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ABSTRACT

The natural circulation loop (NCL) consists of a thermal-hydraulic system that convoys thermal
energy from a heat source to a heat sink without a pump. Applications of those loops can be found
in solar energy, geothermal, nuclear reactors, and electronic cooling. The lattice Boltzmann method
is a numerical method that can simulate thermal-fluid dynamics, using a mesoscopic approach based
on the Boltzmann equation for the density function. A square NCL model with fixed temperatures at
the heater and heat sink sections was developed in a bi-dimensional lattice with double distribution
dynamics, one distribution for the hydrodynamic field and the other for the thermal field. The different
cooler—heater configurations (vertical or horizontal) were investigated. We found that by positioning
the source or sink vertically, the flow direction can be controlled. In contrast, in a loop with symmetric
horizontal heater - horizontal cooler configuration where both fluid directions are equally probable. The
effectiveness of the loop was studied by calculating the heat sink temperature gradient. The lower value
was obtained for the horizontal heater horizontal cooler orientation (0.71) and the higher value for the
vertical heater vertical cooler configuration with an increment of 34%; simultaneously, the flow rate
(Reynolds number) was reduced by 47%.

Keywords: end heat exchanger, heater orientation, heat sink orientation, LBM, thermosyphon.

1 INTRODUCTION

Thermal energy is dissipated from several systems, such as electronics, computers, and
mechanical machinery. This dissipated energy can be considered as waste heat. On the
other hand, several energy production systems use heat as the primary source, e.g. geother-
mic generators or nuclear power plants. The heat involved in those systems can be used
efficiently if optimized technology is used to transport this heat from the source to the
desired heat sink. This efficiency must consider different thermodynamic factors (as heat
transfer effectiveness), environmental factors (as the use of non-toxic substances and
reduced energy consumption), and economic factors (as implementation cost and mainte-
nance costs).

Among the systems that need an effective cooling system in a mini-scale (under-meter sys-
tems) are common electronics and solar collectors. For example, in electronics and computation,
the new trend of mining cryptocurrencies [1, 2] and the use of massive computation clusters
and data centers [3] constantly emit heat that must be efficiently transported to a convenient
sink (in many applications can be simply the ambient). On the other hand, a very interesting
application can be found in the solar energy field: the PV panels work better at low tempera-
tures, then the solar energy can be profited implementing thermal-voltage hybrid systems
(PV-T), the heat can be stored and used for water heating [4], or can be used directly for other
applications as dryer systems [5].
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Natural circulation (or free convection) is of great interest in the energetic and sustainabil-
ity context because it is possible to convey the thermal energy without using pumps, using
closed natural circulation loops (NCLs). Different typologies of NCLs exist. For example,
these can be classified by the working fluid typology as single-phase or two-phase NCL.
Also, these can be categorized regarding their geometry: the most common geometries are
rectangular-shaped or circular-shaped. Some other complex configurations exist as toroidal
theta loops [6], parallel-coupled loops [7], or series-coupled loops [8]. The position of the
heater and the cooler gives origin to several loop configurations named as horizontal heater
horizontal cooler (HHHC), horizontal heater vertical cooler (HHVC), vertical heater horizon-
tal cooler (VHHC), and vertical heater vertical cooler (VHVC) [9]. The use of NCL has, in
addition to the mentioned absence of a pump, the great advantage to using different working
fluids, like air, water, CO,, dielectric fluids, or nanofluids [10, 11], and is common to work
with non-toxic materials like water or air as working fluids [12, 13].

This study presents results considering a case study of a (mini) NCL suitable for electronic
cooling or solar PV panel cooling. The thermohydraulic performance of the considered sys-
tems was simulated by using the lattice Boltzmann method (LBM). This study shows the
effects of changing the loop configuration (HHHC, HHVC, VHHC, VHVC) on the flow char-
acteristics and the thermal effectiveness. The HHHC configuration presents a higher flow rate
for the same operational conditions.

