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Abstract

Polymerase chain reaction (PCR) is widely used in biochemical analysis to amplify DNA and RNA in vitro. The PCR process is
highly temperature sensitive, and thermal management has an important role in PCR operation in reaching the required temperature
set points at each step of the process. The goal of this research is to achieve a thermal technique to rapidly increase the heating/cooling
thermal cycling speed while maintaining a uniform temperature distribution throughout the substrate containing the aqueous nucleic
acid sample. In this work, an innovative microfluidic PCR thermal cycler, which utilizes a properly arranged configuration filled with
a porous medium, is investigated. Various effective parameters that are relevant in optimizing this flexible heat exchanger are investigated
such as heat exchanger geometry, flow rate, conductive plate, the porous matrix material, and utilization of thermal grease. An optimized
case is established based on the effects of the cited parameters on the temperature distribution and the required power for circulating the
fluid in the heat exchanger. The results indicate that the heating/cooling temperature ramp of the proposed PCR heat exchanger is con-
siderably higher (150.82 �C/s) than those in the literature. In addition, the proposed PCR offers a very uniform temperature in the sub-
strate while utilizing a low power.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The polymerase chain reaction (PCR) is the most com-
monly used molecular biology technique for DNA amplifi-
cation in vitro. This technique has a variety of applications
such as paternity testing, generic fingerprinting, mutagene-
sis, analysis of ancient DNA, cloning genes, detection of
hereditary diseases, genotyping of specific mutations, com-
parison of gene expression, and viral or bacterial pathogen
detection. This technique consists of three steps of denatur-
ing, annealing, and elongation, respectively. In the first
step, the DNA template is heated up to the denaturation
temperature (approximately 96 �C) and will be heated for
20–30 s to separate the DNA double strands. In the second
step, annealing, the temperature of the DNA decreases to
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the annealing temperature (approximately 50–65 �C,
depending on the primer length and percent guanine and
cytosine content) and will be kept at this temperature for
20–40 s so that the primers can anneal to the single
stranded DNA template through Brownian motion in the
solution and subsequent hydrogen-bonding [1]. In the third
step, elongation or extension, the DNA temperature is
increased to the elongation temperature (approximately
72 �C) to synthesize new DNA strands complementary to
the DNA template strands. The elongation time depends
on the DNA polymerase used and on the length of the
DNA fragment to be amplified, and it can vary from a
few seconds to few minutes. After each three-step cycle,
every DNA is doubled and so after n cycles, the DNA tem-
plate is amplified to 2n similar DNA. At the first cycle, as
an initialization step, the PCR reaction is often heated at
the denaturation temperature for a specified time to acti-
vate the DNA polymerase, after which the thermal cycling
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Nomenclature

c specific heat
dp particle diameter
Da Darcy number
F geometric function
h convective heat transfer coefficient
k thermal conductivity
keff effective thermal conductivity
K permeability
P pressure
q heat flux
t time
tcp conductive plate thickness
te exit channel thickness
ti inlet channel thickness
tp porous matrix thickness
tp,Max maximum porous matrix thickness
T temperature
u velocity
~v velocity vector

x horizontal coordinate
X dimensionless horizontal coordinate
y vertical coordinate

Greek symbols

e porosity
q density
l dynamic viscosity
t kinematic viscosity
K inertia parameter

Subscripts

f fluid
s solid
b bulk flow
w wall

Symbol
h i ‘‘Local volume average” of a quantity
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begins. Also at the end of the last cycle, as a final elonga-
tion step, the template may be heated at the elongation
temperature for few minutes.

The PCR process should be completed as fast as possi-
ble since the time decreases the activity of Taq DNA poly-
merase [2]. Slower or inaccurate temperature transition
from the denaturation step to the annealing step increases
the chance of primer–dimer formation which is the bond-
ing of the primers (forward and reverse) to each other, or
to other primers in the multiplexed reaction. It also
increases the chance of nonspecific amplification which is
bonding of the primers to sequences in the DNA template
that are not exactly complimentary to the primer [1]. Quick
cycles can be achieved by decreasing PCR dwell times. This
can be achieved using rapid thermal cyclers. As such, ther-
mal management has an important role in reaching the
required temperature rapidly while maintaining a uniform
temperature distribution along the substrate channel where
the DNA template is placed.

