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Abstract The paper presents an experimental investigation of a silicone
based heat exchanger, with passive heat transfer intensification by means
of surface enhancement. The main objective of this paper was to experi-
mentally investigate the performance of a heat exchanger module with the
enhanced surface. Heat transfer in the test section has been examined and
described with precise measurements of thermal and flow conditions. Re-
ported tests were conducted under steady-state conditions for single-phase
liquid cooling. Proposed surface modification increases heat flux by over
60%. Gathered data presented, along with analytical solutions and numer-
ical simulation allow the rational design of heat transfer devices.
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Nomenclature

A – surface of heat transfer, m2

cp – specific heat, J/kg K
D – jet orifice diameter, m
F – flow orientation correction factor
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h – channel height, m
k – total heat transfer, W/m2K
LMTD – logarithmic mean temperature difference, K
ṁ – mass flow of fluid, kg/s
Nu – Nusselt number
P – pressure, Pa
Pr – Prandtl number
∆P – pressure drop, Pa
Re – Reynolds number
SD – jet orifice surface, m2

T – temperature, K
v – velocity, m/s
V̇ – volumetric flow rate, m3/s
q – heat flux, W/m2

Q̇ – heat flow, W

Greek symbols

α – heat transfer coefficient, W/m2K
δ – thickness of membrane, m
ρ – density, kg/m3

λ – thermal conductivity, W/mK
µ – dynamic viscosity, Pa s
ν – kinematic viscosity, m2/s

Superscripts

c – cold
h – hot

1 Introduction

Nowadays, increasing efficiency of energy utilization became a universal
trend both in industry and households. It’s driven both by the rising cost
of energy resources and environmental considerations. Significant gains can
be made also in these areas by increasing the efficiency of energy utilization,
i.e., recovering low-grade waste heat [1], or improving process efficiency [2].
Boiling and condensation are associated with large rates of heat transfer
because of the latent heat of evaporation and because of the enhancement
of the level of turbulence between the liquid and the solid surface [3,4].
Achieving of high heat fluxes can be obtained by means of numerous tech-
nologies: microchannels [5], microjets [6], hybrid microjet-microchannels
[7], etc. The high convection of jet impingement commonly prolongs the
heat flux range where partial boiling is available [8].

The passive enhanced techniques include: artificial surface roughness,
including protrusions, sand grains, and knurling; displaced promoters, such
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as flow disturbers located away from the heat transfer surface; vortex gener-
ators, like twisted tape insert, coiled wires inserts, threads, internally coiled
tubes. It is a well-known fact that any enhancement technique will intro-
duce additional fluid pressure drop, and often the ratio of pressure drop
increase is larger than that of heat transfer enhancement [9,10]. Hence it
is very important on how to quantitatively evaluate the thermohydraulic
performance improvement for a given enhancement technique. Performance
evaluation is normally made by comparing the performance of the enhanced
surface with a corresponding referenced structure [11].

The heat exchanger effectiveness is defined by the ratio of the actual
enthalpy change of working medium to the maximum enthalpy difference
attainable under ideal working conditions. The efficiency of heat exchangers
is often taken as a decisive parameter in process design [12]. The detailed
project and optimization should take account of the problem requirements,
such as durability, operating temperature, volume of the heat exchanger,
required material, cost, and so on, which possess a major impact on the
selection of technical solution and project profitability ahead of design [13].
The industrial processes require a new generation of heat exchangers which
have better performance and exclude all shortcomings of the currently used
constructions while maintaining low investment cost [14]. Highly compact
and highly efficient heat exchanger constructions are investigated to de-
velop highly efficient systems [15,16].

