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Abstract

Results of the simulation of the startup from a frozen state of a molybdenum heat pipe with lithium working fluid
are presented and discussed. The 1.8-m-long heat pipe was tested in the horizontal position and had a liquid annular
space between the porous wick and the wall. The 30-cm-long evaporator section was inductively heated and the 147-cm-
long condenser was cooled by thermal radiation to the quartz tube enclosing the heat pipe and to the ambient. The
space between the quartz tube and the heat pipe was evacuated in order to minimize heat losses by convection and
conduction. Model results on the progression of the thaw front, liquid pooling at the end of the condenser, and the wall
temperature along the heat pipe were found to be in good agreement with experimental measurements. Results showed
that, as the heat pipe reached quasi-steady state operation at an evaporator wall temperature of 1550 K, the wall
temperature near the end of the condenser dropped precipitously by 450 K, because of the formation of a 8.3-cm-long

liquid plug and the end heat losses in the condenser.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

For high temperature applications requiring trans-
port of large amounts of thermal power from a compact
heat source, such as a nuclear reactor, at a small tem-
perature difference between the heat source and the heat
sink, liquid metal heat pipes are a prime choice. Other
applications of such devices include lightweight heat
rejection radiator for space power systems and thermal-
photovoltaic direct energy conversion systems. For such
applications, alkali-metal heat pipes offer high redun-
dancy for heat removal at high heat fluxes and a wide
range of source temperatures above 700 K. The latter
dictates the choice of working fluid, in order of in-
creasing temperature, potassium, sodium, and lithium.
Power throughputs as high as 15 and 30 kW/cm? are
possible with sodium and lithium heat pipes, respec-
tively, at 1150 and 1580 K, respectively. Above 1200 K,
lithium is the best choice for a working fluid, because of
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its low vapor pressure, high figure-of-merit, and high
latent heat of vaporization and surface tension. A con-
cern with using liquid metal working fluids in heat pipes,
and in particular lithium, is that they are typically frozen
at startup. Lithium has a relatively high melting point of
453.7 K, at which its vapor pressure is extremely low
(~0.1 pPa). Therefore, the following issues are worthy of
investigating, namely: (a) how long does the full thaw of
a lithium heat pipe take? (b) will the heat pipe experience
a dryout in the evaporator wick during the startup from
a frozen state? and (c) since the lithium working fluid
experiences a volume increase well in excess of 20% as it
thaws and heats up to operating temperature, where
does the excess liquid go and how does it affect the op-
eration of the heat pipe?

At the startup of a lithium heat pipe, the vapor
pressure is typically on the order of nPa, at which the
mean-free-path of the vapor molecules is large compared
to the diameter of the vapor core, hence the vapor flow
in the evaporator is in the free-molecular flow regime [1].
After the working fluid in the evaporator section melts,
the vapor pressure increases, and the vapor flow be-
comes in the transition regime. Eventually, the vapor
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Nomenclature

dee accommodation coefficient

A surface area (m?)

C first radiation constant, 3.7415 x 107'®
m>W

C, second radiation constant, 1.4388 x 102
mK

G average flow mass flux (kg/m?s)

G fraction of blackbody emittance

K wick permeability (m?)

k Boltzmann constant, £ = 1.3804 x 10723 J/K

M molecular weight of working fluid (kg/mol)

M; spectral radiance per unit wavelength (W/
m?m)

7 evaporation/condensation/sublimation/reso-
lidification mass flux (kg/m?s)

mPOOL  pooling rate (kg/s)

Mpoor  mass of liquid pool in vapor core (kg)

N number of axial sections along wall

Nuush axial location of thaw front

Nyet axial location of first wet point

N, number of axial sections along wick

P pressure (Pa)

™ outgoing radiant flux from quartz tube (W/
m?)

gloss net radiant heat loss (W)

R. radius of curvature of interfacial liquid me-
niscus (m)

R, universal gas constant, R, = 8.3143 J/molK

Rin radius of L-V interface (m)

R, wick effective pore radius (m)

R, radius of vapor core (m)

t time (s)

T temperature (K)

Trus fluid fusion temperature (K)

Tt L-V interface temperature (K)

T transition temperature between vapor flow
regimes (K)

TR ambient temperature (K)

Vol volume of numerical cell (m?)

Vs volume of hemispherical pores at wick sur-
face (m?)

