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Optimization of reaction kinetics on natural convection
microfluidic devices by computer simulation
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This study presents a novel methodology framework for simulating and optimizing reaction kinetics in natural convection microfluidic
devices. The approach involves coupling heat and mass transfer, fluid flow, and chemistry. Visual and regression analyses are performed to
evaluate the impact of different operational parameters on reaction speed, aiming to improve microfluidic natural convection systems. The
methodology was applied to a practical example of a Polymerase Chain Reaction triangular microfluidic glass device that utilizes natural
convection for the required reactions. The findings showed that the fluid flow velocity is significant in determining the reaction speed, which
can be controlled by adjusting the temperature cycling differences and the inner diameter of the device. Despite challenges posed by the
fluid flow direction, the best reaction times achieved ranged from 18 to 21 minutes. Due to its computational efficiency, the developed
methodology allows simulations to be conducted on mid-range computers. Also, the visual and regression analyses offer insights into
improving a specific device by measuring the influence of several parameters. Then, the methodology is convenient for selecting the best
conditions before developing an experiment.
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1. Introduction

Natural convection systems play a significant role in chemi-
cal reactions, especially those involving heat transfer like the
Polymerase Chain Reaction (PCR) used in disease detection
[1,2]. These systems facilitate mixing [3], mass transfer, and
temperature control [3,4]. Natural convection occurs due to
density differences resulting from temperature variations in a
fluid. When a fluid is heated, it becomes less dense; mean-
while, if it is cooler, it is denser. Microfluidic technology
offers a significant advantage over traditional heater devices,
including compact dimensions, reduced reactant volumes,
and simplified and rapid temperature control [5,6]. However,
the design of efficient microfluidic devices demands consid-
erable time and effort. Computer simulation is an indispens-
able tool for designing and optimizing natural convection mi-
crofluidic devices to accelerate this process [6-8]. Contrary
to what is commonly thought, natural convection in microflu-
idic devices has been shown to have significant effects that
cannot be negligible [3,8]. Several approaches have been
successfully used for simulating reactions in microfluidic de-
vices, such as stochastic modeling for a more accurate simu-
lation of reaction kinetics [9] and the usage of automatic con-
trol for the temperatures on those devices in the simulations
via a connection with a programming language [10]. Multi-
physics approaches are needed to simulate reactions in a nat-
ural convection device. Papadopouloset al. [10] and Wanget
al. [11] used a multi-physics approach to simulate the reac-
tion kinetics of a continuous flow device where the materials
needed for a reaction are injected through a channel. Mean-
while, heat is passively applied in specific zones to effectuate

the chemical reactions as the material advances through the
channel. This type of device is like a natural convection one.
The main difference is how the flow of the material is gen-
erated and the shape of the channels. Several authors have
simulated and crafted natural convection devices with chan-
nels that form closed loops. Heat applied in different zones
causes the generation of a flow due to the difference in densi-
ties and the temperature gradients. Priyeet al. studied natural
convection reactions introducing turbulence [12]. In contrast,
Agrawalet al. crafted several natural convection microfluidic
devices after simulating the flows generated by applying heat
and not considering the presence of reactants and reactions
in the simulations [4,8]. Also, simulations involving reac-
tions on natural convection systems at large scales have been
done before [13], but convection or reaction kinetics are com-
monly included separately for microfluidic devices. In addi-
tion, some authors include automatic control of temperatures
or tested some devices. Still, a methodology must be applied
to quantitatively measure the impact of the temperatures and
the temperature differences for a particular device.

1.1. Polymerase chain reaction

The polymerase chain reaction (PCR) is a highly utilized
technique in medical genetics and various fields of biologi-
cal science. It involves amplifying specific deoxyribonucleic
acid (DNA) fragments (amplicons) by subjecting a reaction
mixture of nucleic acids to thermal cycling. The mixture
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FIGURE 1. The PCR reaction involves amplifying specific am-
plicons by subjecting a reaction of deoxynucleotide triphosphates,
DNA polymerases, and DNA samples containing the target to ther-
mal cycles. The sequential cycles of denaturation (heating the mix-
ture to denature the double-stranded DNA or ssDNA), annealing
(cooling of the mixture to bind the primers to form stable primer-
ssDNA complexes), and extension (synthesis of the complementary
DNA strands by extending the primers) are carried out until the am-
plification of the target DNA sequence is reached. Adapted image
from [17].

