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Abstract

The Variable Conductance Heat Pipe (VCHP), which incorporates non-
condensable gas (NCG) to regulate heat transfer capability, finds extensive
application in reactor systems, enabling simultaneous heat transfer, control,
and related functions. However, complex phenomena such as two-phase boiling
flow and the coupling of NCG cavity compression and release present significant
challenges for numerical simulation. This study proposes a numerical method
for the efficient simulation of VCHP, specifically tailored to the computational
requirements of emergency residual heat removal systems employing VCHP.
The methodology integrates a network model, vapor space flow pressure drop
calculations, and a VCHP plane interface theory. Heat conduction within
the heat pipe is treated as highly efficient, with transient behavior resolved
through iterative updates of node temperatures and NCG length. The model’
s accuracy is validated through comparison with conventional VCHP models,
demonstrating a balanced enhancement in computational speed and precision
without compromising either aspect. The effects of heating power, gas charge
quantity, and non-uniform heating conditions on heat pipe temperature and
NCG behavior are systematically analyzed. When applied to residual heat
removal systems, the model reveals the dynamic response characteristics of
temperature and NCG behavior following reactor shutdown, thereby confirming
the feasibility of utilizing VCHP as switching elements in such systems.
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Full Text

Abstract

The Variable Conductance Heat Pipe (VCHP), which contains non-condensable
gas (NCG) to regulate heat transfer capability, is widely used in reactor ap-
plications to enable simultaneous heat transfer and thermal control functions.
However, complex phenomena such as two-phase boiling flow and the coupling
of NCG cavity compression and release pose significant challenges for numerical
simulation. This study proposes an efficient numerical method for simulating
VCHP, specifically tailored to the computational demands of residual heat re-
moval systems that utilize these devices. The approach integrates the network
method, vapor space flow pressure drop calculations, and VCHP plane interface
theory. Heat conduction within the heat pipe is treated as highly efficient, with
transient behavior resolved through iterative updates of node temperatures and
NCG length. The model’ s accuracy is validated against experimental data and
compared with traditional VCHP models, demonstrating a balanced improve-
ment in computational speed without compromising precision. The effects of
heating power, gas charge quantity, and non-uniform heating conditions on heat
pipe temperature and NCG behavior are systematically analyzed. When applied
to a residual heat removal system, the model reveals the dynamic response of
temperature and NCG behavior following reactor shutdown, confirming the fea-
sibility of using VCHP as switches in such safety-critical systems.

Keywords: variable conductance heat pipe, heat transfer performance, residual
heat removal, network method

Introduction

The heat pipe reactor represents an innovative reactor concept whose core advan-
tage lies in using high-temperature heat pipes (HTHP) as heat transfer elements
to efficiently remove heat generated by nuclear fission [?, ?, ?]. This reactor type
is characterized by passive safety features, high reliability, simple system struc-
ture, and compact design [?, ?, ?]. Heat pipes transfer fission power from the
reactor core to the evaporator section, where absorbed heat causes the working
fluid to vaporize [?, ?, ?]. [Figure 1: see original paper] presents the thermo-
physical model of the VCHP, illustrating its key components and heat transfer
processes. After passing through the adiabatic section, the vapor is cooled and
condensed in the condenser section, with the condensed working fluid returning
to the evaporator section via capillary forces or gravity [?, ?, 7, ?], thereby
completing the thermal cycle.

HTHP serves as the primary heat transfer component in the reactor, and VCHP
[?, 7], as a specialized type of HTHP, not only provides heat transfer function-
ality but also enables active thermal control [?, 7, 7, ?, ?]. In this work, VCHP
is designed to function as the primary heat transfer path during normal reac-
tor operation and as a control mechanism for the residual heat removal system
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under accident conditions [?]. Given these dual requirements, developing a nu-
merical model capable of rapidly and accurately calculating VCHP performance
is essential. Although VCHP are relatively simple to manufacture, they involve
complex physical processes including phase-change heat transfer, working fluid
circulation, and NCG movement [?].

