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Abstract — Sockeye is a heat pipe analysis application based on the Multiphysics Object-Oriented 
Simulation Environment (MOOSE) finite element framework. The primary purpose of Sockeye is to provide 
a transient heat pipe simulation tool to be used in the analysis of nuclear microreactor designs. Sockeye 
provides the capability to perform one-dimensional, two-phase, compressible flow simulation of a heat pipe 
working fluid and two-dimensional, axisymmetric heat conduction for the heat pipe cladding and its 
surroundings. Sockeye is demonstrated against analytical solutions and experimental data from the 
SAFE-30 heat pipe module test.

Keywords — MOOSE, sockeye, heat pipe. 

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Heat pipes are very efficient heat transfer devices in 
terms of their effective thermal conductivity, their cross- 
sectional area, and their ability to transport heat over great 
distances. Additionally, their construction and operation are 
simple, requiring no moving parts or external control 
mechanisms, and they demonstrate a high reliability. All 
of these qualities make heat pipes a very attractive heat 
transfer option for a wide variety of applications such as 
space applications, refrigeration, air conditioning, oil pipe
lines, snow melting and deicing, and electronic cooling.1,2

One of these applications is the passive heat removal 
in advanced nuclear reactor concepts. The latest generation 
of proposed nuclear reactors features many designs that 
fall under the category of small modular reactors (SMRs), 
and many of these designs utilize heat pipes to achieve 
compact heat exchangers. SMRs are attractive for 
a number of reasons. The modular nature allows units to 
be factory built and shipped to the site, reducing construc
tion time and cost, and more units can be added as power 
demand increases. The small, modular approach also leads 
to a much smaller initial capital investment than tradi
tional, large-scale power plants. The small scale of these 
reactors allows for flexibility in site location; these reactors 
can be operated in remote areas and can be transported 
relatively quickly to provide emergency power for sites of 
natural disasters.

The Nuclear Energy Advanced Modeling and 
Simulation program is developing tools for modeling 
advanced reactors such as SMRs, and the program’s 
heat pipe application, currently under development, is 
called Sockeye and is the focus of this work. Sockeye is 
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based on the Multiphysics Object-Oriented Simulation 
Environment (MOOSE) finite element framework.3 

A diverse range of applications have been built using 
the MOOSE framework, and the ability to couple differ
ent physics is a core capability the framework provides. 
A microreactor multiphysics simulation, for example, can 
include domains such as thermal hydraulics, neutronics, 
and thermomechanics. Multiphysics coupling of Sockeye 
is not the focus of this work, however; see Ref. 4 for an 
example of Sockeye coupling.

Heat pipes, while very reliable in their respective 
operating ranges, must be operated with care because 
their heat transport capability can be limited by 
a number of different effects. Some degree of analysis 
can be performed analytically, but transient simulation 
allows these limits to be investigated with greater extent 
and confidence. Steady-state analyses of operational lim
its can be valuable tools for heat pipe design and analysis, 
but they have serious shortcomings when employed for 
transient studies. They do not consider the transient con
ditions imposed on a heat pipe, and they fail to answer 
questions regarding the transient response of heat pipes. 
For instance, questions such as heat transfer rate, how fast 
a heat pipe fails, and whether a heat pipe can recover are 
important questions that transient simulation can answer.

There are a number of different approaches to mod
eling transient heat pipe behavior, each with its own 
advantages and disadvantages. Lumped capacitance mod
els do not feature a formal spatial discretization but 
instead consider heat transfer between a (small) number 
of volumes. These models have a huge advantage in 
terms of run time and development time and in many 
cases make accurate predictions of heat pipe transient 
behavior. Faghri and Harley5 created a lumped model 
that could be used for both conventional and gas-loaded 
heat pipes. Reid6 presented Heat Pipe Approximation 
(HPAPPX), which divided the heat pipe into an evapora
tor region and four condenser regions and used analytic 
operational limit relations to limit heat flow from the 
evaporator. This model was applied to the sodium heat 
pipe module test for the SAFE-30 reactor prototype7 and 
demonstrated good agreement with experimental thermo
couple measurements. Reid notes that this model is able 
to capture basic transient response but is not suitable for 
rapid transients. Another classification of heat pipe mod
eling approaches is that of thermal network analysis. This 
approach draws analogy between thermal systems and 
electrical circuits by relating temperatures to voltages 
and heat rate to current.2 A number of efforts have been 
made for this approach, including Refs. 8910 through 11. 
Like the lumped models, these models can produce 

accurate predictions of transient thermal response but 
are unsuitable for transients in which fluid dynamics are 
of great importance. Another classification of heat pipe 
modeling is that of the effective heat conduction 
approach, where the entire heat pipe is modeled with 
heat conduction equations but choose thermal properties 
to effectively represent the heat transport capability of the 
heat pipe: The vapor core region is modeled using a very 
high thermal conductivity in accordance with the heat 
transport rate of the vapor flow and latent heat.12,13 This 
is a very popular approach because its development is 
relatively simple, it offers spatial discretization, and when 
a heat pipe is fully started and operating well within 
limits, this approach can produce an accurate thermal 
response. Sockeye contains such a model, but its flow 
model is the focus of this work.

The most comprehensive models of heat pipe transi
ent behavior are those that simulate the fluid dynamics of 
the heat pipe working fluid; however, these are also by 
far the most computationally expensive as they entail 
spatial discretization in one, two, or three dimensions. 
There are a variety of approaches to modeling the heat 
pipe working fluid. Bowman and Hitchcock14 modeled 
two-dimensional (2-D) compressible vapor flow for 
a simulated heat pipe, in which the circulation of a heat 
pipe vapor is approximated by blowing and sucking air 
through the porous walls of a pipe. Similarly, Cao and 
Faghri15 modeled 2-D compressible vapor flow of a heat 
pipe core, but they additionally coupled this to 2-D heat 
conduction in the heat pipe wick and wall and argued for 
the importance of modeling the heat pipe as a coupled 
system. Ransom and Chow16 presented ATHENA, which 
was an extension of RELAP5, to heat pipe analysis. 
Vapor and liquid phases are modeled in one dimension 
and are assumed to be separated. Void fraction was related 
to capillary pressure with an explicit time discretization, 
which Hall and Doster17 note led to severe time-step size 
restrictions for stability. Hall and Doster17 developed 
Thermal Hydraulic Response of Heat Pipes Under 
Transients (THROHPUT), a one-dimensional (1-D) code 
that accounts for all three phases (solid, liquid, vapor) of 
the working fluid and a noncondensable gas, as well as 
coupling to heat conduction in the wall. Tournier and El- 
Genk developed the Heat Pipe Transient Analysis Model18 

(HPTAM), which considers the core, wick/annulus, and 
wall regions in two dimensions, coupled by appropriate 
interface conditions. In the HPTAM, the wick/annulus 
region is modeled by the Brinkman-Forchheimer extended 
Darcy flow model, and liquid pooling is modeled by hav
ing the vapor flow sweep off excess liquid (i.e., having 
a convex meniscus at pore sites) toward the condenser end. 
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Cao and Faghri19 modeled startup in two dimensions by 
coupling a self-diffusion model for rarefied gas to the 
compressible Navier-Stokes equations for continuum 
vapor flow.

