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1. Introduction

Printed circuit heat exchangers (PCHESs) have been
previously investigated regarding their ability to
enhance heat transfer rates [1-4]. The performance of
heat exchangers has been evaluated using both
experimentation and computational fluid dynamics
(CFD) simulation [5, 6]. Prior studies have attributed
the observed or estimated changes in heat transfer or
pressure to the geometric configuration of the heat
exchangers [7-10]. Other studies considered PCHE
performance and resultant heat transfer enhancements
on the basis of PCHE shape characteristics (e.g., S-
shape or airfoil) [11-15]. Previous researches on
PCHEs commonly aimed to change the channel shape
to enhance the heat transfer while reducing pressure
loss in planar characteristics. However, PCHEs with a
three dimensional channels are believed to have an
advantage that could make mixing flow with enhanced
heat transfer. In the present work, a new type of channel,
i.e., a tangled fluid channel that can exhibit three-
dimensional fluid flow behavior is investigated to figure
out the enhancement of heat transfer with
turbulentization generated by its unique geometry. This
study expects to be based on the application on sodium
intermediate heat exchanger.

2. Methods

2.1 PCHE geometry

The dimensions of the PCHE investigated in this
study were 225 145 4.5 mms, and the heat
exchanger was made of stainless steel. The PCHE
consisted of three metal plates that were stacked
sequentially. Fig. 1(a) shows the model created by
computer-aided design, and Fig. 1(b) shows the real
plates. As depicted in Fig. 1, the top and bottom plates
were etched with a wavy shape. The middle plate was
different from top and bottom plates; although the
channel configuration was two-dimensional for the top
and bottom plates, those of the middle plate made it
possible to achieve a three-dimensional flow. The main
feature of the middle plate was the numerous holes
located at regular intervals. These holes mix the flow at
a low flow rate. The ultimate aim of this PCHE was to
create turbulent flow even though the flow regime was
laminar.
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Fig. 1. (a) The exploded configuration in a part of the
PCHE and (b) the divided plates of the PCHE.

2.2 Computational fluid dynamics simulation

In this study, a CFD simulation was performed using
the ANSYS CFX 17.0 software. To determine the effect
of the Reynolds number on turbulence occurrence,
Reynolds numbers ranging from 50 to 2,000 were
considered (the transition of flow characteristics is
observed in this range). For steady-state simulation
conditions, a consistent timescale was used for each test
to ensure reliable results.

Figure 2 shows a magnified view of an individual
unit component. It was hypothesized that any geometric
effects would occur at the mixing zones (designated as
Zone 7 in Fig. 2). Within each individual unit
component, the flow bifurcates upon exiting Zone 1,
follows the channel through Zones 2—-6, and recombines
upon entering Zone 7. In Zone 7, the inclined crossed-
path flow causes a mixing effect. This flow pattern may
result in turbulence even with low Reynold numbers.
Because the geometry of each individual unit
component was symmetric in the virtual y-z plane, only
half of the unit component (i.e., Zones 2-6) was
considered in the simulation. Thus, in this study, the
degree of the turbulence and  subsequent
turbulentization was quantitatively determined for
Zones 1-7 in Fig. 2. Because the turbulence was
irregular, statistical rather than deterministic methods
were used.
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Fig. 2. Magnified view of an individual unit component.

The meshes used in the CFD simulation were
controlled using an ANSYS meshing tool. Figure 3
shows the final meshes for the unit component. Mesh
tests that check for differences in inlet and outlet
temperatures and pressures were conducted for select
areas of the unit component. Mesh characteristics,
including inflation or element size, were adjusted until
the simulation results showed <1% deviation from the
previous mesh test result.
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Fig. 3. Unit component mesh to support CFD
simulation.

3. Results

Figure 4 depicts an individual unit component’s
velocity streamlines for different Reynolds numbers.
The velocity streamline legend was unified using
logarithmic scales for all Reynolds number ranges. The
streamlines visually confirmed non-mixed laminar flow
for Reynolds numbers <400. For Reynolds numbers
>400, however, the streamlines gradually began mixing
near the unit component’s outlet (in Zone 7 in Fig. 2).
As the streamline passed through the mixing zone, heat
transfer was assumed to increase. Although this analysis
visually confirmed the hypothesized mixing effect,
further quantitative methods are required to determine
the degree of turbulence and associated turbulentization.
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Fig. 4. An individual unit component’s velocity
streamlines for different Reynolds numbers.