In the initial PCR systems, heated water baths were used
to achieve the necessary temperature cycles. Presently, one
method for conventional PCR machines to control the
temperature in the micro-centrifuge reaction tubes is by
utilizing Peltier elements, which are mounted on a metal
block. Cycling is achieved by heating and cooling the mas-
sive metal block with a maximum temperature ramp of 1–
3 �C/s. In fact, to ensure temperature homogeneity across
the whole plate, a large value of thermal capacitance of
the system is required, resulting in slow PCR cycles. In
these machines, every cycle usually takes 4 min and it takes
around 2 h to perform the full PCR process. These
machines accommodate a number of parallel reactions with
typical volumes of 10–100 lL [3]. Excessive reaction vol-
ume, high power consumption and low efficiency are some
of the barriers in the application of PCR [4].

Utilizing smaller instruments and reduced reaction vol-
umes can result in faster cycles. The miniaturized DNA
reaction chambers have advantages in integration, process
speed, efficiency, and decrease in the consumption of
expensive reaction materials. The first miniaturized PCR
appeared in 1993 [5] with simple micromachined chemical
reactors with integrated heaters for PCR in Lawrence Liv-
ermore National Lab [3]. Swerdlow et al. [6] studied PCR
in thin fluidic capillary tubes and used air forced convec-
tion for thermal management. They reported that they
could decrease the PCR cycle time from 1 to 4 h (which
is in conventional machines) to 20 min. Huhmer and
Landers [7] studied the PCR for the sample in thin glass
capillary tube using Tungsten lamp for heating and uti-
lized air forced convection for cooling thermal manage-
ment. They reported 65 �C/s and 20 �C/s for heating
and cooling, respectively. Lee et al. [1] used infrared
(IR) heating and water impingement cooling technique
for PCR in thin glass capillary tubes. They reported a
temperature rate of 65 �C/s and 80 �C/s for heating and
cooling processes. They also studied two other cooling
methods, natural convection and air forced convection,
which performed 2 �C/s and 6 �C/s temperature ramps,
respectively.

Utilizing a broad range of microfabrication technologies
and materials, miniaturized chips made of silicon, glass, or
polymeric materials such as PDMS (polydimethylsiloxane)
are being used to improve PCR efficiency [8–18]. PDMS is
the most widely used silicon-based organic polymer. In
some of the PCR microchips, continuous flow system is
used. In these devices, the DNA sample is subjected to flow



S. Mahjoob et al. / International Journal of Heat and Mass Transfer 51 (2008) 2109–2122 2111
at three constant temperature zones for three PCR steps
[19–23].

Khandurina et al. [24] utilized a compact thermal
cycling assembly based on dual Peltier thermoelectric ele-
ments coupled with a microchip gel electrophoresis plat-
form for a PCR microchip. They reported temperature
ramps of 2 �C/s for heating and 3–4 �C/s for cooling.
Lagally et al. [25] used an integrated microfluidic device
which consists of submicroliter PCR chambers etched into
a glass substrate. They used nitrogen flowing over the top
of the chip for cooling and thin film heaters and reported
cooling/heating rates of around 10 �C/s. A similar thermal
management is used in Ref. [26]. In another study by
Lagally et al. [27], the authors improved the heating/cool-
ing temperature ramps to 20 �C/s utilizing an integrated
PCR-CE device including micro-fabricated heaters and
resistance temperature detectors (RTDs) within the PCR
chambers.