For HTHP simulation, Zuo et al. [?] proposed a simplified network method that
neglected vapor flow pressure drop and working fluid energy transport, providing
only approximate overall temperatures for different heat pipe sections. However,
this method cannot calculate actual temperature distributions and is limited to
uniform heating conditions, making it unsuitable for non-uniform heating sce-
narios. Guo et al. [?, 7, ?] developed a fast-computation model for HTHP by
simplifying vapor space heat transfer to thermal conduction and integrating the
network method to calculate evaporation and condensation rates and working
fluid reflux. Harley and Faghri (1994) [?] proposed a two-dimensional transient
mathematical model that successfully predicted experimental data for HTHP
with and without NCG. Sameh et al. [?] extended the network method for
VCHP, developing a transient network method for capillary-driven heat pipes
that accounts for axial heat conduction and NCG effects. Wang et al. [?] devel-
oped an analysis code for HTHP incorporating NCG effects, considering both
rarefied and continuum zones, and used an external iteration method to obtain
steady-state temperatures and NCG fractions. The shortcomings of these exist-
ing methods lie in their complexity, which consumes substantial computational
resources, or their oversimplification, which compromises accuracy. Experimen-
tal studies on VCHP have also been conducted; Ponnappan et al. (1994) [?]
experimentally investigated wall temperature, startup, and condensation pro-
cesses in heat pipes containing NCG under steady-state conditions, while Guo
et al. [?] systematically analyzed and compared the steady-state temperature,
thermal resistance, and self-regulation characteristics of four different VCHP de-
signs, examining design principles from structural, thermophysical, and working
fluid charge perspectives.

Considering the large number of heat pipes typically arranged within a reactor
core, the model must be sufficiently simple to enable overall reactor model-
ing and simulation with minimal computational resources. Traditional models
struggle to meet these competing requirements simultaneously. Therefore, the
objective of this paper is to develop a simplified model capable of performing
efficient and accurate calculations for VCHP. The model is based on the con-
cept of a superconducting vapor space, simplifying the entire VCHP process to
solid heat conduction, with NCG length determined through iterative calcula-
tions of node temperatures. Experimental studies provide reference data for
model validation, and comparison with these studies demonstrates the model’
s accuracy. Finally, the dynamic response characteristics of the VCHP model
and the dynamic variation of NCG are analyzed, showing that the model can
be effectively coupled with reactor simulation programs.

[Figure 1: see original paper] Thermophysical Process of VCHP
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2. Numerical Model Establishment

The model proposed in this work does not directly simulate two-phase flow in
the vapor space or capillary phenomena in the wick. Instead, it simplifies passive
heat transfer to equivalent thermal conduction. Network nodes are introduced
to solve for node temperatures and iteratively calculate NCG length based on
plane interface theory, where high-temperature VCHP form a distinct interface
between vapor and NCG [?]. Based on these concepts, the model makes the
following assumptions: (1) heat conduction through the pipe wall is simplified
to two-dimensional conduction; (2) steam within the vapor space is treated as
a compressible ideal fluid; (3) working fluid return in the wick is incompressible
with constant flow channel volume; (4) temperature at the vapor-wick interface
always equals the saturation temperature corresponding to the local pressure;
(5) sparse steam in the NCG non-active zone is neglected; and (6) a distinct
interface exists between the vapor space and NCG. The model simplifies heat
pipe heat transfer to multi-region, multi-boundary thermal conduction, thus
requiring only the numerical solution of the conduction differential equation:

= VV(

[Figure 2: see original paper| Single Thermal Resistance Physical Model [Figure
3: see original paper] Overall VCHP Model

The VCHP consists of the metallic containment wall, porous wick, vapor space,
and NCG. The success of model development depends on accurately determining
the thermal properties and volumetric heat sources for each region.

2.1 Wall Modeling

The wall is typically a cylindrical closed shell made of metal. Heat exchange
between the heat pipe and external environment can be described by appropriate
boundary conditions, with three types available: Dirichlet boundary condition,
Neumann boundary condition (= —V), and Robin boundary condition.

