
9th Thermal and Fluids Engineering Conference (TFEC)
April, 21-24, 2024

Partially Online Virtual and at Oregon State University, OR

TFEC-2024-xxxxx

CFD COUPLING OF VOF MODEL WITH ARRHENIUS EQUATION FOR
ANALYSIS OF LASER-INDUCED THERMAL DEACTIVATION OF E. COLI

A. Koulali,1,∗ P. Radomski,1 L. De Sio,2 D. Mikielewicz,1 P. Ziółkowski1
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ABSTRACT

Understanding bacterial deactivation at the micro-scale, particularly with E. coli, is crucial for advancing
microbiology and has promising applications in biomedical research. In this research contribution, we inves-
tigate the thermal inactivation of E. coli bacteria through the use of gold nanoparticles irradiated by a laser
within a microfluidic chamber. The microfluidic device comprises a fluidic chamber filled with a thin film of
water and air (1 mm thick). The chamber is constructed with 1 mm PDMS coating on the top and side walls,
and 1 mm Borosilicate glass on the bottom. Computational Fluid Dynamics (CFD) calculations are executed
using ANSYS Fluent software employing the Volume of Fluid (VOF) multi-phase model. Bacterial deactiva-
tion is described by a first-order kinetic model, while the Arrhenius equation is employed to define the decay
coefficient. The light-heat conversion is modeled using a literature-based approach, validated against experi-
mental data. Our findings affirm the efficacy of the proposed physical model (laser + gold nanoparticles) for
bacterial inactivation. Additionally, we propose an innovative approach by integrating bacterial inactivation
equations with the VOF model, opening avenues for further applications in the field.

KEY WORDS: Microfluidic, Laser-Induced Heating, Gold Nanoparticles, E. coli Deactivation, Computational Sim-
ulation, Arrhenius equation, VOF model