The modeling and models validation for heat exchangers used in the
various process is an important task towards optimal system design. Mod-
els, currently used in the literature, are capable of predicting the working
parameters, and system response [17,18]. Cost-effectiveness and increasing
efficiency lead research towards new technologies of heat transfer enhance-
ment in heat exchangers design. One of the methods is to reduce the plant
investment cost by replacing conventional metallic heat exchangers with
plastic components, due to its lower mass and cost [19]. Unfortunately, op-
timization and design improvement of heat exchangers are very challenging
tasks. Experimental studies aimed at optimizing their geometries tend to
be costly and time-consuming because of a considerable number of geomet-
rical parameters [20,21].

As mentioned earlier, enhancement of the heat transfer and its predic-
tion is an essential step in the design of a variety of devices in the power and
process engineering. This study focuses on obtaining experimental values of
heat transfer in the silicone-based heat exchanger. The primary objectives
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of the present study are to:

• provide an experimental database for single-phase forced convection
on the enhanced surface,

• recognize the effect surface enhancement on heat transfer and pressure
drop,

• provide an experimental database on the silicone-based heat exchanger,

• provide a guide for selecting a suitable surface enhancement for spe-
cific fluid flow regime.

2 Test facility

The present study shows results of steady-state heat transfer experiments,
conducted for single phase cooling in order to obtain working fluids tem-
peratures and heat fluxes. It consisted of the heat exchanger, fluid supply-
ing system, the measuring devices, constant temperature bath, and chiller.
The cold working fluid was fed by a pulsation-free gear pump from a sup-
ply tank. The desired fluid flow rate was obtained by means of the power
inverter and flow control valve. Detailed view of heat exchanger module is
presented in next section.

The temperature was measured at the inlets and outlets of the heat
exchanger by T-type thermocouples. All thermocouples are pre-calibrated
with a dry box temperature calibrator. They are connected to the National
Instruments data acquisition set. The signal from thermocouples was pro-
cessed with the aid of the LabVIEW application [22]. Heat is supplied by
a constant temperature bath in a hot water circuit. Total power input is
determined by measuring the volumetric flow rate and temperature rise.
During tests, the heat exchanger was capable of dissipating up to 232 W.
The entire setup was thermally insulated.

The heat source is a laboratory grade ultra-thermostat with electric
heater power of 2000 W, with temperature stability of ±0.05 ◦C. Ultra-
thermostat can operate with different working fluids, i.e distilled water,
water solutions of glycols and silicone oils. Thus it is possible to obtain
a wide range of parameter change and study the influence of fluid proper-
ties on the present system. Cold water circulates in a second circuit with
heat rejection controlled by an industrial grade chiller.

The feed pump is a magnetic gear pump – Verder VS120. The use
of magnetic drive means that the device fully impermeable. It allows the
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pump to operate at a high pressure, high temperatures, with chemically
reactive media, such as glycols, saline, fluorinated agents, etc.

The flow rate is measured using a Coriolis mass flow meter, the advan-
tage of this type of measurement is a simultaneous measure of the mass
and density of the pumped liquid. Heat is supplied to them by the water
circulating in a constant temperature bath. The total power of the heat
exchanger is determined by the mass and energy balance. Measurements
take place in steady-state conditions, in order to exclude the heat capacity
of the casing of the system. The amount of heat transferred is determined
at each measurement point.

Pressure drop measurement is carried out at the cold water circuit us-
ing the piezoelectric smart differential pressure transmitter. Microprocessor
control enables temperature and hysteresis compensation, also it allows to
provide an extended linear temporal stability. The measuring range of
the transmitter is from 5 kPa to 500 kPa, and the measuring accuracy is
0.065% FS (full scale). The pressure at the inlet and outlet of the heat
exchanger is also measured using conventional pressure transducers. At
the inlet, an absolute pressure transducer with a measuring range of 0 to
400 kPa is mounted. At the outlet gauge pressure transducer with the
range of 0–600 kPa is installed. This along with measured barometric pres-
sure allows for the exact determination of the parameters of the fluid in the
measuring point and doubling the measured pressure drop. It is important
to verify the operation of the system and capture any hardware failure.
On the side of the hot fluid, the temperature at the inlet and outlet of
the heat exchanger, is measured by means of thermocouples T in class 1.
Also a control gauge pressure transmitters in the range 0 to 2500 kPa and
accuracy of 0.3% FS are installed at the inlet and outlet.