WET,; flag for interfacial condition

Greek symbols

B dimensionless coefficient, C,/(4.T)

ot void fraction in interfacial wick pores

Y volume fraction of frozen fluid

Okp Kronecker delta, 6 =1, 6y, =0if k #p

AR; size of radial computation cell (m)

At discretization time step (s)

AZ; size of axial computation cell (m)

e volume porosity of porous wick

& hemispherical emissivity of surface 4;

g spectral emittance of quartz

N effective emissivity of quartz

Oy liquid/wick wetting angle (radian)

A radiation wavelength (m)

Ac cut-off wavelength (m)

e cosine of contact angle of liquid meniscus at
L~V interface, R,/R.

p density (kg/m?)

A spectral reflectance of quartz

o Stefan—Boltzmann constant, 5.67 x 10~8 W/
m? K*

ot liquid surface tension (N/m)

T spectral transmittance of quartz

T effective transmittivity of quartz

Subscript/superscript

i radial cell number
axial cell number
liquid phase
temporal discretization number
quartz tube inner surface
radial component
room/ambient

t saturation
vapor phase
axial component
best estimate at new time
correction

\*N<SWH0:F‘H.H

flow transitions to the continuum flow regime as the heat
pipe temperature reaches hundreds of degrees Kelvin
above the fusion temperature of lithium. In the contin-
uum flow regime, which is characterized by a very small
mean-free-path compared to the vapor core diameter,
the momentum transfer of the working fluid is domi-
nated by the molecule-molecule collisions. In the inter-
mediate transition flow regime, the effects of both
molecule-molecule and molecule-wall collisions are

important [1]. Owing to the very low vapor transport in
the molecular and the transition flow regimes, the
startup of a lithium heat pipe from a frozen state could
take several hours. To speed up such startup, the heat
pipe is partially charged with a non-condensable inert
gas such as argon or helium [2,3], whose effect is outside
the scope of this paper.

When simulating the startup of a liquid metal heat
pipe from a frozen state, in addition to dealing with the
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transitions in the vapor flow, it is important to accu-
rately predict the transient progression of the thaw front
in the wick structure and in the surrounding annulus, if
any, as well as account for the working fluid’s volume
increase as it melts and heats up in temperature. Due to
the very low vapor pressure of lithium, the vapor flow
does not transition to the viscous (or continuum) flow
regime until the heat pipe temperature is relatively high
[1]. Up to 800 K, the lithium vapor flow is typically in
the molecular regime (~1 Pa), in the transition flow re-
gime between 800 and 1050 K (~1-250 Pa), and in the
viscous regime above 1050 K (>250 Pa) [1]. These flow
regimes affect the thermal response of the heat pipe
during the startup for a frozen state, and should be
modeled accurately to allow for a smooth transition
between successive regimes. These vapor flow regimes
could all co-exist in the vapor core, and should be
tracked with time during the startup transient. Such
complexities of the startup from a frozen state require
the development and implementation of efficient and
sophisticated numerical schemes for solving the coupled
governing equations in the vapor, wall, wick, and the
annular space, and for tracking not only the thaw front,
but also the progression of the various vapor flow re-
gimes in the heat pipe. In addition, special attention
must be given to predicting the location as well as the
movement of the wet point forming at the vapor—wick
interface (where the liquid meniscus in the surface pores
of the wick is flat), and accounting for the pooling of the
excess liquid in the vapor core at the end of the con-
denser.

A few models have been developed to simulate the
startup of alkali-metal heat pipes from a frozen state.
Jang et al. [4] have developed a pure-conduction heat
capacity model to track the thaw process in the wick,
and modeled the vapor flow using a one-dimensional
transient compressible flow model. The transition tem-
perature at a Knudsen number of 0.01 was used to in-
dicate the location of the free-molecule flow front, and
the heat and mass transfer at the boundaries of the
rarefied vapor zone was neglected. Cao and Faghri [5,6]
improved the model of Jang et al. [4] by implementing a
fixed-grid enthalpy method to handle the thaw in the
wick, and modeling the continuum vapor flow regime as
a two-dimensional compressible flow. They described
the rarefied vapor flow regime using a self-diffusion
model, and coupled it to the continuum vapor flow re-
gion with appropriate boundary conditions at the tran-
sition front defined by the transition temperature. Cao
and Faghri [5] have successfully predicted the axial wall
temperature distribution in a sodium heat pipe tested at
Wright State University, but calculated vapor Mach
numbers as high as six during the startup from a frozen
state [5].