1. INTRODUCTION

Bacterial inactivation is an essential, multi-faceted field with applications in a variety of areas, including
healthcare, food safety and environmental protection. Scientists have addressed their challenge to remove
pathogenic bacteria using a variety of approaches including heat, chemicals and radiation [1]. Heat treatment
is a commonly used disinfection method, particularly in environments where resources are limited. It relies on
the combined factors of temperature and exposure time to reduce the presence of various groups of pathogens,
such as bacteria, viruses and microbes [2]. Among these, laser-induced heat treatment with gold nanoparticles
is a significant breakthrough [3–7]. The precision of laser irradiation permits targeted heating, while gold
nanoparticles enhance the heat-generating process [4, 5]. This combined approach offers advantages in terms
of specificity and efficiency in bacterial inactivation. The controlled application of laser beams, facilitated by
gold nanoparticles, represents a promising avenue for improved and customized bacterial treatment strategies
across various domains.
Recent developments in the field, however, have given rise to a new perspective. The integration of Compu-
tational Fluid Dynamics (CFD) into bacterial inactivation studies has sparked a paradigm shift. CFD allows
for a more comprehensive understanding of fluid dynamics and heat transfer, offering the ability to simulate
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and experiment with varying parameters that are often difficult to control in traditional laboratory settings.
Early studies relied mainly on empirical observations [8, 9], but recent studies have adopted CFD to unravel
the intricacies of fluid dynamics and heat transfer in biosystems [10–12]. This evolution offers researchers
the ability to simulate diverse scenarios and fine-tune variables that are difficult to control in conventional
experimental set-ups. The intersection of experimental breakthroughs and computational modelling has not
only broadened our understanding of bacterial inactivation mechanisms, but has also paved the way for more
sophisticated and personalized treatment strategies. As we delve deeper into the intricacies of our study, it
becomes clear that this confluence of experimental and computational approaches holds tremendous promise
for advancing the field of bacterial inactivation.
Amidst these advancements, modelling light-to-heat conversion by gold nanoparticles is a challenge [13, 14].
Recent models treat the interaction indirectly as boundary condition with heat generation, simplifying ther-
modynamic investigations but neglecting the explicit laser beam presence [5, 13, 14]. Challenges arise in
accurately modelling dispersed nanoparticles, considering nanoscale distances and dependence on nanostruc-
ture [13]. Despite these complexities, this modelling approach aligns with our focus on thermodynamics,
especially when a detailed laser beam profile is not the primary concern.
The other complicated aspect of integrating CFD into bacterial inactivation studies is describing the behaviour
of bacteria in the face of temperature changes, i.e. quantifying the number of bacterial cells inactivated during
the process. For bacterial inactivation studies, researchers often use the simplicity and efficiency of the first-
order kinetic model to describe the cell deactivation process [9, 11, 12, 15].This model assumes that the rate
of bacterial inactivation is directly proportional to the number of active cells present, with a constant rate of
decay. This model provides a practical framework for understanding bacterial deactivation kinetics, allowing
researchers to quantify the reduction in the number of viable cells over time [16]. The first-order kinetic model
has found widespread application due to its simplicity and empirical accuracy, offering valuable insights into
the dynamics of bacterial inactivation. Additionally, the Arrhenius equation plays a pivotal role in elucidat-
ing the temperature dependence of bacterial decay rates. The Arrhenius equation provides a quantitative link
between temperature and the rate of bacterial inactivation [17–19]. It highlights the sensitivity of bacterial
kinetics to temperature variations, offering crucial insights for optimizing thermal treatment strategies. By
incorporating these mathematical models into the Computational Fluid Dynamics (CFD) framework, we can
simulate and predict the intricate dynamics of bacterial inactivation under varying conditions, contributing to
the advancement of tailored and effective treatment strategies.
Within the framework of our physical model, featuring a stable interface with a static configuration of a thin
film of water containing bacteria, it is relevant to introduce numerical methods commonly employed in ad-
dressing scenarios with persistent fluid interfaces. Various computational approaches have been developed to
simulate the dynamics of two-phase flows (see [20]), even when the interface remains stationary. Examples of
such methods include the Level Set Method (LSM), the Front-Tracking Method, and the Phase Field Method,
all designed to accurately represent complex interactions within multi-phase systems, particularly those in-
volving thin liquid films. Among these approaches, the Volume of Fluid (VOF) method emerges as a widely
adopted and versatile choice, even in scenarios where the interface doesn’t undergo significant changes. The
VOF method excels in handling multi-phase flows by tracking the volume fractions of different fluids within
each computational cell, providing an accurate representation of the coexistence of air and a thin film of wa-
ter. The study conducted by [21] evaluates the accuracy of the Volume-of-Fluid (VOF) model integrated into
FLUENTTM, confirming its effectiveness in representing thin liquid film flows in rectangular cavities with
accurate surface profiles, particularly under low or zero surface tension conditions, while recognizing lim-
itations in handling high surface tension values. Its applicability extends across various domains, including
microfluidic, where the presence of distinct phases is crucial to understanding system behavior (see [22]). In
addition, [23] demonstrates that the application of the VOF model substantiates its suitability for investigat-
ing thin films, affirming its effectiveness in the realm of tear film dynamics. Despite the static nature of the
interface in our study, the VOF method proves invaluable in accurately capturing the coexistence of air and
the thin film of water. Its implementation ensures a robust representation of the two-phase system, enabling a
comprehensive analysis of thermal interactions within the microfluidic chamber.
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2. MOTIVATION

In the field of bacterial inactivation, where the challenge of designing effective and precise methods is al-
ways present, our study finds its motivation in the convergence of advanced techniques within a microfluidic
environment. The integration of gold nanoparticles, laser-induced heat treatment and computational fluid dy-
namics (CFD) opens up a new era of exploration, promising advances with wide-ranging implications for
healthcare, food safety and environmental protection. The motivation to study the thermal inactivation of E.
coli in this microfluidic chamber comes from the complexities associated to this controlled system. Featuring
a borosilicate glass base and PDMS lid, the cylindrical chamber encapsulates an experimental environment
in which gold nanoparticles, precisely placed at the bottom of the chamber, respond to laser irradiation, con-
verting light into heat provides an ideal means of precisely inactivating bacteria. Our research is motivated
not only by the search for the fundamental mechanisms of bacterial inactivation, but also by the need to go
beyond the limits of empirical observations.

