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Abstract—PCR analysis is one of the most widely used techniques for molecular diagnosis due to its high specificity and
sensitivity. This technique subjects a mixture of enzymes and
nucleic acids to thermal cycling to amplify DNA fragments.
However, one of the main limitations is the development time
of new and better devices which can be expensive. Computer
simulation is required for a faster and cheaper way to design,
test, and optimize new devices. We present a numerical analysis
of a microfluidic device that generates convection flows through
constant temperature gradients in capillary tubes. This model
can predict the temperature gradients, flow velocity, pressure,
species transport, species concentration and the PCR reactions
in the device. We observed that thermal gradients affect the
PCR amplification speed due to the generated flow rates which
determine the time that the sample is in the different temperature
zones.
Index Terms—PCR, COMSOL, Natural Convective Flow Simulation

I. I NTRODUCTION
Polymerase Chain Reaction (PCR) is widely used in medical
genetics and in several areas of biological science. This technique copies fragments of specific DNA sequences through
thermocycling a reaction mixture of nucleic acids. The mixture
contains oligonucleotide primers which are complementary to
the DNA sequences, deoxynucleotide triphosphates (dNTPs),
DNA polymerases, and samples of DNA with the sequence of
interest.
PCR consists of three main steps [1], [2] that are repeated
multiple times as shown in Fig. 1 and the list below:
•

•

Denaturation: The mixture is heated to a temperature of
approximately 95°C. At this temperature the hydrogen
bonds of the double stranded DNA (dsDNA) become
unstable which causes their denaturation.
Annealing: At approximately 55°C the primers bind to
the complementary DNA sequences of the single stranded
DNA (ssDNA) forming primer-ssDNA complexes.

Extension: At approximately 75°C DNA polymerases
extend the primer DNA in the presence of dNTPs to
synthesize the complementary DNA sequence.
Microfluidic devices for PCR have a significant advantage
over traditional devices due to their small size, smaller volumes are used which makes changes in temperature faster and
easier to perform and maintain [3], [4]. Multiple designs have
been developed such as continuous flow PCR [4], [5] and
convective flow PCR [3], [6], [7] devices.
Efficient design of this kind of devices is necessary but
it takes a lot of time and efforts to accomplish. Given that,
computer simulation is needed to accelerate the process of
designing and optimizing microfluidic devices. In this work we
present a numerical analysis for a convective flow PCR device
in capillary tubes from a multi-physics approach that couples
heat transfer, fluid flow and PCR chemistry. Since we need natural convection flow a viscous and incompressible fluid with
density changes independently of pressure (density changes
are only due to temperature changes) is modeled. Also, the
applied temperature zones in the system are held constant.
Transport of species and reaction kinetics is implemented
which makes the model able to analyze how the temperature
gradients and velocity flow affects the PCR kinetics.
•

II. M ETHODS
A. Simulation Software
Simulations were perform using COMSOL Multiphysics 5.3
software, which provides a multi-physics simulation environment, the modules that were used are Creeping Flow, Heat
Transfer in Fluids, Chemistry, Transport of Diluted Species
and Nonisothermal Flow coupling from Multiphysics.
COMSOL Multiphysics utilize finite element method analysis which is widely used to solve several physical problems.
This type of numerical analysis divides a given domain into
subdomains in which each one a solution to the problem is approximated with polynomials and their respective derivatives.
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alerts that some parts of the mesh were too larger than the
geometry itself. The meshing process generated:
•
•
•
•
•

Number
Number
Number
Number
Number

of
of
of
of
of

vertex elements: 60
edge elements: 3600
boundary elements: 122760
elements: 502855
domain elements: 519643

D. Fluid Model
Steady-state Navier-Stokes equations (1) and steady-state
continuity equation (2) are used to model fluid motion.
Gravitational force and pressure-independent density changes
(density changes are only due to temperature changes) are
considered. The inertial term of the Navier-Stokes equations
is dropped (ρ(u·∇)u = 0) due to the low velocities generated
by natural convection and the small length scale of the fluid.


