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1 INTRODUCTION

Sockeye is an application for the modeling of heat pipes used in nuclear microreactors, based on the
Multiphysics Object-Oriented Simulation Environment (MOOSE) framework [  1 ]. The MOOSE framework
is a finite element framework written in C++, designed to enable multiphysics coupling [ 2 ]. Sockeye’s main
heat pipe modeling capability is a 1D, two-phase flow model that simulates the interior of the heat pipe
(working fluid and wick), which can then be coupled to 2D heat conduction in the cladding. This flow model
requires numerous closure relations in addition to the working fluid equation of state, including interfacial
and wall heat transfer coefficients, friction factors, and capillary pressure.

One of the primary objectives of a heat pipe modeling capability is to accurately predict and model heat
pipe operational limits. Perhaps the most important limit to consider is the capillary limit, which corresponds
to the limit of a heat pipe to sustain circulation of the working fluid by capillary action in the wick. If a
given power throughput requires a certain mass flow rate of the working fluid, but the total pressure drop
corresponding to this mass flow rate exceeds the maximum capillary pressure in the wick, then circulation
cannot be sustained, and it eventually results in a local dryout, leading to failure of the heat pipe to transfer
heat efficiently. The key to accurately predicting this limit is having accurate closures for the various terms
related to pressure drops. This is also true of the viscous limit, which requires that the pressure drop in the
vapor phase does not produce a sub-zero pressure. The boiling limit, which occurs when excessive nucleate
boiling occurs in the heat pipe, requires accurate wall heat and mass transfer closures. The other considered
limits include the sonic limit, which occurs when there is choked flow in the heat pipe, and the entrainment
limit, due to excessive shearing of the liquid from the wick surface.

This report discusses improvements made to Sockeye’s closures and its ability to model heat pipe limits
mechanistically and is organized as follows. Section  2 discusses the various improvements made to Sockeye
in this work, Section  3 discusses some results of these improvements, and Section  4 gives our conclusions
about this work.

2 IMPROVEMENTS

2.1 Closures System

Numerous alternative heat pipe model closures exist. Generally, there is no universal set of closures for
heat pipes, since closures largely depend on the heat pipe wick design and working fluid. Furthermore, many
heat pipe designs are proprietary, precluding any inclusion of corresponding closures directly in Sockeye.
For this reason, the Closures system was developed. This is a pluggable system that allows for the addition
of new closures classes, and also it allows users to fully customize their utilized closures classes.

In an input file, there is now a Closures syntax block, which can be used as follows to create a closures
object and pass it to the HeatPipe3Phase component via the new closures parameter:

[Closures]
[my_closures]
type = Closures3Phase
...

[]
[]
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[Components]
[my_hp]
type = HeatPipe3Phase
...
closures = my_closures

[]
[]

In the case of multiple HeatPipe3Phase components, the same closures object may be used for all. In the
sections that follow, various new closures are introduced, which often are added alongside existing closure
models with a corresponding parameter to Closures3Phase added to switch between models.

2.2 Interfacial Heat Transfer Coefficients

An interfacial heat transfer occurs between each phase and the interface; this heat flux is modeled as a
convective heat flux:

qint
k = Hint

k (Tint − Tk) , (1)

where qint
k is the heat flux to phase k from the interface, Hint

k is the interfacial heat transfer coefficient for
phase k, Tint is the interface temperature, and Tk is the temperature of phase k.

Carey [ 3 ] developed a simplified form of the net heat flux across a liquid-vapor interface using the kinetic
theory of gases, assuming small relative pressure and temperature differences across the phases [  4 ]:

qint = Hint(T` − Tv) , (2)

Hint =

(
2α

2 − α

)(
h2
`v

Tvv`v

)√
Mv

2πRuTv

(
1 − pvv`v

2h`v

)
, (3)

where

• qint is the total heat flux from the liquid and vapor phases to the interface (positive for evaporation,
negative for condensation)

• α is an accommodation coefficient

• h`v = hv − h` is the latent heat of vaporization

• v`v = vv − v` is the difference in specific volume

• Mv is the molar mass of the working fluid

• Ru is the universal gas constant.