The goal of Sockeye is to provide a practical engi
neering tool to model heat pipes used in nuclear micro
reactors. The required scope of Sockeye includes the 
transient modeling of heat pipe operating limits, which 
excludes the use of lumped models, thermal network 
models, and effective heat conduction models. Thus 
simulation of fluid dynamics of the working fluid is 
necessary; however, the requirement of Sockeye to be 
a practical engineering tool excludes the use of 2-D and 
three-dimensional models due to computational expense, 
so a 1-D model is adopted. The most relevant reference 
point for this modeling approach is that of Hall and 
Doster’s code THROHPUT (Ref. 17), which features 
a number of modeling abilities not yet featured in 
Sockeye, including startup and noncondensable gases; 
however, Sockeye offers a number of potential advan
tages, such as the use of a well-posed two-phase model 
and the ability for pressure nonequilibrium.

This paper is organized as follows: Sec. II presents 
the models used in Sockeye, Sec. III gives an overview of 
the spatial and temporal discretization of the partial dif
ferential equations, Sec. IV describes plans for verifica
tion and validation, Sec. V gives some numerical 
demonstrations, and Sec. VI gives conclusions.

II. MODELS

Section II.A describes the models used for the 1-D, 
two-phase fluid flow of the heat pipe working fluid, and 
Sec. II.B describes the 2-D heat conduction in the heat 
pipe cladding and surroundings.

II.A. Two-Phase Flow

Heat pipes operate by taking advantage of the large 
amount of internal thermal energy that can be stored as 
latent heat. In the “evaporator” axial region of 
a conventional axial heat pipe, heat is supplied until the 
liquid working fluid vaporizes into the central core region, 
where the vapor flows to the other end of the heat pipe, 
termed the “condenser” region, where the fluid condenses 
and releases its latent heat. The liquid working fluid then 
returns to the evaporator end of the heat pipe, where the 
cycle continues. This is illustrated in Fig. 1. Note that there 
need not be a single evaporator or condenser region; these 

regions are determined by the conditions imposed on the 
heat pipe, not by manufacturing.

Sockeye focuses on heat pipes of the “conventional” 
axial type, which consists of a long, straight tube (clad
ding) sealed at both ends containing a wick structure and 
a single, central vapor region. Sockeye models config
urations that use a porous wick structure; it does not 
model grooved or arterial heat pipes. The porous wick 
structure is assumed to be uniform with a porosity φ, 
permeability K, and pore radius Rpore. The wick may or 
may not be offset from the inner clad surface by a gap; 
this configuration is shown in Fig. 2, along with the 
relevant user-supplied radial dimensions. Note that the 
phase distribution in Fig. 2 is only a representation of 
the typical distribution under normal operating condi
tions; the liquid-vapor interface in Sockeye is not fixed 
at the inner surface of the wick but varies dynamically 
with the solution.

Fig. 1. Illustration of normal operation in a conventional 
axial heat pipe. Vapor is shown in pink, liquid in blue, 
and cladding in gray.

Fig. 2. Cross section of a heat pipe that may be modeled 
using Sockeye.
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In the equations that follow, the cross-sectional area 
open to flow is denoted by A and is computed from the 
dimensions given in Fig. 2 and the wick porosity:

A ¼ Acore þ φAwick þ Aann ; ð1Þ

where 

Acore = core cross-sectional area

Awick = total wick cross-sectional area

Aann = annulus cross-sectional area:

Acore ¼
π
4

D2
wick;i ; ð2Þ

Awick ¼
π
4
ðD2

wick;o � D2
wick;iÞ ; ð3Þ

and

Aann ¼
π
4
ðD2

clad;i � D2
wick;oÞ ; ð4Þ

where, as shown in Fig. 2, 

Dclad;i = inner cladding diameter

Dwick;o = outer wick diameter

Dwick;i = inner wick diameter.

The governing equations of two-phase flow in Sockeye 
derive from the seven-equation model,20–23 which is a well- 
posed, nonequilibrium, compressible, two-phase-flow 
model. A number of changes are made to adapt the seven- 
equation model used by RELAP-7 to heat pipe flow24,25:

1. Boiling is neglected; only interface evaporation/ 
condensation occurs.

2. Heat conduction is added for the liquid phase.

3. Liquid friction uses a Darcy’s law term instead of 
a friction factor.

4. Velocity relaxation is neglected due to counter
current flow.

5. Pressure relaxation is modified to account for the 
capillary pressure.

The resulting system of partial differential equations 
is as follows, where the subscript , denotes the liquid 
phase and the subscript v denotes the vapor phase:

qα,A
qt
þ uint

qα,

qx
A ¼ Θ p, þ Δpcap � pv

� �
A

�
ΓintaintA

ρint
; ð5Þ

qα,ρ,A
qt

þ
qα,ρ,u,A

qx
¼ � ΓintaintA ; ð6Þ

qα,ρ,u,A
qt

þ
qα, ρ,u2

, þ p,

� �
A

qx
¼ pint

qα,

qx
A � Γintuintaint A �

μ,u,

K
Awick;,

þ α,ρ,gxA ; ð7Þ

qα,ρ,E,A
qt

þ
qα,u, ρ,E, þ p,ð ÞA

qx
¼ pintuint

qα,

qx
A

þ
q

qx
α,k,

qT,

qx
A

� �

� �pintΘ p, þ Δpcap � pv
� �

A

þ α,ρ,gxu,Aþ qwall
, Pwall þ qint

, aintA � ΓintEint
, aint A ;

ð8Þ

qαvρv A
qt

þ
qαvρvuv A

qx
¼ Γintaint A ; ð9Þ

qαvρvuv A
qt

þ
qαv ρvu2

v þ pv
� �

A
qx

¼ pint
qαv

qx
Aþ Γintuintaint A �

1
2

fvαvρvjuvjuv

Dwick;i
A

þ αvρvgx A ; ð10Þ

and

qαvρvEv A
qt

þ
qαvuv ρvEv þ pvð ÞA

qx
¼ pintuint

qαv

qx
A

þ �pintΘ p, þ Δpcap � pv
� �

Aþ αvρvgxuv A
þ qwall

v Pwall þ qint
v aint Aþ ΓintEint

v aint A :

ð11Þ

To briefly summarize the derivation of these equations, 
a phase function χkðx; tÞ is defined:
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χkðx; tÞ ¼
1 if ðx; tÞ corresponds to phase k
0 otherwise

�

;

ð12Þ

which obeys the evolution equation:

qχk
qt
þ uint � Ñχk ¼ 0 ; ð13Þ

where uint is the interfacial velocity.26 Each phase is assumed 
to obey the single-phase Euler equations, which along with 
Eq. (13), get multiplied by the phase function and integrated 
over the cross-sectional area AðxÞ. The volume fractions 
appearing in the resulting equations are defined as follows:

αkðx; tÞ ¼
1

AðxÞ

ð

AðxÞ

χkðx; tÞdA ; ð14Þ

where AðxÞ is the flow cross-sectional area at axial 
position x. Note this definition implies the following, 
since 

P

k
χkðx; tÞ ¼ 1 on the domain AðxÞ:

α, þ αv ¼ 1 : ð15Þ

The phasic thermodynamic and transport properties 
appearing in Eqs. (5) through (11) are intrinsic; that is, 
they are with respect only to the given phase, not the 
mixture. Density is denoted by ρk, pressure by pk, tem
perature by Tk, specific total energy by Ek, dynamic 
viscosity by μk, and thermal conductivity by kk. The 
thermodynamic state ðρk; ekÞ is used as input to the equa
tion of state to compute other properties, where ek is the 
specific internal energy,

ek ¼ Ek �
1
2

u2
k ; ð16Þ

and where uk is the velocity component in the axis 
direction. The equations of state are discussed in 
Sec. II.A.4.