Niu et al. [4] used a PDMS-glass hybrid micro PCR chip
and zigzag shaped Pt heater for heating and a fan for
forced convection cooling. They reported 10 �C/s and
4.6 �C/s as heating and cooling temperature ramps of the
sample. For DNA amplification, a PDMS-silicon chip
was designed and optimized by Bhattacharya et al. [28].
The thermal management is done by a current controller
with a power MOSFET serving as a pulse width modula-
tion device by varying the duty cycle of the gate voltage
as a switch. The heating and cooling temperate ramps are
reduced by a factor of ten from the conventional thermal
cycling machines.

Although materials such as glass or polymers are cur-
rently popular for bioanalysis in pipetted systems, silicon
has some advantages. Glass-based devices have good ther-
mal conductivity, while the conductivity of silicon is excel-
lent. In combination with thin film heaters and
temperature sensors, precise temperature control of silicon
devices is possible. Due to the existence of the semicon-
ductor industry, micro chambers can be easily fabricated
in silicon and the shape can be precisely controlled with
Fig. 1. Schematic of physical model of PCR heat exch
photolithography and etching technology. Silicon can be
combined with thin film technology for implementing sen-
sors [29]. Daniel et al. [29] utilized a silicon micro-chip
etching with a thermal design of the PCR chambers, com-
bined with thin film platinum resistors as temperature sen-
sors and heaters. They reported a cooling temperature
rate of 74 �C/s and a heating rate of 60–90 �C/s which
actually depends on the available input power. Silicon-
based thermo-cyclers have been studied by Poser et al.
[30]. They utilized a thin film heater and a fan for forced
convection cooling and reported 80 �C/s and 40 �C/s tem-
perature rates. Yoon et al. [2] fabricated silicon based
PCR chips and utilized platinum thin film micro heater.
They obtained 36 �C/s and 22 �C/s for heating and cool-
ing rates. Hofmann et al. [3] developed a miniaturized
silicon based PCR chip and utilized a miniaturized resis-
tor-based platinum heater fabricated on a Pyrex substrate.
In a recent study, the PCR system was made of silicon
micro-machined into the shape of a cantilever terminated
with a disc [31]. Thermal management was done by a thin
film heater.

In this work, an innovative PCR heat exchanger (Fig. 1),
utilizing porous inserts, is proposed and various pertinent
parameters on its performance are investigated, such as
heat exchanger geometry (exit and inlet channel thickness,
exit channel location, inclination angle, maximum porous
matrix thickness, and conductive plate thickness), the
properties of the plate and porous matrix solid parts, the
heating/cooling fluid velocity and flow rate, and utilization
of thermal grease (Tables 1 and 2). Porous inserts are
attractive choices in heat transfer augmentation. They pro-
vide a very large surface area for a given volume which is a
key parameter in heat transfer processes. Vafai et al. have
demonstrated the advantages of porous inserts in variety
of thermal transport issues such as external heat transfer
enhancement [32], regulating skin friction and enhancing
heat transfer rate over intermittently emplaced porous cav-
ities [33], biological tissue modeling [34,35], thin films [36],
isothermal surface [37], and disk shaped and flat plate heat
anger along with the silicon–glass PCR microchip.



Table 1
Investigated optimization parameters

Studied parameter Case ID Geometry

Case A (base case)

Exit channel thickness Cases B and C

Exit channel configuration Case D

Inlet channel thickness and flow rate Cases E and F

Heating/cooling fluid velocity Cases G and H The geometry is the same as that of the base case
Solid material Cases I and J The geometry is the same as that of the base case
Conductive plate thickness Case K

Utilizing thermal grease Cases L, M, N,O The geometry is the same as that of the base case
Case P (optimized case)

2112 S. Mahjoob et al. / International Journal of Heat and Mass Transfer 51 (2008) 2109–2122
pipes [38,39]. Competing technologies such as jet impinge-
ment and micro-channel cooling [40,41] were also consid-
ered in selecting the current setup.