The accommodation coefficient varies widely in literature, but for pure, uncontaminated working fluids
and interfaces, α = 1 may be assumed [ 4 ].

Comparing Carey’s formulation to Equation ( 1 ),

Hint(T` − Tv) = Hint
` (T` − Tint) +Hint

v (Tv − Tint) . (4)
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Unfortunately, there is no direct definition for Hint
` and Hint

v based on this comparison, since Carey’s
formulation does not consider an interfacial temperature; thus, some simplification is required. The most
straightforward simplification is assuming Hint

` = Hint
v . If additionally, the vapor phase is assumed to be at

the saturation state (Tv ≈ Tint), which is found to be approximately true in practice, the phasic interfacial
heat transfer coefficients match the interfacial heat transfer coefficient defined by Equation (  3 ):

Hint
` = Hint

v = Hint =

(
2α

2 − α

)(
h2
`v

Tvv`v

)√
Mv

2πRuTv

(
1 − pvv`v

2h`v

)
. (5)

Here we take the following definitions:
Tv = Tint , (6)

h`v = hint
v − hint

` , (7)

v`v = vv( p̄int, Tint)− v`( p̄int, Tint) , (8)

pv = p̄int . (9)

2.3 Wall Heat Transfer

The total wall heat flux into a heat pipe, qwall, is partitioned into a number of terms:

qwall = qconv
wall,`sw + qboil

wall,`sw + qwall,v , (10)

where qconv
wall,`sw is the heat flux from the wall to the liquid-solid-wick phase:

qconv
wall,`sw = (1 − fboil)Hwall,`sw(Twall − T`sw)κ`sw , (11)

qboil
wall,`sw is the heat flux from the wall into boiling:

qboil
wall,`sw = fboilHwall,`sw(Twall − T`sw)κ`sw , (12)

and qwall,v is the heat flux from the wall to the vapor phase:

qwall,v = Hwall,v(Twall − Tv)κv . (13)

Twall, T`sw, and Tv are the wall, liquid-solid-wick, and vapor temperatures, respectively, Hwall,`sw and Hwall,v
are the wall heat transfer coefficients for the liquid-solid-wick phase and vapor phase, respectively, κ`sw and
κv are the wall contact fractions (that sum to one) for liquid-solid-wick and vapor, respectively, and fboil is
the fraction of heat flux into liquid-solid-wick phase that participates in boiling.

Wall heat transfer is categorized into a number of regimes, described in the sections that follow.

2.3.1 Vapor

If there is no liquid or solid phase, the vapor phase is assumed to be in full contact with the wall: κ`sw = 0
and κv = 1. The heat transfer coefficient is calculated to be

Hwall,v = Nuv
kv

Dh,v
, (14)
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where Nuv is the vapor Nusselt number, kv is the vapor thermal conductivity, and the hydraulic diameter
Dh,v assumes the vapor phase has a circular cross section:

Dh,v = 2

√
αv A

π
. (15)

The Nusselt number is taken from the Skupinski correlation [  5 ]:

Nuv = 4.82 + 0.0185 · Pe0.827
v , (16)

where Pev is the vapor Peclet number.

2.3.2 Convection and Film Condensation

If the liquid phase is present, and there is no solid phase, the liquid phase is assumed to be in full contact
with the wall: κ`sw = 1 and κv = 0. If the wall temperature is less than the interface temperature Tint, two
regimes are considered, based on the volume fractions of each phase:

Hwall,`sw =


Hfilm

wall,`sw α` ≤ α`,2

(1 − ffilm)Hconv
wall,`sw + ffilmHfilm

wall,`sw α`,2 < α` < α`,1

Hconv
wall,`sw α` ≥ α`,1

, (17)

where 0 ≤ ffilm ≤ 1 is the linear transition coefficient:

ffilm =
α` − α`,1

α`,2 − α`,1
, (18)

α`,1 = 1 − αw − αwick,o,+
v , (19)

α`,2 =
1
2

α`,1 . (20)

The convection heat transfer coefficient is computed as

Hconv
wall,`sw = Nu`

k`
Dh,`

, (21)

where Nu` is the liquid Nusselt number, k` is the liquid thermal conductivity, and the liquid hydraulic
diameter Dh,` definition assumes the liquid phase has an annular cross section with inner diameter D`,
assuming there is no wick:

D` =

√
D2

clad,i −
4α`A

π
, (22)

where Dclad,i is the inner cladding diameter, giving the corresponding hydraulic diameter to be the following:

Dh,` =
4α`A

π(D` + Dclad,i)
. (23)

The Nusselt number is again computed using the Skupinski correlation [  5 ]:

Nu` = 4.82 + 0.0185 · Pe0.827
` , (24)

where Pe` is the liquid Peclet number.
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The film condensation heat transfer coefficient is computed as

Hfilm
wall,`sw = Nu`

k`
δ`

, (25)

where the liquid thickness is computed as

δ` = max
(

10−6,
Dclad,i

2

(
1 −

√
min(1, 1 − α`)

))
. (26)

Nu` =
√

Nu2
`,lam + Nu2

`,turb , (27)

Nu`,lam = 2(1 + 0.000183Re`) , (28)

Re` =
α`ρ`|u`|Dclad,i

µ`
, (29)

Nu`,turb = 0.25Nu` , (30)

where Nu` is computed using the Skupinski correlation.

If the wall temperature is greater than the interfacial temperature but less than the onset of nucleate
boiling temperature TONB, the heat transfer coefficient is taken to be equal to Hconv

wall,`sw.

2.3.3 Nucleate Boiling

The temperature TONB is the onset of nucleate boiling temperature, which is given by [  4 ]:

TONB = Tv +
2σTv

h`vρv

(
1

Rb
− 1

Rmen

)
, (31)

where σ is the surface tension, h`v is the latent heat of fusion, Rb is the bubble radius, and Rmen is the
meniscus radius. If the wall temperature exceeds this temperature (and liquid is in contact with the wall),
nucleate boiling occurs.

The heat transfer coefficient is the sum of the convection coefficient from (  21 ) and the pool boiling heat
transfer coefficient:

Hwall,`sw = Hconv
wall,`sw +HPB

wall,`sw(Twall)−HPB
wall,`sw(TONB) , (32)

where the function HPB
wall,`sw(T) is the pool boiling heat transfer coefficient, which is calculated using the

correlation from [ 6 ]:
HPB

wall,`sw(T) = C(Twall − T)0.7 pm
r , (33)

where for the reduced pressure pr = p`/pc < 0.001, C = 13.7 and m = 0.22, and for pr > 0.001, C = 6.9
and m = 0.12. When T`sw > Twall, HPB

wall,`sw(T) is set to zero.

Lastly, the boiling fraction is computed as follows:

fboil =
HPB

wall,`sw (Twall)−HPB
wall,`sw (TONB)

Hwall,`sw
. (34)
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2.4 Vapor Pressure Drop

The vapor momentum balance equation is

∂αvρvuv A
∂t

+
∂αv(ρvu2

v + pv)A
∂x

= pint
∂αv

∂x
A − Fvisc

v A + αvρvgx A , (35)

where Fvisc
v represents a viscous force density of the form

Fvisc
v =

fD,vαvρv|uv|uv

2Dh,v
, (36)

where fD,v is a Darcy friction factor and Dh,v is the hydraulic diameter of the vapor. Assuming steady flow
and negligible volume fraction gradient ( ∂αv

∂x ≈ 0), the momentum balance equation is manipulated to give
the steady-state pressure gradient:

∂pv

∂x
= − fD,vρv|uv|uv

2Dh,v
− ∂ρvu2

v
∂x

+ ρvgx . (37)

The first term on the right side represents the viscous pressure gradient, and the second term represents the
inertial pressure gradient, which are discussed in Sections  2.4.1 and  2.4.2 , respectively.

Closures in general depend on two main parameters: the axial Reynolds number and the radial Reynolds
number. The axial Reynolds number is defined as

Rex,v =
ρvuvDv

µv
, (38)

where Dv is the diameter of the vapor channel. The radial Reynolds number is defined as

Rer,v =
ρvwvRv

µv
, (39)

where wv is the radial vapor velocity and Rv is the radius of the vapor channel. Note that it is customary to
use the vapor radius as the reference length in the radial Reynolds number, whereas, for the axial Reynolds
number, the vapor diameter is customary [  7 ]. The radial vapor velocity is estimated from the interfacial mass
flux Γint from the liquid to the vapor. The interfacial mass flux can be expressed in terms of the radial vapor
velocity:

Γint = ρvwv . (40)

Therefore,
Rer,v =

ΓintRv

µv
. (41)

Note that this definition gives a positive value for evaporation and negative value for condensation.