The interfacial velocity and pressure are derived from 
local Riemann problem solutions26,27:

uint ¼
Z,u, þ Zvuv

Z, þ Zv
þ sgn

qα,

qx

� �
pv � p,

Z, þ Zv
; ð17Þ

pint ¼ �pint þ
Z,Zv

Z, þ Zv
sgn

qα,

qx

� �

uv � u,ð Þ ; ð18Þ

and

�pint ¼
Z,pv þ Zvp,

Z, þ Zv
; ð19Þ

where Zk ¼ ρkck is the acoustic impedance of phase k, 
with ck being the sound speed in phase k. The remaining 
interfacial thermodynamic quantities are computed as 
follows, as presented in Ref. 26:

Tint ¼ Tsatð�pintÞ ; ð20Þ

ρint ¼ ρ,ð�pint; TintÞ ; ð21Þ

hint
k ¼ hkð�pint; TintÞ ; ð22Þ

and

Eint
k ¼ hint

k �
pint

ρint
þ

1
2

u2
int ; ð23Þ

where TsatðpÞ, ρ,ðp; TÞ, and hkðp;TÞ represent calls to 
equations of state.

Both phases exchange heat with the phasic interface. 
The heat flux to phase k from the interface is denoted by 
qint

k and is defined as follows:

qint
k ¼ H

int
k ðTint � TkÞ ; ð24Þ

where Hint
k is the interfacial heat transfer coefficient for 

phase k. Sockeye has not yet developed a closure for this 
quantity, so this value is currently provided by the user. 
The interfacial mass flux Γint, defined as the net mass flux 
from liquid to vapor, is defined by performing a steady- 
state energy balance at the interface:

Γint ¼
� qint

, � qint
v

hint
v � hint

,

: ð25Þ

The interfacial area density aint appearing in the interfa
cial terms is described in Sec. II.A.3.

The first term on the right side of Eq. (5) is a pressure 
relaxation term, which expands/contracts a phase at a rate 
proportional to disequilibrium from the condition

p, þ Δpcap ¼ pv ; ð26Þ
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where Δpcap is the capillary pressure, with the convention 
that a positive value corresponds to the vapor pressure 
being greater than the liquid pressure. Pressure relaxation 
terms appear in each energy equation to account for the 
boundary work caused by pressure relaxation. The pres
sure relaxation rate Θ is derived in Ref. 27:

Θ ¼
aint

Z, þ Zv
: ð27Þ

The closure for the capillary pressure is given in 
Sec. II.A.2.

Both phases potentially exchange heat with the wall 
through the heat fluxes qwall

k :

qwall
k ¼ Hwall

k ðTwall � TkÞκk ; ð28Þ

where Hwall
k is the single-phase wall heat transfer coeffi

cient for phase k, currently given by a user-specified 
constant, and κk is the fraction of the wall in contact 
with phase k. Currently, the liquid phase is assumed to 
be in full contact with the wall until the liquid phase has 
almost disappeared:

κ, ¼
1 α, > 10� 4

0 otherwise :

�

ð29Þ

The symbol Pwall appearing in Eqs. (8) and (11) repre
sents the wall perimeter: Pwall ¼ πDclad;i.

The vapor phase Darcy friction factor fv by default 
uses the Hagen-Poiseuille equation for laminar flow and 
the Blasius relation for turbulent flow2:

fv ¼

64
Rev

Rev < 2000

0:316
Re0:25

v
Rev � 2000

8
>><

>>:

; ð30Þ

where Rev is the axial Reynolds number of the vapor 
phase:

Rev ¼
ρvjuvjDwick;i

μv
: ð31Þ

For the liquid phase, instead of expressing pressure drop 
in terms of a friction factor, Darcy’s law is used to 
compute the pressure drop through the porous wick struc
ture. The permeability K is given as input by the user. 
The permeability is applied only to the portion of the 
liquid flow area in the wick:

Awick;, ¼ minðφAwick;maxð0; α,A � AannÞÞ : ð32Þ

Last, gravity acts on both phases, yielding terms in the 
momentum and energy equations. The component of the 
acceleration due to gravity in the axis direction is denoted 
by gx.

II.A.1. Contact Angle

The contact angle of the liquid-vapor interface is 
critical for computing the capillary pressure Δpcap and 
the interfacial area density aint. The contact angle is 
determined from the void fraction αv. First, a number of 
bounds in αv are defined, which are described as follows:

1. αwick;i;0
v : Interface is flat at the inner wick surface.

2. αwick;i;þ
v : Interface is at the inner wick surface, with 

hemispherical vapor pore volumes receding into wick.

3. αwick;o;þ
v : Interface is at the outer wick surface, with 

hemispherical vapor pore volumes receding into wick.

These bounds are illustrated in Fig. 3 and are com
puted as follows:

Fig. 3. Void fraction bounds illustration. Vapor is shown in pink, liquid in blue, and cladding in gray.
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αwick;i;0
v ¼

Acore

A
; ð33aÞ

αwick;i;þ
v ¼ αwick;i;0

v
þ N 000poreðDwick;iÞVpore;hemi ; ð33bÞ

and

αwick;o;þ
v ¼

Acore þ φAwick

A
þ N 000poreðDwick;oÞVpore;hemi ; ð33cÞ

where Vpore;hemi ¼
2
3 πR3

pore represents the hemispherical 
volume of a single pore. The pore site density function 
N 000poreðDÞ computes, for a diameter D within the wick, 
the number of pore sites per unit flow volume of the 
entire heat pipe cross section. It is defined by assuming 
the porosity φ to be valid as a surface porosity, not just 
a volume porosity:

N 000poreðDÞ ¼
φπD

AporeA
; ð34Þ

where Apore ¼ πR2
pore denotes the individual pore cross- 

sectional area.
The contact angle θcap of the liquid-vapor interface is 

defined such that

cos θcap ¼
Rpore

Rcap
; ð35Þ

where Rcap is the capillary radius, or radius of curvature, 
of the interface. Figure 4 gives an illustration of the 
contact angle.

