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Abstract

Heat pipe micro-reactors are reactor designs that primarily use liquid metal heat pipes to cool
the core. The main interest in heat pipes relies on the fact that they can remove heat passively.
This, along with the use of liquid metal, allows the reactor to operate at higher temperatures.
Although the use of heat pipes in nuclear reactors is new, liquid metal heat pipe technology
is mature. Nevertheless, experimental data on heat pipes are scarce, and very little is known
about their behavior during abnormal operations and close to their thermal limits. Therefore,
new experiments and accurate heat pipe simulations are needed to develop reliable closure models.
This work describes a joint experimental and numerical investigation into heat pipes that attempts
an initial closure of this gap. The numerical and experimental efforts are currently proceeding in
parallel, aiming at different aspects of heat pipes. The numerical part is focused on gaps in local

closures, and the experiments captured an overall heat pipe behavior.
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I. INTRODUCTION

Microreactors, also known as very-Small Modular Reactors (vSMRs) or Special Purpose Re-
actors (SPRs), are being considered for use in unique applications where other methods of megawatt
level energy production are uneconomical or unavailable [1]. These reactors produce a few MW of
power (typically < 20 MW), and can be manufactured in a factory and then transported by truck,
train, plane, or ship to the deployment location. They are designed for fully- or semi-autonomous
operation to be used for electricity production in remote locations, military installations, industrial
applications such as desalination or hydrogen production, or integration in micro-grids [2]. The
designs can be classified into two main categories: high-temperature gas reactors (HTGRs) and
heat pipe reactors, the latter being the focus of the current work. These reactor designs foresee
using liquid metal heat pipes based on sodium (Na), potassium (K), or NaK as working fluid [3].
The main advantages of liquid metal heat pipes are that they can operate at very high tempera-
tures and are entirely passive heat removal devices. Their heat transfer capabilities are superior
to solid metal devices with the exact dimensions [4].

A heat pipe is a sealed tube containing a wick structure attached to the inner surface and a
working fluid, which transports heat continuously from one end to another by capillary pressure,

as shown in Figure 1. It is comprised of three parts: an evaporator, an adiabatic section, and a

condenser.
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Fig. 1. Scheme of the heat pipe operation

Although liquid metal heat pipe technology is mature [5], the use of heat pipes in the cooling
of nuclear reactors is still new. Hence, the development of accurate heat pipe simulation capabilities
is required. Several works performed simulations with two-phase models and a porous medium

approach to model the wick structure [6], [7], [8]. More recently, a 1D two-phase formulation



has been developed in the Nuclear Energy Advanced Modeling and Simulation code Sockeye [9].
However, the need for closure models and high-resolution experimental data was recognized as
it is needed to gain insight into the behavior of the heat pipes and validate the computational
approaches.

Experimental data on heat pipes exist mainly for nominal operation conditions and do not
present the spatial resolution suitable for validating high-fidelity simulations. In addition, very
little is known about the behavior of heat pipes during abnormal operation and close to the heat
pipes’ thermal limits. Therefore, new experimental data is needed to further develop and validate
thermal-hydraulics codes that can be used to license heat pipe micro-reactors.

Given the difficulty in obtaining a complete picture of the complex internal physics of heat
pipes, numerical simulation plays an essential role in complementing the knowledge extracted from
experiments alone. In fact, complete closure information cannot be obtained by experimentation
due to the difficulty of measuring and visualizing the flow and heat transfer behavior inside heat
pipes.

Several works to investigate the heat pipe performance were carried out. Two examples are
from Bodla et al. [10] [11], who reconstructed CT scanned samples of porous sintered wicks to
produce high-quality finite-volume meshes representing the solid and fluid regions. First, they
performed a conjugated heat transfer analysis to obtain the effective thermal conductivity. Then,
they used the Volume of Fluid (VOF) approach to obtain information about the wick. The works
of Kempers et al. [12] and Chen et al. [13] highlight the importance of developing accurate models
to account for the evaporation characteristics within the wick.

While a considerable amount of research has been dedicated to the detailed modeling and
simulation of heat pipes, it was primarily concerned with normal operation using water [10] [11]
[14] [15]. Most of the numerical models tend to ignore the phenomena occurring outside this
range. We focus on developing models that can accurately represent behavior at operational
conditions relevant to micro-reactors and near the five operational limits: viscous, sonic, capillary,
entrainment /flooding, and boiling.

This work presents a combined experimental - Section II - and numerical study - Section III
and IV - which is currently proceeding in parallel, aiming at different aspects of heat pipes. While

the numerical campaign targets gaps in local closures, the experiments focus on overall heat pipe



behavior. Finally, the newly developed correlations are utilized within the modeling code Sockeye
[9] - in Section V - to reproduce the experiments.

For the first stage of this program, we perform high-resolution experiments on sodium heat
pipes and high-resolution single-phase, and volume of fluid [16] simulations in the heat pipe wick.
Then, the information from these studies is combined to build a 2-D model of the heat pipe. In

particular:
e A series of novel experiments are described and conducted in Section II.

e Parametric VOF simulations are performed to obtain the interface shape and the capillary

pressure in the wick structure. Results are discussed in Section III.

e Information from the VOF simulations is used to perform single-phase simulations to evaluate
correlations for the liquid flow in the representative wick structure. Results are discussed in

Section IV.

e A 2-D heat pipe model was validated using information from the previous sections, and

evaluations of the capillary limit are presented in Section V.

We emphasize that the high resolution simulations are used to extract relevant closure infor-
mation such as capillary pressure, meniscus shape, and friction factors. Heat transfer calculations
are also conducted to obtain information about interfacial and wall heat transfer. Again, the focus
is on the liquid flow within the wick. These results are used to reproduce the experiments using

Sockeye and to evaluate the capillary limit.