2.2 Wick Model

The wick consists of a porous metal structure saturated with liquid working
fluid. This region is typically treated as a composite material, with its thermal
properties determined by both the porous metal and the liquid working fluid.
For instance, in the case of a wire mesh wick, the density, specific heat capacity,
and thermal conductivity of this region can be approximated using the following
equations:

=+1—+1—

During heat pipe operation, the working fluid continuously flows from the con-
denser section back to the evaporator section within the wick. This return flow
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contributes to heat transfer, which is represented by a heat source term in the
conduction differential equation.

[Figure 4: see original paper] The heat transfer process of Wick

Based on the calculated temperature field at the current time step, temperature
values at each node can be determined. By combining these with the ther-
mal resistance, the evaporation and condensation rates of the working fluid at
the gas-liquid interface can be determined [?]. The heat transfer is calculated
through vapor condensation:

)= (

) h

2.3 Vapor Space Model

For thermal conduction calculations in the vapor space, the method proposed
by Guo [?] is referenced, with the key being determination of the equivalent
thermal conductivity for this region. First, the pressure drop of steam flow
within the vapor space is calculated, including contributions from the evapora-
tion, adiabatic, and condensation sections [?]:

A=A +A+A

The pressure drop calculation for steam flow in the evaporation section proceeds
as follows:

A x 1+

Frictional pressure drop calculation is divided into two flow regimes: laminar
and turbulent. For laminar flow:

For turbulent flow:

=0.079 x 025

The axial Reynolds number in the equation can be expressed as:

=0.61 %6 +
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For the pressure drop of steam flow in the adiabatic section:

A18 + 5 1+0.106 - 30

Similarly, the pressure drop in the condensation section can be calculated:

A >-225(17) —1.23 A

Using equations (11) to (18), the overall pressure drop within the vapor space
can be calculated. Assuming that steam inside the pipe and liquid working fluid
in the wick are in thermodynamic equilibrium, the Clausius-Clapeyron equation
describes the relationship between temperature and pressure:

= +3.3835—

Using Fourier’ s law, the equivalent thermal conductivity of the vapor space can
be calculated:

2.4 NCG Region
Q = —AvAVT =~ AvA

Once NCG is charged into the heat pipe, a distinct interface forms between
the vapor in the vapor space and the NCG, as described by the plane interface
theory. Therefore, the key to determining thermal conduction in the NCG region
is calculating the length of the NCG, which is determined solely by the initial
gas charge and the pressure within the vapor space. The pressure in the vapor
space is described by Equation [?]:

= +3.3835—

In this equation, parameters A and B are empirically correlated and depend
solely on the medium type within the vapor space. Using this formula, the
vapor space pressure can be obtained. By equating this pressure to that of the
NCG, the NCG pressure can be determined, which satisfies Equation [?]:

= mNGcRgTNGCPNGc,aAU
The thermal conductivity of the NCG region cannot be simply regarded as the
thermal conductivity of the NCG itself. In the study by Hoang et al. [?], the

vapor space is divided into an active vapor region and an inactive NCG region,
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with axial heat transfer between the two regions represented by the ratio of their
axial heat transfer coefficients, denoted as . This treatment is applied only to
thermal resistance, and diffusion effects at the interface are not considered in the
model. Therefore, in the network method, the axial heat conduction thermal
conductivity of the NCG region can be defined as the thermal resistance of the
vapor region multiplied by the ratio of the heat transfer coefficients of the two
regions, :

A=

2.5 Numerical Calculation

hvapor The essence of the calculation for this model can be simplified to the
following form:

Various algorithms, such as linear multistep methods and Runge-Kutta meth-
ods, can be used to solve such a system of differential equations. However, due
to the ultrahigh equivalent thermal conductivity of the heat pipe vapor space
—theoretically reaching 105 W/(m + K) or higher—stiffness issues are likely to
arise during the calculation process. Therefore, it is essential to employ meth-
ods specifically designed for solving stiff systems of equations. In this work, a
multistep method with a delayed scaling prediction-correction approach is ap-
plied. The computational logic of the program is illustrated in [Figure 5: see
original paper].