As part of the thermal and flow measurement the following parameters
are recorded: the hot fluid temperature at the inlet (T ′

h) and outlet (T ′′

h ) of
the exchanger, the temperature of the cold fluid at the inlet (T ′

c) and outlet
(T ′′

c ) of the exchanger, and volumetric flow rate of the two fluids, and also
the pressure at the inlet and the outlet of the heat exchanger.

In order to determine the reliability of the experimental results, an un-
certainty analysis was conducted on all measured quantities as well as the
quantities calculated from the measurement results. Uncertainties were es-
timated according to the standard procedures described by the National
Institute of Standards and Technology (NIST) [23]. Overall, the uncer-
tainty in the calculated Nusselt number is lower than 29%. Uncertainties
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of the other calculated variables are shown in Tab. 1.

Table 1: Experimental parameters.

Parameter Value Unit

Medium water –

Flow rate 0.016–0.006 kg/s

Pressure 120 kPa

Surface area 4 × 10−4 m2

Temp. cold in 280.6 K

Temp. hot in 313.1 K

Channel height 4 × 10−3 m

Plate thickness:

Aluminium 1 × 10−3 m

Silicone 0.515 × 10−4 m

Thermal conductivity:

Aluminium 207 W/mK

Silicone 149 W/mK

3 Heat exchanger design

The research object is a micro heat exchanger, a recuperator type, see
Fig. 1. Its essential core is a series of plates. Various geometries are created
by introducing plates and spacers with different thickness. These plates are
made of polytetrafluoroetylene (PTFE). Heat exchange between the work-
ing fluids is performed through plate made of the aluminum alloy EN AW-
1050A, with a heat exchange surface of 4 × 10−4 m, or 5.50 × 10−4 m thick
polished silica plate. Because the compression of spacers and membranes
may cause some distortion in the collector (made with PMA) to prevent
leakage between the channels of the collector seal with high-temperature
silicone compound was applied. Same types of plates with enhancement
surface are shown in Figs. 2 and 3.

In Fig. 2, a SEM photo is shown from etched silicon under direc-
tional conditions. The random nanostructures are made by a DRIE using
the black silicon method [24,25]. These surfaces were manufactured on



Heat transfer and pressure drop characteristics. . . 133

Figure 1: View of the tested heat exchanger.

silicon wafers using a combination of random nanostructuring processes,
microlithography, and thin hydrophobic polymer coating. The spikes are
5×10−6 m in height and a few microns in width. The origin of micromasks
is caused by native oxide, dust and so on which is present on the wafer be-
fore etching. But, it is also formed during the etching because silicon oxide
particles coming from the plasma are adsorbing at the silicon surface or
because of the oxidation of the surface together with the angle-dependent
ion etching of this oxide layer. Another source of particles during etching
which will act as micromasks is the redepositioning of mask material due
to imparting ions. The root mean square of the standard height deviation
of a surface scan on a polished wafer is typically less than 1 × 10−9 m.

Gathered was data for four heat exchanger plates during experiments,
i.e., polished aluminum, knurled aluminum, polished silica, and ion charged
plasma silica, fastened in the heat exchanger module. Figure 4 presents heat
exchangers hydraulic characteristics for selected geometries of cold water
flow. As expected, the pressure drop for various enhancement techniques
was indistinguishable in selected flow range.
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Figure 2: Scanning electron microscope (SEM) image of the silica plate with enhance-
ment.

Figure 3: SEM image of the aluminum plate with enhancement.



Heat transfer and pressure drop characteristics. . . 135

4 Experimental data reduction

Wilsons plot method is a graphical way of calculating heat transfer coef-
ficient of given working fluid, based on the total heat transfer in the heat
exchanger for varying fluid flow rate [17].