II. EXPERIMENTS

Over the past few years, the University of Michigan (UM) has acquired 30 sodium heat
pipes. The planned experimental campaign will feature high-resolution X-ray radiography and
fiber-optics-enabled temperature measurements. As the starting point, a facility has been built
instrumented with thermocouples. The facility is described below, and several steady-state and
power transients are investigated. This data can be used to validate reduced-order codes such as

Sockeye.



II.A. Experimental Setup

The sodium heat pipe (HP) was manufactured by Advanced Cooling Technologies Inc. (ACT)
with a stainless-steel 304 tube (25.4 mm of outer diameter (OD), 1.75 mm of thickness, and 1,016
mm of length). Based on the manufacturer’s specification, the sodium heat pipe’s maximum power
is 2.2 kW. According to ACT’s heat pipe limit curve [17], the viscous and capillary limits dominated
the operational range of the heat pipe used in this study. Figure 2 shows a schematic diagram of
the test facility. The test section assembly consists of the evaporator (254 mm), adiabatic (508
mm), and condenser (254 mm) sections. For the evaporator section, the double spiral shaped
silicon carbide (SiC) heater (52 mm of OD, 40 mm of ID, and 254 mm of heating length) was used
to heat the heat pipe through radiational heat transfer with a maximum operable temperature of
1200°C. The material of the heater was selected with the consideration of a low Z-number to reduce
the attenuation of X-rays for the radiography measurement. The heater was fixed to a support, as
shown in Figure 2, and calcium silicate parts were used for the concentric alignment, protection of
brittle heater, and electrical insulation. The heater was covered with mineral wool pipe insulation

with 220 mm OD.
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Fig. 2. Schematic diagram of a separate-effect test facility for a single sodium heat pipe, and
cross-sectional view of the heat pipe [17] [18]

On the adiabatic section, the 31.75 mm OD stainless-steel tube (0.889 mm of thickness) was



installed to support the test section. The 2.286 mm air gap between the stainless-steel tube and the
heat pipe acts as an insulator. In addition, a tape heater (500 W of maximum power) was installed
at the outer surface of the inner layer insulation. The insulation temperature was controlled as
same as the heat pipe wall temperature to eliminate the heat loss through the adiabatic section.
Its radial cross-section view is shown in Figure 2.

A multi-channel annulus shell-type heat exchanger (HX) was fabricated with four 0.9 mm
thick stainless steel tubes for the condenser section, as shown in Figure 2. With the double channel
design, the main cooling fluid (usually air) is injected downward through the outermost layer and
then discharged upward at the inner layer to guarantee a better uniformity of heat flux on the
condenser section. The straight fins were welded at the surface of the inside double channel (0.7
mm gap) to enhance the heat transfer coefficient. In addition, the auxiliary water-cooling channel
(2.3 mm gap) was applied to the outer layer of the HX. With the auxiliary water flow, the overall
heat transfer rate was increased by lowering the temperature of the main cooling fluid. The heat
loss can be negligible from the cold outer surface of the HX. Furthermore, the SiC powder was
applied to the gap of 2.3 mm between the heat pipe and the HX to enhance the thermal conduction
uniformly. The heat removal rate was calculated by enthalpy changes of both cooling fluids, as it
follows:

Qhw = Cp,wmw(waQ - wal) + Cp,ama(TfaQ - Tfal)a (1)

where Qg is the heat transfer rate of the heat exchanger (W), ¢, is the thermal capacity (J/kg°C
), m is the mass flow rate (kg/s), and T is the fluid temperature (°C). The subscripts 1 and 2
represent the inlet and outlet, and a and w are air and water, respectively.

The piping and instrumentation diagram of the test facility is shown in Figure 3. The SiC
heater was operated by PID controller with a silicon-controlled rectifier (SCR) based on the heating
power or heater temperature.

The tape heater was also operated by PID controller with a contactor relay based on the
temperature. Two-watt transducers (Ohio Semitronics — PC5) were used to measure those powers
consumed in the heaters. The cooling fluid system was designed as two open-loop of air and water
for the condenser section, and the mass flow rates were measured by two 3/8-inch Coriolis flow
meters (Endress Hauser — ProMass). The test section was equipped with 39 ungrounded K-type

thermocouples (TCs). 28 small-size high-accuracy TCs (0.5 mm OD sheathed — Watlow) were
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Fig. 3. Piping and instrumentation diagram and the locations of temperature measurement

used to measure the wall temperature of the heat pipe, and TCs were tied on the heat pipe surface
with 0.5 mm stainless steel wires. The other 11 TCs (1.6 mm OD sheathed) were used to measure
the SiC heater outer surface temperatures, the mineral wool pipe insulation surface temperatures,
ambient temperature, and the inlet and outlet temperatures of cooling channels of air and water,
respectively. All the data were acquired using a Compact Rio chassis (National Instruments™) and
PC programmed with the LabVIEW.

The transients that have been investigated are relevant to heat pipe operation in micro-
reactors. These include the startup and shutdown processes of the sodium heat pipe, which are
essential to the successful operation of microreactors. Therefore, key parameters such as input
power at the evaporator section, cooling condition at the condenser section, and heat pipe orien-
tation serve an essential role in the performance of the heat pipe. Values have been selected to

reflect reasonable operation regimes and transients [19].