Let � denote the sine of the contact angle:

� ; sin θcap : ð36Þ

Combining this with Eq. (35) gives the capillary radius as 
a function of �:

Rcapð�Þ ¼
Rpore

cos θcap
¼

Rpore
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � �2

p : ð37Þ

For the cases αv � αwick;i;0
v and αv > αwick;o;þ

v , the interface 
is assumed to be flat. For the case αwick;i;þ

v < αv � αwick;o;þ
v , 

the interface is fully curved toward the heat pipe wall. 
Finally, for the case αwick;i;0

v < αv � αwick;i;þ
v , the interface 

has a radius of curvature between Rpore (full hemisphere) 
and infinity (flat). Applying these concepts,

�ðαvÞ ¼

1 αv � αwick;i;0
v

1
C2
þ

C2

C1 þ 1
� 1 αwick;i;0

v < αv < αwick;i;þ
v

0 αwick;i;þ
v � αv < αwick;o;þ

v
1 αv � αwick;o;þ

v

8
>>>><

>>>>:

;

ð38aÞ

C1ðαvÞ ¼
3 αv � αwick;i;0

v
� �

πR3
poreN 000poreðDwick;iÞ

 !2

; ð38bÞ

and

C2ðαvÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðC1 þ 1Þ2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1 1þ C1 3þC1 3þC1ð Þð Þð Þ

p3
q

:

ð38cÞ

The expression for the case αwick;i;0
v < αv < αwick;i;þ

v is 
derived using the geometric relation of the void volume 
of each pore as a function of �:

Vporeð�Þ ¼
πR3

pore

3
2þ �ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � �
1þ �ð Þ

3

s

: ð39Þ

This expression, combined with the following void fraction 
relation, is inverted to give the expression in Eq. (38):

αvð�Þ ¼ αwick;i;0
v þ N 000poreðDwick;iÞVporeð�Þ : ð40Þ

Fig. 4. Contact angle definition. Vapor is shown in pink, 
liquid in blue, and wick in gray.
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II.A.2. Capillary Pressure

The capillary pressure difference between the phases 
is a function of the capillary radius:

ΔpcapðαvÞ ¼
0 � ¼ 1

2σ
Rcapð�Þ

��1

(

: ð41Þ

Figure 5 shows an example of the capillary pressure 
dependence on void fraction. Note that a smoothing pro
cess is performed at the discontinuity at αv ¼ αwick;o;þ

v .

II.A.3. Interfacial Area Density

The interfacial area density aint represents the surface 
area of the liquid-vapor interface per unit flow volume. The 
bounding void fraction values discussed in Sec. II.A.1 
determine the regime of the interfacial area density:

1. For αv � αwick;i;0
v , the liquid-vapor interface is 

a cylindrical surface within the core region around the 
cross-section αvA.

2. For αwick;i;0
v < αv � αwick;i;þ

v , the liquid-vapor inter
face is composed of interface areas in all of the pores, 
with an individual surface area Sporeð�Þ:

Sporeð�Þ ¼
2πR2

pore

1þ �
: ð42Þ

3. For αwick;i;þ
v < αv � αwick;o;þ

v , the liquid-vapor 
interface is again composed of interface areas in all of 
the pores, but now � ¼ 1 and is not a function of αv. To 
find the diameter of the interfaces Dint between the wick 

inner and outer diameter, the following expression for 
void fraction in this region is inverted:

αv ¼ αwick;i;0
v þ

φπðD2
int � D2

wick;iÞ

4A
þ N 000poreðDintÞVpore;hemi ; ð43Þ

where the second term accounts for the flow area between 
this diameter and the wick inner diameter.

4. For αv > αwick;o;þ
v , the liquid-vapor interface is 

a cylindrical surface within the liquid annulus. The dia
meter of this surface is found by using the fact that the 
liquid area is ð1 � αvÞA and that the outer diameter of the 
annulus area is Dclad;i.

Putting this all together,

aintðαvÞ¼

2π
A

ffiffiffiffiffiffiffiffi
αvA
π

r

αv � αwick;i;0
v

2πR2
poreN 000poreðDwick;iÞ

1þ �
αwick;i;0

v < αv � αwick;i;þ
v

2πR2
poreN 000poreðDintÞ αwick;i;þ

v < αv � αwick;0;þ
v

π
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2
clad;i �

4ð1 � αvÞA
π

r

αv > αwick;o;þ
v

8
>>>>>>>>><

>>>>>>>>>:

ð44aÞ

and

Dint ¼
� bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac
p

2a
;

a ¼
φπ
4

b ¼
φπVpore;hemi

Apore

c ¼ ðαwick;i;0
v � αvÞA �

φπD2
wick;i

4

8
>>>>><

>>>>>:

: ð44bÞ

Figure 6 shows how the interfacial area density varies 
with void fraction. Similar to the capillary pressure, 
a smoothing process is performed at the discontinuities 
at αv ¼ αwick;i;0

v and αv ¼ αwick;o;þ
v .

II.A.4. Thermodynamic Properties

Sockeye can be used with a generic equation of state. 
Currently, Sockeye provides equations of state for sodium 
and potassium as the working fluids.

The fluid properties of liquid sodium are obtained 
by integrating the compressibility equation by Gupta28 

from the saturated liquid state to the given state point. Fig. 5. Capillary pressure versus void fraction.
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Vapor and saturation properties for sodium are given 
by Golden and Tokar.29

The fluid properties of potassium vapor are calcu
lated with the same model that Golden and Tokar 
introduced for sodium, whereas the coefficients for 
potassium are given in Ref. 30. For the liquid phase 
of potassium, no trusted compressibility equation was 
found in the literature; therefore, the calculation of the 
compressibility is carried out using a corresponding- 
states law for the compressibility of alkali metals given 
by Pasternak.31

II.A.5. Operational Limits

Heat pipes are subject to a number of phenomena that 
limit their heat transport capability. The most commonly 
cited operational limits are the following1,2:

1. Capillary: Capillary pressure is insufficient to 
draw liquid into the evaporator region, leading to 
dryout.

2. Viscous: Viscous pressure losses may be domi
nant for the vapor flow, and the vapor pressure may 
reduce to zero.

3. Sonic: Comparable to a converging-diverging 
nozzle, a choked condition can develop at the evaporator 
exit, limiting the vapor speed at this point to the local 
speed of sound.

4. Entrainment: Liquid from the inner wick surface 
is sheared off by the vapor flow and taken to the con
denser end, possibly leading to dryout.

5. Boiling: Excessive radial heat flux causes liquid 
in the wick to boil and possibly leads to dryout.

The flow model in Sockeye does not explicitly 
compute these limitations; instead, these limits are 
intended to be reproduced by the physics inherent in 
the flow model. When the capillary limit is encoun
tered, the evaporator should dry out due to insufficient 
liquid return. When the sonic limit is encountered, 
choked flow at the evaporator exit should be 
observed. When the viscous limit is encountered, 
a near-zero pressure value should be observed at the 
condenser end of the vapor channel, inhibiting the 
movement of the vapor phase. Entrainment and boil
ing limits will require additional models to capture 
their effects, but it has been noted that for liquid 
metal heat pipes, both of these limits are rarely 
encountered.2 Demonstration of the capillary, viscous, 
and sonic limits is a planned future task; see 
Sec. IV.

II.B. Heat Conduction

Sockeye also models 2-D heat conduction in axi
symmetric coordinates, such as that in the heat pipe 
cladding, or additional bodies in contact with 
the heat pipe. Given the spatial domain Ω ¼ ðr1; r2Þ �

ðx1; x2Þ and its boundary qΩ, the strong form 
of the heat conduction problem is the following:

ρcp
qT
qt
� Ñ � ðkÑTÞ ¼ 0 ðr; xÞ 2 Ω ; ð45Þ

Tðr; x; t ¼ 0Þ ¼ T0ðr; xÞ ðr; xÞ 2 Ω ; ð46Þ

Fig. 6. Interfacial area density versus void fraction.
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and

qðr; x; tÞ; � kÑT ¼ qbðr; x; tÞ ðr; xÞ 2 qΩ ; ð47Þ

where T0 is an initial temperature function, and qb is 
a boundary flux function. Table I summarizes the differ
ent boundary condition options, which can be applied to 
the boundaries r ¼ r1 and r ¼ r2 independently, as well 
as in specific axial regions. For the radiation boundary 
condition, ε represents the surface emissivity, σ is the 
Stefan-Boltzmann constant, and F is the view factor. 
The boundaries x ¼ x1 and x ¼ x2 are assumed to be 
insulated.