consists of oligonucleotide primers complementary to the
DNA sequences of interest, deoxynucleotide triphosphates
(dNTPs), DNA polymerases, and DNA samples containing
the target sequence. The core cycle of the PCR includes
1. denaturation, 2. annealing, and 3. extension, which is
repeated multiple times to achieve amplification of the tar-
get DNA sequence [14-16] (Fig. 1). The denaturation in-
volves heating the mixture (95◦C) to separate (denaturation)
the double-stranded DNA (dsDNA orS1S2) into two sep-
arate single-stranded DNA (ssDNA orS1 and S2) strands.
During the annealing, the mixture is cooled (55◦C) to bind
the oligonucleotide primers (P1 andP2) to the complemen-
tary DNA sequences on the ssDNA, forming stable primer-
ssDNA complexes (S1P2 andS2P1). Finally, the extension
includes raising the temperature to 75◦C, where the DNA
polymerases catalyze the synthesis of the complementary
DNA strands by extending the primers using deoxynucleotide
triphosphates (dNTPs) as building blocks. Natural convec-
tion PCR devices exhibit continuous denaturation and renat-
uration as reactants circulate through distinct reaction zones.
Consequently, the concentration dynamics of ssDNA (S1 and
S2) and dsDNA (S1S2) in our simulations are anticipated to
be similar to the fluorescence intensity behavior observed in
quantitative PCR (qPCR) tests.

Quantitative PCR (qPCR) enables the measurement of
amplicon accumulation over time by monitoring the fluores-
cence intensity generated by fluorophores incorporated into
the reaction. The fluorescence intensity is directly propor-
tional to the concentration of the amplified DNA. The behav-
ior of the fluorescence intensity during qPCR typically ex-
hibits four distinct phases (Fig. 2), which include an initial
stage (basal phase) with minimal fluorescence (baseline sig-
nal) before target DNA amplification begins [18]. In the sec-
ond stage (exponential phase), the fluorescence intensity in-
creases exponentially as target DNA amplification progresses

FIGURE 2. The qPCR technique allows the measurement of the
concentration of the amplified DNA during a PCR experiment by
measuring the fluorescence emitted during the sequential cycles of
the process. The first of the four phases is the basal one, corre-
sponding to the signal before target DNA amplification begins. The
exponential signal (second phase) is due to the rapid progress of flu-
orescence intensity of target DNA amplification. The linear phase
(third stage) indicates a constant rate of amplicon generation. The
plateau (final phase), with fluorescence maximum intensity, corre-
sponds to the end point of amplification. Adapted image from [17].

rapidly. The linear phase (third stage) involves a steady and
linear increase in fluorescence intensity, indicating a constant
rate of amplicon generation. The final stage corresponds to
the plateau phase, where the fluorescence intensity reaches a
maximum, signaling the end point of amplification.

This work proposes a methodology framework for simu-
lating and optimizing reaction kinetics in natural convection
microfluidic devices using computer simulation and a multi-
physics approach. The approach involves coupling heat and
mass transfer, fluid flow, and chemistry of the reactants. Vi-
sual and regression analyses are performed to evaluate the
impact of different operational parameters on reaction speed,
aiming to improve microfluidic natural convection systems.
The proposed methodology is applied to a PCR microfluidic
device that utilizes natural convection for the required reac-
tions.

2. Methodology

The proposed methodology aims to simulate and analyze the
effects of several operational parameters on natural convec-
tion devices. Then, it is crucial to establish the operational
parameters, experimental and device designs, and meshing
applied. To describe the experiment, we consider mathe-
matical models that describe fluid motion, temperature dis-
tribution, species transport, and reaction kinetics. Once these
models are defined, analyzing the simulation results and iden-
tifying relevant variables of interest involves conducting vi-
sualization and regression analyses to assess the impact of
operational parameters on the reaction rate and optimize it
accordingly.
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2.1. Methodology software

COMSOL Multiphysics (ver. 5.3.) was used to simulate a
PCR microfluidic device. It is a finite element-based sim-
ulation platform capable of simulating fully coupled multi-
physics and single-physics phenomena. Nevertheless, other
multi-physics simulation software could be used similarly.