[Figure 5: see original paper] VCHP Program Calculation Flow Chart

3. Numerical Model Validation

In experimental studies of VCHP, Ponnappan et al. [?] investigated the perfor-
mance of stainless steel-sodium heat pipes with NCG in both vacuum and gas-
loaded environments. By inputting parameters consistent with the experimental
conditions into the established heat pipe model and comparing results with liter-
ature data, the model parameters are presented in . As shown in [Figure 6: see
original paper], the wall temperature distribution agrees well with experimental
data, with corresponding errors listed in . The relative errors in steady-state
wall temperature calculations are all less than 2.5%, satisfying computational
accuracy requirements. The model is capable of accurately and efficiently calcu-
lating VCHP performance. When compared with Wang C' s VCHP model [?]
against Ponnappan’ s experimental results, that model exhibits relative errors
ranging from 2.0% to 3.1%. In contrast, the model demonstrated in this work
achieves a minimum relative error of 0.87% and a maximum of 2.21%, with an
average relative error approximately 1% lower.

Parameters Related to VCHP Parameter | Value —|—Evaporation section length
(mm) | Adiabatic section length (mm) | Initial condensation section length (mm)
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| Initial NCG section length (mm) | Outer diameter (mm) | Wall thickness (mm)
| Porosity | 67.5% Wall emissivity |

[Figure 6: see original paper| Steady-State Wall Temperature Distribution of
VCHP

Errors between Calculated and Experimental Values of VCHP Heating Power
(W) | Maximum Absolute Error (K) | Maximum Relative Error —|—|—| | 1.26%
|| 1.26% | | 0.87% | | 2.21%

4. Performance Analysis
4.1 Analytical Object

The method addresses computational requirements for VCHP in the residual
heat removal system of a 3.12 MW novel inherently safe oceanic HTHP [?, ?,
?, ?]. As shown in [Figure 7: see original paper] and [Figure 8: see original
paper], the reactor system consists of the reactor core, cooling system, and
shielding body. The cooling system employs a shell-and-tube heat exchanger
configuration. During normal operation, supercritical CO, flows over the heat
transfer tube bundle on the shell side of the main heat exchanger, removing heat
transferred from the reactor core via heat pipes. lists the main parameters of the
inherently safe HTHP. The core utilizes annular uranium nitride as nuclear fuel,
with heat conducted to the secondary circuit through heat pipes. To save axial
space, a gas reservoir measuring 30 mm in length (twice the pipe diameter)
is placed at the end of each heat pipe. Under accident conditions, when the
cooling system fails and heat pipe temperatures increase, the NCG compresses,
causing the working section of the heat pipe to extend. This extended section
then connects to the shell via conductive materials, transferring residual heat
from the reactor core to the ocean and preventing core meltdown.

[Figure 7: see original paper] Unmanned Underwater Vehicle Plant [Figure 8:
see original paper| Schematic of VCHP in Unmanned Underwater Vehicle

Reactor-Related Parameters Feature | Parameters | Value —|—|—Power | | 3.12
MWt Height | | 755 mm Weight | | 1800 mm Passive heat transfer redundancy |
| 550 mm Number of Fuel-Heat Pipe Assemblies | | Number of VCHP | | Length
of VCHP | | Length of core | |

The heat pipe wall is made of Inconel 617 alloy, with evaporation, adiabatic, and
condensation sections measuring 550 mm, 350 mm, and 600 mm, respectively.
An appropriate amount of helium is charged to maintain an NCG length of 300
mm during normal operation. A cylindrical wire mesh core design is adopted
with a wick porosity of 67.5%. In subsequent sensitivity analyses, unless specif-
ically targeting a particular boundary condition, the boundary conditions are
as shown in . The temperatures of various VCHP parts at this stage are shown
in [Figure 9: see original paper], where the NCG section length is 302.1 mm.

