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a b s t r a c t
The use of plastic-based materials is finding new applications in the heat exchangers sector: the very 
high values of heat exchange surface ratio per volume unit, the lightness of the products and the 
lower cost achievable with plastic material are the main advantages of resorting to their use (1),(2),(3). 
The object of this study is to analyze and validate in terms of CFD and thermodynamic analysis a 
solution for the realization of high efficiency counter-flow heat exchanger (HX) consisting of extruded 
alveolar/multi-wall polycarbonate profiles with inserts. Bundles composed of multiple channels are 
commonly produced to form alveolar/multi-wall polycarbonate products/panels; several extruded 
bundles can be assembled to obtain HX with large sections, making it possible to require shorter 
paths for the fluids and lower speed of the same, and therefore less pressure losses in pumping. A 
further characteristic of the HX analyzed is that, in order to obtain high values of thermal power 
per unit of volume, instead of resorting to pumping of fluids in turbulent motion, which is an ener-
getically very expensive solution, this result is achieved thanks to the introduction, inside of the 
little channels that make up the extruded bundle, of filling profiles; those filling profiles produce 
a reduction in the passage thickness of the fluids and induce some positive effects on the nature 
of their motion: this leads to an enormous improvement of the value of the HX power per unit of 
surface. Six different CFD calculations were carried out with counterflows of 25 m3/h·m2 of water 
at inlet temperatures of 20°C and 100°C with square channels of 1 meter in length, 8 mm side and 
three different fillings, obtaining high volumetric heat transfer coefficient (in the cases examined 
up to 615 kW/m3·K) and low pressure drops.
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1. Introduction

On the market there are numerous types of extruded 
multi-wall panels in polycarbonate (or other plastic mate-
rials), usually designed to form windowed walls with high 
insulating power (Fig. 1). In fact, the extruded alveolar struc-
ture not only provides a light but mechanically robust prod-
uct, but it also shows its internal spaces divided into a high 
multiplicity of layers of channels, separated by a very thin 
plastic film, a feature that greatly improves the insulation 

capacity. In some commercial products the thickness of 
the walls of the channels is less than 0.035  mm and how-
ever the presence of frequent transversal parts (a common 
mesh of the extruded products on the market is that made 
up of channels with a section of 2.5 mm × 8 mm) gives them 
considerable mechanical resistance.

The most common characteristics of the products on 
the market can be deduced from the observation of Fig. 1: 
as can be seen, the structure is made up of channels, gener-
ally with a rectangular section, however it is easy to deduce 
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the possibility of producing extruded bundles which have 
almost any type of preferred structure.

The idea analyzed in this study is to use the innumer-
able channels that constitute the extruded bundle and 
which, given the extrusion technique, can have a discretion-
ary length, to exchange heat and constitute a counter-flow 
heat exchanger; this can be done by feeding the channels 
with the hot and cold flows arranged in a checkerboard 
pattern (preferable solution for extrusions with square sec-
tion channels) or arranged by interposed layers (preferable 
solution for extrusions with rectangular section channels). 
In order to efficiently feed and discharge fluids, a solu-
tion has been studied and found that allows, in a suffi-
ciently simple way, not only to be able to feed and drain 
fluids from and into all the numerous channels of a bun-
dle with a single feed, but also to repeat this process and 
unify the feed socket and purge to a plurality of side-by-
side extruded bundles, thus creating a bundle of extruded 
bundles fed and purged from a single feed and purge open-
ing (depicted in Fig. 2). This last opportunity is extremely 
important as it allows to increase the overall section of the 
HX almost at will in order to arrange the flow of fluids in 
the channels at a desired speed, to reduce the length of the 
channels and therefore also the drop in pumping pressure 
and so the pumping energy required.

From the point of view of thermal conductivity, as it 
is known, plastics have much lower values than those of 
metals; to be competitive, this disadvantage must be com-
pensated with lower costs and by the possibility of offer-
ing much higher exchange surfaces per unit of volume and 
very low thicknesses of the channel walls. It should also be 
noted that plastics are not suitable for use in turbulent flow 
to enhance heat exchange efficiency. This is because tur-
bulent flow requires high pumping pressures, which are 
both energy-intensive and require a sturdy structure that 
plastics cannot provide, especially with reduced thickness 
or at high temperatures.

Moreover, operating with the alveolar beams described 
above with laminar flow field, we would encounter the 

problem that the minimum internal dimensions of the 
channels obtainable with the current extrusion technology 
are too large to allow interesting values of thermal power 
per unit of volume. The solution to this problem is the 
object and the peculiarity of this study, that is to analyze 
by means of CFD simulations the possibility of improving 
the heat transfer coefficient by introducing fillings inside 
the channels which:

•	 first of all reduce the thickness that is free to the passage 
of the fluids;

•	 by slowing down the speed of the portion of flow far-
thest from the heat exchange surface, they further 
improve the ratio between the ΔT which promotes the 
heat exchange and the logarithmic mean temperature 
difference (LMTD) between the two flows.