Figure 4: Hydraulic characteristics of the tested heat exchanger.

During thermal measurements, hydraulic characteristics of test heat ex-
changer were gathered. Obtained results are presented in Fig. 4. Further
analysis is focused on the flow range from 0.006 to 0.016 kg/s what corre-
sponds to Reynolds number from 500 to 1200. As can be seen pressure drop
is not linear in that region, therefore turbulent flow is expected, mainly due
to inlet effects at the manifold.

Fluid overflows the heat exchangers membrane from both sides. Thus
the heat exchange surface is, in fact, the wetted surface of membrane, i.e.,
4 × 10−4 m2. Flow arrangement has a co-current pattern. If we also as-
sume a constant heat flux on the heat exchange surface, thus logarithmic
mean temperature difference can be used as an acting temperature gradient
between two fluids. It can be written as

LMTD =
(T ′

h − T ′

c) − (T ′′

h − T ′′

c )

ln

(
T ′

h − T ′

c

T ′′

h − T ′′

c

) . (1)
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The heat flux can be written as

q = F k LMTD . (2)

The correction parameter (F) is calculated based on the obtained temper-
ature differences in crossflow heat exchangers. Due to the low flow rate
variations during the experiment, the correction factor value was always
close to 1, and it was assumed as constant in further calculations. Then
the total amount of heat transferred is

Q̇ = q A . (3)

Based on calculated heat flux, the total heat transfer coefficient is calculated
from Eq. (5). For further calculations, heat absorbed by cold medium was
taken into account. The heat exchanger was capable of exchanging up to
100 W of thermal energy at LMTD of 30 K, corresponding to 245 W/m2

heat flux.

Figure 5: Experimentally obtained heat flux in the heat exchanger for LMTD of 30 K,
with various heat transfer membranes in function of hot fluid Reynolds number.

Direct comparison of experimentally obtained heat flux density with vari-
ous materials and surfaces is presented in Fig. 5. Non-modified reference
was used to evaluate the effect of the enhanced surface on heat transfer.
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During tests, constant temperature difference at inlets was kept. Due to
the variations on the outlet of the heat exchanger, LMTD was in the range
from 31.6 to 30 K. As can be seen the plane silicone plate yields lowest
results due to its perfectly flat surface. Reference aluminum plate was well
grinded, which will result in surface roughness two orders of magnitude
higher than the reference silicone plate.

Surprisingly, the black silicone – ICP treated silicone introduces only
5 µm surface roughness, but due to the large increase of surface area, trans-
ferred heat was over 50% higher than in the plane silicone plate, and over
20% higher than the plane aluminum plate. Knurling applied on the alu-
minum plate increases its surface by approx. 10% with the selected pattern,
therefore the difference between both aluminum plates can be attributed
only to the increased surface area.

In order to calculate the heat transfer coefficient we can assume identi-
cal surface area on both sides of the heat exchanging surface therefore total
heat transfer coefficient can be expressed as

1

k
=

1

αc
+

1
λ
δ

+
1

αh
. (4)

Nusselt number correlations are usually formed based on the well-known
Dittus-Boelter correlation

Nu = C0 Ren Prm , (5)

where C0, n, and m are experimental factors whereas Nusselt, Reynolds,
and Prandtl numbers are described as

Nu =
αD

λ
, Re =

ρV̇ D

µSD
, Pr =

µcp

λ
.

After rearranging Eq. (8) heat transfer coefficient takes the form

α = C0

(
ρV̇ d

µSD

)n (
µcp

λ

)m ( λ
D

)
. (6)

For specified flow geometry and constant fluid properties in the specified
temperature range, Eq. (9) simplifies to

α = C1V̇
n, (7)
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where C1 is a constant and V̇ is fluids volumetric flow rate. Thus, the heat
transfer coefficient of a cold fluid, while sustaining constant flow parameters
on the hot fluid side, can be written as

1

k
=

a

V̇ n
c

+ b , (8)

where a = 1/Cc
and b = 1

λ
δ

+ 1
αh

. Therefore the heat transfer coefficient is

a linear function of volumetric flow rate of the cold fluid, where coefficient
a is functions gradient and fb is an ordinate as depicted in Fig. 6.