2 METHODOLOGY
2.1 NCL description

Figure 1 presents a possible application of NCL. This study focus on a single mini-loop with
a rectangular shape. The diameter is small, and this selection is not trivial because it is known
that stable behavior is achieved if small inner diameters are considered or localized pressure
losses are implemented along the circuit [14]. The working fluid is water.

The comparison among the four configurations was made at the same operating conditions
in the laminar regime. Those operating conditions can be resumed in the Rayleigh number;
in this case, the value 10° was selected. A schematic representation of the loop and the tested
configurations is presented in Fig. 2. The loop considered here works with the fixed temper-
ature at the heater (7}, and cooler (T ), also known as NCL with heat end exchangers [15].
Recently was shown that this kind of square mini-loops can work connected in parallel to
convoy more thermal energy, and the thermohydraulic performance remains stable even if the
heating power in one circuit changes [7, 16].

2.2 LBM for thermal flow

The LBM is a numerical method used to simulate fluids by solving the discretized Boltzmann
equation (LBE) eqn (1). This relationship expresses the balance between transport and colli-
sion processes when a statistical approach over the molecules of the fluid is considered.
Complex boundaries and vorticity can be simulated by this numerical method [17]. A review
of the application of this method in nuclear reactor problems, including thermal flows and
neutronics, can be found in Bocanegra et al. [18].
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Figure 1: Application example: four NCLs in HHHC configuration transport the heat from A
(circuit or PV panel, hot temperature) to B (heat sink, cold temperature). The
number of loops can vary for each application.
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The evolution of the probability density function f; is described by the LBE. The probabil-
ity density function f; represents the probability of finding a molecule with a given velocity
in each position r and time ¢. This probabilistic approach is possible considering a discretiza-
tion of space Ar, time At, and velocity ¢;. In this way, a lattice structure propagates the density
function in given directions characterized by the discretized velocity set ¢;. The lattice struc-
ture used for the simulation is known as D2Q9. To simulate the temperature field and
additional distribution function, g; was used with a D2QS5 lattice structure, eqn (2). The dou-
ble distribution function approach has been applied successfully to diverse thermal fluid
dynamics problems, e.g. natural circulation in cavities or heat transfer in a microchannel [19].
The two-way coupling between the hydraulic field and the thermal field was achieved by
considering a forcing term F; proportional to the local temperature representing the buoyancy
force (Boussinesq hypothesis). The approach adopted is similar to the one presented by Guo
et al. [20]
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Figure 2: Loop configurations: horizontal heater horizontal cooler (HHHC), horizontal heater
vertical cooler (HHVC), vertical heater horizontal cooler (VHHC), and vertical
heater vertical cooler (VHVC). L, = L= 0.250 m, pipe diameter d = 0.010 m.

The equilibrium distributions f;/ and g; are calculated as a Taylor expansion of the Max-
well-Boltzmann distribution using the velocity and truncated holding second-order terms. 7, 7,
represent a time scale for the relaxation to equilibrium process the kernel of the collision algo-
rithm presented on the right-hand side of eqns (1) and (2). 7 is proportional to the viscosity /.
The ratio of these two relaxation times is equivalent to the Prandtl number (Pr) of the simulated
fluid; in our case, we use Pr=7.0. More details of the LBM can be found in [21-23].

Some advantages of the LBM are linked to the parallelization capabilities by the applica-
tion of local collision and streaming rules in each iteration, and the easy handle of complex
geometry using the lattice structure instead of the typical meshing algorithms used in com-
mon CFD methods.