III. DISCRETIZATION

III.A. Spatial Discretization

The flow equations given by Eqs. (5) through (11) 
are discretized using a finite volume scheme with 
optional slope reconstruction and total variation dimin
ishing limitation.32,33 When slope reconstruction is 
omitted, the scheme reduces to a Godunov scheme. 
Spatial discretization is an extensive subject and is 
not the focus of this work; therefore, only an overview 
is given here, and details are left to other references. 
First, the flow equations are expressed in the following 
form:

qU
qt
þ

qFðUÞ
qx
þ diagðαðUÞÞ

qHðUÞ
qx

¼ SðUÞ ; ð48aÞ

U;

α,A
α,ρ,A

α,ρ,u,A
α,ρ,E,A

αvρvA
αvρvuvA
αvρvEvA

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

;

FðUÞ;

α,uintA
α,ρ,u,A

α,ðρ,u2
, þ p,ÞA � α,pintA

α,u,ðρ,E, þ p,ÞA � α,pintuintA � α,k,
qT,

qx A
αvρvuvA

αvðρvu2
v þ pvÞA � αvpintA

αvuvðρvEv þ pvÞA � αvpintuintA

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

;

ð48bÞ

and

αðUÞ;

α,

α,

α,

α,

αv
αv
αv

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

; HðUÞ;

� uintA
0

pintA
pintuintA

0
pintA

pintuintA

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

; ð48cÞ

and for brevity, SðUÞ is left to be inferred from the 
remaining terms in Eqs. (5) through (11).

Integrating over each cell volume Δxi, approximating 
the third term on the left side of Eq. (48a) by assuming 
α ¼ αi over Δxi, using the divergence theorem, and then 
approximating the inter-cell fluxes gives a finite volume 
discretization:

jΔxij
dUi

dt
þ Fiþ1=2;i � Fi� 1=2;i

þ diagðαiÞ Hiþ1=2;i � Hi� 1=2;i
� �

�

ð

Δxi

Sdx ; ð49aÞ

UiðtÞ;
1
jΔxij

ð

Δxi

Uðx; tÞdx ;

αiðtÞ;
1
jΔxij

ð

Δxi

αðx; tÞdx ; ð49bÞ

TABLE I 

Heat Conduction Boundary Conditions

Boundary Condition Flux Function

Insulated qb ¼ 0
Direct heat flux qb ¼ qbðr; x; tÞ
Flow coupling qb ¼ HðT, � TÞ
Convection qb ¼ HðT1 � T Þ
Radiation qb ¼ εσFðT4

1 � T4Þ

Combination qb ¼
P

i
qb;i
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and

Fiþ1=2;iðtÞ � FðUðxiþ1=2; tÞÞ ;
Hiþ1=2;iðtÞ � HðUðxiþ1=2; tÞÞ : ð49cÞ

The computation of the numerical fluxes Fiþ1=2;i and 
Hiþ1=2;i is performed using an approximate Riemann sol
ver, the details of which can be found in Ref. 34 and are 
not duplicated here.

The heat conduction equation given by Eq. (45) is 
discretized using the continuous finite element method; 
after integration by parts, the following weak form is 
obtained:

ρcp
qT
qt
; ϕi

� �

Ω
þ kÑT ;Ñϕið ÞΩ � kÑT ; ϕinh iqΩ

¼ 0 ; ð50Þ

where ð�; �ÞΩ denotes a volume integral over Ω, and 
�; �h iqΩ denotes a surface integral over the boundary 

of Ω.

III.B. Temporal Discretization

Sockeye supports both explicit and implicit temporal 
discretizations. Heat pipe transients of interest typically 
feature time domains on the scale of seconds to hours, for 
which the use of explicit temporal discretizations is 
impractical due to the Courant-Friedrichs-Lewy time- 
step size restriction. Therefore, implicit methods are 
usually more appropriate. The recommended implicit 
temporal discretization is the second-order Backward 
Difference Formula (BDF2), which is L-stable and thus 
suitable for integration of stiff equations.35 For an ordin
ary differential equation,

qu
qt
¼ f ðu; tÞ ; ð51Þ

the BDF2 update step can be expressed as

unþ1 ¼
4
3

un �
1
3

un� 1 þ
2
3

Δtf ðunþ1; tnþ1Þ : ð52Þ

IV. VERIFICATION AND VALIDATION

Development of a verification and validation plan for 
Sockeye is currently underway. Verification will include 
a number of tasks such as verification of conservation of 

mass and energy and reproduction of analytic velocity 
and pressure profiles and temperature values.

The collection of experimental data for high- 
temperature heat pipes is challenging. Instrumentation 
must be able to withstand these high temperatures, and 
installation of instrumentation on the inside of a heat pipe 
potentially affects the flow field. Most experimental data for 
high-temperature heat pipes is limited to externally mounted 
thermocouples; however, some experimentalists have mea
sured internal data, such as vapor temperature.36,37 The 
following past experiments have been identified as potential 
validation cases:

1. SAFE-30 heat pipe module test7: In this experi
ment, a sodium/stainless steel heat pipe was attached to 
four cartridge heaters in a vacuum chamber. 
Thermocouples were mounted on three locations on the 
“fuel” tubes containing the cartridge heaters and five 
axial locations on the surface of the heat pipe cladding. 
A 5-h power ramp-up (to 2600 W electrical power) and 
cooldown was performed from the frozen state. The ther
mocouple data and measured powers have been provided 
to the Sockeye team. A preliminary comparison to these 
data is provided in Sec. V.B.

2. High-temperature heat pipes with multiple heat 
sources36,37: In these experiments, a sodium/stainless 
steel heat pipe designed to operate in a vapor temperature 
range of 500°C to 800°C was fitted with four heaters (in 
different axial sections) and subjected to different combi
nations of powers to each. Additional dimensions to the 
experiments included the ambient condition (air versus 
vacuum), the working fluid fill level (two cases were 
tested), and the inclination of the heat pipe with respect 
to gravity (a few angles near the horizontal were tested). 
Data were collected from 12 wall thermocouples, 6 vapor 
space thermocouples, and calorimeters in the evaporator, 
transport, and condenser sections. Regimes studied 
include startup, continuum transient, and steady state.

In addition to existing heat pipe data, two Nuclear 
Energy University Program (NEUP) experimental studies 
are scheduled to produce data that will support Sockeye 
validation:

1. NEUP Project 20-19735—Experiments for Modeling 
and Validation of Liquid-Metal Heat Pipe Simulation Tools 
for Micro-Reactors38: Normal operation, as well as the tran
sient behavior of frozen startup, shutdown, and restart will be 
studied. The temperature distribution in the core, wick, annu
lar gap, and external wall surface will be measured by a fiber- 
optic distributed temperature sensor and thermocouples. 
Pressure will be measured using pressure-transfer-liquid 
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techniques. Phase distribution will be measured using X-ray 
systems.

2. NEUP Project 19-17416—Experiments and 
Computations to Address the Safety Case of Heat Pipe 
Failures in Special Purpose Reactors39: Startup, shutdown, 
and normal operation will be studied at different inclinations. 
Thermocouples and optic fibers will be installed in all axial 
regions on the outside of the heat pipe. High-resolution X-ray 
imaging will be used to measure void fraction.