Fig. 3 shows an exemplary front section of nine 
square-section channels and the filling. Note the presence 
on the central body of the filling of protuberances that per-
form the following functions: the central ones support the 
thin diaphragm film to better resist the pressure differences 

 
Fig. 1. Examples of extruded polycarbonate multi-wall panels 
commercially available (4).

 
Fig. 2. Illustration of a proposed solution for unifying the 
feeding and purging of several counterflow channels of an 
extruded bundle.

 

Fig. 3. Front view of a part of a bundle consisting of 9 
channels operating with checkerboard counterflows.
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that occur along their path between the counterflows of 
adjacent channels, while those in the corners, in addition to 
determining the centering of the filling, have the function 
of slowing the speed of the flow in an area not favored in 
thermal exchanges; in their absence, the greater opening 
to the passage of fluids and therefore the less resistance 
at their passage and their greater relative speed would 
entail a negative effects on the efficiency of the HX.

Note that for the purpose of calculating the heat exchange, 
the CFD analysis of a single portion of two adjacent chan-
nels is sufficient (a section of the computational domain is 
reported in Fig. 4) since only the central wall participate in 
the heat exchanges and therefore, being all the other adi-
abatic walls, the flow is not influenced by other thermal 
inputs; furthermore, all portions of the channels that make 
up the beam are absolutely symmetrical or equal.

The calculations were carried out on three different con-
figurations of a channel of 1 m in length having the side of 
8 mm with a free thickness at the passage of the fluid of 0.2, 
0.3 and 0.1 mm, identified from now on as configuration 1, 
2, and 3, respectively. The thickness of the rostrums protrud-
ing from the filling used in the calculations is 0.3  mm, the 
one of the film-diaphragm is 0.072 and 0.036  mm depend-
ing on the case considered. The two counterflows consist 
of water at the respective temperatures of 20°C and 100°C 
and have an identical flow rate of 0.2  L/h for the portion 
of the channel examined (i.e., one eighth of the channel 
section); the heat exchange surface area of the portion is 
3.6–0.3 m2 which accounts for 225.1 m2/m3.

2. Numerical modelling

The grid used for the study is made up of about 4 mil-
lion regular hexahedral elements, with mesh refinement 
in proximity of the walls and the membrane. The mesh 
features have been defined to obtain a grid fine enough 
to capture and solve all the domain details. In addition, 
the use of the second-order discretization scheme and 
the adoption of RANS models give the numerical model 
an overall accuracy adequate to predict the values of the 
desired quantities.

The modeling tool used is the CFD software ANSYS-
Fluent 2021 R2. As described in the introduction paragraph, 
a laminar flow is completely solved with mass balance, 
Navier–Stokes and energy balance equations. No other 
equations are needed, and no further model is required. 
Considering an incompressible flow, the above-mentioned 
equations result as follows:
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�
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The algorithm chosen to solve the set of equations is 
the “segregated solver” (pressure-based) with implicit for-
mulation. Using this approach, the equations are solved 
sequentially. Since the equations are nonlinear (and cou-
pled), it is necessary to perform several iterations of the 
solution cycle before obtaining a converging solution.

The simulation was performed in a steady-state motion-
and Green–Gauss Node Based method was used for gra-
dient discretization. The pressure-velocity coupling was 
handled using the Coupled (pseudo-transient active) 
method. The spatial discretization was achieved using 
PRESTO! for pressure and Second-Order UPWIND for other 
equations, providing a balanced and efficient solution to 
the transport equations.

Specific boundary conditions that describe the behav-
ior of the system at the inlets, outlets, walls, and membrane 
have been imposed. At the inlets, a mass flow rate of 0.2 L/h 
was imposed in each channel, with a temperature of 20°C 
for the cold side and 100°C for the hot side. The output was 
defined by an imposed static pressure equal to the ambi-
ent pressure. The walls were modeled as stationary with 
no slip condition and adiabatic, while the membrane was 
modeled as non-slip wall with zero mass flow and a thermal 
conductivity set to 0.2 W/(m·K).

3. Results

Global results for the main variables of interest are sum-
marized below for the analyzed configuration in terms of 
pressure drops and exchanged power. Table 1 reports the 
results obtained from the simulation that considered the 
membrane thickness equal to 0.072  mm, while in Table 2 
the membrane thickness is considered as 0.036 mm.

The tables report the temperature of the fluid leaving 
the system on both cold and hot side, as well as the pres-
sure drops across both channels, the logarithmic mean tem-
perature difference, the thermal power transferred by the 
system and the heat transfer rate per unit of volume.

As expected, the third configuration allows for the 
highest heat transfer with the drawback of having also the 
highest pressure drop. Looking at the figures shown in 
the tables above, it seems to be the least attractive geome-
try for the purpose of this work. Indeed, comparing the 
results of the three cases, the latter results in a 1.5% increase 
in power exchanged compared to the second configuration 
in face of pressure drop more than twenty times higher. 
The other two geometries face a better trade-off between 
exchanged power and pressure drops.