II.B. Results

Table I summarizes the test conditions for Test-017, Test-018 and Test-026, and Tables II,
II1, and IV provides the parameters of each test. Test-018 was started from the hot state following
the previous test. The wall temperature on the evaporator section oscillates in the heat pipe under
vertical orientation (Test-017: Figure 4), which is related to the geyser boiling (GB) due to the
excessive sodium charging amount [20], [21]. The GB is characterized by a nucleate pool boiling
instability that occurs in the evaporator mainly under low heat fluxes [22]. When a large sodium
reservoir is formed at the bottom of the evaporator section, a large vapor bubble intermittently
detaches from the liquid pool, pushing the liquid sodium to the upper regions. The empty region at
the evaporator is locally overheated until the liquid sodium return to the pool again. When geyser
boiling occurs, the operational range of the heat pipe is significantly restricted due to the peak
temperature of the evaporator. Moreover, repeated rapid temperature changes and vibrations can
damage the heat pipe container and consequently affect the integrity of the entire cooling system of
the reactor. Therefore, it is important to design and operate heat pipes under optimal performance
to avoid geyser boiling.

Figure 4 (b) shows the steady-state temperature profile, including the amplitude of the
temperature oscillation (min. and max. as the error bars). A large amplitude occurs at the
evaporator section as the power increases. The temperature oscillation disappeared under the
conditions of the horizontal orientation (Test-018: Figure 5) and the sufficiently high heater power
(Test-026: Figure 6). Since the heater power was temporarily shut down to adjust the inclination
from vertical (Test-017) to horizontal (Test-018), the HP wall temperature at region (1) dropped
and recovered in Figure 4. As the system shuts down, the most remarkable temperature drop

occurs at the condenser section (blue and red lines) due to the heat removal by HX.

TABLE 1
Test conditions

Test no. HP Maximum HX HX Initial
orientation | heater power filler cooling fluid condition
Test-017 Vertical 1.4 kW Copper thread | Air+auxiliary water | Tw=20°C
Test-018 Horizontal 1.4 kW Copper thread | Air+auxiliary water Restart
Test-026* Vertical 2.25 kW SiC powder Air Restart

H *A tape heater controlled by PID was used to minimize the heat loss at the adiabatic section H




TABLE II

The event scenario for Test-017

End time | Heater power | Heat removal rate | Mass flow rate | Mass flow rate
(s) (W) (W) of air (g/s) of water (g/s)
1 3777 500 174 0.6 -1.9 -
2 4860 750 410 4 -
3 5359 1000 595 4.1-7 -
4 6671 1200 722 6.9 41
5 7070 1400 790 6.9 25
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Fig. 4. Result of Test-017: (a) the time series HP wall temperature (b) the axial distribution of

the HP wall temperature under steady state

TABLE III

The event scenario for Test-018

End time | Heater power | Heat removal rate | Mass flow rate | Mass flow rate

(s) (W) (W) of air (g/s) of water (g/s)
1 902 750 387 3 32
2 1253 1000 451 3 33
3 1741 1200 700 29-5.38 33
4 2114 1400 764 58 -7.6 33
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The event scenario for Test-026

End time | Heater power | Heat removal rate | Mass flow rate | Mass flow rate
(s) (W) (W) of air (g/s) of water (g/s)
1 1832 500 207 1.9 -
2 3999 1000 468 1.9 -
3 5564 1500 1063 1.9-6.1 -
4 6600 2000 1353 6.7 -
5 8022 2250 1552 6.4 -
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Fig. 6. Result of Test-026: (a) the time series HP wall temperature (b) the axial distribution of
the HP wall temperature under steady state
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III. NUMERICAL SIMULATIONS: TWO-PHASE FLOW

The wick structure in heat pipes provides the capillary force that drives the circulation of the
fluid; thus, it plays a crucial role in its thermal performance. In this work, we use the Volume of
Fluid method [16] to model fluid flow in the wick region and extract relevant closure information, as
it allows for direct resolution of the meniscus. Once the shape of the interface has been established,

we conduct single-phase simulations that are used to evaluate different closures.

ITII.A. Methods
IIILA.1.  Wick modeling

Wicks can be produced from several materials, such as copper and stainless steel, and can
be of different types, such as composite or homogeneous wicks. The last, is commonly made of
screen mesh, which has lower capillary pressure and effective thermal conductivity but is simpler
to manufacture. A screen mesh wick can be made with different geometries and configurations.
To model a wick representative of the experimental model, a screen mesh with a wire diameter
of 0.07 millimeters was woven using the CAD software Solidworks [23], as shown in Figure 7 (a),
to obtain a mesh with three layers and 100 holes per inch. This wick will provide the capillary
pressure needed to sustain the transport of the working fluid. The selected geometry is consistent
with known designs. We note that the parameter choices will be refined once X-ray radiography
becomes available. Moreover, several studies utilizing a screen mesh of 100 holes per inch indicated
that this geometry provides better thermal performance [12] [24] [25] [26].

Afterward, in the ANSYS CAD software Spaceclaim, an enclosure was applied over the screen
mesh to obtain a fluid domain, and the geometry was prepared to be meshed.

Then, a tetrahedral mesh was generated in ANSYS Meshing through the Patch Conforming
Method, which is suitable for irregular geometries. It presented very good quality parameters,
with minimum orthogonal quality above 0.3, maximum skewness below 0.95, and maximum aspect
ratio below 15. This mesh was then converted into a polyhedral mesh in ANSYS Fluent to improve
accuracy, as shown in Figure 8. That conversion significantly decreased the number of elements

and increased the mesh quality.

12
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HI1.A.2. Volume of Fluid approach

In this work, we use the VOF method available on ANSYS Fluent [27] [28]. The method
models two immiscible fluids with a clearly defined interface through the Euler-Euler approach,
which treats the phases as interpenetrating continua [29]. It is simpler than Euler-Lagrange models
as it solves only a single set of equations.