[Figure 9: see original paper] Temperature Contour of Heat Pipe under Normal
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Operating Conditions

Boundary condition Boundary condition | Measure —|—Convective heat trans-
fer coefficient/(W/m?/K) | Heating power/kW | Emissivity of radiative heat
transfer |

4.2.1 Heating Power

As depicted in [Figure 10: see original paper] and [Figure 11: see original pa-
per], the impact of heating power on both wall temperature and NCG section
length becomes more pronounced once the initial NCG charge is determined.
When heating power is gradually increased from 8 kW to 11 kW, the maximum
heat pipe temperature rises from 1008 K to 1078 K. Simultaneously, as heating
power increases, the NCG section length decreases while the working section of
the heat pipe extends. In a reactor accident scenario following shutdown and
loss of secondary loop cooling capacity, both core and heat pipe temperatures
inevitably rise, causing the heat pipe working section to elongate. While the
original working section loses its heat dissipation function, the extended sec-
tion can be passively activated due to the residual heat removal system design.
This extended section, connected to the UUV housing via thermally conductive
materials, enables natural heat exchange with surrounding seawater, thereby
effectively dissipating core residual heat. Under high heating power conditions,
both pressure and temperature within the vapor space increase, demonstrating
that VCHP can function as an effective switch for the residual heat removal
system.

[Figure 10: see original paper] Heat Pipe Wall Temperature under Different
Heating Powers [Figure 11: see original paper] Temperature Contour of Heat
Pipe under Different Heating Powers

4.2.2 NCG Charge

As illustrated in [Figure 12: see original paper] and [Figure 13: see original
paper], the initial NCG charge significantly affects the NCG section length dur-
ing heat pipe operation. When the initial NCG charge increases from 5.56% to
27.8%, the NCG section length under normal conditions increases from 157.3
mm to 338.1 mm. Consequently, the initial NCG charge can be adjusted to
position the switch at a critical point, enabling passive activation following an
accident. Meanwhile, as NCG charge increases, the average NCG temperature
first decreases and then increases. This non-monotonic behavior results from
the combined effects of NCG thermal conductivity and length variation, as both
parameters change with different charging amounts. Under normal conditions,
the initial charge can be set to achieve an NCG length of 300 mm. This 300
mm section is connected to the UUV housing via thermally conductive materials.
In an accident scenario, as core and heat pipe temperatures rise, the extended
working section automatically initiates operation, effectively exporting residual
heat from the core.
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[Figure 12: see original paper| Temperature Contour of Heat Pipe under Dif-
ferent NCG Charges [Figure 13: see original paper] Wall Temperature under
Different NCG Charges

4.2.3 Case with Non-Uniform Heating

In HTHP applications, heat pipe cooling is often non-uniform, making it essen-
tial to investigate effects of non-uniform heating on temperature distribution
and NCG behavior in VCHP. Various heating power distributions are listed in
. [Figure 14: see original paper]| illustrates the temperature distribution under
different heating powers. Non-uniform heating affects only the temperature dis-
tribution in the evaporator section, with minimal effects on overall performance,
suggesting that VCHP possesses inherent resistance to non-uniform heating.
This attribute arises because heat transfer between evaporator and condenser
sections is facilitated by high-speed steam flow, which effectively mitigates the
impact of non-uniform heating on heat pipe performance.

[Figure 14: see original paper] Wall Temperature of Heat Pipe under Non-
uniform Heating

Different Heating Powers (W) Casel | Case2 | Case3 | Cased | Cased —|—|—|—|—

4.3 Dynamic Response

The maximum heat rejection requirement is determined in conjunction with the
UUYV system. If the heat sink is lost, the reactor shuts down immediately. The
core decay power is:

P(t) =312 x0.1 x 770.2770.2t 4 107t+r 4 1070.87t+2><7t+7'+2><

As shown in [Figure 15: see original paper|, decay power decreases with time
after shutdown and depends on operating time 7. The longer the operating
time 7, the greater the decay power. For conservative estimation, the reactor
operating time is taken as 500 days for calculations. The decay power after
shutdown is:

Following loss of the heat sink, the core temperature changes with time:

P(t) =312 x 0.1 x e 01

During steady-state operation, the initial temperature is 1008 K. In an acci-
dent scenario, the temperature rises. To meet safety requirements, the core
temperature should not exceed 1273 K.