The Thermal Hydraulic Response Of Heat Pipes
Under Transients code of Hall et al. [7,8] incorporates

the liquid flow in the wick, hydrodynamically couples
the liquid and vapor phases, describes the various vapor
flow regimes using the dusty gas model, and accounts for
the effect of a non-condensable gas (air) in the heat pipe.
The two-dimensional conservation equations were av-
eraged over the radial direction, yielding basically one-
dimensional vapor and wick models, and the melting in
the wick was described using an approximate solution.
In an unsuccessful attempt to reproduce the experi-
mental results of the SPAR-8 lithium heat pipe [9], Hall
and Doster [7] varied the values of the evaporation and
condensation accommodation coefficients used in the
code. In a later version of the code, Hall et al. [8] allowed
a negative liquid pressure (tension) to develop in the
wick, and used an accommodation coefficient of unity to
calculate the evaporation and condensation rates. With
these modifications, the code’s predictions of the ex-
perimental data of the SPAR-8 lithium heat pipe startup
were greatly improved. However, the predicted temper-
atures lagged behind measurements at latter times,
suggesting that the net heat input to the evaporator used
in the code was lower than the actual value in the ex-
periment [8].

The Heat Pipe Transient Analysis Model (HPTAM),
developed at the University of New Mexico’s Institute
for Space and Nuclear Power Studies [10-12], attempted
to avoid some of the limitations of previous codes and
thoroughly model the vapor flow transitions and pro-
gression of the thaw front, including the formation of
the “wet point” and of a pool of excess liquid at the end
of the condenser. A two-dimensional, homogeneous
enthalpy method, in conjunction with the extended
Darcy’s continuity and momentum equations [10] is used
to model the phase change of the working fluid and
liquid flow in the wick. The liquid and vapor phases are
hydrodynamically coupled, allowing tension to develop
in the liquid phase. The Dusty Gas Model is used to
describe the free-molecule, transition, and continuum
vapor flow regimes [11]. In addition, an efficient nu-
merical technique is used to solve the coupled governing
equations in the wall, wick and vapor regions [12].

The predictions of HPTAM have been in good
agreement with experimental data for the startup of a
sodium heat pipe from a frozen state [11,13]. Very little
data have been reported for the startup of lithium heat
pipes from a frozen state. However, recently [14], ex-
periments have been carried out at Los Alamos National
Laboratory (LANL), using a 1.8-m-long lithium/mo-
lybdenum (Li/Mo) heat pipe with an annular space, to
determine the duration of the startup transient to stea-
dy-state operation at ~1500 K, track the progression of
the thaw front and the accumulation of excess liquid
at the end of the condenser as function of time, and
study the thermal response of the heat pipe during
startup from a frozen state as a function of inclination
angle [14].
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The objective of this work was to simulate the startup
transient of the lithium-molybdenum heat pipe tested
recently in the horizontal position at LANL, subjected
to a ramped power input, and compare the model’s re-
sults with experimental measurements [14]. In order to
simulate such a startup experiment, additional capabil-
ities have been added to HPTAM, such as modeling the
mass, momentum, and heat transfers in the annular
space between the porous wick and the heat pipe wall,
simulating radiation heat exchange between the pipe
wall, the surrounding semi-transparent quartz tube and
the room, and predicting the accumulation of excess
liquid in the vapor core and at the end of the condenser
during the startup transient. Some of these new capa-
bilities are described in this paper and the procedure
used to estimate the net thermal power input to the in-
ductively heated evaporator section in the experiment is
detailed. Finally, the predictions of the startup transient
of the horizontal Li/Mo heat pipe from a frozen state are
compared with the reported measurements of the wall
temperatures, the thaw front location, and the extent of
the liquid plug at the end of the condenser.

2. Lithium/molybdenum heat pipe

A schematic of the lithium heat pipe is shown in Fig.
1. The heat pipe has a free-floating, Mo-41wt.%Re 400-
mesh screen wick (0.41-mm-thick), and a 1.52-mm-thick,
molybdenum wall. The heat pipe is 1.8-m-long and 19.1
mm O.D. A 0.37 mm annular gap separates the wick
from the wall. The evaporator end of the wick is closed
with a fitted Mo plug (12.7-mm-long cylinder), retained
mechanically with a Mo wire wrap, and brazed in place
with a Zr filler material [14]. The plug attachment piece
(not shown in Fig. 1) is a small Mo cylinder 6.35 mm in
length and 3.175 mm in diameter. The evaporator end
plug of the heat pipe is a 6.35-mm-long piece of mo-
lybdenum. The 10.95-mm-long section between the
evaporator end plug and the wick plug opens to the
liquid annulus (Fig. 1) and contains an oxygen-getter
pack of 20, 0.125-mm-thick, hafnium foils. The foils are
dimpled to provide a liquid flow path and are strung
together on a Mo wire. The lithium charge in the heat
pipe is estimated at 30 g. The Mo-41wt.%Re wick is
comprised of 7 layers of a 400-mesh woven screen of 25-
um diameter wires. The wick is 0.41-mm-thick, and has
a volume porosity, &= 0.7093, permeability, K =
2.167 x 107" m?, and effective pore radius R, = 19.3 um
[10,14]. The insert in Fig. 1 shows a schematic of the heat
pipe test setup. As shown in the insert, the lithium heat
pipe was enclosed into a semi-transparent, evacuated
quartz tube. The induction coil was placed around the
quartz tube, along the evaporator section of the heat
pipe. In the experiment, the molybdenum pipe lost heat
from the wall by radiation to the quartz tube and the

