s, (b) 410 s and (c)
620 s of simulation time.

to calculate the heat transfer to the load and the chamber of the steam
sterilizer (described in section 3.3). As a result the condensation would
not be predicted correctly and therefore it would not be possible to
predict the steam quality inside the steam sterilizer.

4.4. Prediction of the theoretical active bacteria on the load

The aim of a steam sterilization cycle is to reach a high enough kill-
ratio of the bacteria that the chance of a contamination is minimized.
According to guidelines a steam sterilization process should reach a SAL
of 107° [37]. This SAL represents the probability that one out of a
million items is contaminated. To investigate the kill-ratio, the authors
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Fig. 11. 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.

Table 3
Log survival ratio for Bacteria Type 1 and Bacteria Type 2 for different simu-
lation times.

log survival ratio of Bacteria log survival ratio of Bacteria

Type 1 Type 2
After 205 s -1.89 -1.12
After 410 s —33.95 —6.45
After 620 s —50.96 —22.21

developed a 3) CFD model that is able to predict the theoretical active
bacteria in every point of the steam sterilizer resolved in time and
space. Two different types of bacteria were investigated (Bacteria Type
1 and bacteria Type 2). More about the modeling of the inactivation
and the inactivation rates k; of the investigated bacteria types can be
found in section 3.4. The active bacterias of Type 1 and Type 2 for the
simulation times 205 s, 410 s and 620 s can be seen in Fig. 11. The
inactivation rate of Bacteria Type 1 is significant higher for every
temperature compared to the inactivation rate of Bacteria Type 2 (see
Fig. 4). For example, at 136 ° the inactivation rate of Bacteria Type 1 is
2.3 571, whereas the inactivation rate of Bacteria Type 2 is 0.2 s71. As a
result the inactivation of the Bacteria of Type 1 takes less time. At the
end of the pressure rise in the sterilization phase (410 s), hardly any
active Type 1 bacteria remain (see Fig. 11(c)). At the same time, ap-
proximately one third of Type 2 bacteria are still active. It can also be
seen that the regions with the lowest surface temperatures are the same
regions where the most bacteria are still active (see surface of the steel

cylinder in Figs. 9 and 11).
To get a better understanding of the inactivation of the log survival
ratio is often used. The definition of the log survival ratio is given by:

. . N
log survival ratio = log—

Ny ()

Table 3 shows the surface average log reduction values of the steel
cylinders for 205 s, 410 s, and 620 s of simulation time. As expected,
this log reduction ratio is significantly higher for Bacteria Type 1
compared to Bacteria Type 2. After 410 s approximately 33 log ratios
are inactivated for Bacteria Type 1, whereas approximately 6.45 log
ratios are 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 and Type 2 are active (see Fig. 11(c). The log re-
duction of Bacteria of Type 1 at the end of the sterilization phase (620 s)
is approximately 51, for Bacteria Type 2 approximately 22, respectively
(see Table 3). The same results were found for wrapped load in a pre-
vious publication [13].

These and results from a previous publication [13] indicate that it is
possible to predict the theoretical inactivation of different types of
bacteria based on sterilization parameters, on the surface of the
wrapped load, as well as on the surface of unwrapped load using CFD.
Nevertheless, the developed heat transfer model described in section
3.3 is the key for these kind of CFD simulations.
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5. Conclusion

This paper presents a CFD model that was developed for a steam
sterilizer and is capable of calculating all of the essential processes
therein. The application of this model 1) makes it possible to predict the
fluid flow and temperature distribution, as well as mass transfer be-
tween steam and water, during the sterilization cycle of an unwrapped
load, 2) allows to calculate the steam quality inside the steam sterilizer
for unwrapped load. Furthermore, 3) the theoretical inactivation of two
different bacteria types was accurately predicted in the steam sterilizer
was well as on the surface of the unwrapped load.

To validate the simulation results, the pressure as well as the tem-
perature in the steam sterilizer were measured and compared with si-
mulated values. The measured pressure, as well as the measured fluid
temperature were in very good accordance for different locations in the
steam sterilizer. Differences between the measured and the simulated
temperatures were below 0.4 K. Additionally, measurements of the load
temperature were performed. A heat transfer model was developed to
calculate the heat transfer to the load which results from wall con-
densation. Results show that the developed heat transfer model is able
to calculate the heat transfer to the load with high accuracy.

Furthermore, two first order reaction kinetic approaches were
added to the CFD model to calculate the theoretical inactivation of two
different types of bacteria based on sterilization parameters, in the
steam sterilizer as well as on the surface of the load. With the CFD
model developed in this study, the theoretical inactivation of any
bacteria type can be investigated for any steam sterilization cycle. The
theoretical inactivation of bacteria based on sterilization parameters
can be predicted on the surface of medical devices, as well as in the
hollow volumes of medical equipment. This knowledge can lead to big
improvements for developers as well as users of steam sterilizers.

Future works will address the microbiological validation of the si-
mulated theoretical inactivation of bacteria. In the current work the
theoretical inactivated bacteria are based on available reaction kinetic
approaches from the literature. To improve the used reaction kinetic
model shorter cycles can be simulated and validated against measure-
ments with spore stripes. With this validation, it will be possible to
simulate the real inactivation of bacteria.

This and other studies [39-42] demonstrate that physical ap-
proaches have a big potential in the field of medicine due to the fact
that with reported experimental and numerical simulations a deep
timely and spatially insight inside medical processes is possible to ob-
tain.
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