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ABSTRACT

Power generation in remote locations requires the advancement of efficient and long-lasting power generation
technologies. One possible solution is a microreactor, which uses heat pipes to transport fission heat from a
nuclear source to Stirling engines producing energy. In this context, TERRA (Advanced Fast Reactor
Technology) project conducted by the Institute for Advanced Studies (IEAv) developed a Stirling engine and
copper-water heat pipes for an initial study of both coupled devices. However, before using a nuclear source, it
is necessary to understand the thermal behavior of the devices using an electrical heating source. Thus, the
objective of this work is to test experimentally if a copper heat pipe can carry the necessary heat to activate the
Free Piston Stirling engine. For this, it was necessary to develop a copper adapter to connect the pipe to the
engine. The pipe was connected to the engine and temperatures were collected using T-thermocouples. The
results of the experiments showed that the heat pipe was able to transport 28 W to the Stirling engine, which
ran continuously. The maximum heat pipe temperatures were 253°C and the Stirling engine ran at 212°C in the
hot source. Therefore, it was demonstrated that the IEAV’s copper-water heat pipe is capable of conducting the
necessary heat to activate the IEAV’s Stirling engine and produce electricity. The results will form the basis for

the future application of a nuclear source.
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1. INTRODUCTION

Humanity intends, in the coming decades, to build mission bases on the surface of Mars and the
Moon. However, this requires the advancement of efficient and long-lasting energy generation
technologies. Currently, nuclear power is the only technology capable of generating large amounts of
energy for long periods safely and efficiently even in hostile conditions.

TERRA project conducted by the Institute for Advanced Studies (IEAV) researches technologies
for the future development of advanced fast microreactors [1]. A microreactor is a small, portable
reactor unit. This system uses the heat generated by nuclear fission to be converted to electricity using
thermoelectric converters such as Stirling engines. It is a thermal machine that converts heat applied
externally into electrical energy. However, the use of a nuclear source requires to shield the Stirling
from neutron radiation. Therefore, it is necessary to use an intermediary device that transfers heat
from the nuclear source to the engine. The heat pipe is one of such devices. It is a passive, two-phase

flow sealed device, which rapidly transports a large amount of heat with the minimum drop in
temperature [2].

A heat pipe scheme shown in the Figure 1 consists of a sealed metal pipe (envelope) with a
capillary structure (wick) and a small amount of fluid in a partial vacuum (Working fluid). The length

of the heat pipe is divided into three parts: evaporator, adiabatic, and condenser section.
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Figure 1: Main components of a heat pipe.
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Heat inserted externally into the evaporator vaporizes the working fluid. The vapor expands
towards the condenser carrying latent heat. In the condenser, the vapor condenses into a liquid,
rejecting latent heat. The liquid is returned to the evaporator by gravity (thermosyphons) or by
capillary forces in the wick (heat pipes). This cycle continues as long as there is a temperature gradient
(hence pressure) between the evaporator and the condenser [3].

The main applications of heat pipes are in the cooling of electronic devices [3]. However, the
practical application in Stirling engines and small reactors is still little discussed in the literature. Most
research is developed by National Aeronautics and Space Administration (NASA), such as
Demonstration Using Flattop Fission (DUFF) and Kilopower Reactor Using Stirling Technology
(KRUSTY) experiments [4, 5, 6]. Currently, Kilopower concept shown in the Figure 2 is the most
advanced concept of portable reactors. It uses alkali metal (Sodium) heat pipes to transfer fission
energy from a solid block of fuel to the base of Stirling machines, which produce electricity. And it
uses titanium water heat pipes to remove the waste heat and transport it to the radiators, to be rejected
to space. NASA in partnership with the laboratory at Los Alamos tested the nuclear source and proved
that these technologies were possible. However, it is recent research and with several opportunities

for improvement.