V. NUMERICAL DEMONSTRATIONS

This section gives numerical demonstrations of some 
of Sockeye’s capabilities to show that heat pipe opera
tional phenomena are observed. Section V.A gives an 
example of comparing a single-ended configuration to 
a double-ended configuration and compares to some ana
lytic solutions. Section V.B shows some modeling of the 
SAFE-30 heat pipe module test and compares to experi
mental data. Section V.C demonstrates spatial conver
gence using a manufactured solution. All runs were 
performed using Sockeye, version pub/nt-2020-rev1.

V.A. Test A: Double-Ended Heat Pipe

In this test problem, a comparison is made between 
single-ended and double-ended configurations for a heat 
pipe. Table II summarizes the heat pipe parameters and 
conditions used for this test problem. The input thermal 
power is imposed directly and uniformly over the evapora
tor and equally removed from the condenser region(s). For 
the single-ended configuration, the evaporator is along the 

first 0.2 m, followed by a 0.4-m adiabatic section, and then 
a 0.4-m condenser. For the double-ended configuration, the 
evaporator section is the middle 0.2 m, and the condenser 
is split into two 0.2-m segments, one on each end, with 
0.2-m adiabatic sections dividing the evaporator and 
condenser sections, making a symmetric problem about 
the axial midpoint. See Figs. 7a and 7b for illustrations of 
the single-ended and double-ended configurations, 
respectively.

For this demonstration, 100 uniform elements are 
used along the length, and BDF2 time integration with 
an adaptive time step size is used and run until steady.

Sockeye results include the volume fraction, thermo
dynamic state, and axial velocity for each phase. Where 
possible, results are compared with analytic solutions.

First, analytic solutions are described for steady- 
state mass flow rate and velocity profiles. Defining the 
mass flow rate of a phase k as _mk ; αkρkukA, evaluating 
Eqs. (6) and (9) at steady state gives

d _m,

dx
¼ � ΓintaintA ;

d _mv

dx
¼ ΓintaintA : ð53Þ

Now the following assumptions are employed for 
Eqs. (8) and (11):

1. steady

2. negligible energy change due to body forces 
(e.g., friction and gravity)

3. negligible axial heat conduction

4. negligible energy flux due to pressure, i.e., 
dαkukpkA

dx
� 0

TABLE II 

Test A Specifications

Parameter Value

Working fluid Sodium
Wick inner diameter, Dwick;i 0.01231 m
Wick outer diameter, Dwick;o 0.01259 m
Cladding inner diameter, Dclad;i 0.01410 m
Heat pipe length, Lhp 1.0 m
Wick porosity, φ 0.770621
Pore radius, Rpore 23 � 10� 6 m
Wick permeability, K 10� 10 m2

Orientation Horizontal
Initial temperature, T,, Tv 1200 K
Initial working fluid volume 1:01ð1 � αwick;i;0

v ÞALhp
Power, _Q 1 kW

Fig. 7. Configurations for test A.
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5. negligible total energy gradient, i.e., 
dEx

dx
� 0.

Substituting Eq. (53) into the energy equations result
ing from the above assumptions and then summing them 
gives

d _mv

dx
¼ �

d _m,

dx
¼

q0ðxÞ
h,v

; ð54Þ

where q0 ¼ qwallPwall is the linear wall heat rate, and h,v is 
the latent heat of vaporization. Now to get the axial velocity 
profile, the following additional assumptions are made:

1. Density and latent heat of vaporization are 
uniform.

2. The wick is perfectly saturated: αv ¼ αwick;i;0
v .

With these assumptions,

uvðxÞ ¼

ðx

0

q0ðx0Þdx0

ρvh,vAv
; u,ðxÞ ¼ �

ðx

0

q0ðx0Þdx0

ρ,h,vA,

; ð55Þ

where Av ¼
π
4 D2

wick;i is the vapor flow cross-sectional area, 
and A, ¼ A � Av is the liquid flow cross-sectional area. 
Velocities for both the single-ended and double-ended con
figurations are shown in Fig. 8 and compared with the 
analytical solutions given in Eq. (55), showing excellent 
agreement. With uniform heating and cooling, the veloci
ties change linearly, in accordance with Eq. (55). For the 
double-ended configuration, the total mass flow rate 
required for the given power transmission is split between 
two ends; thus the maximum speed of either phase is cut by 
a factor of 2. The decreased average speed of the double- 
ended configuration implies a lower pressure drop, since 
frictional terms in both phases are proportional to speed.

Figure 9 shows the liquid and vapor temperature pro
files for both configurations. For both cases, the tempera
ture varies less than 3 K over the length of the heat pipe. 
Because zero net power is added to the heat pipe over the 
course of the transient, the energy remains constant and is 
only redistributed; thus, the final temperatures are very 
close to the initial temperature of 1200 K. Since heating 
and cooling are applied to the liquid phase, the liquid phase 
temperature exceeds the vapor phase in the evaporator and 
is lower than the vapor phase in the condenser.

The void fraction profile is shown in Fig. 10. Recall 
from Sec. II.A.1 that αwick;i;0

v corresponds to the liquid- 
vapor interface flat at the inner surface of the wick, and 
αwick;i;þ

v corresponds to full curvature inward at the inner 
surface of the wick. Therefore, for both configurations, the 

Fig. 8. Velocity solutions for test A.

Fig. 9. Temperature solutions for test A.
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liquid-vapor interface is only slightly curved for most of the 
heat pipe length with some minor pooling of the liquid at 
the condenser end(s). In this case, the steady-state tempera
ture distribution is nearly identical to the initial tempera
ture, at which the volume of working fluid was determined 
with the fully saturated wick assumption. Therefore, the 
minor pooling is not a result of thermal expansion but 
rather just displacement from pore sites.

The pressure distributions of both phases are shown for 
both configurations in Fig. 11. For both configurations, the 
liquid pressure drop is dominant to the vapor pressure drop. 
Wet points (where liquid and vapor pressure are approxi
mately equal) appear at the end of the condenser section(s). 
In the case of the double-ended configuration, the liquid 
and vapor flow paths are decreased by a factor of 2 over the 
single-ended configuration, thus leading to significantly 
smaller pressure drops.

Pressure solutions are compared against analytical 
pressure drop relations for the single-ended configuration. 
For the vapor phase, the theory of Cotter40 is used. The 
radial Reynolds number for the vapor phase,

Rer;v ;
ρvwvRv

μv
¼

1
2πμv

d _mv

dx
; ð56Þ

where wv is the radial vapor velocity component and 

Rv ¼
1
2

Dwick;i, is used to distinguish between pressure 

drop formulations. The maximum radial Reynolds num
ber for this test problem was determined to be approxi
mately 11.7, which Cotter’s theory classifies as 
“turbulent,” leading to the following pressure drop2:

dpv

dx
¼ �

sðxÞ _mvðxÞ
4ρvR4

v

d _mv

dx
�

8aðxÞμv _mvðxÞ
ρvπR4

v
; ð57aÞ

sðxÞ ¼

1 qðxÞ > 0
0 qðxÞ ¼ 0
4
π2 qðxÞ < 0

8
>><

>>:

; ð57bÞ

and

aðxÞ ¼ 1 qðxÞ ¼ 0
0 qðxÞ�0

�

: ð57cÞ

Figure 12 shows the comparison of this analytic solution 
with the pressure solution from Sockeye, as well as the 

Fig. 11. Pressure solutions for test A.
Fig. 12. Comparison of vapor pressure drop with analy
tic solution for test A.