The volume fraction of each phase is 0 or 1, except for the interface region, where there is a
volume fraction for each additional phase within the computational cell. The volume fraction of

the secondary phase, or in this case, the heavier phase, is defined as:

o) =

<|=
S

where V denotes the total representative volume. Which lead us to three possible conditions:
e oy = 0: the cell is empty of liquid;
e o; = 1: the cell is full of liquid,;

e 0 < aq < 1: the cell contains the interface between the liquid and the vapor.

III.A.3. Model description

The VOF method is computationally expensive, limiting the size of the domain to a pore
level. Thus, we use a domain representative of a small piece of the heat pipe, which is enough to
provide the required information to build a closure model.

The chosen working fluid was water for the initial simulations, and the solid material was
copper. These parameters were selected to mimic conditions similar to literature [10] and gain
confidence in the methodology. The following boundary conditions for the domain represented in
Figure 7 (a) were assumed: periodic at the streamwise direction; no-slip condition at the solid
surface (walls); variable contact angle at the wall, characterizing a hydrophilic wall; symmetry
condition at the remaining faces; adiabatic faces. We note that the vapor and the liquid flows were

considered to have constant properties, and both were initially at saturated temperatures.
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The geometric reconstruction scheme was used in the interface, which is the most accurate
for unstructured meshes. This standard scheme uses a piecewise-linear approach to apply a special
interpolation treatment to the cells near the two-phase interface. It assumes the interface between
the fluids has a linear slope in each cell and uses this linear shape to calculate the advection of
fluid through the face cells. The Pressure-velocity coupling scheme used was PISO [27].

For each VOF simulation, the domain was initialized with vapor patched at the middle and
liquid in its remaining part. Then, the surface tension forces change the shape of the interface,
and the capillary pressure changes in turn as well. A variable time-stepping method was used
with a default value of the Global Courant number of 2. Due to the small mesh size needed to
represent the meniscus shape and the velocity generated by the imbalances near the two-phase
interface, the time-step was of an order of 107%. The simulations were monitored by tracking the
area-weighted average pressure in a plane in the domain with the flow time. They were assumed
to converge when the monitor stopped changing, and the residuals dropped below target values of
107°. For the preliminary simulations with water and copper, the surface tension was 0.072N/m.
A sensitivity study on the contact angles between solid, liquid, and vapor was conducted for 60,
75, and 80 degrees.

The pressure as function of the position in a line across the domain is depicted in Figure 9
(a). As expected, there is a pressure jump between liquid and vapor across the interface, which is
the capillary pressure. It is observed that the smaller the contact angle, the higher the capillary
pressure, which agrees with the Young-Laplace Law. These results are consistent in trend and
magnitude with available water results for porous wicks [11, 10], which yielded in one of the samples
a capillary pressure of 302, and 537 Pa, for the contact angles of 75°, and 60°, respectively. Figure 9
(b) also presents a preliminary sensitivity conducted with water at the contact angle of 75 degrees,
testing the domain length, types of mesh elements, and boundary conditions. The shortest domain
tested was neglected for the subsequent simulations as it provided a capillary pressure more than

20% higher than the other simulations.

III.A.4. Mesh, domain, and boundary conditions sensitivity study

Once the setup was validated for the water cases, we developed models for the sodium heat

pipes. This study and all the following simulations used sodium as the working fluid and steel as

15
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Fig. 9. Pressure as a function of the position in a line across the domain for water: (a) with
different contact angles, and (b) with different boundary conditions, mesh elements, and domain
lengths

Mesh 1 and 5 are independent of each other regarding the number of elements.

Figure 10 (b) shows results of a subsequent domain length and a boundary condition conver-

gence study performed, with the associated error displayed in Table VI. For the axial boundary

TABLE V

Mesh convergence study

Number of | Error
elements (%)
Mesh 1 803434 3.14
Mesh 2 1031247 2.29
Mesh 3 1676200 1.85
Mesh 4 1782320 1.24
Mesh 5 3108326 —

16




conditions, we examine two options: (1) a wall with a contact angle between solid-liquid-vapor

of 90 degrees and (2) periodic boundaries. Moreover, the length of the domain was varied. The

error is defined as the difference between each configuration and the case with periodic boundary

conditions and longer length. The outcome of this study was the selection of the smaller domain

and periodic boundary conditions to proceed with the simulations, as it provided reliable and faster

results.
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Fig. 10. Mesh, domain and boundary conditions convergence study

TABLE VI

Boundary conditions and domain convergence study

Boundary Length of Capillary Error
Condition || domain y (mm) | pressure (Pa) | (%)
Wall 2.26 2324.70 12.47
Wall 3.71 2332.30 12.83
Periodic 2.26 2062.45 0.22
Periodic 3.71 2067.05 —

IIT.A.5. Model setup

After getting reliable results for cases with water and completing the sensitivity study with

sodium, we could begin our analysis. The contact angle of sodium on stainless steel is variable and

17



depends on the temperature [30], time [31], and pre-treatment [32] [33]. However, we consider only
the changes caused by temperature in this work, using contact angles equivalent to temperatures
ranging from 400 to 600 °C approximately. The smaller contact angles correspond to higher
temperatures. In addition, the sodium properties and the surface tension varied for each contact

angle, as they also depend on the temperature [34].

III.B. Results

An example of the vapor volume fraction and the isosurface of the liquid-vapor interface are
presented in Figure 11, showing the respective meniscus shape that is formed.