3. KEY COMPONENTS OF THE SIMULATION:

3.1 Device description:

The cylindrical microfluidic chamber consists of a borosilicate glass base (1 mm thick) coated with a layer of
PDMS. The 2 mm-thick microfluidic chamber contains air and a thin film of water (100 µm) hosting E.coli
bacteria. The bottom of the chamber is embedded with gold nanoparticles see Fig. 1.

3.2 Standard Governing Equations:

3.2.1 VOF Model : The Volume of Fluid (VOF) model is adopted to accurately represent the presence of
two phases (water and air) within the microchamber. Interface dynamics are represented by the following
conservation equation [23, 24]:

∂α

∂t
+ u · ∇α = 0 (1)

The volume fraction field α takes the values:

• α = 0: in the air phase.

• α = 1: in the thin water film.

• 0 < α < 1: indicates the presence of the two phases separated by an interface.

In an unsteady state, within a laminar regime in a 3D flow [25], taking into account the presence of bacteria in
a thin film of water, all thermal properties are treated as effective. Indeed, they are calculated simultaneously,
integrating the thermal characteristics of both water and bacteria.

• Fluid region
Continuity equation

∂ρeff

∂t
+∇ · (ρeffv⃗) = 0 (2)

Momentum equation

∂(ρeffv⃗)

∂t
+∇ · (ρeffv⃗) = −∇p+ (µeff[(∇v⃗ +∇v⃗tr)− 2

3
∇ · v⃗I]) + ρeffg⃗ (3)

Energy equation
∂(ρeffCpeffTf)

∂t
+∇ · (v⃗(ρeffCpeffTf)) = ∇ · (keff∇Tf) (4)
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(a) (b)

(c)

Fig. 1 (a). 3D presentation of the microfluidic devise, (b). cross middle section, (c). Scheme of the experiment

• Solid region
Conduction equation

ρsi
∂(CpsiTsi)

∂t
= ∇ · (ksi∇Tsi) (5)

3.2.2 Effective Thermal Properties : The simulation incorporates effective thermal properties in the all gov-
erning equations to faithfully represent the presence of E. coli in the thin water film. Effective thermal propri-
eties of mixture (water-bacteria) [26]

ρeff = (1− ϕ)ρw + ϕρbac (6)

(ρCp)eff = (1− ϕ)(ρCp)w + ϕ(ρCp)bac (7)

(ρβ)eff = (1− ϕ)(ρβ)w + ϕ(ρβ)bac (8)

Effective dynamic viscosity with Brinkman model [27]:

µeff =
µw

(1− ϕ)2.5
(9)
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(a) (b)

Fig. 2 (a) Mesh cross-section , (b)Temperature filed : Experiment vs Numeric

Effective thermal conductivity with Lewis and Nielsen model :

keff =
1 + S( kbac/kw−1

kbac/kw+S )ϕ

1− ( kbac/kw−1
kbac/kw+S )(1 + (1−ϕm

ϕ2
m

)ϕ)ϕ
(10)

3.3 Bacteria Deactivation and Kinetics

3.3.1 UDS : In conjunction with the standard conservation equations (mass, momentum, and energy) defined
by eqs. (2) to (4), a pivotal ”User Defined Scalar” (UDS) equation is introduced to intricately capture the
kinetics of E. coli deactivation, thereby imparting a nuanced layer to the simulation. This additional equation
takes the form:

∂ρN

∂t
+

∂

∂xi
(ρuiN − Γ

∂N

∂xi
) = SN (11)

• ∂ρN
∂t : This term represents the change rate of scalar quantity N with respect to time (t). It reflects the

way in which E. coli concentration evolves over time in response to various factors (temperature rise).