2.4.1 Viscous Vapor Pressure Drop

The viscous pressure gradient is assumed to be of the form

∂pv

∂x

∣∣∣∣visc
= − fD,vρv|uv|uv

2Dh,v
, (42)

6



with the Darcy friction factor fD,v determined by closures. Sockeye adopts the closures used in the steady-
state heat pipe analysis code HTPIPE [ 8 ].

For Γint ≥ ε (as is typical in the evaporator section), the mass addition stabilizes the vapor flow, and thus
the flow is assumed to be laminar for all Reynolds numbers, so Hagen-Poiseuille flow applies, but Busse
uses a semi-empirical correction to account for the deviation of the velocity profile from the parabolic profile
assumed by Hagen-Poiseuille equations [ 9 ]:

fD,v =
64

Rex,v

(
1 +

2
3

a
)

, (43)

where a is the following function of radial Reynolds number [ 4 ,  8 ]:

a =
15
22

5 +
18

Rer,v
−

√(
5 +

18
Rer,v

)2

− 44
5

 . (44)

For Γint < ε (as is typical in the adiabatic and condenser sections), turbulence may occur, and thus other
relations are incorporated [ 8 ]:

fD,v =


64

Rex,v
Rex,v ≤ 2000

0.316
Re0.25

x,v
2000 < Rex,v ≤ 20000

0.184
Re0.2

x,v
Rex,v > 20000

. (45)

To alleviate possible convergence difficulties associated with closure discontinuities, smooth transitions are
implemented between the different relations.

Figure  1 shows the vapor friction factor vs. axial Reynolds number, for several radial Reynolds number
values. Note the smooth transitions at Rex,v = 2, 000 and Rex,v = 20, 000.

2.4.2 Inertial Vapor Pressure Drop

The inertial pressure gradient term

∂pv

∂x

∣∣∣∣iner
= −∂ρvu2

v
∂x

(46)

does not yield the correct inertial pressure drops in practice, due to corrections that need to be made for
the radial velocity distribution, since a one-dimensional treatment cannot directly capture these effects [ 10 ].
Correcting this term by a factor finer, hereafter referred to as the “inertial fraction,” gives

∂pv

∂x

∣∣∣∣iner
= − finer

∂ρvu2
v

∂x
. (47)

Various empirical or analytic models attempt to predict this fraction. To integrate this correction into
Sockeye’s equations, we add a source term to the vapor momentum equation:

∂αvρvuv A
∂t

+
∂αv(ρvu2

v + pv)A
∂x

= pint
∂αv

∂x
A − Fvisc

v A + αvρvgx A + (1 − finer)
∂αvρvu2

v A
∂x

. (48)

Instead of treating this term as a flux term as on the left side, which would complicate the numerical flux
computation, this term will be treated as a volumetric source term by approximating the gradient as follows.
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Figure 1: Vapor friction factor at various axial and radial Reynolds numbers.

Assuming steady flow, negligible volume fraction gradient ( ∂αv
∂x ≈ 0), and negligible vapor density gradient

( ∂ρv
∂x ≈ 0), the vapor continuity equation gives

αvρv
∂uv

∂x
A = ΓintaintA . (49)

Then
(1 − finer)

∂αvρvu2
v A

∂x
≈ 2(1 − finer)αvρvuv

∂uv

∂x
A ≈ 2(1 − finer)ΓintuvaintA . (50)

Thus the resulting momentum equation is

∂αvρvuv A
∂t

+
∂αv(ρvu2

v + pv)A
∂x

= pint
∂αv

∂x
A − Fvisc

v A + αvρvgx A + 2(1 − finer)ΓintuvaintA . (51)

Now we discuss the computation of finer. For Γint ≥ ε (as is typical in the evaporator section), the
following inertial fraction is used, based on the work by Busse [  8 ,  9 ]:

finer =
4
3

(
1 − a

6
+

2a2

45

)
, (52)

where a is computed as in Equation ( 44 ).