Figure 6: Graphical scheme for calculating heat transfer coefficient by Wilsons plot
method.

Based on experimental data and given data reduction procedure it is pos-
sible to calculate the heat transfer coefficient on the hot fluid side. Due to
the low Reynolds numbers and inlet manifold geometry, it can be assumed
that the flow is in the mixed-turbulent regime. The n parameter to which
the flow rate is raised usually ranges from 0.6 to 0.7, but best results are
obtained if the experimental fit of this coefficient is carried out. In pre-
sented cases, this coefficient was selected as 0.7. The value of ordinate is
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calculated by extrapolation of experimental data to the vertical axis, which
corresponds to infinite heat transfer coefficient of the cold fluid. With the
negligible low thermal resistance of a membrane, the ordinate is a heat
transfer coefficient of the hot fluid. The scheme for calculating the heat
transfer coefficient is presented in Fig. 6, which presents the linear regres-
sion values for experimental series grouped in constant cold fluid velocities.
The intersection of the linear extrapolation of experimental data yields the
heat transfer coefficient on the hot fluid side. The resulting heat transfer
coefficient of hot fluid from experimental data was calculated by Eq. (7).
The heat transfer coefficient calculations by Wilson’s method were con-
ducted for the experimental parameters grouped in Tab. 1. The main error
of approximation comes from the root mean square error of linearization
depicted in Fig. 6, which for the experimental conditions yields 99.96% to
97.26%. Therefore assumed discrepancy associated with the measurement
error is assumed to be below 30%.

The doubled height of the channel (2h) was taken as a characteristic
dimension in calculating the Nusselt and Reynolds number.

Figure 7: Graphical scheme for calculating heat transfer coefficient, for the case of cold
fluid jet Re = 1200.

Figures 8 and 9 present experimental data series with experimental Nusselt
number values, calculated with Wilsons plot method, for constant cold fluid
velocity, and 7 ◦C supply temperature. Experimental data were collected
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for hot water was a heat supply for constant temperature level of 40 ◦C.

Figure 8: Comparison of Nusselt number values obtained in case of plain and enhanced
aluminum plate in function of cold fluid Reynolds number.

As can be seen for low Reynolds numbers, obtained Nusselt numbers for
enhanced and reference plates are similar, within the error of the method.
The advantage of the enhanced surface is more pronounced on the higher
flow rate. Therefore suggesting that heat transfer coefficient is also in-
fluenced by included surface modification. And the increased amount of
transferred heat is attributed not only to the larger surface area. As can
be seen the surface enhancement during the ion charged plasma technique
provides an enhancement in the whole tested flow range. Alternatively,
knurling provides measurable effects only in higher fluid flow rates. It is
possible that the dimples created by knurling are blocking the flow in near
wall region for low fluid velocities and only in higher flow rates, where it acts
as a turbulence promoter, flow turbulence level is increased by a separation
and reattachment mechanism. Due to the Wilsons plot error obtained heat
transfer coefficient values depend on the experimental data fit, as explained
earlier.
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Figure 9: Comparison of Nusselt number values obtained in case of plain and enhanced
silicone plate in function of cold fluid Reynolds number.

5 Conclusions

As the first step of this work, an experimental study was undertaken in
order to obtain accurate pressure drop values during the water flow in heat
exchanger module. The range of experimental conditions covered were:
four mass velocities and four different surfaces. The existing experimental
facility allowed to run tests under the experimental campaign acquired over
200 experimental points.

The study revealed that proper selection of the heat exchanger material
and passive enhancement technique is of primary importance. Selection of
ion charged plasma technique for passive heat transfer enhancement can in-
crease the heat transfer rate up to 50%, with unnoticeable effect on pressure
drop.
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