2
0 = ∇ · −pl + µ(∇u + (∇u)T ) − µ(∇ · u)l + F + ρg
3
(1)
∇ · (ρu) = 0

(2)

Where u,ρ, µ and p are the velocity vector, density, dynamic
viscosity and the pressure of the fluid respectively.
Boundary no-slip condition and no wall movement were
considered for all simulations. Water is at rest at the initial
condtion for all simulations.

Fig. 1. PCR amplification process. Image taken from [1].

B. PCR Device
AutoCAD software was used to create a CAD model of
a 64mm long, 0.797mm inner diameter and 1.092mm outer
diameter borosilicate glass capillary tube in the shape of a
triangular closed loop with three aluminum thermal conductors
enclosing tube segments corresponding to the three PCR steps
mentioned above, see Fig. 2.
Liquid water is the fluid used to be inside the capillary tube
and the properties of all materials are calculated from COMSOL’s internal database and are dependent of the temperature.
C. Geometry and Meshing
The CAD model of the capillary tube was exported to
COMSOL with the Livelink for AutoCAD module.
An automatic finer mesh was generated on the entire geometry by COMSOL, larger meshes caused COMSOL to display

Fig. 2. CAD model of the capillary tube for convective PCR with three
aluminum thermal conductors (colored in blue) maintained at constant temperature corresponding to the different PCR steps.

E. Thermal Model
Steady state Heat equation (4) is used to model the heat
transfer between three different zones that are held at constant
temperature as shown in Fig. 2 and the fluid inside the capillary
tube.
ρCp u · ∇T + ∇ · q = Qj

(3)

q = −k∇T

(4)

Where Cp , T , k and u are the heat capacity, temperature,
thermal conductivity and the velocity of the fluid respectively.
Qj is the rate of heat generated in the device, everywhere
is zero except at the three temperature zones defined in the
surface of the aluminum zones colored in blue in Fig. 2.
As mentioned above, three temperature zones were defined,
each one corresponding to one step of the PCR process, see
Fig. 2. Multiple simulations were made applying different
temperatures in the three zones, see Table I. The rest of
the device is considered to be at 20◦ C and 1atm at initial
conditions for all simulations.
F. Transport of Diluted Species Model
A time-dependent model is used for the transport of species,
convection is also considered, see Eq. 5.
∂ci
+ ∇ · (−Di ∇ci ) + u · ∇ci = Ri
∂t
Ni = −Di ∇ci + uci

(5)

Where ci , Di , Ni and Ri are the concentration, the diffusion
coefficient, the mass flux diffusive flux vector, and the net
production rate of species which is calculated with the PCR
kinetics model and the chemistry module. Properties of species
are defined in Table II.

Fig. 3. Domains in the simulation: water domain is colored in blue,
borosilicate capillary glass tube encloses the water domain.

G. PCR Kinetics

A five-step PCR kinetics model was taken from [7] and is
used in this work. The model uses five chemical species which
are used to describe: denaturing, renaturing, annealing, reverse
annealing and extension processes, see Eqs. 6.

TABLE I
T EMPERATURE ZONES AND ID
Temperature zones
TD(◦ C) TA(◦ C) TE(◦ C)
92
55
70
92
55
72
92
60
70
92
60
72
95
55
70
95
55
72
95
60
70
95
60
72

Simulation ID
SIM 1
SIM 2
SIM 3
SIM 4
SIM 5
SIM 6
SIM 7
SIM 8

k

+

D
−
→
Denaturing/Renaturing: S1 S2 −
←
−−
−
− S1 + S2
−

kD

+

k

A
−
→
Annealing/Reverse Annealing: S1 + P2 −
←
−−
−
− S1 P2
−

kA

+

k

A
−
→
Annealing/Reverse Annealing: S2 + P1 −
←
−−
−
− P1 S2
−

(6)

kA

k

Extension: S1 P2 −−E→ S1 S2
k

TABLE II

Extension: P1 S2 −−E→ S1 S2

S PECIES PARAMETERS
Species
Diffusivity
Initial concentration
P1 and P2
1 × 10−9 m2 s−1
3 × 10−5 M
S1 and S2
1 × 10−10 m2 s−1
0M
S1P2 and S2P1
1 × 10−10 m2 s−1
0M
S1S2
1 × 10−10 m2 s−1
5.71 × 10−10 M
a Diffusivity constants were taken from [7].