2.2. Operational parameters and experiment design

Using pumps is not feasible since we are dealing with natural
convection devices. Therefore, a constant temperature gradi-
ent is generated to induce a mass flux within the device. This
temperature gradient leads to density variations in the fluid,
leading to a mass flux driven by the force of gravity. Based
on this principle, the operational parameters required to gen-
erate a mass flux and promote adequate mixing and reactions
among different chemical species include the inner diame-
ters of the devices and fixed temperatures at various locations
within the device. By manipulating these parameters, optimal
conditions for efficient and accelerated mixing and reactions
can be determined. Furthermore, the design and materials of
the device can be considered as additional parameters, treated
as categorical variables, to evaluate their impact through re-
gression analysis. This type of analysis aids in selecting the
appropriate material and design for fabricating the device. It
is recommended to establish a complete or fractional factorial
design for the simulations to investigate the impact of differ-
ent parameters on the rate of chemical reactions through a
regression analysis. The results of the simulations and the
operational parameters will be used to perform visual and re-
gression analyses to evaluate the individual effects of each
parameter.

The application of the methodology in this work focuses
on a PCR device that relies on natural convection. The oper-
ational parameters for this PCR device include three specific
temperatures: 1) the denaturing temperature (TD), 2) the an-
nealing temperature (TA), and 3) the extension temperature
(TE). The values were selected to cover the typical experi-
mental PCR ranks. Additionally, the inner diameter (ID) of
the device is considered an operational variable, and the cor-
responding values for all parameters can be found in Table I.
A complete34-factorial design was used, considering the 81
possible combinations of the parameters listed in Table I, to
measure the influence of the parameter on the rate of PCR
reactions.

TABLE I. Operational parameters of PCR device.

TD (◦C) TA (◦C) TE (◦C) ID (µm)

92 55 70 632.4

95 60 72 690.8

98 65 74 797.5

TD, TA, and TE temperatures were based on [14,15]. Internal diameters ID

were taken from [16].

FIGURE 3. a) Isothermal temperature constraints: denaturation
zone (TD), annealing zone (TA), and extension zone (TE). b) Do-
mains of the PCR system: fluid and walls.

TABLE II. Finer mesh properties correspond to three different inner
diameter capillary tubes.

Variable Value

Capillary ID (µm) 632.4 690.8 797.5

Number of domain elements 428,492 164,770 519,643

Number of vertex elements 60 60 60

Number of edge elements 3,694 2,136 3,600

Number of boundary elements 108,786 33,136 122,760

Number of elements 411,358 148,873 502,855

Free meshing time (s) 11.88 6.14 13.59

Minimum element quality (ua) 0.1937 0.228 0.1749

2.3. Device design and meshing

The proposed PCR device design was imported to COMSOL.
It was a capillary glass tube shaped like a closed triangular
loop with a length of 64 mm [Fig. 3a)]. The CAD models
of the device were created using AutoCADc©. The diame-
ters are specified in Table I. The device is divided into two
domains [Fig. 3b)]. The inner section of the tube was filled
with a liquid (in this case, water), where the chemical species
will be present and undergo reactions. In contrast, the outer
section of the tube is a solid material (in this case, borosilicate
glass).

An automatic finer mesh was applied to the imported
models into COMSOL. The mesh selection was based on the
consideration that larger meshes resulted in warnings or er-
rors within the program. In contrast, smaller meshes did not
yield significant changes in the simulations. The properties
of the three meshes generated can be found in Table II.

2.4. Mathematical models

2.4.1. Fluid model

The modeling of fluid motion relies on utilizing the steady-
state Navier-Stokes Eqs. (1) and the continuity Eq. (2). Grav-
itational force and temperature-dependent density changes
are considered. The inertial term of the Navier-Stokes equa-
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TABLE III. Proportionality factors of (10)-(14) equations.

Species Parameters

k+
0 12.5 s−1

k−0 106 M−1 s−1

k+
1 5 ∗ 106 M−1 s−1

k−1 10−4 s−1

k2 0.32 s−1

tions is neglected due to the scale of the system under con-
sideration [20].

∇∇∇ · (µ∇∇∇u + µ∇∇∇T u)

−∇∇∇ ·
(

2
3
µI∇∇∇u

)
−∇∇∇p + ρg = 0, (1)

∇∇∇ · (ρ(r)u(r)) = 0, (2)

whereu is the velocity vector,ρ is the density of the fluid,µ
is the dynamic viscosity, and p is the pressure. All simula-
tions enforced a boundary no-slip condition, with stationary
walls and an initial state of water at rest. The system was set
to an initial temperature of 20◦C and a pressure of 1 atm.