surroundings. Therefore, the first step in modeling the
startup of the lithium heat pipe shown in Fig. 1 was to
determine the net power input to the evaporator section
of the heat pipe in the experiment, after accounting for
the radiation heat losses.

3. Model description

The heat pipe is divided into four radial regions: wall,
annular space, wick, and vapor core (Fig. 1). During
thaw, the liquid and frozen volume fractions of the
working fluid in the annulus and the wick regions are
calculated as functions of time, taking into account the
increase in the lithium volume with thaw and heat-up to
steady-state operation temperature of 1500 K. The vol-
ume of the excess liquid, its relocation, and eventual
accumulation at the end of the condenser section in the
vapor core of the heat pipe, are determined. In addition,
the spatial and temporal temperature distributions in the
wall, and the temperatures, pressures, and mass fluxes of
the liquid (L) and the vapor (V) along the heat pipe are
calculated. Finally, through thermal and hydrodynamic
couplings of the liquid and vapor phases, the local
radius of curvature of the liquid meniscus in the surfaces
pores of the wick is calculated.

The transient form of the pure-conduction equation
in the wall is solved for the wall temperature, and the
extended Darcy’s equations are solved for the liquid flow
in the porous wick [10]. To track the thaw front in the
wick and the surrounding annulus, the volume-aver-
aged, homogeneous enthalpy equations in these regions
are solved for the local frozen volume fractions and
temperatures as functions of time [10]. The solution uses
a fixed-grid technique, for which implicit tracking of the
liquid-solid interface within the wick is not necessary.
The wick permeability is calculated in terms of the vol-
ume fraction of the melt, which ensures that the per-
meability and the melt velocity approach zero in the
frozen region. The density of the liquid in the wick and
the surrounding annulus is calculated as a function of
pressure and temperature to account for the thermal
expansion of the working fluid. The free-molecule,
transition and continuum flow regimes in the vapor core
of the heat pipe are modeled using the dusty-gas-model
[1,11]. The sublimation, evaporation, condensation, and
re-solidification rates of the working fluid during the
startup transient are calculated as functions of time and
location, using the kinetic theory of gases, with an ac-
commodation coefficient of unity [10].

The governing equations in the four regions of the Li/
Mo heat pipe (vapor, wick, annulus, and wall) are solved
subject to appropriate boundary and initial conditions:
(a) zero liquid velocity at all solid boundaries; (b)
evaporator end is adiabatic; (c¢) radiative boundary at
the outer wall surface along the heat pipe; (d) at the
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Fig. 1. Cutaway view of 1.8-m-long molybdenum-lithium heat pipe (not to scale).

beginning of the startup from a frozen state, the tem-
peratures of the vapor, frozen fluid, and wall are uni-
form and equal; and (e) the vapor temperature changes
with time during the startup transient, but is always at
saturation. The solution of the non-linear governing
equations and the thermal and hydrodynamic couplings
between the liquid, solid, and vapor phases of the
working fluid is handled using a stable numerical tech-
nique [12].

The additional modeling capabilities developed to
simulate the frozen startup of the lithium heat pipe [14]
(Fig. 1) include: (a) tracking the movement of the excess
liquid and eventual accumulation at the end of the
condenser; (b) solving the mass, momentum, and energy
balance equations in the annular gap between the wick
and the heat pipe wall, subjected to interfacial boundary
conditions with the wick and the wall regions; (c) solving
the transient, two-dimensional heat conduction equation
for the condenser end plug, which is radiatively cooled
on the outside (Fig. 1); and (d) incorporating a two-
waveband approximation model to describe the radia-
tion characteristics of the quartz tube surrounding the
heat pipe, and calculate the radiation heat losses along
the length of the heat pipe, for accurately determining
the thermal power input to the evaporator section in the
experiment [14]. Some of these additional modeling ca-
pabilities are described next.