• ∂
∂xi

(ρuiN − Γ∂N
∂xi

): This term involves spatial derivatives and represents the advection and diffusion of
the scalar N . It takes into account how the concentration is transported by fluid flow ρuiN and diffused
Γ∂N

∂xi
in the spatial domain.

- ρ is the density of the fluid. - ui is the velocity component in the i-th direction. - Γ is the diffusivity,
which controls the diffusion of N .

• SN: This term represents any source or sink of the scalar N . In our context, it represents temperature-
increasing influences during the irradiation process.

3.3.2 Skin Term: The UDS equation includes a skin term based on a first-order kinetic model [11, 12], re-
flecting the rate of thermal deactivation:

dN

dt
= −KN (12)

3.3.3 Arrhenius Equation: The decay coefficient (K) follows the Arrhenius equation, considering temperature-
dependent parameters [11, 12]:

K = A · exp(−Ea

R · T
) (13)
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Fig. 3 Bacteria population decrease vs time for different temperature, Ea = 80.9 and A = 19.5e10

Here, A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas constant, and T is the tem-
perature. The Arrhenius equation provides a comprehensive means to model the exponential relationship be-
tween the rate constant and temperature, allowing for a nuanced representation of the temperature-dependent
behaviour in the E. coli deactivation process.

3.4 Laser-Induced Heating:

Gold Nanoparticles: Well-established models simulate the laser-induced heating of gold nanoparticles [5, 13,
14], serving as localized heat sources in the microchamber, generating a controlled heat transfer based on the
Lambert-Beer-Bouguer law:

q = σabs0Iabs = σabs0(1−R0)I0[1− exp(−σabs0
lgold√

(1− sin(α)
n )

)] (14)

The value of each parameter of above equation can be found in [13].

3.5 Numerical Implementation

3.5.1 Numerical Procedure and Mesh Generation The numerical simulation employed Ansys FLUENT-23
R1 [24], a computational fluid dynamics commercial software. The Volume of Fluid (VOF) method and Con-
tinuous Surface Force (CSF) model were adopted. Convective terms in the momentum and energy equations
were discretized using a second-order upwind scheme. Velocity–pressure coupling utilized the SIMPLE algo-
rithm, with pressure interpolation performed using the PRESTO scheme. A first-order non-iterative scheme
with a variable time step was used for the transient term integration until t = 190 s, where the maximum
chamber temperature stabilized. The time step was set at 0.0002, and convergence criteria ensured residuals
for all equations were below 10−8. A uniform cubic grid with swelling near the bottom of the chamber, with
refinement at the thin film of water, was generated (see Fig. 2 (a)).

3.5.2 UDFs Implementation
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t=2s t=20s

t=60s t=190s

Fig. 4 Isotherms in the middle cross section of the chamber at different moment of simulation

• Effective Thermal Properties
- The DEFINE PROPERTY macro defined the thin film of water’s effective thermal properties, consid-
ering bacterial presence via eqs. (8) to (10).
- The DEFINE SPECIFIC HEAT macro determined the effective specific heat using eq. (7).

• Heat Generation Rate
- The DEFINE PROFILE macro integrated heat generation equation 14. A specified 3x3 mm2 surface
on the chamber bottom was irradiated, and this UDF applied only to that surface.

• Skin Term - The DEFINE SOURCE macro defined a User-Defined Function (UDF) for calculating the
skin term of the UDS equation.
- A first-order kinetic model determined the rate of thermal deactivation (dNdt ) using the Arrhenius equa-
tion with parameters (A, Ea, R, T ).
- The UDF initialized and updated bacterial concentration (N ) at each time step, representing tempera-
ture’s influence on the deactivation process. Monitoring variables stored current concentration, previous
concentration, and decay rate.