2.4.2. Thermal model

The modeling of heat transfer is based on the steady-state
heat Eq. (3),

−κ∇2T (r) + Cpρ(r)u(r) · ∇∇∇T (r) =
∑

j

Qj (3)

whereCp is the specific heat capacity, T is the temperature,
κ is the thermal conductivity,u is the velocity field of the
fluid, andQj is the rate of heat generated in the device [21].
As was described before, for the specific practical example
under consideration, the system was divided into three con-
stant temperature zones (TD, TA, and TE) located at specific
sections of the walls [Fig. 3a)]. Each zone corresponds to
the temperature required for PCR reactions: denaturation, an-
nealing, and extension (Table III).

2.4.3. Transport of species model

Species transport utilizes the time-dependent transport
Eq. (4), which incorporates convection.

∂tci(r , t)−Di∇ci(r , t) + u(r) · ∇∇∇ =
∑

j

Qj (4)

whereci is the concentration,Di is the diffusion coefficient,
t is the time,u is the velocity field of the fluid, i is a chemical
species, andRi is the production rate of the species i in the
device, calculated on a provided reaction kinetics model [21].

2.4.4. Kinetics Model

Several kinetics models can be inputted into the software
to simulate the corresponding kinetics. These models can
be either independent or dependent on the temperature of
the system. The goal is to achieve proper mixing and re-
actions among the species. The temperature-dependent ki-
netics model used in this work [10,11] considers five chem-
ical species that describe denaturing, renaturing, anneal-
ing, reverse annealing, and extension processes, describe for
Eqs. (5)-(9)

S1S2

K+
D

K−
D

S1 + S2, (5)

S1 + P2

K+
A

K−
A

S1P2, (6)

S2 + P1

K+
A

K−
A

S2P1, (7)

S1P2
KE−−→ S1S2, (8)

S2P1
KE−−→ S1S2. (9)

The chemical speciesS1S2 are the dsDNA,S1 andS2

represent the mutually complementary ssDNA pair, whereas
S1P2 andS2P1 are the primer-ssDNA complexes. The corre-
sponding reaction coefficients arek+

D for denaturing,k−D for
renaturing,k+

A for annealing,k−A for reverse annealing, and
kE for extension. Reaction rates are given by Eqs. (10)-(14)

K+
D(T ) =

k+
0

2

(
1 + tanh

[
T − 88

5

])
, (10)

K−
D(T ) =

k−0
2

(
1 + tanh

[
−T − 75

5

])
, (11)

K+
A (T ) =

k+
1

2

(
1 + tanh

[
−T − 62.5

5

])
, (12)

K−
A (T ) =

k−1
2

(
1 + tanh

[
T − 66

5

])
, (13)

KE(T ) = k2 exp

(
−

[
T − 70

5

]2
)

, (14)

whereT is the temperature in Kelvin andk+
0 , k−0 , k+

1 , k−1 ,
andk2 are proportionality factors defined in Table III.

2.5. Simulation process

The properties of the different species, including initial con-
centrations and diffusivity constants, are defined in Table IV.

The simulation process is divided into two primary parts:
1) a steady-state analysis of the termofluidic fields within
the device and 2) a time-dependent analysis of the transport
and chemical reactions among the different chemical species.
Separating simulations into stationary and time-dependent
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TABLE IV. Chemical species parameters (S1S2, S1, S2, P1, P2,
S1P2, andS2P1) and their diffusion coefficients. Taken from [11].

Parameters

Species Diffusion Initial

coefficient concentration

Di × 109, (m2s−1) ci (M)

S1, S2 1 0

P1, P2 10 3e−5

S1P2, S2P1 10 0

S1S2 10 5.71e−10

parts simplifies computations and reduces the required com-
putational resources and time. All the mathematical models
treated need to be configured in the software along with the
boundary and initial conditions. The first study involves cal-
culating the velocity and temperature fields within the device.
This was achieved by coupling the Creeping flow, Heat trans-
fer in fluids, and Non-isothermal flow modules. A parametric
sweep can be configured to conduct simulations with varying
combinations of operational parameters. The average fluid
velocity (AvgVel) was computed for each simulation. The
second study involves calculating the reaction kinetics of the
reactions over time, ranging from 0 to 60 minutes with 1-
minute steps. These values could be modified depending on
the computing capacities and the accuracy needed. It was
achieved by coupling the chemistry and transport of diluted
species modules and using the velocity and temperature fields
obtained from the first study to calculate the reactions among
the chemical species and their corresponding concentrations
at each time step. For the PCR device example, the simu-
lations were performed using the complete factorial design
with the parameters in Table IV.