In a second phase, the results obtained from the numer-
ical simulations were compared with values obtained from 
empirical correlations. In particular, the value of the over-
all heat transfer coefficient between the two fluid channels 
was compared. In all configurations, given the particular 
geometry of the channels, the Nusselt number suggested by 
the literature is approximated to that corresponding to the 
case of parallel flat plates and equal to 5.39(5). From this, 
the convective heat transfer coefficient was derived, consid-
ering a hydraulic diameter of D_h = 4 × A/p and at the end 

 Fig. 4. Mesh detail: red and blue colors indicate the two 
counter-current channels while the grey region corresponds 
to the membrane film.
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the conductive resistance has been summed with the con-
vective ones obtaining the total resistance which is the recip-
rocal of the heat transfer coefficient. The same heat trans-
fer coefficient has been derived from the numerical results 
through the following formula:

U P
Stot LMTD

�
�

	 (4)

where P is the exchanged power between the two channels; 
S is the heat exchange area.

Table 3 shows the numerical values of the above-men-
tioned quantities. It can be noted that the deviation 
decreases with the increasing aspect ratio of the chan-
nels, in accordance with the hypothesis of flat plates seen 
previously.

The value of the heat exchange coefficient per unit of 
volume indicated above does not refer to the entire HX but 
only to its portion consisting of the channels; therefore it 
does not vary with the length of the ducts, while, if reference 
is made to the heat exchange value of the entire HX struc-
ture, it is necessary to take into account the space occupied 

Table 1
Results comparison between the different geometrical configurations considering a membrane thickness of 0.072 mm

Configuration 1 Configuration 2 Configuration 3

Outlet temperature cold side (°C) 96.99 96.37 97.60
Outlet temperature hot side (°C) 23.01 23.63 22.40
Pressure drophot side (Pa) 12,573.51 3,850.62 97,318.46
Pressure dropcold side (Pa) 13,189.06 4,074.85 101,202.43
LMTD 3.01 3.63 2.40
Thermal power (W) 17.86 17.71 18.00
Heat transfer rate per unit of volume (MW/m3) 1.116 1.107 1.125

Table 2
Results comparison between the different geometrical configurations considering a membrane thickness of 0.036 mm

Configuration 1 Configuration 2 Configuration 3

Outlet temperature cold side (°C) 97.88 97.26 98.49
Outlet temperature hot side (°C) 22.12 22.74 21.51
Pressure drophot side (Pa) 12,725.87 3,897.22 98,475.52
Pressure dropcold side (Pa) 13,148.33 4,062.41 100,865.61
LMTD 2.12 2.74 1.51
Thermal power (W) 18.06 17.92 18.20
Heat transfer rate per unit of volume (MW/m3) 1.129 1.120 1.138

Table 3
Comparison between global heat transfer coefficient derived from analytical equations and resulting from numerical simulation

Configuration 1 Configuration 2 Configuration 3

h (W/m2·K) 9,182.90 6,327.92 17,765.21
U_an (W/m2·K) 1,730.71 1,479.16 2,116.05
U_CFD (W/m2·K) 1,647.36 1,355.86 2,081.21
Numerical error (%) –5% –8% –2%

Table 4
Results from simulations with both meshes

Mesh A Mesh B Δ%

Outlet temperature cold side (°C) 97.5993 97.5993 0.00002%
Outlet temperature hot side (°C) 22.4007 22.4008 –0.00013%
Pressure drophot side (Pa) 97,318.46 97,322.98 –0.00464%
Pressure dropcold side (Pa) 101,202.43 101,208.64 –0.00614%
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by the supply/purge connection structure which, depend-
ing on the size of the designed section, will require an addi-
tional depth varying from 20 to 30  cm approx. Given its 
greater section of passage of fluids, the connection structure 
involves only a negligible drop in pumping pressure.

As last step, a grid sensitivity analysis has been per-
formed considering the geometry of the configuration 3 
with a membrane thickness of 0.072 mm. Two different grids 
have been tested; the first one (mesh A) has about four mil-
lion elements while the other (mesh B) has roughly eight 
million cells.

From Table 4 it can be noted that there are no relevant 
differences between the results of the simulations with two 

different grids. Thus, we can conclude that the results are 
not influenced by the mesh characteristics.

4. Conclusion

The study carried out and reported here aims to demon-
strate the possibility of reaching extremely high values 
of thermal power per unit of volume with structures as 
described above at the same time as with extremely low 
pumping values and structural costs.

The excellent values found indicate that the HX identi-
fied in the study could find interest in various applications, 
among the others:

   
 (a) (b) (c) 

 (d) (e) (f) 

Fig. 5. Temperature distribution in the section located at half of the hx length. (a–c) refer to the case in which the membrane 
thickness is 0.072  mm, respectively for configuration 1, 2, and 3. (d–f) are referred to the simulations in which the membrane 
thickness is 0.036 mm, in the same configuration order as above.
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•	 the heating of the water supplying the swimming pools 
which, according to the legislative provisions, in the 
public ones must be replaced daily for at least 5% of 
their volume;

•	 MVC desalination technology which requires very effi-
cient HX with low pumping pressure drops.

It should be noted that beyond what has been exam-
ined in this study, it is probable that the excellent results 
achieved will also be replicated by modifying the profile 
and characteristics of the fillings of the channels which can 
thus validly perform various other functions.
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