Fig. 10. Void fraction solutions for test A.
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saturation pressure at the vapor temperature. Vapor pressure 
drops within each region (evaporator, adiabatic, and conden
ser) match analytical solutions very well. However, Sockeye 
results indicate pressure drops between these regions that are 
not shown by the analytic models. Note from the pressure 
scale that these jumps are actually quite small, on the order of 
10 Pa. As for the cause of these jumps, there is strong agree
ment between Sockeye’s pressure curve and saturation pres
sure curve, which indicates that the vapor phase is nearly 
following the saturation condition. The saturation pressure 
profile suggests the reason for these pressure drops: the tem
perature changes sharply at these locations. The analytic 
solution does not consider the nonisothermal effects.

For the liquid phase, Darcy’s law is used to analyze 
the pressure drop2:

dp,

dx
¼ �

μ,u,

K
Awick;,

α,A
; ð58Þ

where the factor Awick;,=ðα,AÞ is applied because only 
a fraction of the liquid channel is through the porous struc
ture. Fig. 13 shows a comparison of this analytic solution 
with Sockeye's liquid pressure solution, as well as the satura
tion pressure at the liquid temperature. Again, pressure drops 
within each region match very well to the analytic solution, 
but pressure drops between regions are significant. Unlike the 
vapor phase, the liquid phase does not follow the saturation 
curve, but temperature jumps are present in the phase that do 
have an impact on the pressure profile.

V.B. Test B: SAFE-30 Heat Pipe Module Test

For this test problem, the SAFE-30 heat pipe module 
experiment7 described in Sec. IV is modeled. For this 
simulation, the 1-D, two-phase flow channel is coupled 
to heat conduction in the heat pipe cladding, which 
demonstrates the ability to account for the thermal resis
tance of the heat pipe and the transient effects of the 
cladding’s thermal capacity. This experiment started 
from room temperature, so the sodium working fluid 
was initially frozen, but Sockeye is not yet equipped to 
model startup, so the simulation was started from 
t ¼ 8000 s. The experiment was run until t = 25 200 s 
(7 h), but the Sockeye simulation results shown here are 
at t ¼ 9575 s because failure occurs shortly afterward; 
this failure is discussed later in this section.

Table III summarizes the heat pipe design used in this 
simulation, which is taken or derived from the experi
ment, with the exception of the permeability, which was 
not reported in Ref. 7. The experiment estimated the 
power input to the evaporator from the “fuel tubes” 
based on a lumped energy balance and measured thermo
couple values. This power is denoted by “ _Qevap;FT, 
Experiment” in Fig. 14. This estimated power input was 
used as the input power to the evaporator in the Sockeye 
simulation by linearly interpolating between experimental 
points, which is denoted by “ _Qevap;FT, Sockeye.” Also in 
Fig. 14 is the experimental estimation of the radiative 
power from the condenser region and exposed evaporator 
region, denoted by “ � _Qrad;nonpool, Experiment”; as Reid 
notes, this does not account for the radiative losses from 
the condenser pool since there were no thermocouples in 
that region. For the Sockeye simulation, radiative 

Fig. 13. Comparison of liquid pressure drop with analy
tic solution for test A.

TABLE III 

Test B Heat Pipe Description

Parameter Value

Working fluid Sodium
Working fluid mass, m 0.1453 kg
Wick inner diameter, Dwick;i 0.0174 m
Wick outer diameter, Dwick;o 0.0207 m
Cladding inner diameter, Dclad;i 0.0221 m
Cladding outer diameter, Dclad;o 0.0254 m
Evaporator length, Levap 0.43 m
Condenser length, Lcond 0.77 m
Wick porosity, φ 0.807308741
Pore radius, Rpore 47 � 10� 6 m
Wick permeability, K 10� 10 m2

Orientation Horizontal
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boundary conditions, as described in Table I, were used. 
In the experiment, the condenser section is fully exposed 
(thus having a view factor of F ¼ 1), but the evaporator 
section is only partially exposed due to contact with the 
fuel 
tubes, and a view factor of F ¼ 0:25 is used here. The 
environment temperature for the radiation exchange and 
surface emissivity were given from Ref. 7 to be 296 K 
and 0.4, respectively. For this demonstration, the evapora
tor and condenser regions were discretized into 50 ele
ments each, and BDF2 time integration with an adaptive 
time step size was used.

Figure 14 shows, in addition to experimental power 
estimations and Sockeye input, the resulting Sockeye radia
tive power losses in the condenser and evaporator sections. 
The set “� _Qcond, Sockeye” shows the radiation power of 
the entire condenser section, including the liquid pool, and 
“� _Qrad, Sockeye” additionally includes the radiation 
power of the exposed evaporator section. Unfortunately, 
neither of these have a direct experimental comparison 
(experimental results include evaporator but not condenser 
pool), but it is at least useful to verify that the total radiative 
power is roughly following the input power.

Figure 15a shows the temperature transient for the 
five thermocouples installed on the heat pipe. These 
thermocouple locations are given in Table IV. 
Figure 15b shows a zoom view for the simulated 
time period with error bars for the experimental data 
points. For Type C thermocouples, the error limits are 
the greater of 4.5°C for temperatures up to 425°C and 
1% for temperatures up to 2320°C (Ref. 41); thus, the 
error bars in the considered temperature range corre
spond to 1%. The Sockeye solution stays within all of 

these error bars. Both the power and temperature 
transients are strongly dependent on the modeling of 
boundary conditions on the cladding as well as the 

Fig. 14. Comparison of experimental and numerical 
power transients for test B.

Fig. 15. Comparison of experimental thermocouple 
values against temperature solution values at thermocou
ple positions for test B.

TABLE IV 

SAFE-30 Thermocouple Locations

Name
Distance from Evaporator 

Endcap

TC1 0.216 m
TC2 0.508 m
TC3 0.711 m
TC4 0.914 m
TC5 1.09 m
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total thermal capacity of the heat pipe. Future work is 
planned to improve upon the simulation setup used 
here by not using experimental estimations for eva
porator power input, but instead using the input elec
tric power to the heat cartridges and then performing 
lumped radiation transfer between heat cartridges, fuel 
tubes, the heat pipe, and the environment, similar to 
what is done in Ref. 6.

Figure 16 shows the temperature profiles at the final 
time, and it can be seen that the heat pipe operates nearly 
isothermally except for the liquid condenser pool, which 
attains a much lower temperature because its only source 
of heat is through condensation at its axial surface, while 
liquid in the rest of the heat pipe has a much greater 
surface-to-volume ratio. Figure 17 shows the final tem
perature profile in the heat pipe cladding, with the bottom 
edge corresponding to the inner cladding surface. The 
scale’s lower bound was increased to exclude some of 
the lower temperatures in the pool region to give the 
radial temperature gradient more visibility.

Figures 18a and 18b show a full view and zoom 
view, respectively, of the computed void fraction pro
file. The full view shows that for most of the heat pipe, 
the liquid-vapor interface is near the inner surface of 
the wick, and the zoom view shows that the interface is Fig. 16. Final temperature profiles for test B.

Fig. 17. Final cladding temperature profile for test B.