2.6. Processing and analysis of the simulation results

The simulations provide valuable information, including the
total reaction time (RTIME). However, in the case of the PCR
reactions presented as a practical example, we can also cal-
culate additional variables of interest. These variables in-
clude the duration of the exponential phase of the reactions
(EXPTIME) and the slope of the logarithm of the normal-
ized concentration ofS1S2 (SlopeLog-dsDNA) orS1 andS2

(SlopeLog-ssDNA) during the exponential phase. These ad-
ditional variables are significant as they indicate the suitabil-
ity of the parameters for one phase, which can extend to sub-
sequent phases. Moreover, the operational parameters, the
temperature differences TD-TA, TD-TE, and TE-TA, and the
average fluid velocity (AvgVel) are also variables of interest.
Once the variables of interest have been collected, a visual
analysis of data allows comparison of the different variables
to identify those that exhibit a higher degree of explanatory
power for a regression analysis. By selecting the most influ-
ential variables, we can effectively explain the speed of the

reactions. Then, a regression analysis will be conducted to
describe the speed of the reactions and quantify the influence
of each parameter on the reaction rate.

2.7. Computer specifications

Simulations were performed on a 2019 Acer Predator Helios
300 laptop with 16GB of RAM, an Intel i7-9750H processor,
Windows 11 home OS, NVidia GTX 1660Ti graphics card,
and x64 architecture.

3. Numerical results and discussion

3.1. Simulation results

The methodology implemented can predict how temperature
gradients in natural convection devices affect fluid motion
and reaction kinetics in a given problem. We used a PCR
to exemplify the application of a natural convection device,
with 81 simulations conducted. Table V presents the TD, TA,
TE, and ID parameters and AvgVel, SlopeLog dsDNA, EX-
PTIME, and RTIME calculations obtained from the 50 sim-
ulations that converged. TD, TA, TE, and ID were selected
between the lower and higher values considered in an exper-
imental PCR. All stationary analyses converged except for
the time-dependent analyses, where sudden negative and in-
finite concentrations appeared, possibly due to internal cal-
culation errors like rounding decimals, mesh quality, or the
magnitude of time steps. The obtained reaction times ranged
from 18 to 21 minutes, notably shorter than traditional PCR
devices, where reaction times typically range from 30 to 40
minutes [8].

Figure 4 illustrates the velocity and temperature profiles
within the PCR device for simulation SIM78, with TD =
98◦C, TA = 65◦C, TE = 74◦C, and ID = 797.5µm. The
velocity profile [Fig. 4a)] shows a parabolic-like behavior,
satisfying the no-slip boundary condition. The temperature
profile [Fig. 4b)] indicates the fluid flow direction, which ex-
tends from the denaturation zone (TD zone) to the extension
zone (TE zone) and ultimately to the annealing zone (TA
zone). These characteristics hold for the remaining stem sim-
ulation as well. However, the current direction of fluid flow
is a problem as it slows down the reaction rate. Ideally, the
fluid should flow from the denaturation zone (TD zone) to the

FIGURE 4. a) Velocity and b) temperature profile from the simu-
lation SIM78 (ID = 797.5µm, TD = 98◦C, TA = 65◦C, and TE =
72◦C).
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TABLE V. TD, TA, TE, and ID parameters and calculations AvgVel, SlopeLog dsDNA as SLOPE, EXPTIME, and RTIME from the con-
verged PCR system.