Vapor.Volume Fraction

Contour 1
9.75e-01
9.00e-01
8.25e-01
7.50e-01
6.75e-01
6.00e-01
5.25e-01
4.50e-01
3.75e-01
3.00e-01
2.25e-01
1.50e-01
7.50e-02
0.00e+00

Fig. 11. Vapor volume fraction (red) and isosurface of liquid-vapor interface

HII.B.1. Capillary pressure and the meniscus shape

The capillary pressure as a function of the contact angle and the surface tension for each
simulation is shown in Figure 12. Note that the surface tension is not a function of the contact
angle, but both depend on the temperature. As the temperature changes, both contact angle and
surface tension change. The capillary pressure observed at the liquid-vapor interface changes for
each case due to the surface tension and the contact angle between fluid and solid. Again, it is
observed that the smaller contact angles provide high capillary pressures.

Figure 13 compares the meniscus shapes for a small and a large contact angle, which illus-
trates the highly curved meniscus corresponding to the smaller contact angle and the nearly flat
meniscus for the larger contact angle. These shapes were obtained through an isosurface of the

two-phase interface.
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Fig. 13. Shape of the meniscus for the contact angles of 5 and 60 degrees, respectively

In subsequent analysis, the saturated liquid level in the wick was changed to verify the impact
on changes in capillary pressure and meniscus shape, as shown in Figures 14 and 15. It can be
seen that the meniscus shape and the capillary pressure change considerably with the saturation

level in the wick. If the wick is completely filled with liquid, the capillary pressure rapidly drops
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to zero, as expected, and the meniscus gets flat, as shown in Figure 15.
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Fig. 14. (a) Pressure as a function of the position in a line across the domain for different saturation
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Fig. 15. Changes in the meniscus shape for a contact angle of 5° at different saturation levels
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IV. NUMERICAL SIMULATIONS: SINGLE-PHASE FLOW

Overall we seek to extract more relevant closure information, such as the friction factor and
the heat transfer coefficient. The VOF simulations require an extremely small time-step of the
order of 1075, Therefore, coupling them with heat transfer would be extremely computationally
expensive, as diffusion is a process that requires a long time to occur. Single-phase simulations

[27] with liquid in a fixed meniscus model are proposed to perform the subsequent calculations.

IV.A. Methods
IV.A.1. Model description

The highly curved meniscus shape — corresponding to the contact angle between the solid-
liquid-vapor interface of 5 degrees, was chosen to develop a new model. As observed previously,
this shape provides higher capillary pressure and is typical of higher temperatures within the
operational range of a sodium heat pipe.

We then exported the isosurface of the liquid-vapor interface — the meniscus shape — and

approximated it as a sinusoidal function using MATLAB and an optimization algorithm:

z(z,y) = le — 05 x (2.6 + 1.19sin(7w (8000 — 0.2)) + 3.3sin(w(8000y — 0.125))) (3)

In Figure 16, the two surfaces are overlapped to match the surface’s minimums and max-
imums. The interface shape described by (IV.A.1) has an error evaluated with the least square
method of less than 5%. This step made the generation of a fixed-meniscus domain feasible. Be-
cause the meniscus shape is simply a function of the capillary pressure, its curvature remains the

same during simulations coupled with heat transfer [13].

The parametric surface was plotted, and the wires were removed to construct the new domain
using SpaceClaim, as shown in Figure 17. A tetrahedral mesh was generated and converted later

into a polyhedral mesh in ANSYS Fluent.
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Fig. 17. Steps of the generation of the new domain and a section of its mesh

IV.A.2.  Model setup

For the simulations performed in this Section, the laminar incompressible fluid flow is modeled
in the domain with a fixed meniscus. We propose a simplified model consisting of a two-step

simulation, in which we change the boundary condition at the interface, as described in Figure 18:
1. outflow boundary condition at the interface;

2. the velocity field is frozen, and the interface boundary condition is changed to a wall with

negative heat flux.

Through this approach, we could account for the mass flowing out of the liquid domain and

the heat lost due to evaporation.

For the first step, the inlet velocity is set as 0.01 m/s, and the heat flux at the wall as 112875
W/m?, consistent with previous works with heat pipes near the outlet region of the evaporator
[35]. Although it is just one choice, the work can be repeated for a broader range of parameters.

We demonstrate the use of the methodology here to evaluate available correlations. A summary
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Fig. 18. Two-step simulation setup

of the parameters tested in this work is presented below.

o Inlet velocity: 0.01 m/s

Inlet temperature: 1155, 1160, 1165, and 1170 K

Wall heat flux: 112875 W/m?

Domain length: 1.41, and 2.81 mm

Distance between wire mesh and wall: 0.1832, 0.0916, 0.0458, and 0.0229 mm

Then, the proportion of the mass flow exiting the interface in the first step was estimated as

the heat transferred to the interface divided by the latent heat of vaporization:

q/,Awall
— (4)

Minter face = h
fg

It resulted in an interfacial outflow of around 1-3% of the total flow rate. This estimation

was in agreement with the modified Schrage Equation 5 [36] [37] for evaporation mass flow rate
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through an interface, defined as:

N 2’}/ M pghfg(ﬂ - Tsat)
"=V R T2/3 5)

sat

where - is the accommodation coefficient, which in this case is 0.03, M is the molecular weight, R is
the universal gas constant, 7T; is the interfacial temperature, and Ty, is the saturation temperature,
equal to 1155 K.

Then, for the second step, with the frozen velocity field, the heat flux exiting the interface was
obtained by energy conservation. The results obtained after each of those steps are summarized

into the Subsections IV.B.1 and IV.B.2, respectively.