Where S1 S2 represents dsDNA, S1 and S2 represent ssDNA,
P1 and P2 represent forward and reverse primers and S1 P2 and
P1 S2 represent the primer-ssDNA complexes. Subscripts of the
forward and backward reaction rates: D, A and E represent
denaturing, annealing and extension processes respectively.

Reaction rates are given by Eqs. 7.

!
k0+
T − 361.15
=
1 + tanh
2
5

!
T − 348.15
k0−
−
kD (T ) =
1 + tanh −
2
5

!
+
T
−
335.65
k
+
kA
(T ) = 1 1 + tanh −
2
5

!
T − 339.15
k1−
−
1 + tanh
kA (T ) =
2
5

2 !
T − 343.15
kE (T ) = k2 exp −
5
+
kD
(T )

(7)

I. Data processing

where T is the Temperature in Kelvin and the k ′ s coefficients are
k0+ = 12.5s−1
k0−

= 106 M −1 s−1

k1+ = 5 × 106 M −1 s−1
k1−

(8)

−4 −1

= 10

of each one of the species over time from 0 to 30 minutes with
1 minute time-steps.
• Each stationary study: Solved 226013 degrees of freedom
(DOFs) plus 98871 internal DOFs.
• Each time dependent study: Solved 207165 degrees of
freedom (DOFs) plus 65107 internal DOFs.
Simulations were separated into two type studies due to the
scale of the system, if a time-dependent study is performed
with all the modules coupled (fully-coupled) the thermal
equilibrium will be reached in a short period of time and
due to this the velocity field of the fluid stops varying and
computational resources are wasted calculating this and other
quantities.

s

k2 = 0.32s−1 .
The difference in the units of the k ′ s coefficients is due
to the order of the reaction, first-order reactions depend on
the concentration of one species and have a reaction rate
coefficient with units of s−1 , second order reactions depend
on the concentration of two species and have a reaction rate
coefficient with untits of M −1 s−1 .
Diffusivity and initial concentrations of the different species
can be found in Table II.
H. Simulation
Design of the device was made in AutoCAD, exported
to COMSOL and an automatic finer mesh was created. The
necessary modules were imported and configured with the
conditions and considerations mentioned above.
Creeping flow module and Heat transfer in fluids module
were coupled with Nonisothermal Flow from Multiphysics
module and a stationary-study was performed with those
modules. A parametric sweep function was used to perform
multiple simulations varying the temperature applied in the
three different temperature zones, see Fig. 2 and Table I.
The stationary-study calculates the velocity field of the fluid,
the average flow velocity of the fluid and the temperature
distribution in the system.
The chemistry module and the transport of diluted species
moduled were coupled and a time-dependent study was performed with those modules and uses the velocity field of the
fluid and the temperature distribution in the system calculated
with the stationary-study. Time-dependent simulations were
performed for each combination of temperatures shown in
Table I. The time-dependent study calculates the concentration

The time-dependent simulations calculated the concentration of the different species over time for each combination of
temperatures in Table I. The behavior of the dsDNA (S1 S2 )
concentration over time is the same as that obtained in qPCR
assays. These assays have 3 phases, a baseline (first phase)
that gradually transitions to an exponential region (second
phase) and a plateau region (third phase) that indicates that the
amplification rate is decreasing due to the lack of a reagent.
The second phase or exponential phase is the one that
matters because it allows us to measure the efficiency of
the reaction by taking the base-10 logarithm of the dsDNA
concentration divided by the initial dsDNA concentration as
shown in Eq. 9 and calculating the slope of the linear part
(exponential part before the transformation).