8 Titanium — Water heat pipes radiators

8 Stirling power conversion system _

8 Haynes — sodium heat pipes

Lithium hydride / tungsten shielding

Beryllium oxide neutron reflector ——=
Uranium moly cast metal fuel

B4C neutron absorber rod

Figure 2: Representation of Kilopower Reactor Using Stirling and heat pipes technology [6].
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The IEAV intends in the future to develop powerful microreactors analogous to Kilopower.
However, research is needed first on Stirling machines, heat pipes and the integration of these
technologies. In this context, the IEAv developed a Free Piston Stirling engine and 100 mesh copper
water heat pipes [7] [8] [9]. Before carrying out nuclear tests, it is necessary to understand all the
mechanisms that involve these technologies for better safety in nuclear tests. Thus, the objective of
this work is to test experimentally if a copper heat pipe can carry the necessary heat to activate the
Stirling engine as shown in the Figure 3. The pipe was heated using an electrical thermal belt.

However, this experiment will serve as a basis for future work using a nuclear source.

Electricity generating coil

Stirling
Cold end:
30°C
Adapter
Hot end:
215°C
Heat Pipe
Thermal belt Evaporator heat pipe

Figure 3: Drawing of the assembly: heat pipe, adapter and Stirling engine.

In previous works, it was obtained by simulation in the ANSYS transient thermal software that
the heat pipe condenser should exceed a temperature of 220° [10-11]. This value is sufficient to
conduct heat to the adapter and activate the Stirling engine. Also, the copper heat pipe evaporator of
this work should not exceed the safety temperature of 270°C to avoid fractures and accidents. The
authors tested the existing heat pipes in the IEAv at different inclination angles and amount of
working fluid [11]. The results of these researches showed that the minimum volume of working fluid
(deionized water) must be 87% of the evaporator volume. With this volume of fluid, the heat pipe

operated similarly in all positions (0 — 90°) relative to horizontal.
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2. MATERIALS AND METHODS

2.1. Stirling engine and adapter

The Stirling engine used in the experiment is a free-piston beta type as shown in Figure 4. It is
composed of a working piston and a displacer which are aligned inside a heat exchanger, where the
working gas is pressurized. Power is generated by heating and cooling the outside of the heat
exchanger, which provides a temperature and pressure differential, generating the force needed to

drive the pistons and convert kinetic energy into electrical energy [7].

Heat Displacer
exchanger piston

Power piston

|

Eletric Power
Hot end
(Heating)

Figure 4: Components of a Free Piston Stirling engine and assembled Stirling engine [7].

The hot end of the Stirling engine should be approximately 215 °C for the engine to run
continuously. Thus, a copper device shown in Figure 5, called an adapter, was developed to connect

and transfer heat from the heat pipe condenser to the base of the Stirling engine.

Figure 5: Three-dimensional drawing made in Solidworks of the designed adapter.
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2.2. Heat pipe

The heat pipe shown in the Figure 6 is composed of a copper envelope, a Brass screen-capillary

structure and 69.8 ml (87% of the evaporator volume) of deionized water as the working fluid.

Lc:020m La: 0.56 m |, Le0.20m

Adiabatic

..............

Figure 6: Dimensions of the IEAv 100 mesh Heat Pipe used in this experiment.

The adiabatic region of the pipes was isolated with an alumina ceramic fiber blanket (thickness

25 mm and thermal conductivity of 0.071 W/ (m K)) as shown in the Figure 7.

Figure 7: Photo of the adiabatic region isolated with alumina ceramic fiber.

The evaporator region was heated using a thermal heating belt (220 V) with a power controller.

In addition, the belt was isolated by a ceramic fiber blanket as shown in the Figure 8.

lgise=—e==2 \ N

Figure 8: Thermal power controller and thermal tape for heating the evaporator heat pipe.
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The condenser region was connected to the copper adapter. The adapter was attached to the base
of the Stirling engine and fixed to the support table. The setup of the experiment is shown in the
Figure 9 (a). Furthermore, seven T-IOPE thermocouples were calibrated for temperatures range
between 20 °C and 300 °C (Instrument uncertainty £ 1 °C and coverage factor, k = 2). The T
thermocouples were connected to the predetermined pipe positions shown in the Figure 9 (b). The NI
PXle-1082 chassis was used for temperature data collection. Finally, the software used to collect pipe

temperatures was developed in Labview.