The code used for the simulations was implemented in C++ using the PALABOS library
[24]. Message passing interface (MPI) standard library was used for the parallel implementa-
tion and run of the code on an Intel® Xeon® Platinum 8260 CPU, 2.40 GHz, workstation
using 46 cores. The average velocity for the runs is 157 Mega site updates per second
(MSUPS).
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3 RESULTS AND DISCUSSION
3.1 Model validation

The numerical model was validated by contrast with the analytical and empirical model pro-
posed by Cheng et al. [25] for a single-phase NCL in HCHH configuration with fixed
temperature boundaries. All the expressions used for validation were previously verified
experimentally by Cheng et al. [25]. The numerical results were compared with the physical
values using non-dimensional groups and normalized variables. The temperature was nor-
malized using O for the heat sink and 1 for the heater. The velocity was normalized using the
maximum steady-state velocity along the loop. The steady-state Reynolds number
(Re, =v d/yp)is referenced to the pipe diameter d and is proportional to the rms velocity
(and flow rate), e.g. a rms velocity of 0.001 m/s is equivalent to a Re =10, approximately.
Accordance between the analytical model and the LBM results for the thermal field was
observed, details are provided in Fig. 7a. In the same manner were contrasted the analytical
equation to determine the steady-state Reynolds number (error below 5%) and the empirical
relationship for the Nusselt number (error below 15%). Additionally, the performance of the
boundary conditions was evaluated by contrasting the parabolic velocity cross-section profile
into the pipes with a very good fitting and confirm the no-slip boundary condition imposed.
The thermal boundary conditions were verified by observing the temperature gradient near
the adiabatic walls, and near-zero values were found. After that validation, the model was
modified to study the effect of locating the cooler and heater in vertical positions. The detailed
contrast with the analytical model under different operation conditions is object of a future
work.

3.2 Fluid velocity profile

As was expected, the HHHC loop is the only symmetrical configuration considered, and the
flow in both senses (clockwise and counterclockwise) is possible. We observe this fact under
several runs of the code. On the other hand, the vertical position of the cooler or the heater
forces the flow in the loop in the considered geometry in a counterclockwise sense. Figure 3
shows the flow under the four configurations analyzed here.

In Fig. 3, the flow pattern is laminar in all the cases. The velocity decreases to zero near the
walls and presents the maximum in the center of the tube. However, some small perturbances
are noted at the corners, probably by the 90° elbows. Moreover, a big deviation for the
expected parabolic profile was noted at the inlet of the vertical heaters or coolers. This effect
can be explained by the buoyancy force acting against the fluid flow in those vertical pipes.
This interesting fact is depicted in Fig. 4a; the cross-section velocity profile at different loca-
tions along the vertical heater shows a sensible decrease of the velocity at the center near the
inlet (three diameters), and then the effect vanishes, and the parabolic profile is developed.
Figure 4b depicts the longitudinal velocity profile for the VHVC loop to illustrate this phe-
nomenon at the center of the pipe. However, the effect on the cross-section averaged velocity
is almost imperceptible.

Figure 5 shows the transient behavior of the four circuits. The oscillation during the tran-
sient is more evident for the HHHC configuration, similar for HHVC and VHHC, and very
reduced for VHVC. Also, it is visible in the figure that the time to arrive at the steady state
changes for each configuration. Similar behaviors were experimentally observed by Vijayan
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Figure 3: Normalized velocity magnitude and flow direction along the loops at steady-state
(a) HHHC; (b) HHVC; (¢) VHHC; (d) VHVC.
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Figure 5: Transient of the velocity, normalized to the HHHC velocity at steady state.

et al. [26] and Chen et al. [27]. They found experimentally that for HHHC and HHVC, the
time to start the circulation is higher than the time to start the flow with vertical heaters, in
which cases the flows start when the heating power is provided.

3.3 The thermal field at steady state

Figure 6 shows the thermal field at the steady state. It is notorious that the main temperature
gradient is obtained at the heaters and heat sinks. Moreover, the other pipes present a mini-
mum temperature variation. In fact, this figure provides a visual probe of the adiabatic
condition of those unheated pipes. Also, it is interesting to note that in the HHHC, one adia-
batic pipe is hot, and the other is cold, as in the VHVC configuration. On the other hand, the
HHVC and VHHC configurations have only one adiabatic section, hot and cold, respectively.
Figure 7 presents the normalized temperature profile along the longitudinal axe.

3.4 Thermohydraulic performance

To compare the performance of the four circuits, some parameters and non-dimensional
groups were calculated (Table 1). The percentual differences referenced to the HHHC values
are included for the HHVC, VHHC, and VHVC loops.