To quantitatively determine the degree of turbulence
and associated turbulentization, a CFD simulation was
performed for Zones 1-7 of the unit component (see Fig.
2). The turbulentization was subsequently calculated
using the results of the simulation. Figure 5 shows the
calculated turbulentization for Zones 2—7 and for
different Reynolds numbers. The turbulentization for
Zone 1 is not included in Fig. 5 because the CFD
simulation could not adequately describe the uniform
flow phenomenon at the unit component’s inlet.

Derived from the turbulence model, turbulentization
is determined by a numerical value of 1 [16]. When its
numerical value is >1, the turbulence kinetic energy
produced is more dominant than the turbulence kinetic
energy dissipated (recall that turbulentization is defined
as the ratio of the turbulence kinetic energy produced to
the turbulence kinetic energy dissipated). Some caution
may be warranted, however, when defining turbulence
under these conditions. The thermal-hydraulic
performance, reflected as heat transfer or pressure loss,
resembles turbulent rather than laminar flow in the
dominant region of turbulence kinetic energy
production. In this study, however, non-mixing zones
such as Zone 4 became a mixing zone when multiple
unit components were serially connected to form a
long-length tangled fluid channel. This finding suggests
that turbulentization may be more prevalent.
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Fig. 5. An individual unit component’s calculated
turbulentization for different Reynolds numbers and for
Zones 2—7.

Figure 6 shows heat transfer (expressed as a Nusselt
number) and pressure loss (expressed as various friction
factors) as a function of the Reynolds number for an
individual unit component. The second friction factor is
classically defined for laminar flow in a circular tube
with a Reynolds number <2,300 and is determined as
64/Re.

The heat transfer rate changed at a Reynolds number
of 200; the slope of a heat transfer rate increased for
Reynolds numbers >200. Also at a Reynolds number of
200, the slopes of the two friction factors (f and f =
64/Re) substantially diverged. These graphical results
suggested turbulent flow for Reynolds numbers >200,
which is well below the Reynolds number of 2,300
commonly used to define turbulent flow. This
discrepancy suggests the need for further investigation
(qualitative ~ and  quantitative)  regarding  the
determination of laminar or turbulent flow.
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Fig. 6. Heat transfer and pressure loss as a function of
the Reynolds number for an individual unit component.

4, Conclusion

In this study, we evaluated the flow characteristics in
a single unit component of a tangled fluid channel using
both qualitative and quantitative methods. Analysis
using non-dimensional parameters and graphical
visualizations were used to qualitatively determine the
flow characteristics in a single unit component. Results
indicated that the heat transfer rate (expressed as a
Nusselt number) changed at a Reynolds number of 200;
the slope of a heat transfer rate increased for Reynolds
numbers >200. Also at a Reynolds number of 200, the
slopes of the two friction factors (f and f = 64/Re)
representing pressure loss substantially diverged. These
qualitative results suggested turbulent flow for
Reynolds numbers >200, which is well below the
Reynolds number of 2,300 commonly used to define
turbulent flow. In addition, visual assessment of the unit
component’s  velocity streamlines for different
Reynolds numbers indicated mingled flows in the
mixing zone for Reynolds numbers >400.

For the single unit component, results indicated that

turbulentization in each simulated zone increased as the
Reynolds number increased. The mixing zone (Zone 7)
had markedly higher turbulentization values; in this
zone, the turbulence kinetic energy produced is higher
than the turbulence Kinetic energy dissipated. A
microscopic investigation of the mixing zone’s flow
indicated that turbulent flow and associated
turbulentization occurred for Reynolds numbers >500
and was highest along the side of the outlet.
The computational fluid dynamics simulations and
numerical turbulentization values were used to
quantitatively characterize the turbulent flow in a single
unit component. The concept of turbulentization was
introduced to support turbulence quantification.
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