3.5.3 Validation with Benchmark Case: The numerical model underwent validation against experimental re-
sults (see Fig. 2 (b)). Temperature field results demonstrated both qualitative and quantitative agreement be-
tween experimental and numerical outcomes.

3.6 Arrhenius equation parameters

To determine the parameters of the Arrhenius equation for bacterial inactivation, systematically follow the
steps below. Start by setting the initial bacterial population (N0) at 106 and a constant time (t) of 3 minutes.
Perform 5 tests at different temperatures (e.g. 25, 35, 45, 55, 65, 75°C), calculating the number of surviving
bacteria (N ) at each temperature after 3 minutes. Apply first-order kinetics to find the decay coefficient k =

−1
t ln

(
N
N0

)
. Then plot a curve relating ln(k) to the inverse of temperature ((1/T )). Continue fitting the

curve to these data using a linearized Arrhenius equation, obtaining the slope and y-intercept. The slope
corresponds to (−Ea

R ), and the y-intercept corresponds to ln(A). Finally, calculate the activation energy (Ea)
and pre-exponential factor (A) from these fitted parameters.

As expected and in line with previous studies of bacterial dynamics at constant temperatures, the figure 3 re-
veals interesting information about population behaviour after 6 minutes. At lower temperatures, the bacterial
population shows a sustained and minimal change, in line with expectations. Conversely, at higher temper-
atures, a marked and rapid reduction in the bacterial population is observed, corresponding to the expected
impact of high temperatures on bacterial inactivation. This consistent pattern underlines the reliability of tem-
perature as a critical factor influencing bacterial survival dynamics, confirming trends observed in previous
studies.
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t=2s t=20s

t=60s t=190s

Fig. 5 Temperature filed in the interface water-air at different simulation time

4. RESULTS

In our examination of heat transfer dynamics inside the microfluidic chamber, the spatial distribution of tem-
perature evolution provides valuable insights into thermal behavior during the irradiation process (see Dig.4).
Notably, at the start of the experiment (t=2s), a sparse distribution of isotherm lines is observed, reflecting
an incipient stage in the absorption of energy by the gold nanoparticles. The maximum temperature recorded
at this stage is T=31°C, indicating a relatively low thermal intensity as the system responds to the external
stimulus.

As the irradiation process progresses, the heat-generating effect intensifies, as shown by the increasing den-
sity of isotherm lines inside the chamber. This signifies a more dynamic state in response to sustained energy
input, leading to higher temperature gradients. The most remarkable observation is the exponential increase
in maximum chamber temperature between the start of the simulation (t=0s) and 60s of irradiation. During
this critical phase, the system rapidly absorbs energy, resulting in a substantial temperature increase of 34°C.
The highest temperatures are concentrated in the center of the chamber base, underlining the localized heating
effect. After this initial phase, from t=60s to the end of the simulation at t=190s, a more gradual increase in
temperature is observed. This suggests a transition to a more stabilized state, where the system reaches equilib-
rium and the rate of temperature increase becomes smaller. A continuous temperature rise of a moderate 11°C
during this period indicates a controlled and sustained distribution of heat in the microfluidic environment.

The temperature contour at the air-water film interface plays a key role in understanding the complex heat
transfer mechanisms operating in the microfluidic device.
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(a)

(b)

Fig. 6 (a) Temperature variation at middle line of the interface surface water-air for different time of simulation
, (b) maximum temperature vs irradiation time

When we examine the temperature dynamics at this interface, a key parameter is the temperature gradient, i.e.
the rate at which the temperature changes between the interface and the bottom of the chamber. This gradient
is essential for assessing the efficiency of heat transfer processes within the microfluidic system.