IV.A.3. Mesh sensitivity study

In order to establish the mesh size, domain length, and the time step required for the simu-

lations with the new model, a sensitivity study was performed to test the following parameters:
e Element size: 4 x 107°m, and 5 x 10™°m
e Time step: 0.01 s, 0.05 s, and a steady simulation
e Domain length: L = 1.41mm, and 2L

Each simulation was considered converged when the monitors of pressure, temperature, and
velocity stopped changing. After this study, we decided to conduct the simulations using a mesh
with the bigger element size 5 x 107°m and the time step of 0.01 s. Those conditions provided
a good compromise between accuracy, stability, and computational cost, with a Courant number
of approximately 2. As no gravity forces are acting in this model, the domain’s orientation is
irrelevant, and therefore the results are presented either vertically or horizontally.

Then, we compared the case with the domain length L = 1.41mm with a case twice as long.
The velocity profile of those cases and the position of the planes we use to analyze the friction
factor are described in Figure 19. The pressure drop is evaluated for each 0.5L by computing the
AP across planes. In the graph of Figure 19, we observe that the pressure drop becomes nearly

constant after a length equal to L in both simulations. This behavior shows that this domain
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length is sufficient to capture the fully developed flow. Simulations are conducted at L = 1.41mm

for the remainder of the study.
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Fig. 19. Velocity field for a short (L) and a long domain (2L) with the position of some planes use
in the friction factor calculation

IV.B. Results

The following two subsections present the results obtained after each of the steps of the

model previously described in Subsection IV.A.2.

IV.B.1. Pressure Drop and Friction Factor

To evaluate the pressure drop, the interface is treated with outflow boundary conditions (i.e.,
flow split, as discussed in the previous section). Because most of the fluid flows through a liquid
gap between the wire mesh and the wall, the outflow through the interface is minimal [35].

We varied the liquid gap size between the wall and the mesh wire. Even though this gap is
a design parameter in annular heat pipes, it is also present in pure wick heat pipes since perfect
adhesion between mesh wire and wall cannot be ensured. As the gap size changes, the porosity
will also change. We then observe the liquid behavior through the domain (Figure 20) and its

influence on the pressure drop (Figure 21).
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Fig. 20. Velocity field for different sizes of liquid gap

The pressure drop as a function of the liquid gap size was calculated at different domain
heights to neglect the significant pressure losses at the entrance region, where the flow is not fully

developed (Figure 21). In the following, the pressure drop is defined as:
AP = Poutlet - Pplane (6)

where the plane varies with the height in the y-direction.

As shown in Figure 21, the results are as expected: with lower pressure drop for the measure-
ments at the smaller heights. Also, it can be observed that there is a more considerable pressure
drop for the tightly packed domain and a slight pressure drop for the domain with the large liquid
gap, where the flow goes mainly through this empty channel. It is also evident that the pressure
drop is highly sensitive to changes in porosity.

We then compared results from the simulation and, in particular, the fully developed friction
factor with available correlations. To do so, some post-processing of the simulations was needed.
As previously observed, most of the flow goes through the gap between the wick and the wall. The
average velocity v; is computed in this channel between the wall and the screen mesh, marked in

Figure 22 (a), to obtain a Reynolds number based on the hydraulic diameter of 2d;:

- P 2dl
12

Re
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Fig. 21. Pressure drop as function of the liquid gap size measured at three heights

Then, we calculated the friction factor for laminar flow in tubes:

64
f = ®)

And in infinite channels (laminar channel flow):

24
f= Re (9)

Furthermore, we calculated the friction factor using the Darcy-Weisbach correlation:

_ 2APD,

f Lov?

(10)

where L was varied and consequently the AP. Figure 22 (a) shows the regions where the parameters
were computed. This calculation did not consider the entrance region since the flow needed to be
fully developed. The results are presented in Figure 22 (b), where we can observe that the laminar
correlation for tubes presents a good agreement for less tightly packed channels compared to the
Darcy-Weisbach correlation. However, for smaller porosities, the results are overestimated. The

laminar correlation for infinite channels, however, underestimated the friction factor.
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Fig. 22. (a) Scheme of the regions used to compute the parameters of the friction factor, (b)
Friction factor as a function of the liquid gap size

Then, we tested several well-known correlations for fluid flow through packed columns [38]
[39] [40] [41]. However, most of them overestimate the friction factor for our geometry. We found
a better agreement using a general correlation [42], in which we could choose coefficients better

suitable for our case:
A (1—e)? B (1—¢3™
= R@dp €3 Rei;n €3

(11)

where the A and B are coefficients determined empirically. In this correlation, the coefficient A
depends on the shape of the particle [41], and B depends on the ratio between the equivalent
diameter of the pipe’s liquid film, D, and the particle diameter, dp [43]. For this correlation, the

characteristic length in the Reynolds number is dp:

pudp (12)

where dp is defined as:

Volume of wire
d = —_— ].
p=6 Area of wire (13)

The term multiplying A characterizes the laminar flow, and the one multiplying B character-

izes the turbulent flow. We consider the flow as laminar given that Reg, = 4.2, and the Reynolds
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coefficient is therefore set to n = 1. For turbulent flow (Regq, > 300) we typically have n = 2.
Transitional values typically follow in between [41] [40].

According to the literature [43] [42], the value of the coefficient A is 150 for spheres and 200
for cylinders. Furthermore, the coefficient B can be obtained with the following equations:

e Spheres

1 1.
15 +0.88

VB (D/dp)?

Cylinders

1 _ 2 0.8
VB (Djap T

The parameters obtained for the cases in this work are the following:

Redp =42

2.55 < D/dp < 4.2

e 0.74 < €<0.82

e A=150— 081 < B<1.07
e A=200—0.82< B <1.20

where the porosity, € is defined as:

volume of the fluid

= 14
¢ volume of fluid without the wires (14)

We also examine the sensitivity to the defined parameter n. The extreme cases for coefficients
A and B were tested as bounding cases to our data. Two cases are shown in Figure 23, with n
varying from 1.0 to 2.0.

