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Abstract

This research paper focuses on analyzing the potential use of natural convection
as an alternative or primary method for temperature control in polymerase chain
reaction (PCR). PCR is used to amplify copies of DNA and is considered to be
one of the most important processes of molecular biology. Computational fluid dy-
namics(CFD) simulations will be used to model and analyze the thermal behavior
of PCR systems. The usage of such methods is a great alternative to experimental
data. The research seeks to understand the temperature distribution in the nat-
ural convection PCR system. Hence, provide a great insight into the yet unclear
connection between natural convection and PCR efficiency. The results will have
many applications, such as enhancing the efficiency, efficacy and performance of
PCR machines

Keywords: Polymerase chain reaction, TAQ polymerase chain reaction, natu-
ral convection, computational fluid dynamics, DNA copying
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1. Introduction

The polymerase chain reaction (PCR) has revolutionized molecular biology and
various scientific disciplines by providing a powerful tool for copying specific DNA
sequences. Accurate temperature control is necessary during the PCR process.
Thermocyclers are employed to precisely regulate temperature cycles, but they
can be expensive and require significant power consumption. In recent years, nat-
ural convection has emerged as a promising alternative for temperature control
in PCR, as it offers potential energy efficiency and cost savings. This research
paper aims to analyze the performance of PCR under natural convection condi-
tions using computational fluid dynamics(CFD). By studying the thermal effects
of natural convection on PCR performance, we seek to evaluate the feasibility and
effectiveness of natural convection as a viable alternative for maintaining stable
and uniform temperatures during PCR.

CFD simulations provide a powerful tool for investigating fluid flow and heat
transfer phenomena, making them suitable for analyzing the thermal behavior of
PCR systems. By leveraging the capabilities of CFD, we can model and study
the complex fluid dynamics and heat transfer mechanisms that occur during PCR.
These simulations allow us to visualize and analyze temperature distribution, flow
patterns, and heat transfer rates within the reaction system, providing valuable
insights into the effects of natural convection on PCR performance.

One crucial aspect of PCR performance is the accurate and uniform distribution
of temperature within the reaction mixture. Temperature variations can lead to
incomplete or inaccurate amplification, compromising the reliability and accuracy
of PCR results. Natural convection dictates temperature distribution within the
reaction system. Understanding the impact of natural convection on temperature
profiles is crucial for optimizing PCR performance.

To conduct this research, we will develop a computational model that simu-
lates the fluid flow and heat transfer in a PCR system under natural convection
conditions. The model will be based on a Finite Volume Method (FVD). We will
derive a set of equations describing the physical properties of the PCR in natural
convection.

The findings of this research will provide valuable insights into the connection
between natural convection and PCR performance. By relying solely on CFD
simulations, we can thoroughly investigate the thermal effects of natural convection
without the constraints of experimental limitations.

1.1 Purpose of the study

The outcomes of this research will have significant implications for the design
and optimization of PCR systems. The findings can guide the development of
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PCR devices that use natural convection for efficient temperature control, leading
to cost-effective, energy-efficient solutions. Furthermore, these advancements can
facilitate the integration of PCR technology into portable diagnostic platforms and
resource-limited settings, enhancing the accessibility and affordability of molecular
diagnostics. Which are of great importance for countries in development.

2. Biomolecular structure

Polymerase Chain Reaction is a technique in molecular biology that allows for the
amplification of specific segments of DNA. It has transformed the field of genetic
research in early 1990. By repeatedly cycling through a series of heating and
cooling steps, PCR can generate millions of copies of a target DNA sequence.

PCR was originally developed for the detection of mutations in the HBB gene
causing sickle cell anemia and by mistake revolutionized the field of molecular
biology. This breakthrough involved the enzymatic amplification of the -globin
gene using radioactive-labeled oligonucleotides and restriction analysis to identify
inherited mutations. Later on, PCR was then utilized for genotyping HLA-DQ
alleles. Subsequently, PCR found widespread clinical use in fields such as clinical
genetics and microbiology, enabling the detection of viral and bacterial infections.
The finding of multiplex PCR, allows simultaneous amplification of amplicons
of different lengths and laid the foundation for large gene panel libraries used
in next-generation sequencing. Another significant advancement occurred when
TAQ PCR was employed to amplify DNA from single sperm cells [1], leading to
its application in forensic science and assisted reproduction [2]. PCR became fully
quantitative with the development of real-time monitoring techniques, enabling the
precise analysis of nucleic acids. This led to the emergence of gPCR and RT-PCR
(reverse transcription PCR) for RNA studies, which became the gold standard
for quantitative nucleic acid analysis. In addition to end-point PCR, qPCR, and
digital PCR (dPCR), various PCR variants have also been developed, including
bridge PCR [3]. The scope of this research paper’s interest is mainly the usage of
TAQ PCR for the amplification of DNA.