The PCR thermal cycling performance is specified by
temperature ramp, temperature uniformity along the sub-
strate, and the required power. In earlier investigations,
only some of theses performance factors were considered
or presented. In this work, an optimized heat exchanger
is presented based on a comprehensive investigation. The
heating/cooling temperature ramps of this heat exchanger
are considerably higher than those in the literature. The
proposed device can produce a very uniform temperature
along the substrate where the DNA channel is placed while
utilizing a low input power.
2. PCR set-up

In this work, a heating/cooling microscale thermocycler,
attached to a PCR micro-chip, is investigated. The chip is
composed of a silicon substrate and a glass layer. The glass
is used for visualization and the DNA channel will be
etched in the silicon layer close to the silicon–glass inter-
face. The cross-sectional view of the physical model of
the heat exchanger, along with the PCR chip, is presented
in Fig. 1. Typical dimensions for these chips are 59.5 mm
length, 10.5 mm width, and 1 mm thickness (0.5 mm for
each layer).

The heat exchanger consists of inlet and exit channels
where heating/cooling fluid is passing through, an enclo-



Table 2
Different case studiesa

Studied
parameter

Case
ID

Exit channel thickness Inlet channel thickness Maximum thickness of
porous matrix

Velocity Flow rate Plate thickness Solid
material

Normalized
thickness

Relative to

the base case

(A)

Normalized
thickness

Relative to

the base case

(A)

Normalized
thickness

Relative to

the base case

(A)

Value
(m/s)

Relative to

the base case

(A)

Value � 103

(m3/s)
Relative to

the base case

(A)

Normalized
thickness

Relative to

the base case

(A)

A 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

Exit channel
thickness

B 0.071 0.623 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper
C 0.045 0.395 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

Exit channel
configuration

D 0.071 0.623 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

Inlet channel
thickness and
flow rate

E 0.114 1 0.229 1.6 0.162 1 2.2 1 0.314 1.6 0.095 1 Copper
F 0.114 1 0.229 1.6 0.162 1 1.375 0.625 0.196 1 0.095 1 Copper

Heating/cooling
fluid velocity

G 0.114 1 0.143 1 0.162 1 1.375 0.625 0.123 0.625 0.095 1 Copper
H 0.114 1 0.143 1 0.162 1 3.52 1.6 0.314 1.6 0.095 1 Copper

Solid material I 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Gold
J 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Silver

Conductive plate
thickness

K 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.048 0.5 Copper

Utilizing thermal grease

Silver grease,
thickness:
3 lm

L 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

Silicon grease,
thickness:
3 lm

M 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

Silver grease,
thickness:
30 lm

N 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

Silver grease,
thickness:
300 lm

O 0.114 1 0.143 1 0.162 1 2.2 1 0.196 1 0.095 1 Copper

P 0.095 0.833 0.33 2.308 0.130 0.802 0.6 0.273 0.125 0.638 0.048 0.5 Copper

a All thicknesses are normalized by chip’s width.
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sure, and a layer of conductive plate which will be attached
to the PCR micro-chip. The enclosure is filled with a con-
ductive porous medium of uniform porosity and perme-
ability. The nominal permeability and porosity of the
porous matrix are taken as 3.74 � 10�10 m2 and 0.45,
respectively. The porous medium is saturated with heat-
ing/cooling fluid coming through an inlet channel. The
inlet channel will be connected to hot and cold supply
tanks. A switching valve is used to switch between hot
and cold tanks for heating and cooling cycles. All lateral
walls and top of the porous medium are insulated to min-
imize losses.