Stirling € —— h..'..]

Tf, Stirling

Cold end Stirling
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Figure 9: In (a) Experiment setup and in (b) representation of thermocouple positions.
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With the temperatures collected, the graph of the device temperature distribution during the test
was plotted, presented in Figure 10. In addition, the main operating limits that affect the transfer
and functioning of the heat pipes were calculated: viscous, sonic, boiling, capillary were obtained
by Eqg. (1-5).

dV2 ’ hlV "Pv Py

Aviseons = G4 ([(Le + Lo)/2] + La) .
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Where D, is the vapor diameter (m), hy, is the latent heat of vaporization (J/kg), p, is the vapor
density (Kg/m3), p, is the vapor pressure (Pa), p, is the vapor dynamic viscosity (Kg/m s), L, is the
evaporator length (m), L. is the condenser length (m), L, is the adiabatic length (m), A, is the cross
sectional area of vapor diameter (m?), o is the superficial tension (N/m), r.¢ IS the effective capillary
radius, p; is the liquid density (Kg/m?), y; is the liquid dynamic viscosity (Kg/m s), K is the wick
permeability, A,, is cross-sectional area of the capillary structure [m?], g is the gravity (m/s?), s is the
inclination angle of heat pipe, k¢ is the effective thermal conductivity (W/m K) obtained by Eq. (6),
T, is vapor temperature, D; is the inner diameter (m), D, is the external diameter (m), and P, is the
capillary pressure (Pa) [2-3].

ky - [(k + ky) — (1 — &) (k) — ky)]
[(k) + ky) + (1 — ) (k) —ky)]

(6)

Kegr =

k; is the thermal conductivity of the working fluid (W/m K), k,, is the thermal conductivity of

wick material (W/m K) and ¢ is the mesh porosity [2].
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The thermal power transferred by the tube must be smaller than all of these limits to ensure that
the heat pipe works without damage. The thermal power transferred by the heat pipe (Project) is
defined by Eq. 7 [2].

o _AT (7)
qPrOJect - R

Where AT is the difference of the evaporator and condenser wall temperature, R is the total
thermal resistance of the heat pipe, defined by Eq. 8. This calculation considers all thermal losses

during the experiment and external heat transfer resistances.

D D; 8
, 2-[in(3) + m (5] 1 ©
he - Ae 2- T[[Le ) kcopper+ Le *Kefr + L¢ " Kegr + Lc - kcooper] he - Ac

Where h, is evaporator external convection heat transfer coefficient, h. is condenser external
convection heat transfer coefficient, D; is the pipe inner diameter (m), D, is the pipe external diameter
(m), D, is the pipe vapor diameter (m), L, is the evaporator length (m), L. is the condenser length
(m), L, is the adiabatic length (m), kcopper IS pipe material thermal conductivity (W/m K), ke is
the effective thermal conductivity (W/m K), A. is condenser side section area and A, is evaporator

side section area

3. RESULTS AND DISCUSSION

The activation temperature of the Stirling engine is approximately 215 °C. The activation
temperature of the Stirling engine is approximately 215 °C. Therefore, the condenser heat pipe
temperature must be higher than 220 °C according to previous studies in thermal simulation in thermal
transient ANSYS code [10]. Tests performed with the separate heat pipe (uncoupled at Stirling)
showed that for it to reach 222 + 1 °C on the condenser, the evaporator would need at least 256 + 1
°C.



Santos et al. ® Braz. J. Rad. Sci. ® 2022 10

The temperature differential between evaporator and condenser was similar as shown in Figure
10. In Figure 10 watch the dashed pink color line. The heat pipe operated in both horizontal and
vertical positions. Note that the increase in power applied to the evaporator causes an increase in the
temperature differential between the evaporator and condenser. As power is applied to the evaporator,
the heat pipe took approximately 5400 s to reach steady-state.
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Figure 10: Temperature distribution in the heat pipe operating in horizontal and vertical position.