2.1 Initial mixture

The basic procedure of polymerase chain reaction is fairly simple and involves a se-
ries of steps. Initially, the DNA sample is collected and prepared for amplification.
To initiate the amplification process, the DNA sample must first be mixed with
a deoxynucleoside triphosphate (ANTP) set, which includes dATP, dGTP, dCTP,
and dTTP. These dNTPs, also known as free nucleotides, serve as the building
blocks for DNA replication [4].
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Figure 1. Denaturation phase of the PCR

Next, a pair of oligonucleotide primers is added to the mixture. These primers
are short DNA sequences that are designed to be complementary to the 5 and
3’ ends of the target DNA template. They provide a starting point for DNA
polymerase to initiate replication and amplify the desired DNA region.

The DNA polymerase, usually TAQ polymerase, is then included in the reac-
tion mixture. TAQ polymerase is derived from the bacterium Thermus aquaticus
and is capable of withstanding the high temperatures required for the PCR pro-
cess. It is responsible for synthesizing new DNA strands by adding complementary
nucleotides to the primers.

To ensure optimal conditions for the PCR reaction, a reaction buffer is added
to the mixture. The buffer maintains the pH and ion concentration at appropri-
ate levels throughout the reaction, providing a stable environment for the DNA
polymerase to function effectively.

Additionally, cofactors such as magnesium ions (Mg*") are included in the
reaction mixture. Magnesium ions are essential for activating the TAQ polymerase
and enabling its enzymatic activity during DNA replication.

2.2 PCR phases

After the assembly of the initial mixture, the three copying phases take place:

1. Denaturation phase - In the denaturation phase, the PCR reaction mixture is
heated to a high temperature, typically around 94°C. The purpose of this step
is to separate the double-stranded DNA into two single strands. At elevated
temperatures, the hydrogen bonds between the complementary base pairs (A-
T and G-C) holding the DNA strands together are broken, resulting in the
denaturation of the DNA template. [5]

2. Annealing phase - After denaturation, the reaction mixture is cooled to a
temperature ranging from 50°C to 65°C. This temperature allows the primers
to anneal or bind to their complementary sequences on the single-stranded
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Figure 3. Extension phase of the PCR

DNA template. The primers are designed to be specific to the target DNA
region, enabling them to hybridize to the desired template sequence. [5]

3. Extending - Once the primers have successfully annealed to the DNA tem-
plate, the temperature is raised to around 70°C to 75°C. At this temperature,
the DNA polymerase, along with the added ANTP s (deoxynucleotide triphos-
phates), extends the primers by synthesizing new DNA strands complementary
to the template. The DNA polymerase enzyme catalyzes the addition of the
appropriate ANTP s (dATP, dGTP, dCTP, and dTTP) to the growing DNA
strands, following the complementary base-pairing rules.

The PCR cycle amount depends on the template of DNA, the reaction mix, and
the expected yield of the product. Usually, the mixture is put through 25 — 40
cycles. After the last cycle, the samples must be incubated at 72 °C' for 5 — 15
minutes. The incubation phase allows TAQ Polymerase to add an extra nucleotide
to the 3’-ends of the products.[6]

3. Mathematical structure

The first mention of natural convection-driven PCR namely CPPCR was intro-
duced by Hwang et al [7] in early 2000s. The yet unknown potential of such PCR
procedure was quickly unrevealed through the next years. Usually, a very simple
form of convection called Rayleigh Benard convection is used [8]. The Rayleigh
Benard (RB) convection occurs when the fluid is heated from below and cooled
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from above. The temperature difference between the top and bottom surfaces
leads to density variations, which drive the formation of convection cells or rolls
in the fluid [9]. This sometimes leads to the formation of stable RB convection
cells (Benard cells) where liquid flows in circles through the system and meanwhile
creates a cell-like shape [10].