Overall, a better agreement was found for the case for spheres and lower value of B, and
therefore lower D/dp. The value of n for the laminar - or quasi-laminar - flow agrees with our
simulation for the minor gap cases. For larger gaps, the results agree better with the correlation
for laminar flows in tubes (8). Using those parameters, we can rewrite our correlation as follows:

2
5 1081 (1 ;Be) (1s)

Re dp
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Fig. 23. Friction factor as function of the liquid gap size: (a) A = 200, and B = 1.2; and (b) A =
150, and B = 0.81

We note that this is based on a limited set of cases, but the methodology can be repeated

for a larger dataset.

IV.B.2. Heat transfer coefficient

After removing the heat due to evaporation at the interface and concluding the second step
of our model setup, we could perform a heat transfer analysis. We evaluate the heat transfer
coefficient at the wall and the interface.

The evaporative heat transfer coefficient was calculated using the following correlation:

m; hfg

hevap = =——=— 16
P ,ATZ - Tsat ( )

where m;' is obtained through the Equation 5. The results are consistent with recent research [13]
and yield a heyap = 6.89(W/m?K).
We focus, however, on wall heat transfer. The average wall temperature Ty, is first com-

puted at a given stream-wise plane to evaluate the wall heat transfer coefficient. The bulk tem-
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perature Tp,i is also calculated at those planes:

TudV
Touix = W (17)

We then obtain the local heat transfer coefficient, given by:

"

q
h=—"—— 18
Twatl — Touik (18)
And the Nusselt number is defined as:
hD,
Nu= - (19)

where D, is the length of the heated wall.
The planes where the heat transfer coefficient was calculated, and the Nusselt number at

those planes for one of the cases are shown in Figure 24.
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Fig. 24. Temperature field for a short domain (L) with the position of some planes used to calculate
the heat transfer coefficient

The Nusselt number computed at a plane across the domain near the outlet is presented in
Table VII. We observe small Nusselt numbers, varying from 2.5 to 5.2, as expected for the laminar
flow of sodium. The Nusselt number is lower in the case with the smaller porosity, showing that
the heat transfer occurs almost purely by conduction.

TABLE VII
Nusselt number for different liquid gap sizes

H Liquid gap size H Porosity \ L H

2d 082 | 4.67

d 0.78 | 4.61
/2 0.75 | 3.40
/4 0.73 | 2.65
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Then, the results obtained for the local wall heat transfer are compared with several corre-

lations for liquid metals, such as Lyon [44], Aoki [45], and Skupinski et al. [46], respectively:

Nu = 4.0 + 0.025P¢"® (20)
Nu = 5.3 +0.019P¢"® (21)
Nu = 4.82 + 0.0185P"#27 (22)
where the Péclet number is:
Pe = Pr x Re (23)

with a Prandtl number Pr = 0.0041, and Pe < 1.

The profiles obtained for the local heat transfer coefficient and Nusselt number as a function
of the position over the domain length are shown in Figure 25 (a). The dashed lines represent the
heat transfer coefficient computed in the whole domain for each case. As previously observed in
Table VII, the local heat transfer profiles for each case are nearly constant along its length.

Figure 25 (b) presents a comparison between the Nusselt number computed at the outlet
of the smaller domain, varying the liquid gap size, and the correlations described in Equations
20, 21, and 22. Although existent heat transfer correlations are mainly derived from turbulent
heat transfer data, for higher porosity, the Lyon correlation presented a good agreement with
the simulation results, with a 1% difference. On the other hand, Aoki [45] and Skupinski [46]
overestimated our results in 27% and 16%, respectively. Which was expected, as they are suitable
for Pe > 100, and in our work, the Péclet number is below unity.

Comparisons with other well-known correlations for liquid metals [47] [48] [49] were also
performed. However, although they presented the same trend, most of them overestimated the
Nusselt number by more than 80%. We observed that heat transfer correlations dependent only

on the Péclet number provided a value closer to our results.
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Fig. 25. (a) Heat transfer coefficient and (b) Nusselt number as function of the Position over the

total length

Finally, three values of inlet superheat AT = 5,10, and 15K were investigated in Table VIII.

The change in the Nusselt number is expected to be minimal, as the local heat transfer coefficient

value is practically independent of the heat flux imposed on the wall. This trend was in agreement

with the literature [13] [15].

TABLE VIII

Nusselt number for different super heats and positions along the domain

I AT [JL/2]2L/3] L |

0K || 421 | 436 | 4.61
5K || 415 | 4.32 | 4.58
10K || 4.15 | 4.31 | 4.57
15K || 415 | 4.29 | 4.58

V. NUMERICAL SIMULATIONS: SOCKEYE

The operational range of the heat pipe is determined by its limitations to heat transport, such

as capillary and sonic limits. The capillary limit depends on the design of the wick, which affects

the heat pipe capability of pumping liquid from the condenser to the evaporator. To maintain the

33



appropriate operation of the heat pipe, the capillary pressure must be greater or equal to the sum
of pressure losses for liquid, vapor, phase changes, and gravity. Among those, the pressure drop of
the liquid due to the frictional drag can be more significant depending on the operating conditions
[50].

In order to increase the maximum heat transfer at which a heat pipe can operate, the design
of the wick must be considered. For example, porosity, permeability, and liquid gap size changes
can affect the maximum attainable capillary pressure [51]. This part of the work aims to validate
Sockeye simulations of a heat pipe model against the experiments discussed in Section II. We also
compare numerically evaluated capillary limit curves for the same model against available capillary

limit curves provided in the literature.