Figure 11 shows the operating limits of the heat pipe according to the temperature increase in the

evaporator region.
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Figure 11: Main operating limits of the heat pipe.
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The smallest operating limit value is the capillary limit. The capillary limit is the maximum
capacity of the capillary structure to provide sufficient capillary pressure for the circulation of the
working fluid within the pipe. This is the limiting factor in the horizontal position or position where
gravity is not favorable. The capillary limit decreased with increasing tube operating temperature.
The low capillary limit indicates that the copper pipe with a 100-mesh capillary structure, in the
dimensions developed, is not the most suitable for the tested temperature. Therefore, the test with the
complete set (Heat pipe, adapter, and Stirling) was performed in the vertical position so that the limit
was not reached.

In the complete test, the evaporator temperature was gradually increased from 23°C to 253°C.
The temperature distribution along the heat pipe coupled to the Stirling engine is shown in Figure 12.
The total test time was approximately 6.5 hours. The evaporator reached 253 °C, and the condenser
reached 215 °C. Therefore, the Stirling engine activated at 212 °C. The engine ran continuously
without interruption. This temperature was close to the thermal simulation in thermal transient
ANSYS code [10].

Complete set
(Heat pipe + adapter + Stirling engine)

300

275 -

250 - —— Tel HP
~ 2251 Te2 HP
& 2001 —— Tal HP
2 1751 —— Ta2 HP
g 1507 Ta3 HP
2 iég: = Tc Stirling
= s Tf Stirling

50 1 Troom

25 £

0

30 60 90 120 150 180 210 240 270 300 330 360 390
Time (min)
Figure 12: Temperature distribution along the heat pipe (HP), Stirling engine and room.



Santos et al. ® Braz. J. Rad. Sci. ® 2022 12

The heat pipe coupled to the Stirling presented a thermal behavior very similar to the tests

performed with it uncoupled, as shown in Table 1.

Table 1: Comparison between heat pipes coupled and uncoupled at Stirling.
Te(°C) Ta(°C) Tc(°C) AT g (W)
heat pipe uncoupled at Stirling 256 230 222 34 19
heat pipe coupled at Stirling 253 222 215 38 28

However, in the case of the heat pipe coupled with the Stirling engine, it was necessary to insert
more thermal energy into the evaporator to reach the same temperature. The uncoupled heat pipe
required 275 W in the power controller for heating the thermal belt to reach 253 £ 1 °C in the
evaporator. The heat pipe with the Stirling engine needed 336 W to reach a temperature of 256 + 1
°C. This is due to greater heat dissipation transferred from the pipe to the adapter than the uncoupled
heat pipe. This means that condensation occurs faster in the coupled pipe than the uncoupled pipe.
Thus, to maintain the evaporation and condensation cycle, more heat is needed to heat the fluid in the
evaporator and transport it to the condenser.

The thermal power of the heat pipe to Stirling was 28 W. This value considers the external
resistances with the environment. In comparison, the grooved titanium-water heat pipe used in
Kilopower carries 125 W [6]. Although copper has a higher conductivity than titanium, the copper
heat pipe in this work has a high wall thickness (1.25 mm) compared to titanium (0.50 mm), which
impair heat transfer.

Finally, the heat pipe coupled to the Stirling engine did not show any failures and did not reach
any operational limits. The power transferred by the heat pipe (Project) was below all the operating
limits as shown in Table 2. Therefore, the copper heat pipe transferred the heat needed to start the

Stirling engine successfully.

Table 2: Operating limits (W) heat pipe coupled at Stirling
Te (°C) | Project (W) Boiling (W) Entrainment (W) Sonic (W)  Viscous (W)

253 28 4102 5633 56211 5, 7x 101°
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4. CONCLUSION

With this work it was proved that the copper heat pipe is capable of transferring the thermal energy
needed to activate the Stirling engine, both built at IEAv. The heat pipe coupled at Stirling engine
showed similar thermal behavior, when compared with the heat pipe uncoupled at Stirling. The heat
pipe operating in vertical position did not reach any operating limits. The Stirling engine ran
continuously when the heat pipe evaporator temperature reached 250 °C. Finally, the data obtained

will serve as a basis for the study of the application of a nuclear source in the heat pipe evaporator.
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