For Γint < ε, Busse’s theory computes a spatially-varying coefficient a that requires a nonlinear solve
at each point. Furthermore, Busse’s theory is only valid for Rer,v > −2.25. To avoid these complications,
in the adiabatic section and condenser, Sockeye simply assumes a = 0, which corresponds to a parabolic
profile. Thus,
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finer =
4
3

. (53)

2.5 Liquid Pressure Drop

When the wick structure is not flush to the inner cladding surface, there are potentially two flow paths
for the liquid to travel back from the condenser region to the evaporator region: the wick and the annulus.
For flow through the wick structure, the wick permeability is the relevant closure, while for flow through
the annular gap, a friction factor is the relevant closure. If the user does not provide a friction factor for the
liquid phase, then the friction factor is determined assuming laminar flow in the annulus. Reference [ 11 ]
gives the following closure:

fD =
24
Re

(
Dwick,o
Dhp,i

)0.035

, (54)

while the Hagen-Poiseuille theory for fully developed flows for a concentric annulus gives the following
friction factor [ 10 ]:

fD =
64
Re

ζ , (55)

ζ ≡ (a − b)2(a2 − b2)

a4 − b4 − (a2−b2)2

ln(a/b)

, (56)

where a and b are the outer and inner radii of the channel, here, Rclad,i and Rwick,o, respectively. Note
that, for a ≈ b, ζ = 3

2 .

If the liquid flows entirely through the annular gap, pressure losses are determined from a friction factor
as follows:

dp`
dx

= −1
2

fD,`
ρ`|u`,ann|u`,ann

Dh,ann,`
, (57)

where u`,ann is the velocity of the liquid phase if the entire mass flow rate goes through the annular gap:

u`,ann ≡ u`
α`A

A`,ann
, (58)

A`,ann ≡ min(α`A, Aann) , (59)

and Dh,ann,` is the hydraulic diameter corresponding to A`,ann, the liquid annulus, which has a maximum
thickness of the annular gap thickness:

Dh,ann,` = 2 min(δ`, δann) , (60)

δann ≡ Rclad,i − Rwick,o , (61)
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δ` ≡ Rclad,i − R` , (62)

R` ≡
√

R2
clad,i −

α`A
π

. (63)

The source term corresponding to Equation ( 57 ) is

− F`A ≡ −1
2

fD,`
ρ`|u`,ann|u`,ann

Dh,ann,`
A`,ann . (64)

2.6 Slope Reconstruction

The spatial discretization in Sockeye is a Godunov-type finite volume scheme adapted from Refer-
ence [  12 ]. The key ingredient of this scheme is in the evaluation of numerical flux terms between each pair
of elements: f (UL, UR). Sockeye uses a two-phase extension of the HLLC Riemann solver. The Godunov
scheme evaluates this flux with the cell center solutions of the adjoining cells, yielding first-order accuracy:
f (Ui, Ui+1). However, if instead the fluxes are evaluated with a linear reconstruction of the solution on each
side of the interface, second-order accuracy can be achieved: f (Ūi, Ūi+1). To prevent spurious oscillations
in the presence of strong shocks and discontinuities, the total variation diminishing (TVD) concept is used
to develop various slope limitation schemes, which selectively reduce the slopes in the presence of such
conditions [ 13 ].

3 RESULTS

Pressure drop closures were tested using three cases of a test problem featuring a sodium heat pipe with
an annular wick. Results were compared against analytic solutions and HTPIPE [  8 ]. Table  1 summarizes the
temperature and power for each of these cases. The value given in the “Temperature” column corresponds
to the initial temperature used in the Sockeye simulation, and the value given in the “Power” column is the
power uniformly added along the evaporator length and uniformly removed along the condenser length.

Case Power [W] Temperature [K]

1 200 800
2 1,000 1000
3 2,500 1200

Table 1: Test cases for sodium heat pipe with annular wick.

Figure  2 shows these cases in relation to analytic approximations to the various operational limits, as
well as some closure transition points. The cases were designed such that each of the closure regimes would
be used. The line Rer,cond = −2.25 denotes the condenser radial Reynolds number below which the theory
of Busse [ 9 ] no longer applies; therefore, Busse’s theory can only be applied to Case 1.