The thermal cycling processes are as follows: first in a
heating cycle, the temperature is increased to the denatur-
ation temperature very quickly by inserting hot fluid
through the inlet channel to start the first PCR step. The
system will be kept at that temperature for a specified time
by passing the hot fluid with denaturation temperature
continuously to avoid any temperature change in the chip.
Then the switching valve is used to pass cooling fluid
through the heat exchanger at the annealing temperature
to cool the substrate very quickly to the annealing temper-
ature. The cooling fluid at annealing temperature moves
through the system until the second PCR step is completed.
Finally, the hot fluid at elongation temperature enters the
system to raise the chip temperature to the elongation tem-
perature very quickly. The hot fluid moves in the system
until the third PCR step is also completed and a PCR cycle
is completed. This heating/cooling cycling continues until
the desired DNA amplification is achieved.
3. Governing equations

Three different regions need to be analyzed for the pro-
posed system. These are, the inlet and exit channels, the
porous substrate, and the solid layers:
3.1. Inlet/exit channels

The governing equations representing transient, single
phase, incompressible flow inside the inlet/exit channels are

r �~v ¼ 0 ð1Þ

qf

o

ot
ð~vÞ þ qf~v � r~v ¼ �rp þ lr2~v ð2Þ

qfcf
oT
ot
þ qf cfð~v � rT Þ ¼ kfr2T ð3Þ
3.2. Porous substrate

For the porous medium, the transient, single phase vol-
ume averaged continuity, momentum, and energy equa-
tions are [42]
r � h~vi ¼ 0 ð4Þ
qf

e
o

ot
h~vi þ hð~v � rÞ~vi

� �

¼ �rhpif þ l
e
r2h~vi � l

K
h~vi � qfF effiffiffiffi

K
p ½h~vi � h~vi�J ð5Þ

o

ot
ðeqf cfhT i þ ð1� eÞqscshT iÞ þ qfcfh~vi � rhT i

¼ keffr2hT i ð6Þ

where,

keff ¼ ekf þ ð1� eÞks ð7Þ

F ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffi
150e3
p ð8Þ

K ¼
e3d2

p

150ð1� eÞ2
ð9Þ
3.3. Solid layers

For each solid layer of the setup, i.e. the conductive
plate and the silicon and glass, the energy equation is

qscs

oT
ot
¼ ksr2T ð10Þ

The heating/cooling fluid is liquid water with constant
properties. In order to study the heating/cooling tempera-
ture ramps, the temperature of the hot fluid is taken as
96 �C and the temperature of the cold fluid is taken as
50 �C.
4. Computational methodology

An implicit, pressure-based, cell-centered finite volume
method is used to solve the highly coupled and nonlinear
governing equations. As such, the governing equations
are discretized and linearized for each cell of the computa-
tional grid spatially and temporally. For spatial discretiza-
tion of the convection terms, second order upwind method
is used and for the diffusion terms central differencing is
applied. The temporal discretization is done implicitly with
a very small time step of 10�5 s. Resulting algebraic equa-
tions are solved using Gauss–Seidel point implicit linear
equation solver in conjunction with an algebraic multi-grid
(AMG) method in order to reduce the dispersion errors
along with increasing the speed of the computations [43].
The governing equations are solved sequentially. For this
purpose, at each time step, first the momentum equations
are solved to obtain the velocity field. Next, the continuity
equation is solved utilizing the SIMPLE algorithm for
pressure–velocity coupling to obtain and modify the pres-
sure field, mass fluxes, and velocity field. Finally, the
energy equation is solved to obtain the temperature field.
An iterative procedure utilizing under-relaxation is used.
Convergence is assumed when residuals become less than
10�6. First, the steady state forms of the governing equa-
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tions are solved. The steady state solution is then used as
an initial input for the transient form of the governing
equations.
4.1. Code validation

To validate the numerical results, they are compared to
an exact solution given by Vafai and Kim [44] for different
inertia parameters (K) with the Darcy number of 10�3, that
is

K ¼ e3=2F
ubH
tf

ð11Þ

Da ¼ 1

H 2

K
e

ð12Þ
where 2H indicates the channel height. Obtained normal-
ized velocity and temperature profiles at the midsection
of the channel are compared with that of an exact solution
[44]. The comparison indicates an excellent agreement for
velocity and temperature profiles for different inertia
parameters (Fig. 2).
4.2. Computational grid resolution study

A multi-block and structure grid is utilized for grid gen-
erations. In order to study grid independency of the results,
several grid distributions were investigated by comparing
temperature and velocity fields at various time steps. As
an example, the temperature profile for different grid reso-
lutions are presented at the silicon–glass interface, which is
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the major parameter for design of the heat exchanger
(Fig. 3). Our grid independence study indicates that a gird
resolution composed of 68,700 cells results in a grid inde-
pendent solution.