[Figure 15: see original paper] Chart of Decay Heat Power Versus Shutdown
Time
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Under accident conditions characterized by complete loss of secondary loop cool-
ing capacity, heat pipes rely exclusively on compression of the NCG reservoir
interfaced with the containment structure to enable passive heat dissipation.
Numerical simulations of this postulated accident scenario demonstrate the re-
sultant thermal resistance distribution pattern, as illustrated in [Figure 16: see
original paper]. For heat transfer between the outer housing and seawater,
typical large-space natural convection heat transfer occurs, described by the
Miheyev formula:

(Pry/Pr,)Nu= C(GrPr)

[Figure 16: see original paper] Residual Heat Removal Thermal Resistance
Model

As depicted in [Figure 17: see original paper| and [Figure 18: see original pa-
per], with complete loss of cooling capacity in the secondary loop, heat pipe
temperature increases over time following shutdown, progressively compressing
the NCG. The NCG section length is compressed from 302.1 mm to 83.4 mm, ef-
fectively extending the heat pipe working section by 218.7 mm. This extended
section is connected to the UUV housing via thermally conductive materials.
The shell facilitates timely export of residual heat through large-scale natural
convection with seawater, thereby dissipating core residual heat and preventing
core meltdown or heat pipe burnout.

[Figure 19: see original paper] shows the variation of maximum heat pipe tem-
perature over time after the accident. The heat pipe temperature gradually
increases, reaching 1197 K at 60 seconds. The heat pipe wall is made of high-
temperature nickel-based alloy, and at this point, the heat pipe remains within
its safe operating range.

[Figure 17: see original paper] Temperature of Heat Pipe after a Certain Time
following Accident Shutdown [Figure 18: see original paper] VCHP Wall Tem-
perature after a Certain Time following Accident Shutdown [Figure 19: see
original paper] Time-dependent variation of peak wall temperature

5. Conclusions

This paper develops a numerical model for rapidly predicting NCG behavior
and temperature distribution within a VCHP. By simplifying the entire VCHP
as solid heat conduction and assigning equivalent thermal conductivities to both
the vapor space and NCG region, the model significantly streamlines traditional
approaches. Validation results confirm the model’s high accuracy, and sensitivity
analysis reveals that heating power, non-uniform heating, and initial gas charge
all affect VCHP behavior. Specifically: (1) increased heating power results
in shorter NCG length and higher heat pipe temperature under steady-state
conditions; (2) higher initial NCG charge leads to higher heat pipe temperatures,
reduced heat transfer efficiency, and increased final NCG section length; and
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(3) non-uniform heating has negligible impact on overall heat transfer capacity,
affecting only evaporator section temperature distribution.

Using this model, a preliminary analysis of VCHP as a critical component in
the residual heat removal system of a novel marine HTHP is conducted. The
model predicts the dynamic response of NCG in the system post-accident. It
is found that at a peak temperature of 1182 K, the NCG section length can be
compressed to 48.4 mm while the working section extends by 253.7 mm. These
findings suggest that employing VCHP as switches in residual heat removal
systems is both rational and reliable.

Nomenclature
Symbol Description Units
Material density kg/m3
T Calculated temperature K
c_p Specific heat capacity J/ (kg - K)
AP Pressure drop Pa
A Thermal conductivity W/(m - K)
L_ {eff} Effective length of a heat pipe  mm
L_{NCG} Length of NCG mm
h Heat transfer coefficient W/(m? - K)
Q Heating power W
nl Mass flow rate kg/s
v Velocity m/s
T Core full-power operation time d
m Total mass t
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