HTPIPE was run with the (power, evaporator exit temperature) mode. The evaporator exit temperature
was taken from the steady-state Sockeye solution to ensure consistent results.
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Figure 2: Test cases in heat pipe operating space.

Analytic solutions are generated with thermodynamic properties both from HTPIPE and Sockeye to
illustrate differences arising from differences in properties. Vapor pressure drops are compared to analytic
solutions from Busse [ 9 ] and Cotter [ 14 ]. Note that Cotter’s theory usually picks either the inertial pressure
drop or the viscous pressure drop, depending on the radial Reynolds number, but the solution shown here is
the sum of both components. “Busse (Numerical Integration)” denotes the solution obtained by numerically
integrating Busse’s pressure gradient equation (Equation [18] in Reference [  9 ]),

dpv

dx
= −4

3
ρv

d
dx

[
u2

v

(
1 − a

6
+

2a2

45

)]
− 8

µvuv

R2
v

(
1 +

2
3

a
)

, (65)

rather than using Busse’s analytically integrated formulas. It was found that there was a significant discrep-
ancy between the numerically-integrated solution and the analytic solution in the condenser (Equation [40] in
Reference [ 9 ]). We were unable to produce an analytical solution for the pressure drop in the condenser that
could be compared to Busse’s solution, so we are not able to confirm if Busse’s solution in the condenser has
any mistake. As for the numerical integration performed here, there is high confidence, since the numerical
integrations of the various pressure drop terms match the numerical pressure drop solution (compare the
∆pv and ∑i ∆pv,i sets in Figures  5 ,  9 , and  12 ).

A vapor pressure drop “breakdown” plot is also presented, where the various contributions to the total
pressure drop are estimated via numerical integration. The various terms are defined as follows:

∆pv ≡
x∫

0

dpv

dx
dx′ , (66)
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∑
i

∆pv,i ≡ ∆pv,visc + ∆pv,iner + ∆pv,iner-corr + ∆pv,vfgrad + ∆pv,vfgrad-int , (67)

∆pv,visc ≡
x∫

0

− fvρv|uv|uv

2Dh,v
dx′ , (68)

∆pv,iner ≡
x∫

0

− 1
αv

dαvρvu2
v

dx
dx′ , (69)

∆pv,iner-corr ≡
x∫

0

2(1 − finer)Γintuvaint
αv

dx′ , (70)

∆pv,vfgrad ≡
x∫

0

− pv

αv

dαv

dx
dx′ , (71)

∆pv,vfgrad-int ≡
x∫

0

pint
αv

dαv

dx
dx′ . (72)

3.1 Case 1

This case is at a relatively low power and temperature; at this low power, Busse’s theory can be applied,
since the radial Reynolds number in the condenser is greater than -2.25. Sockeye was run with the second-
order spatial discretization and compared to HTPIPE and analytic solutions.

Figure  3 shows the liquid pressure drop. The liquid pressure drop follows the analytic curve, other
than oscillations that occur at the evaporator exit and condenser entrance, which are believed to be due
to the sharp transitions in the heating profile at these positions. For example, the heat source is set to be
uniform over the evaporator and immediately drop to zero in the adiabatic section. These oscillations can
be remedied with more spatial refinement or smoother heating transitions. Also, the usage of TVD slope
limiter schemes could help remedy these oscillations; however, more work is needed to prevent numerical
artifacts in these schemes at the domain boundaries. Note that these oscillations do not appear to affect the
total pressure drop, so their impact on the heat pipe performance is believed to be minimal. HTPIPE has
a discrepancy because it approximates the annulus cross sectional area as Aann ≈ πDwick,itann instead of
using Aann = 1

4 π(D2
clad,i − D2

wick,o), which under-approximates the area by 9.5%, which, because this area
appears in the denominator of the pressure drop, over-approximates the pressure drop.