SIM TD (◦C) TA (◦C) TE (◦C) ID (µm) AvgVel (mm/s) SLOPE (1/min) EXPTIME (min) RTIME (min)
Sim 2 92 55 70 690.8 0.928 0.174 21.463 28.831
Sim 3 92 55 70 797.5 1.248 0.216 15.622 22.975
Sim 5 92 55 72 690.8 1.000 0.195 18.783 24.876
Sim 6 92 55 72 797.5 1.341 0.229 16.527 22.890
Sim 7 92 55 74 632.4 0.901 0.204 17.830 23.981
Sim 8 92 55 74 690.8 1.074 0.226 16.520 22.971
Sim 12 92 60 70 797.5 1.018 0.185 18.787 26.873
Sim 15 92 60 72 797.5 1.114 0.203 18.382 25.979
Sim 17 92 60 74 690.8 0.903 0.203 18.747 24.877
Sim 18 92 60 74 797.5 1.212 0.231 15.718 22.818
Sim 19 92 65 70 632.4 0.447 0.130 27.209 45.565
Sim 20 92 65 70 690.8 0.545 0.135 25.936 41.994
Sim 22 92 65 72 632.4 0.518 0.131 25.264 42.668
Sim 23 92 65 72 690.8 0.625 0.137 26.861 42.653
Sim 25 92 65 74 632.4 0.587 0.136 27.281 42.755
Sim 30 95 55 70 797.5 1.328 0.243 13.717 20.963
Sim 32 95 55 72 690.8 1.059 0.200 17.577 24.964
Sim 33 95 55 72 797.5 1.423 0.266 14.617 20.922
Sim 34 95 55 74 632.4 0.950 0.220 15.655 21.892
Sim 35 95 55 74 690.8 1.134 0.251 14.591 20.892
Sim 39 95 60 70 797.5 1.098 0.201 19.671 26.998
Sim 42 95 60 72 797.5 1.196 0.207 16.776 23.791
Sim 45 95 60 74 797.5 1.295 0.254 13.966 20.901
Sim 46 95 65 70 632.4 0.495 0.138 22.765 40.884
Sim 47 95 65 70 690.8 0.602 0.142 26.110 40.823
Sim 48 95 65 70 797.5 0.829 0.160 21.347 35.813
Sim 49 95 65 72 632.4 0.565 0.132 26.518 41.720
Sim 50 95 65 72 690.8 0.683 0.146 24.497 41.806
Sim 51 95 65 72 797.5 0.931 0.170 21.701 36.567
Sim 52 95 65 74 632.4 0.635 0.139 24.770 39.844
Sim 53 95 65 74 690.8 0.763 0.150 26.562 39.795
Sim 57 98 55 70 797.5 1.411 0.226 15.947 21.864
Sim 59 98 55 72 690.8 1.120 0.204 18.733 24.856
Sim 60 98 55 72 797.5 1.508 0.251 12.917 19.986
Sim 61 98 55 74 632.4 1.001 0.215 16.713 22.981
Sim 62 98 55 74 690.8 1.196 0.238 14.491 20.880
Sim 63 98 55 74 797.5 1.606 0.282 13.756 18.998
Sim 64 98 60 70 632.4 0.722 0.150 24.592 32.849
Sim 66 98 60 70 797.5 1.182 0.212 17.886 25.820
Sim 69 98 60 72 797.5 1.281 0.217 15.787 23.867
Sim 72 98 60 74 797.5 1.381 0.245 13.784 20.995
Sim 73 98 65 70 632.4 0.544 0.135 25.489 41.428
Sim 74 98 65 70 690.8 0.662 0.153 24.586 41.596
Sim 75 98 65 70 797.5 0.912 0.177 20.846 34.946
Sim 76 98 65 72 632.4 0.615 0.140 24.512 41.656
Sim 77 98 65 72 690.8 0.743 0.150 21.913 36.409
Sim 78 98 65 72 797.5 1.016 0.167 21.592 37.828
Sim 79 98 65 74 632.4 0.686 0.148 22.290 37.499
Sim 80 98 65 74 690.8 0.825 0.147 26.648 39.512
Sim 81 98 65 74 797.5 1.120 0.161 21.626 33.887
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FIGURE 5. Kinetics of the PCR reactions of the chemical species
of selected simulations. a) SIM3 with parameters ID = 797.5µm,
TD = 92◦, TA = 55◦, and TE = 70◦ and b) SIM78 with parameters
ID = 797.5µm, TD = 98◦, TA = 65◦, and TE = 72◦.

annealing zone (TA zone) and then to the extension zone (TE
zone). This directional issue is due to the geometry of the
system and the positioning of the temperature constraints.

Figures 5 show the reaction kinetics in two simulations,
SIM3 [Figs. 5a)], ID = 797.5µm, TD = 92◦C, TA = 55◦C,
and TE = 70◦C) and SIM78 [Figs. 5b), ID = 797.5µm, TD
= 98◦C, TA = 65 ◦C, and TE = 72◦C], presenting contin-
uous processes of denaturation and renaturation. This char-
acteristic holds for the remaining simulations as well. For
SIM3, the concentration of dsDNA (S1S2) and ssDNA (S1

andS2) were similar to the fluorescence intensity observed
in qPCR tests, whereas SIM78 showed denaturation and re-
naturation rates exhibiting variations over a time interval with
a decrease in dsDNA (S1S2) concentration at certain time in-
tervals. It can be attributed to a fast amplification rate that
exceeded the denaturation rate until the reactants were suf-
ficiently depleted to reduce the amplification rate, allowing
the denaturation process to enter a more pronounced plateau
phase.