5. Results

The PCR system is investigated based on the cycling
time, uniformity of temperature at silicon–glass interface,
Table 3
Pressure drop, required pumping power, cycle time and temperature ramp for

Studied parameter Case
ID

Pressure drop Requi

Value
(kPa)

Relative to the

base case (A)

Value
(W)

A 234 1 45.86

Exit channel thickness B 381 1.628 74.68
C 673 2.876 131.91

Exit channel
configuration

D 264 1.128 51.74

Inlet channel thickness
and flow rate

E 481 2.056 151.03
F 194 0.829 38.02

Heating/cooling fluid
Velocity

G 96 0.410 11.81
H 582 2.487 182.75

Solid material I 234 1 45.86
J 234 1 45.86

Conductive plate
thickness

K 234 1 45.86

Utilizing thermal
grease

L 234 1 45.86
M 234 1 45.86
N 234 1 45.86
O 234 1 45.86

P 98.9 0.423 12.36
and the required power to overcome the pressure drop in
the system (Table 3). The cycling time is the required time
for the silicon–glass interface to reach the new steady tem-
perature with a maximum deviation of 0.25 �C. Tempera-
ture change per second, so called temperature ramp, is
the temperature change per cycling time. One of the effec-
tive parameters to optimize the heat exchanger is the incli-
nation angle, i.e. the angle of the top surface of the porous
media with respect to the horizontal line. This angle also
each case

red pumping power Cycling
time (s)

Temperature ramp

Relative to the

base case (A)

Value
(�C/s)

Relative to the

base case (A)

1 0.335 137.3 1

1.628 0.335 137.3 1

2.876 0.325 141.54 1.031

1.128 0.35 131.43 0.957

3.293 0.315 146.03 1.063

0.829 0.33 139.4 1.015

0.257 0.355 129.58 0.944

3.985 0.33 139.4 1.015

1 0.36 127.8 0.931

1 0.325 141.54 1.031

1 0.305 150.82 1.098

1 0.345 133.3 0.971

1 0.38 121.05 0.882

1 0.375 122.7 0.89

1 0.665 69.2 0.504

0.269 0.305 150.82 1.098
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affects the exit channel or inlet channel thicknesses. Other
effective parameters are the location of the exit channel,
maximum porous matrix thickness, heating/cooling flow
rate and velocity, the material utilized in constructing the
porous matrix and the conductive plate.

5.1. Heating/cooling PCR cycling

In Fig. 4, temperature distribution, at different times,
along the silicon–glass interface for the base case (A) is pre-
sented at different times in heating and cooling cycles. The
heating cycle increases the temperature from 323 K to
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369 K rapidly, in 0.335 s (Fig. 4a). The same temperature
ramp is achieved in the cooling cycle, from 369 K to
323K (Fig. 4b). The heating/cooling cycling times are con-
siderably short in comparison with those cited in the liter-
ature. The main temperature change occurs in the first 0.1 s
(Fig. 5). At t = 0.1 s, the temperature at the interface is
around 366.5 K (in the heating cycle) and 325.5 K (in the
cooling cycle), only 2.5 �C different from the required tem-
perature. In addition, a very uniform temperature exists at
the interface after t = 0.05 s (Fig. 4). As such, in what fol-
lows t = 0.02 s is selected to demonstrate the effects of dif-
ferent parameters on the highest temperature distribution
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non-uniformity. At these rates, adding a short pause at the
elongation temperature of 345 K to allow the polymerase
time to extend the entire amplicon, may be required for
long amplification sequences (At 72 �C the enzyme adds
bases at approximately 100 bp per second).
5.2. Effects of exit channel thickness