Convection is usually divided into two main modes. The two modes are rep-
resented by the flow’s turbulent characteristic. Usually, PCR is only performed
in the so-called laminar mode, where multiple PCR layers move up and down
through the system essentially going through all the PCR phases due to the heat
change. Recent studies have shown that instead a much more complex and turbu-
lent (chaotic advection) mode can be used to accelerate the DNA amplification.
[11]

3.1 Physical properties

3.1.1 Laminar Flow

As already mentioned, usually the laminar flow is used. The only problem with
laminar flow is that it is hard to ensure, as the temperatures are very large. For
example, flows that exceed Ra > 10° [12] are usually considered turbulent (Check
11th equation for the definition of Ra). The designs of laminar flow natural con-
vection are greatly described in [13].

3.1.2 Turbulent Flow

Turbulent flows include fluid flow where irregular and chaotic motion is present.
Due to its nature, the thermal stability of such flows is usually not present. Hence,
many recent research papers have shown that this could greatly impact the quality
and the speed of the PCR. For example in the research [14] one of the first turbulent
systems was proven to be successful. Earlier papers such as [15] have proposed
much simpler yet still effective designs.

3.2 Convection equations

The convection will be placed in a container full of liquid. The liquid can therefore
be assumed incompressible. Moreover, we describe the flow of the liquid in the
container using the Cauchy momentum equation [16].

Du

pE:—Vp+V-T+fout (1)
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(u is liquid velocity vector field, 7 is the stress tensor, p is pressure scalar field,
four are outside forces, p is the initial density of the liquid)

Note: The derivative % 15 usually called material derivative and is used in such

form

D 0

— =—+4u-V. 2

Dt ot ( )
Since the liquid in consideration is mainly water, we can assume that the liquid
is Newtonian. Therefore the stress tensor 7 is a normal viscous tensor and can be

written in the form
T = pViu, (3)

(p is dynamic viscosity). We have derived the incompressible Navier-Stokes equa-
tion
Du
p——=—Vp+ uV?uU+ fou. (4)
Dt
The continuity equation must not be disregarded. The standard continuity equa-
tion can be written in the form
Dp
— V-u)=0. 5
4 p(V ) (5)
Since we had already assumed the liquid to be incompressible, the equation gen-
eralizes into

V-u=0. (6)

The conservation and distribution of the heat throughout the liquid can easily be
described using the convection-diffusion equations

DT

pCp—- =V - (AVT) + @, (7)

Dt
(C'p is specific heat capacity, A is thermal conductivity constant). We can disregard
® or the heating from the microscopic effect of viscous dissipation, as we expect it
to be ® ~ 0 [17]. The rest of the equation can therefore be written in the following
form

or A
— 4+ u-VT = —VT.
o TV pcpv (8)
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The last thing that we must consider is the connection between the convection-
diffusion equations and the Navier-Stokes equation. We can do that by using the

Boussinesq approximation. The density difference is said to be so small H % H <1

that it can be disregarded on every part of the Navier-Stokes equation besides the
outer-forces part which is ultimately responsible for the flow of the liquid. The
approximation arises from the fact that the inner acceleration of the liquid is much
smaller than the acceleration of the liquid by the outside forces. The outside forces
four are therefore written in the form

fout = Apg = _pB(T - Tref)g.}7 (9)

(B is the volumetric thermal expansions coefficient and 7T, is a reference temper-
ature, j is a unit vector pointing in y direction).

Let Q C R? be a bounded domain of the system. The following system is
considered for every t > 0

Du 1 9 N

., — — T_Tre

D pr+/N u+ gjB( f)
V-u=0 (10)
DT Ao

— = —V-T.

Dt pCp

In the following sections, two dimensionless numbers will be used. Firstly, Rayleigh
Number which is given by

Ra = 98P P(T — To) a1

Ap

Secondly, Reynolds number which is given by the equation

b Pl p(maxgyeo |[ull2)!

’ . (12)

Last, but not least the Nusselt number will be used. The number measures the
ratio between convective and conductive heat transfer [18].