3.2. Target variable selection

Minimizing the total reaction time (RTIME) is needed to in-
crease specific reaction rates. Other significant variables in
PCR reactions include the duration of the exponential phase
(EXPTIME) and the slope of the logarithm of the normalized
concentration of dsDNA (S1S2) during the exponential phase
(SlopeLog-dsDNA).

These variables provide insights into the suitability of
parameters for one phase, which can extend to subsequent
phases (Fig. 6). Figure 6a) displays the positive correla-
tion between EXPTIME and RTIME, while Fig. 6b) exhibits
the negative correlation between EXPTIME and SlopeLog-
dsDNA. Then, there is also a negative correlation between
RTIME and SlopeLog-dsDNA. Consequently, it is necessary
to maximize SlopeLog dsDNA or minimize RTIME or EX-
PTIME. A regression analysis was performed after selecting
one of these variables as a response to the system. A his-

FIGURE 6. Correlation between response variables of the
PCR system: a) EXPTIME vs RTIME and b) EXPTIME vs
SlopeLog dsDNA. Frequency distribution of the response vari-
ables: c) RTIME, d) EXPTIME, and e) SlopeLog dsDNA.

togram of the three mentioned variables was plotted to make
the proper selection [Figs. 6c) for RTIME, 6d) for EXPTIME,
and 6e) SlopeLog dsDNA]. EXPTIME was chosen because
it is closer to a constant distribution than the other two vari-
ables, which is useful when a simple regression is applied.

4. Visual analysis

An essential factor in a natural convection device is the flow
velocity caused by density differences resulting from tem-
perature variations. A higher temperature difference leads
to more significant density differences, making liquid dis-
placement easier and faster. This relationship is shown in
Fig. 7a), presenting a positive correlation between AvgVel
and the temperature difference (TD-TA). Similarly, Fig. 7b)

FIGURE 7. Correlation between different PCR system variables
from the simulations. a) AvgVel vs TD-TA, b) AvgVel vs TE-TA,
c) AvgVel vs TD-TE, and d) AvgVel vs ID.
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FIGURE 8. Correlation between different PCR system variables
from the simulations. a) EXPTIME vs TD, b) EXPTIME vs TA, c)
EXPTIME vs TE, d) EXPTIME vs TD-TA, e) EXPTIME vs TE-
TA, and f) EXPTIME vs TD-TE.

exhibits a positive correlation between AvgVel and the tem-
perature difference (TE-TA). However, in Fig. 7c), although
a weak positive correlation is observed between AvgVel and
the temperature difference (TD-TA), it could be negligible
due to the scattered distribution of points around the trend
line. In addition, Fig. 7d) shows a positive correlation be-
tween ID and AvgVel, indicating that liquid flow is facilitated
in larger spaces.

Figures 8a) and 8c) show a negative correlation between
EXPTIME and temperatures TD and TE, respectively. In
contrast, Fig. 8b) shows a positive correlation between EX-
PTIME and temperature TA. This relationship is supported
by Fig. 8d) and 8e), where a negative correlation is ob-
served between EXPTIME and temperature differences (TD-
TA) and (TE-TA), respectively, opposite to the observed be-
tween AvgVel and those temperature differences. Moreover,
the correlation between (TD-TE) and EXPTIME [Fig. 8f)]
is negligible, similar to the relationship between AvgVel and
(TD-TE). In addition, it is shown that (TD-TA) and (TE-TA)
have a higher incidence on EXPTIME than the individual
temperatures TD, TE, and TA.

In Fig. 9a), a negative correlation is observed between
EXPTIME and ID, opposite to the correlation between
AvgVel and ID [Fig. 7d)]. Then, increasing the temperature
differences (TD-TA) and (TE-TA) leads to an increase in the
average velocity of the fluid (AvgVel) due to the increase of
the density differences in the fluid caused by those tempera-
ture differences, see Figs. 7 and 8. Consequently, the increase
in AvgVel decreases EXPTIME, which aligns with our objec-
tive of optimizing a natural convection device. This relation-
ship is highlighted in Fig. 9b), demonstrating a negative cor-
relation between AvgVel and EXPTIME. This reinforces the
importance of temperature differences in influencing fluid ve-
locity (AvgVel) and the subsequent reduction of EXPTIME.