Figure  4 shows the vapor pressure drop. Two analytic theories are considered: Cotter’s [ 14 ] and
Busse’s [  9 ]. Busse’s theory obtains the pressure drop as a function of position, giving the “Busse” sets,
but, if the governing pressure gradient equation is instead integrated numerically, the “Busse (Numerical
Integration)” set is obtained, which indicates a discrepancy with Busse’s result in the condenser section.
Sockeye’s vapor pressure drop roughly follows “Busse (Numerical Integration).” For simplicity, Sockeye
uses a = 0 in the adiabatic section and condenser, which is a source of some discrepancy. Also, the analytic
solutions all assume uniform thermodynamic properties, whereas Sockeye’s properties, such as density, vary
along the heat pipe length.
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Figure 3: Case 1 liquid pressure drop.

Figure 4: Case 1 vapor pressure drop.
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Figure  5 shows Sockeye’s vapor pressure drop breakdown. For this low power case, the viscous pressure
drop is dominant over the inertial pressure drop. The inertial pressure drop cancels out over the length of the
heat pipe, as expected.

Figure 5: Case 1 vapor pressure drop breakdown.

Figure  6 shows the results of a spatial discretization study. The sets labeled “No Slope Reconstruction”
correspond to Godunov’s method, which is first-order accurate, and the sets labeled “Full Slope Reconstruc-
tion” correspond to the scheme resulting from using the piecewise-linear reconstruction of the solution as
inputs to the numerical flux function, as discussed in Section  2.6 . These results clearly show the excessive
artificial dissipation resulting from the usage of the first-order-accurate scheme. This leads to significant
jumps in the cell-average pressures, which can consequently cause an inaccurate capillary limit prediction.
The second-order scheme still has some numerical artifacts at the interfaces between the evaporator, adia-
batic, and condenser sections, due to the discontinuity in boundary conditions there. However, these artifacts
are relatively small and disappear much more rapidly with mesh refinement than the pressure jumps in the
first-order scheme.

3.2 Case 2

This case has an intermediate power, where the inertial pressure drop in the vapor phase becomes more
significant. Again, the inertial pressure drop cancels out over the length of the heat pipe, but now the pressure
profile shape is significantly different. Figures  7 ,  8 , and  9 show the liquid pressure drop, vapor pressure
drop, and vapor pressure drop breakdown results, respectively.
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Figure 6: Comparison of spatial discretizations for Case 1.

Figure 7: Case 2 liquid pressure drop.
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Figure 8: Case 2 vapor pressure drop.

Figure 9: Case 2 vapor pressure drop breakdown.
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3.3 Case 3

For the high-power case, inertial effects are most dominant. Now the volume fraction gradient becomes
a bit more significant, particularly at the condenser entrance, and the volume fraction gradient terms are
noticeable, although they tend to be roughly equal and opposite due to pv ≈ pint. Figures  7 ,  8 , and  9 show
the liquid pressure drop, vapor pressure drop, and vapor pressure drop breakdown results, respectively.

Figure 10: Case 3 liquid pressure drop.

4 CONCLUSIONS

We implemented several closure relations, including interfacial heat transfer coefficients, wall heat
transfer coefficients, and friction factors, and developed a closures system to allow the easy switching of
closure relations and allow the user to implement their own closures classes. Additionally, we implemented
a second-order spatial discretization.

Three test cases at varying temperatures and power levels assessed the new closure relations in Sockeye
against the steady-state heat pipe code HTPIPE, as well as analytic solutions. Comparisons showed good
agreement for the liquid pressure drop. The vapor pressure drop had varied solutions for HTPIPE and the
analytic solutions, and Sockeye produced total vapor pressure drops within the range of the other solutions. A
spatial discretization study showed a significant advantage of the new, second-order scheme, which lacked the
significant, nonphysical pressure jumps present in the first-order scheme. However, nonphysical oscillations
in the solution were observed with the second-order scheme at the interfaces between the evaporator,
adiabatic, and condenser regions.
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Figure 11: Case 3 vapor pressure drop.

Figure 12: Case 3 vapor pressure drop breakdown.
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Future work is needed to further assess Sockeye’s closure relations. Analytic solutions employ restrictive
assumptions, and the consequences of all of these assumptions and approximations may yield unrealistic
reference solutions. Ultimately, experimental data is needed to assess these closures; however, a direct
measurement of pressure drops inside of a heat pipe is needed but not easily obtained.
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