Nu:1+/ Tu-dS (13)
oN

3.3 Numerical method

For the best results, we must use a fully conservative numerical approximation.
We will use a locally conservative method called Finite Volume Method [19]. We
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must discretize the domain €2 in n so-called control volumes denoted by V; C €2,
where 0 < ¢ < n, such that

Uvi=2 Nu=0 (14)

The general solution will represent the solutions of all control volumes. For each
control volume, we must ensure the continuity equation and full conservation of
energy. Thus, we should write the equations in the integral form, so the fluxes on
all the bounds of the control volume cancel out. The flux integrals can be obtained
using the divergence theorem. We can approximate the solutions of the surface
integrals using the midpoint rule.

/ u-dS = Z n; - uAS;. (15)
v;

S;COV;

The rest of the derivatives can be written in the form of a finite difference scheme.
Hence, the integral form of terms, that can’t be turned into a surface integral can
be approximated as such

ou u
—dV = —AV. 16
v. Ot At (16)
The pressure gradiant can be calculated using the pressure projection method. Us-
ing the Helmholtz decomposition we can fastly derive the pressure Poisson equation
(Note: u is the calculated velocity field without the pressure gradient).

. V . ﬁi,j
AL
The convergence issues caused by the pressure projection method can easily be re-

solved using the staggered grid. The staggered grid is obtained by shifting pressure
gradient discrete points in comparison to the liquid velocity field discrete points.

V?p (17)

3.4 Hyperviscosity term

We quickly notice that natural convection with large numbers produces an unstable
and turbulent system. Even the system with smaller numbers(Ra & 10°) produces
turbulent results.

Usually, such schemes become so unstable at Ra > 107 that the solution is
unobtainable. Many stabilizing factors have been proposed through the years.
For the purpose of this study and the complex geometry used, the so-called "Hy-
perviscosity” term will be used [20]. A higher-order artificial Laplacian term is
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added to the Navier-Stokes equation to introduce numerical dissipation. We will
use V* operator to introduce the dispersive effect. Let v = ch?®, where h is the
distance between computational nodes and ¢ a user-defined constant, be a small
hyperviscosity constant. The Navier-Stokes equation is now given by

Du 1

= ——Vp+ uV*u+ gjB(T — Tyey) + 7V (18)
Dt Po

4. Results and discussion

In this section, we will analyze the designs of natural convection-driven PCRs.
Most of the simulations were performed in Python based on the derived algorithm.
For complex geometries, C++ Medusa library was used [21]. The derived finite
volume method uses predefined mesh while Medusa uses meshless algorithms to fill
the grid with discrete points. RBF-FD [22] has been used as a primary algorithm
for numerical approximation with Medusa library.

The results will be compared to non-convective PCR systems. The designs and
structure of the following convection-driven PCRs are described in [11]. Usually,
the PCR mixture consists mainly of water and therefore the simulation parameters
will be those of water. The results will be compared mainly based on the heat
distribution, Rayleigh number, Nusselt number and the speed of the fluid.

Cp 42007 Denaturation Annealing
A [)_{;i’{ 94°C 56°C
p | 1000% \
e 9.8% -

* Extending

— A~k &
Lo 9.1-1073.% 70 °C

Y
B | 207-10 6%

4.1 Convection in a capillary tube

A capillary convective PCR platform (CCPCR) is the most common system for
PCR in natural convection. In the aforementioned technique, a capillary tube is
used. The tube is usually placed horizontally [23], but vertical designs have also
been made [24]. For the purpose of this study, the tube will be horizontally aligned.
The bottom of the tube is usually heated to 94°, while the top part is either heated
to 56°C' or stays at room temperature. The heat establishes a simple Rayleigh
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Figure 4. CCPCR at 60s Figure 5. CCPCR at 90s Figure 6. CCPCR at t>120s

Benard convection [11]. The convection creates a system where the PCR mixture
flows in circles throughout the whole tube. A stable heat distribution is usually
considered, although it has been shown that turbulent convection can also greatly
affect the speed and the quality of the PCR [25]. Let 2 = [0,0.023] x [0, 0.02] be
a bounded domain of the following system:

Ttop
u=10 on 02
0T =0 .
=~ Tbottam = 94°C
Tbottom Eop = 5600

Standard Neumann boundary conditions are applied to the left and right walls
9L — .