By comparing the maximum temperatures at different times between the bottom of the chamber (Fig. 4) and
the air-water interface (Fig. 5), a notable trend emerges. The temperature gradient within the thin film of water
undergoes a perceptible increase over time. This observation implies that the temperature difference between
the air-water interface and the bottom of the chamber becomes more pronounced as the simulation progresses.
The intensification of the temperature gradient suggests a change in heat transfer mechanisms. At the start of
the simulation, heat transfer is mainly by conduction. However, over time, the increase in temperature gradient
indicates a transition to a quasi-convective regime. This change can be attributed to the cumulative effects of
laser irradiation on the gold nanoparticles and their subsequent interaction with the surrounding medium.

The temperature profile along the air-water interface, as illustrated in Fig. 6a, gives a nuanced insight into
the evolution of heat transfer dynamics inside the microfluidic chamber. The asymmetrical distribution, with
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t=2s t=20s

t=60s t=190s

Fig. 7 Bacteria concentration in each cell of chamber bottom for different time of the process

temperatures peaking in the center and decreasing towards the sides, signifies the localized impact of laser
irradiation and heat generation from the gold nanoparticles. The initial rapid rise in temperature, observed for
each specific time interval of the simulation, is followed by a reduction in the distance between the curves. This
reduction suggests a decrease in the rate of temperature increase over time, indicating a dynamic change in
system response. It implies that as the simulation progresses, the temperature increase becomes more gradual,
highlighting a transition in the heat dynamics inside the microfluidic chamber. Simultaneously, figure 6b
highlights the relationship between maximum temperature variation in the fluidic chamber and time. The rapid
rise in temperature during laser initiation is attributed to heat generation from the gold nanoparticles exceeding
the dissipation rate, leading to an accumulation of thermal energy. Over time, dissipation mechanisms take
hold, progressively increasing the rate of heat dissipation. The transition from an initially rapid increase to a
more gradual one signifies a crucial shift, with dissipation mechanisms gaining in importance to balance heat
production.

How the temperature field correlates with bacterial inactivation is clarified by analyzing the bacterial con-
centration on the bottom surface of the chamber. Fig. 7 shows the concentration of the UDS variable, which
represents the bacterial population on the bottom surface at different times during the simulation. At the start
of the simulation (t=2s), the entire surface is saturated with viable bacteria, which is the baseline condition.

As time passes and temperatures rise, a perceptible reduction in bacterial concentration becomes evident. No-
tably, the central region of the surface shows the greatest decline, reflecting the prevalence of inactive bacteria
due to high localized temperatures. This spatial variation is represented visually in Fig. 7, highlighting the
dynamic response of bacterial populations to changing thermal conditions. Fig. 8 also illustrates the temporal
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Fig. 8 Bacteria concentration vs irradiation time

evolution of bacterial concentration during the irradiation process. A rapid and abrupt reduction in bacterial
concentration is observed at the start of the simulation (from 0s to 10s), indicating the immediate impact
of the heat treatment. After that, the reduction in bacterial concentration follows a quasi-linear pattern as
time elapses. It is remarkable that over 80% of the bacterial population is inactivated during the 190-second
experiment, underlining the substantial effectiveness of the irradiation process in bacterial inactivation.

5. CONCLUSION:

In conclusion, our study presented a comprehensive numerical simulation aimed at clarifying the dynamics of
thermal inactivation of E. coli bacteria in a microfluidic system. The system, composed of air and a thin film
of water containing bacteria, integrates the principles of thermal physics, microbiology and computational
fluid dynamics (CFD). Our model is validated against experimental results by means of thermal field obser-
vations, attesting to its fidelity. This work highlighted successful implementation of CFD coupling, namely
VOF (Volume of Fluid Model), in conjunction with a first-order reaction model to explain bacterial population
reduction and microorganism inactivation kinetics. A user-defined function (UDF) was developed, using an
implicit integration method that calculates bacterial inactivation at each iteration and time step while taking
into account existing temperature conditions. This implicit integration method improves the accuracy of the
representation of the reduction in bacterial concentration over time. In addition, our CFD-based simulations
demonstrate the remarkable effectiveness of laser irradiation of gold nanoparticles in inactivating bacteria.
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