Fig. 18. Final void fraction solutions for test B.
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nearly flat. Figure 18a shows that in the final 10 cm, 
a liquid condenser pool (αv � 0) formed. The formation 
of this liquid condenser pool is the reason for the simula
tion failure shortly after t ¼ 9575 s. Sockeye currently is 
not numerically robust in the limit αv ! 0; phase disap
pearance treatment is a high-priority item of future work. 
Heat pipes are commonly designed with more fluid than 
the annulus and wick can accommodate at a typical oper
ating temperature, and this excess liquid volume grows 
with thermal expansion.

Last, the final solutions for velocity and pressure 
are presented. Velocity profiles are shown in Fig. 19 
and follow the trends suggested by Eq. (55); i.e., the 
vapor velocity increases where there is heating and 
decreases where there is cooling, with liquid velocity 
doing the opposite. In this case, there is a condenser 
pool, so the liquid velocity is zero in this region. Note 

that vapor solutions are not plotted where no vapor 
exists. The pressure profiles are shown in Fig. 20. 
The vapor pressure features a drop over the evaporator 
region due to acceleration and gradual pressure recov
ery in the condenser; however, unlike for test A, there 
is no sharp pressure drop between the evaporator and 
condenser. This is due to a much more gradual tem
perature drop between the regions, which is owed to 
the intermediate cladding layer and solution-dependent 
condenser boundary conditions, both not present in test 
A. The liquid pressure profile does show a significant 
pressure drop between the condenser and evaporator 
since the liquid phase has a sharper temperature gradi
ent there. The liquid pressure drop due to porous losses 
is small in comparison.

V.C. Test C: Spatial Convergence Verification

To verify theoretical spatial convergence rates, the 
Method of Manufactured Solutions (MMS) was used. To 
simplify the problem, the following assumptions were 
used:

1. constant volume fraction

2. zero interfacial heat transfer coefficients

3. zero pressure relaxation

4. zero heat conduction

5. infinite permeability

6. zero gravity

7. zero wall friction

8. zero wall heat.

Fig. 19. Final velocity solutions for test B.

Fig. 20. Final pressure solutions for test B.
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With the first three assumptions, the liquid and 
vapor phases are effectively decoupled, and with the 
remaining assumptions, Eqs. (5) through (11) reduce to 
a homogeneous system, to which MMS sources are 
added, resulting in the following system:

qα,ρ,A
qt

þ
qα,ρ,u,A

qx
¼ Sα,ρ,A ; ð59Þ

qα,ρ,u,A
qt

þ
qα, ρ,u2

, þ p,

� �
A

qx
¼ Sα,ρ,u,A ; ð60Þ

qα,ρ,E,A
qt

þ
qα,u, ρ,E, þ p,ð ÞA

qx
¼ Sα,ρ,E,A ; ð61Þ

qαvρvA
qt

þ
qαvρvuvA

qx
¼ SαvρvA ; ð62Þ

qαvρvuvA
qt

þ
qαv ρvu2

v þ pv
� �

A
qx

¼ SαvρvuvA ; ð63Þ

and

qαvρvEvA
qt

þ
qαvuv ρvEv þ pvð ÞA

qx
¼ SαvρvEvA ; ð64Þ

where Si represents the MMS source rate for i.
To facilitate the MMS source derivation, the ideal gas 

equation of state is used for both phases, with different 
parameters:

pkðρ; eÞ ¼ ρeðγk � 1Þ ; ð65Þ

where γ, ¼ 2 and γv ¼ 1:4.
The chosen MMS solutions are the following:

αkðx; tÞ ¼ 0:5 ; ð66Þ

ρkðx; tÞ ¼ AkðsinðBkxþ CktÞ þ 2Þ ; ð67Þ

ukðx; tÞ ¼ Akt sinðπxÞ ; ð68Þ

and

pkðx; tÞ ¼ AkðcosðBkxþ CktÞ þ 2Þ ; ð69Þ

where Ak , Bk , and Ck are chosen constants for phase k. 
The chosen constants were A, ¼ B, ¼ C, ¼ 1 and 
Av ¼ Bv ¼ Cv ¼ 0:5.

Runs were performed on the domain x 2 ð0; 1Þ with 
a cross-sectional area of A ¼ 1. To prevent temporal error 
from obscuring spatial error, a small time step size of 
Δt¼ 10� 6 s was used with the third-order, explicit, strong- 
stability-preserving temporal integration scheme.42 Ten 
time steps were used in each of the five runs of different 
mesh sizes, with the coarsest mesh size being 0.1 m and 
refining the mesh by a factor of 2 for each subsequent run. 
Error was computed for density, velocity, and pressure in 
each phase. The following error norm was used to assess 
convergence for a quantity y:

k y � yhk1;
X

i
hijyðxiÞ � Yij ; ð70Þ

where in this context, 

h = mesh size, i.e., Δx

yh = approximate solution of the exact solution y

i = an element index

Yi = associated solution value.

Without slope reconstruction, the spatial discretization 
is described as a Godunov scheme, which is first-order 
accurate, and with full slope reconstruction, second-order 
accuracy is expected.32,33 Figures 21 and 22 show the 
results of this study for the Godunov scheme and full-

Fig. 21. Spatial convergence for the Godunov scheme.
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reconstruction scheme, respectively. Reference slopes for 
first-order and second-order accuracy are provided where 
relevant. The Godunov scheme demonstrates the expected 
first-order accuracy for density and pressure but velocity 
encounters a second-order accuracy superconvergence for 
the chosen test problem and error norm. The full slope 
reconstruction scheme demonstrates universal second- 
order accuracy in the chosen error norm.

VI. CONCLUSIONS

Sockeye provides a versatile tool for performing tran
sient simulations of conventional axial heat pipes. Two- 
phase flow simulation is provided by the application of 
specialized closures to the nonequilibrium seven-equation 
model,24–26,34 a well-posed 1-D model of two-phase flow. 
This can then be coupled to heat conduction in the heat 
pipe cladding to account for thermal capacity and resis
tance due to the cladding. Capillary driving forces are 
captured through the use of a geometric mapping function 
of capillary pressure to volume fraction, and the corre
sponding capillary pressure driving force is achieved 
through the use of pressure relaxation terms. A selection 
of heat pipe operational limits is inherent in the model, 
such as the capillary limit, viscous limit, and sonic limit, 
but their demonstration is planned for future work.

Comparisons were made against analytical velocity 
solutions and pressure drop relations. Velocity solutions 
had excellent agreement with analytic solutions, and pres
sure drops matched well within each axial region but with 
significant pressure drops between regions due to large 
temperature gradients at these locations. Sockeye was 

also compared against experimental data from the 
SAFE-30 heat pipe module test, but the formation of 
a condenser pool caused a simulation failure because 
Sockeye is not yet robust in the phase disappearance 
limits. For the duration of the experiment simulated, 
temperature solutions stayed within thermocouple error 
limits.

Future work for Sockeye includes a number of high- 
priority items for use as a practical engineering tool. 
Robustness in the phase disappearance limit is targeted, 
which entails appropriate guarding against division by 
zero-valued volume fractions and smooth transitions to 
single-phase equations. This is important because many 
heat pipes are designed with excess working fluid and 
thus will form condenser pools. A practical solution is 
needed for modeling the startup process, and the presence 
of noncondensable gases needs to be considered. Other 
work includes demonstration of relevant operational lim
its and further validation and verification efforts.
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