. The Figure 4.,5. and 6. clearly show that the system is stable. The heat
distribution is not changing much instead it allows for a nice laminar convective
fluid flow. Usually, each PCR cycle (all three phases) takes 3-5 minutes, here cycle
time differed based on the DNA position in the convection, therefore the time must
be well controlled as when the cycle number exceeds 45 circles nonspecific bonds
are being created. [26].

The maximum value of a cycle time at a somewhat constant speed (¢ > 200s) is
around 480s, average time is on point with a non-convective PCR at 370s. What is
often disregarded is that while the circle time is similar, the convection is slightly
faster as the cycle time on none convective PCRs excludes the cooling phases. As
for the heat analysis, we can clearly see that every part of the fluid undergoes a
heat phase change. The PCR must be preheated for at least 2 minutes as seen by
the picture, as by then the convection becomes very stable and does not have an
osculating behavior like at the start (Note: occasional unsmooth graph behavior is
usually a byproduct of hyper viscosity).
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Sometimes a slightly different scheme is considered [23]. Instead of heating the
fluid from the bottom and the top, we heat the fluid at annealing temperatures at
the top and the bottom, as well as heat the fluid at denaturation temperatures on
the left and right boundaries. Similar results are expected.

4.1.1 Turbulent System

The instability at high Ra numbers in CCPCR systems can be exploited for a
turbulent CPCR design. The quick temperature changes can quickly accelerate
the cycle number. Moreover, the turbulent system produces quick results. Unfor-
tunately, the expected yield has not yet been researched, and therefore we can not
be sure if such PCRs are also as effective as none turbulent CPCRs and traditional
PCRs. The following design will use similar parameters as those of the laminar
CCPCR system. The first usage of a turbulent PCR system was proposed by the
study [15]. Consider the following domain © = [0,002] x [0,0.02].

One can clearly see by Figure 7,8,9 that the flow is turbulent and unordered.
This means that the speed is also unstable, providing a fully unstable system as
seen by the graph. Heat distribution and thus cycle amount is quickly changing
meaning one must be very careful. The average cycle temperature was calculated
on the region ' = {(z,y) € R? : 2? 4+ y* = 0.01%}

The biggest issue is that the cycle number is unordered, therefore unpredictable
and so it is far more important to quickly stop the PCR process. For example,
the shortest cycle time was 0.9s (Note: the number was calculated using previous
interaction extrapolation of liquid). This means that 40 cycles can be done in as
little as 6 minutes,
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Figure 10. Triangluar CPCR

4.2 Convection in an enclosed loop

Even though CCPCR systems are very simple and can work very well, they usually
do not produce stable results. They are also hard to control, as even the smallest
change in the size of the system can have an enormous impact on stability. Thus,
a more sophisticated method was developed. The method includes a closed loop,
usually made of pipes. There are many different geometric shapes of such method,
including triangles, rectangles, circular, and U shape loops [27]. The sense of
control is also given by the fact that the loops are usually heated from 2-4 sides,
which establishes a nice uniform convection.

4.2.1 Triangular loop

Triangular CPCR systems are perhaps the most used enclosed loop systems. They
are usually designed in a way where three heaters are placed on each side of a
triangularly shaped system. The middle is usually empty or a field with an isolating
material. Such a system is very stable, but unfortunately quite complex, especially
due to a need for a three-heating setup. The design proposed by [28], matches
a non-convective PCR performance very well, as the transition between phases
almost perfectly matches up the non-convective PCR system. Similar designs
were also proposed by [29] and [30]. Let 2 be a triangular domain.

The convection is very stable. The heat distribution allows the liquid to un-
dergo all three stages equally fast.

4.2.2 Rectangular and circular loop

The mentioned triangular system is quite complex. Hence, a much less complex
system, similar to CCPCR can be used. Both rectangular and circular loop systems
have similar performance on small domains, therefore a results from the circular
loop will be used. On large domains, circular systems are slightly more stable as
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suggested by the [31]. We have also compared rectangular and circular domains
and found that the circular domain has slightly better stability on domains larger
than D = [0,0.1] x [0,0.1] (Note: the reason for this might also lie in the numerical
method).