In summary, the variables with the most significant inci-
dence on the target variable EXPTIME are the temperature

FIGURE 9. Correlation between different PCR system variables
from the simulations. a) EXPTIME vs ID and b) EXPTIME vs
AvgVel.

differences (TD-TA) and (TE-TA) and the inner diameter ID
because they are strongly associated. This can be attributed
to the relationship between the temperature differences and
the inner diameter with the average velocity (AvgVel) and
the relationship between AvgVel and EXPTIME. Increasing
the temperature differences (TD-TA) and (TE-TA), as well as
the inner diameter ID, causes an increase in AvgVel. Con-
sequently, the increase in AvgVel causes a decrease in EX-
PTIME. It means that in the PCR device, the renaturation
and reverse annealing, along with the direction of fluid flow,
contribute to the deceleration of reactions. However, this de-
celeration can be mitigated by increasing fluid flow velocity.
To measure the impact of parameters on the variable EXP-
TIME, a regression analysis was applied with the most in-
fluential variables: (TD-TA), (TE-TA), and ID. Considering
the available data and its behavior, a simple linear regression
is sufficient for measuring the impact of each parameter on
EXPTIME.

4.1. Regression analysis

The (TD-TA), (TE-TA), and ID data were standardized for
the regression analysis by subtracting the mean and dividing
by the standard deviation to visualize the regression residu-
als. The resulting model corresponds to Eq. (15)

EXPTIME = −1.015(TD − TA)− 2.484(TE − TA)

− 1.912ID + 20.118, (15)

where the temperature difference (TD-TA) is the most signif-
icant parameter, followed by the inner diameter ID and the
temperature difference (TE-TA), respectively. To minimize
EXPTIME, TA temperature should be decreased, thereby si-
multaneously increasing (TD-TA) and (TE-TA) temperature
differences. Also, we have the flexibility to manipulate the
TD and TE temperatures for better control over the process.
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FIGURE 10. Residuals distribution of the EXPTIME vs (TD-TA),
(TE-TA), and ID regression. a) Scatterplot of the regression resid-
uals and b) frequency distribution of the residuals.

Figure 10a) shows a scatterplot of the residuals with no dis-
cernible pattern indicating any regression issues and, for in-
stance, a reliable regression model. Figure 10b) shows a his-
togram of the residuals, which shows a closer normal shape
distribution, considered acceptable in the analysis context.

Nevertheless, the natural convection PCR has certain lim-
itations, especially regarding the TD temperature. Going be-
yond 98◦Ccan result in the degradation of chemical compo-
nents in real-life applications. However, we can still optimize
the reaction rates by adjusting the parameters ID, TE, and
TA. Another approach is reducing the heating area size (TD
zone) to minimize the time available for potential chemical
degradation, potentially allowing it to surpass the 98◦Climit.
Despite the challenges of the fluid flow direction and the rates
of renaturation and reverse annealing, the regression analysis
allows us to quantify the influence of several parameters in
the system. Then, through this analysis, we can get insights
into mitigating these undesirable effects and enhancing the

overall system performance. Moreover, the developed model
helps to optimize the PCR natural convection system. How-
ever, further enhancements can be achieved by incorporating
multiple designs or materials as parameters (categorical vari-
ables) to quantify the benefits of different designs or materials
and make informed decisions based on their effectiveness.

5. Conclusions

A methodology was proposed and applied to a natural con-
vection PCR device with a multi-physics approach to solving
the fluid flow direction that leads to slower reactions. The
visual and regression analyses help to increase reaction rates
despite the effects of flow direction. Our findings revealed
that fluid flow velocity is essential in determining the reac-
tion speed, which could be controlled by adjusting the tem-
perature differences (TD-TA) and (TE-TA), as well as the in-
ner diameter ID of the device. These temperature differences
were found to have more significant importance than the in-
dividual temperatures. The temperature differences showed
no correlation with the reaction kinetics speed. Despite the
challenges posed by the fluid flow direction, the best reaction
times achieved ranged from 18 to 21 min, allowing dozens of
simulations. This indicates that a different design, with an ap-
propriate fluid flow direction, can further improve by imple-
menting visual and regression analyses to gain insights into
the control of different operational parameters. An advantage
of this methodology framework is that it allows simulations
on mid-range computers due to the null requirement of a dis-
crete graphics card, the considered simplifications, and the
mesh size. Also, it allows the determination of the impact of
several parameters on the rate of reaction kinetics in microflu-
idic natural convection devices, therefore providing valuable
insights for device improvement. In the same way, multiple
designs could be treated as a variable to measure the impact
of a particular design, helping in the development of robust
device designs.
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