As seen in Fig. 6 and Table 3, decreasing the exit chan-
nel thickness, i.e. from case A to case C, improves the
cycling speed and the temperature ramp. In addition, a
decrease in the thickness of the exit channel results in a
more uniform temperature along the silicon–glass inter-
face. This is because the hot/cold fluid is being forced to
pass closer to the wall resulting in a more effective heat
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Fig. 6. The effects of exit channel thickness and location on the tem
transfer with the conductive plate and the silicon–glass
interface. However, decreasing the exit channel thickness
increases the pressure drop (Table 3) since the inclination
angle has been increased resulting in larger surface area
change, in the flow direction.
5.3. Effects of the exit channel location

The effect of the exit channel location is presented in
Fig. 6. Cases A and D, horizontal and vertical exits, respec-
tively, have exactly the same porous medium cross-section.
As can be seen, for the vertical exit case, heat transfer is
reduced at the corners of the porous medium over the con-
ductive plate due to the velocity distribution (Fig. 7a). For
the horizontal exit case, the hot/cold fluid can pass the por-
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Case C

Case D

perature distribution at the silicon–glass interface at t = 0.02 s.



Fig. 7. The effect of exit channel position on the streamlines through the medium (a) vertical exit channel (case D) (b) horizontal exit channel (case A).
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ous medium parallel to the wall resulting in a more uniform
temperature along the interface of the porous medium and
the conductive plate (Fig. 7b). The larger non-uniformity in
temperature for the vertical exit case results in a longer
cycle (Table 3). In addition, changing the exit channel loca-
tion from lateral to vertical increases the pressure drop
(Table 3).
5.4. Effects of inlet channel thickness and fluid flow rate

The effects of the inlet channel thickness are shown in
Fig. 8. The figure shows that increasing the inlet channel
thickness (from case A to case E) has maintained a more
uniform temperature along the silicon–glass interface while
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Fig. 8. The effects of inlet channel thickness, flow rate and fluid velocity on
increasing the temperature ramp significantly (Table 3).
However, increasing the thickness increases the flow rate,
resulting in considerably higher pressure drop in the sys-
tem. To check the effects of changing the thickness itself,
case F which has the same flow rate as case A but posses
a larger inlet thickness (similar to case E) is investigated.
Fig. 8 and Table 3 demonstrate that at constant flow rate,
increasing the inlet channel thickness results in a more uni-
form temperature and a reduction with required power.
5.5. Effects of the heating/cooling fluid velocity

Fig. 8 also displays the effects of the fluid velocity on the
silicon–glass interface temperature distribution. It can be
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the temperature distribution at the silicon–glass interface at t = 0.02 s.
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seen that increasing the fluid velocity can increase the
cycling speed while maintaining a more uniform tempera-
ture distribution. The figure indicates, although the veloc-
ity increase from case G to case A is the same as that
from case A to case H (1.6 times), the cycling speed
increases faster at lower fluid velocities. Further an increase
in the fluid velocity increases the pressure drop (Table 3).
Therefore, there exists an optimum fluid velocity for an
optimized cycling time. Comparing cases of F and G,
and also A and E, which have the same velocity but differ-
ent inlet thickness (different inclination angles) indicates
that increasing the inlet channel thickness at constant
velocity can result in faster cycling, more uniform temper-
ature and a larger pressure drop.

5.6. Effects of the conductive plate

Fig. 9 shows the effect of different solid materials (cop-
per, gold and silver) utilized for the conductive plate and
the porous matrix on the temperature profile of silicon–
glass interface (cases A, I, and J). The figure indicates that
silver and gold produce only a slightly more uniform tem-
perature distribution than the copper. Silver can reduce
the thermal cycling time but again only slightly. There-
fore, considering the cost of using silver in comparison
with that of copper, the latter is a more viable choice
for the heat exchanger. As it is expected the pressure drop
does not change when utilizing different solid materials
(Table 3).