We have slightly adjusted a circular loop design proposed by the study [32].
The systems using rectangular domains have had a fair share of articles, similar
designs can be found in almost any paper on CPCR [33] [28]. Let Q2 = {(z,y) €
R? : 22 + y? > 0.007* A z,y < 0.01} be a circular domain and let T' = {(z,y) €
R?:0.007 <z < 0.01 A0.007 <y < 0.01} be a rectangular domain. The designs
usually use two heaters and so the following boundary conditions are considered

u=0 ondD
Tip = 94°C
1 Tbottom = 56°C (19)
oT
\ on =0 on aDinner A al)left,right

One can also use Robin boundary conditions for the inside boundary.
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Full laminar stability quickly establishes on circular domains as seen by the
flow speed graph and Figure 12. Heat distribution only changes slightly after the
convection enters a stable phase, thus one can easily predict the speed of a cycle.
Our conditions produce short cycles, therefore a slightly larger domain should be
considered for better results.

4.3 Convection in a disk

Convection in a disk reactor is used quite rarely. It has only ever been described
a couple of times. Namely, in the following articles [34] and [35]. Since the design
of the reactor is not widely used, we are not going to analyze it in depth. In
short, a heater is placed inside a rectangular or circular system. The design itself
is therefore quite complex, but the energy loss might be smaller in comparison to
other PCR systems. The convection can also get unstable fairly quickly.

0,T

4.4 Performance analysis of the convection systems

Even with gathering a lot of data, it is hard to say which of the designs is the best.
The system type choice heavily depends on the specific case. Thus the only logical
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comparison is heat distribution-based comparison. Moreover, we should compare
temperature distribution per cycle between different systems.

Average Temperature

380 - 1 |— Turbulent CCPCR
Non-turbulent CCPCR

——  Triangluar CPCR

360 |- 4 |— Circular CPCR

340 8

Temperature [K]

320 - :

|
0 02 04 06 08 1
Cycle [n]

One can see that the output is similar for all laminar designs, thus mainly the
stability of the design matters. Furthermore, a loop-based reactor might be used
instead of a CCPCR when more liquid and more DNA yield is expected, but even
then the CCPCR scheme works well, if and only if it is stable enough.

5. Conclusions

Since the early 2000s, numerous designs for natural convection polymerase chain
reaction (PCR) systems have been proposed, leading to continuous improvements
over the years. These advancements have brought natural convection PCR reactors
to a point where they have surpassed the capabilities of typical (traditional) PCR
reactors. In our study, we conducted a thorough analysis of the efficiency of the
three most important designs: capillary-tube-based, disk-based, and closed-loop-
based CPCR reactors.

The results of our analysis have demonstrated that the simplest C CPCR sys-
tem produces remarkable efficiency and stability, to the extent that it can re-
place current non-convective PCRs. Moreover, these CCPCR systems offer cost-
efficiency compared to traditional PCR reactors, which can be very expensive. Re-
cent studies have even indicated that capillary tubes, a crucial component in these
systems, can be produced at a low cost [36]. Ignoring the price factor, closed-loop
CPCR systems can achieve further improvements in efficiency by utilizing closed-
loop designs, which are not only highly efficient but also provide ease of control.
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The high stability of these systems allows for effortless parameter adjustments,
including cycle time, velocity, and temperature modifications.

The utilization of computational fluid dynamics(CFD) technology has proven to
be highly efficient and accurate in the context of natural convection PCR systems.
The difference between simulation results and laboratory conditions is minimal,
confirming the reliability and efficacy of CFD simulations. As a result, conducting
simulations using the derived system of partial differential equations can facilitate
additional enhancements in the technology.

5.1 Further development

While the study has successfully demonstrated the effectiveness of natural con-
vection PCR systems, it is important to note that most of the fluid parameters
were disregarded in the analysis. Therefore, future studies can focus on conduct-
ing an in-depth analysis of PCR mixture properties and their impact on system
performance. Including factors such as fluid viscosity, thermal conductivity, and
diffusivity can provide valuable insights into optimizing the efficiency and accuracy
of CPCR reactors. By including a comprehensive examination of PCR mixture pa-
rameters, we can seek further improvements and thus, higher efficiency of CPCR
systems.
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