log-dsDNAt = log

[dsDNA]t
[dsDNA]t=0


(9)

Python programming language was utilized to calculate the
slope of the linear part of the log-concentration of the dsDNA.
Ordinary least-squares method was used to obtain the slope.
In addition, the time T taken from t = 0 to the time when
the linear part ended was stored (it corresponds to when the
exponential phase ends).
III. R ESULTS AND D ISCUSSION
The average flow velocity, the slope of the linear part of the
dsDNA log-concentracion and the time taken to the end of the
exponential phase for each simulation are summarized in Table
III. In addition, Table III shows that the higher average flow
velocity, the higher the slope of the log-dsDNA concentration
and the shorter the time it takes to end the exponential phase.
The velocity profile is parabolic for each simulation, giving
us greater velocities in the center of the channels, as an
example see Fig. 4.
Temperature distribution in the fluid is always distributed
in the way we want because the system reaches thermal
equilibrium, as an example see Fig. 5.
Fig. 8 is a specific example of the reaction kinetics behavior obtained from the simulations and we can see that
a denaturation and renaturation process is always occurring.

Fig. 6 shows the dsDNA concentration over time from all
simulations. Fig. 7 shows the dsDNA log-concentration over
time from all simulations, steeper line plots correspond to
higher calculated slope values and more efficient reactions.
In Table III we see that SIM 2, SIM 5 and SIM 6 are the
best performing simulations, they have the higher slope values
of the dsDNA log-concentration and the shortest time taken
to the end of the exponential phase (linear part of the logconcentration) of the dsDNA concentration.

TABLE III
AVERAGE FLOW VELOCITY (AVG V), SLOPE OF DS DNA
LOG - CONCENTRATIONS ( LOG - DS DNA) AND T IME (T)
ID
SIM 1
SIM 2
SIM 3
SIM 4
SIM 5
SIM 6
SIM 7
SIM 8

AvgV (mm/s)
1.247
1.341
1.018
1.114
1.328
1.422
1.098
1.195

log-dsDNA
0.199
0.245
0.177
0.194
0.216
0.237
0.189
0.189

T (min)
19.594
17.706
21.715
20.881
17.894
17.942
21.786
20.890
Fig. 5. Temperature of the fluid sections generated at T D = 95°C, T A =
55°C and T E = 72°C.

Fig. 4. Velocity profile generated at T D = 95°C, T A = 55°C and T E =
72°C.

Fig. 6. Concentration of dsDNA of all simulations from t = 0 to t = 30
minutes.

IV. C ONCLUSION
Computer simulation is a great tool for developing, testing
and optimizing new devices because it is less time consuming
and cheaper than trial and error experiments. The model
framework done in this work is capable of capturing the
thermofluidic influence on the reaction kinetics and can be
used to find the optimal parameters to work with.
It was found that the magnitude of the average flow velocity
can affect the performance of the reaction kinetics, and for
most efficient reactions it is necessary to maximize the average
flow velocity. SIM2, SIM5 and SIM6 were the best performing
simulations, in approximate 17 18 minutes the PCR reactions
were carried out.
What is wanted from the PCR reactions is to increase the
performance and minimize the time that it takes to be done and
the results obtained from SIM2, SIM5 and SIM6 show that the
temperature parameters (temperature applied for denaturation,
annealing and extension zones) used for these simulations
were optimal.
The main reason to build the simulated device is the short
period of time it takes to perform the reactions. And with the
correct operating parameters, reaction times can be minimized.
In this work the most optimal parameters found were for
SIM2, SIM5 and SIM6, see Table I and III.
Fig. 7. Log-Concentration of dsDNA
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Fig. 8. PCR Reactives concentration from t = 0 to t = 30 minutes at
T D = 95°C, T A = 55°C and T E = 75°C.