Also, seen in Fig. 9, decreasing the thickness of the con-
ductive plate to half the base case (case K) increases the
cycle speed considerably resulting in a temperature ramp
increase from 137.3 to 150.82 �C/s (Table 3). Our investiga-
tion indicates the existence of an optimum thickness.
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Fig. 9. The effects of solid material and the thickness of the conductive plate
5.7. Effects of utilizing thermal grease

In composite solid systems, a temperature drop occurs
across the interface between solid layers due to the surface
roughness of the solids. Thermal grease is used in the gaps
to improve the thermal heat conductance at the interface
between two adjacent solids. There are many types of ther-
mal grease, such as silicon based, ceramic based and metal
based thermal grease. The silicon based thermal grease is
usually white and has a moderate thermal conductivity.
The ceramic-based thermal grease contains ceramic parti-
cles suspended in other thermally conductive ingredients.
It conducts heat better than most silicon greases. The
metal-based thermal grease contains metal particles (usu-
ally silver) and other conductive ingredients. Metal thermal
grease has a better thermal conductivity than the other
types. Two nominal thermal greases were considered in this
work: silver grease (cases L, N, O) with the thermal con-
ductivity of 10 W/mK and silicon grease (case M) with
the thermal conductivity of 0.9 W/mK. It is assumed that
the grease fills a layer between the conductive plate and
the silicon layer of the chip. The nominal thickness of the
grease layer was varied from 3 � 10�3 mm to 300 �
10�3 mm, based on the maximum roughness of the cop-
per/silicon solid materials as well as tolerance stackup in
the device/conductive plate assembly. Incorporating the
thermal resistance resulting from the use of thermal grease
has an insignificant effect on the temperature distribution
uniformity (Fig. 10) and it has a small effect on the thermal
cycling speed when the silver grease is used (Table 3).
Investigating the exaggerated thicknesses (30 � 10�3 mm
and 300 � 10�3 mm) to account for the worse case manu-
facturing scenarios indicates that even with the grease
thickness of one or two orders of magnitude larger than
0.75 1

Case A

Case I

Case J

Case K

on the temperature distribution at the silicon–glass interface at t = 0.02 s.
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Fig. 10. The effects of thermal grease type and thickness on the temperature distribution at the silicon–glass interface at t = 0.02 s.
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the literature data, the cycle time of 0.375 and 0.665 s are
achieved, respectively.
5.8. Optimized PCR design

Based on a comprehensive investigation, case P is estab-
lished as an optimum design for the PCR operation. Com-
pared to base case A, the optimum design is achieved by
increasing the inlet channel thickness and decreasing the
exit channel thickness, velocity and flow rate, and the con-
ductive plate thickness (Tables 1 and 2). To reduce the
pressure drop, the maximum thickness of porous matrix
in the optimized case is decreased such that it will result
in the same inclination angle as the base case. The optimi-
zation results in a high temperature ramp (150.82 �C/s),
low pumping power (12.36 W), and a uniform temperature
distribution at the silicon–glass interface. To demonstrate
that further changes in the geometry or properties of the
PCR design do not result in any additional improvements,
many additional cases were systematically analyzed. Case P
was established as the optimum design as a result of these
investigations.
6. Conclusions

An innovative and comprehensive methodology for
rapid thermal cycling utilizing porous inserts was presented
for maintaining a uniform temperature within a PCR
microchip consisting of all the pertinent layers. An opti-
mized PCR design which is widely used in molecular biol-
ogy is presented for accommodating rapid transient and
steady cyclic thermal management applications. Compared
to what is available in the literature, the presented PCR
design has a considerably higher heating/cooling tempera-
ture ramps and lower required power while resulting in a
very uniform temperature distribution at the substrate at
each time step. A comprehensive investigation of various
pertinent parameters on physical attributes of the PCR sys-
tem was presented. All pertinent parameters were consid-
ered simultaneously leading to an optimized design.
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