V.A. Methods

The experimental setup and the numerical study data are utilized to model the heat pipe.
Here, the 2-D model is built using the MOOSE framework application Sockeye [9], which accounts
for the liquid and vapor flow inside the heat pipe and the heat conduction through its stainless steel
envelope. The external dimensions of the heat pipe, with the evaporator, adiabatic, and condenser
sections, as well as the heat input and removal, are obtained from the experiments in Section II.
The wall heat transfer coefficient and design information on the wick, derived from Sections III,

and IV, is used to calculate the pore radius, given by [51]:

1
eff = —— 24
Teff = (24)
Where N is the number of holes in the screen mesh per meter and the permeability:
d?ée3
K=—— 2
122(1 — ¢)? (25)

where d is the wire diameter.

V.B. Results

The wall temperature across the axial position was computed using a pore radius of 1.25

x10~%m, permeability of 3.04 x1071%m?, and a fixed porosity of 0.76. The placement of the
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thermocouples in the experiment caused temperature differences due to their thermal resistance to
the heat pipe wall. Those differences were simulated with ANSYS Fluent by modeling the setup
of the heater and the heat exchanger around the heat pipe. The results were incorporated into the
temperature distribution obtained with Sockeye. Once compared to the experiments, as shown in

Figure 26, the simulations yielded a remarkable degree of agreement.
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Fig. 26. Validation of the wall temperature for Test-018

After validating the Sockeye model, the power input was increased until the void fraction in
the evaporator was larger than in the interface, characterizing a dry-out of the wick. The cases
tested are presented in Table IX, using initial temperatures ranging from 900 to 1600K.

The first three cases, depicted in Figure 27 (a), were performed by changing the liquid gap
size until obtaining a limit curve close to the one provided by the heat pipe vendor, Advanced
Cooling Technologies [18]. In those cases, the liquid friction factor correlation utilized by Sockeye

is for annular flows, given by:

24 (Dwick,o>04035 (26)

Re \ Dpypi

where Dyicr,o is the outer diameter of the wick and Dy, ; is the inner diameter of the heat pipe.
However, as the fraction of these two parameters is nearly 1, this correlation can be approximated
by the friction factor for laminar flow, presented in the previous section, in Equation 9.

In the other cases, shown in Figure 27 (b), the liquid friction factor was changed, and the
liquid gap size was fixed. The correlation presented in Section IV, in Equation 15, was compared
to the default correlation of Sockeye and the friction factor for laminar flows in tubes 8.

The results presented in Figure 27 (a) show that the capillary limit increases with the liquid

gap size. Figure 27 (b) shows the influence of the choice of liquid friction factor correlation in the
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TABLE IX
Cases tested in the calculation of the capillary limit

Test || Liquid gap size [mm] | Friction factor correlation
01 0.0918 24 (Dw;ck°)0'035
0.035
24 Dwic ,0
02 0.1836 L ( gt )
0.035
24 Dwic o
03 0.1262 (B )
04 0.2525 24 (gt 0)0'035
: Re Dpp,i
150.81 (1—¢)?
05 0.2525 5081 (0
64
06 0.2525 6

capillary limit. The correlation presented in this paper, in Test 05, presented a lower capillary

limit even with a relatively large liquid gap.
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Fig. 27. Capillary limit for: (a) Tests 01 - 03, with different liquid gap sizes, and (b) Tests 04 - 06,
with different liquid friction factor correlations
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VI. CONCLUSION

This manuscript discussed a fundamental study of the physics of liquid metal heat pipes. We
presented unique experimental and numerical data for model validation, supporting the advance-
ment of best-estimate analysis codes needed to perform safety analyses of Heat Pipe Microreactors.

In the initial modeling work, results obtained with VOF have been leveraged to evaluate the
capillary pressure as a function of saturation level in the wick and contact angle. The simulations
performed with water yielded numerical results in agreement with the literature. Novel results
with sodium allow us to establish a basis for evaluating closure relationships in liquid metal heat
pipes.

In the second step of the numerical campaign, single-phase simulations were performed in
a new domain with a fixed interface. The focus is on the liquid flow within the wick and the
associated friction and heat transfer. Friction factor correlations were tested for several cases
varying the wick-to-wall gap of the domain. We note that the pressure drop is very sensitive to
the wall-wick gap size overall. Although there is a lack of correlations for this particular geometry,
we observed some agreement when comparing friction factor correlations for packed spheres in
a liquid column. Darcy channel flow correlations, often used for liquid metal heat pipes with
annular gaps, are a good approximation only for relatively large gaps. We also evaluated heat
transfer correlations for wall heat transfer.

In the final part of the numerical study, results obtained in Sockeye are briefly presented. The
calculations with Sockeye are performed using the experimental setup parameters and information
from the previous numerical simulations, such as the wick characteristics and the wall heat transfer
coefficient. The experiments validate the results, and the capillary limits are obtained for several
cases. These results build confidence in the capability of Sockeye to compute the temperature
distribution in heat pipes and predict the capillary limit. They also highlight the importance of
the liquid friction factor correlation.

For future work, the parameters tested here will be expanded to cover a broader range
of non-dimensional numbers. We are also currently exploring the other regions of the heat pipe,
numerically, such as the vapor core, the condenser, and the liquid-vapor coupling through the fixed
meniscus interface, with more accuracy. The correlations obtained from these multiple approaches

will be implemented within Sockeye [9]. The proposed next steps for the experimental work will
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focus on X-ray radiography of the heat pipe and detailed high-resolution temperature experiments.

Ultimately, one of the project’s goals is to augment Sockeye with the newly developed corre-
lations and further improve the existing Sockeye models of the University of Michigan experiments.
Results will be compared against additional experimental data and used to help validate the overall

modeling approach for normal operation and close to the operational limits.
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