Table 1 shows the simulation steps needed to reach the steady state. The Reynolds number
referenced to the pipe diameter is used to evaluate the flow regime. It is noted that the highest
value is obtained in the HHHC configuration. The Nusselt number expresses the proportion
between the convective and conductive heat transfer. The average Nusselt number was
numerically calculated for the heater in all the configurations using the temperature gradient
near the wall. The theoretical Nusselt number for the HHHC configuration was calculated by
fitting the thermal profile to the Cheng et al. model (Nu = 1.60) and using the empirical cor-
relation proposed by them (Nu = 1.43). This value is lower than the common value for straight
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Figure 6: Thermal field and flow direction along the loops at steady state. (a) HHHC, (b)
HHVC, (¢) VHHC, (d) VHVC.

pipes Nu = 3.66. The highest value was observed for the HHHC configuration. The tempera-
ture difference at the heat sink inlet and outlet is included T, — T4, the highest value was
obtained for the VHVC configuration. Using the temperature values at the inlet 7", and 72
outlet of the heat sink, it is possible to obtain the effectiveness, eqn (3), by comparing the
steady-state temperature difference 77 —79% with the maximum possible difference
T!. —T.. The highest heat sink effectiveness was found in the VHVC configuration.

T%n _ T(?ut

__ “sink sink
gjsink - T’.n _TC (3)

sink

4 CONCLUSIONS
A bi-dimensional model of a single-phase NCL with heat end exchangers was simulated
using the LBM with double distribution functions. The model was validated using the model
proposed by Cheng et al. [25] equivalent to Vijayan’s laminar regime model [12] for the
Horizontal Heater Horizontal Cooler configuration. The effect of considering different con-
figurations for the loop was presented for the transient and the steady state. Moreover, the
observations agree with previous observations presented by Vijayan et al. [26].
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Figure 7: Temperature profile at steady state along the loop (following the flow direction). (a)
HHHC, (b) HHVC, (c) VHHC, (d) VHVC.

e The HHHC configuration gives the highest flow rate.

e Disturbances in the parabolic velocity profile were observed at the inlet of the vertical sec-
tion that contains the heater or cooler.

e The natural circulation takes more time to take place in the HHHC configuration, and this
time is similar for the other three configurations.

e The time to reach the steady state going from low to high is VHVC, HHVC, VHHC, and
HHHC, respectively.

e The VHVC configuration reached higher heat sink effectiveness.

e The highest Nusselt number was obtained in the HHHC configuration.

Finally, this study shows that this kind of square loop is suitable for cooling systems of
small components (as electronics or solar PV panels) in all the studied configurations. Under
the tested operational parameters, all the loops remain in the laminar regime; the dynamic
was stable (no flux inversion), and all reached a steady state. However, the thermohydraulic
performance depends strongly on the selected configuration. The two extreme cases were the
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Table 1: Thermohydraulic parameters were evaluated at steady state, considering the four

heater—cooler configurations. The comparison took the HHHC values as a reference.

Loop configuration

Non-dimensional parameter HHHC HHVC VHHC VHVC

Transient time, timesteps 4,195,300 2,494,300 3,143,900 2,013,000
—41% —25% —52%
Reynolds number: 15.2 10.9 12.5 8.1
—28% -18% —47%
Heater Nusselt number: 1.78 0.43 0.43 0.37
—76% —76% =79%
Heat sink temperature difference:  0.58 0.74 0.70 0.85
+28% +21% +47%
Heat sink effectiveness: 0.71 0.89 0.80 0.94
+25% +13% +32%

HHHC (with the highest Reynolds number at steady state and lower sink effectiveness) and
the VHVC (with the lowest Reynolds number at steady state and higher sink effectiveness).
On the other hand, the performance of the HHVC and VHHC is similar. Future research must
be done concerning the variation of the thermohydraulic performance at different tempera-
ture gaps, i.e. varying the Rayleigh number.
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