3.1. Vapor-wick interfacial model and liquid pooling in
vapor core

A two-dimensional, staggered grid [10,12], in cylin-
drical coordinates, is used to solve the governing equa-

tions in the vapor, wick, annular gap, and the wall
regions. The dimensions of the numerical cell (i, ) are
AR; and AZ;, and the side surface areas of the cell (i, /)
are A", A1, 4% and AY7!, in the radial and axial di-
rections, respectively. Densities, pressures, temperatures
and enthalpies are calculated at the center of mass cells,
while the velocities and mass fluxes are determined at the
centers of the faces of the cells. The superscripts () and
(n + 1) refer to the variables at the present and new time
steps, respectively, while the superscript (*) refers to the
best estimate of the new-time variable at the computa-
tion time. Given a best estimate of a new-time quantity,
for example the pressure (P*), the numerical solution
seeks a primed correction field (P') such that: P"+! =
P*+ P'. The time discretization is fully implicit, pro-
viding a robust numerical solution and allowing the use
of reasonable time steps. The mass balance equation in
the computation cell (i, j) can be written [12]:

* * a
Y {(1—/,/)(pUVol .+ Vol (ap> +p”V0]’)

SVl 4G - G (4G

i-1,

(4G =~ (1)
where O is the pooling rate of the liquid in cell (2, /)

and represents excess liquid pooling into the vapor core.
The local volume porosity, &;, is given as: (a) in the vapor
region, ¢ = 1 for i = 1; (b) in the wick region, ¢ = ¢ for
2<i<N.; and (¢) in the liquid annulus, & =1 for
i =N+ 1. The volumes of the mass cells, Vol,;, are
evaluated explicitly, except those in the wick adjacent to
the vapor—-wick interface. During the startup from a
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int

Fig. 2. Illustration of wetting conditions in interfacial wick cells.

frozen state, several interfacial conditions may be pre-
sent at the wick—vapor interface (Fig. 2), namely: (a) a
(partially) frozen or mushy cell; (b) a liquid wet point
with a flat liquid—vapor interface; (c) a liquid-vapor
interface with a concave liquid meniscus in the surface
pores of the wick; and (d) a receding, liquid—vapor in-
terface with a concave liquid meniscus in the surface
pores of the saturated wick region. All four occurrences
are recognized and accounted for in the numerical
solution simulating the startup of the heat pipe from a
frozen state. As illustrated in Fig. 2, the volume of the
liquid in the vapor-wick interfacial computation cell
(2,)) is a function of the radial location of the liquid—
vapor interface, R;,, the volume fraction of the frozen

phase in the voids of the wick, 9, ;, and the radius of
curvature of the liquid meniscus in the surface pores of
the wick, R.. The maximum capillary pressure head de-
veloping in the fully-thawed wick occurs when R, equals
the wick’s average pore radius, R,, and the volume of
vapor in the hemispherical pores of the wick interfacial
computation cell (2, ) is given as

(%5

For the interfacial conditions shown in Fig. 2, when
R/ > R,, the volume of the liquid phase in the wick

int =

interfacial computation cell (2, ) is calculated as

2

3

2nR] AZ;
nR?

4 )
nRg) = 3Ry, AZ;. (2)
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e(1 = p,;)Voly; = (1 - vz‘j){sn<(Rv + AR,)*
~ (R,)*)AZ; = 4 }. 3)

Finally, the change in the liquid volume adjacent to the
L-V interface is given as

e(l — yZ.j)VOI,ZJ' =—(1- Vz.j)Vp/(o‘;)j

=—(1 —VzJ)VPj(ZZi):(HL)j- 4)

In this equation, the void fraction in the wick interfacial
pores, o, is a geometrical function of the cosine of
contact angle of the liquid meniscus, . = R,/R. [10,12].
The radial momentum jump condition at the liquid—
vapor interface relates u, to the pressure corrections as
[12]:

L
(P;jlfpfjl)uﬂ( o+ 1* - 1 () = 0.
’ ’ Ry 2y Pri)
()

The rates of sublimation, resolidification, and evapora-
tion or condensation at the wick—vapor interface ap-
pearing in Eq. (5), are obtained from the kinetic theory of
gases, assuming an accommodation coefficient (a.. = 1)
of unity [10,12]:

1/2
) [Plﬁj - Psat(];{;ll)] = lP(Tijx‘wpl-k/)'

(6)

After the linearization of the square of the evaporation/
condensation rate, the radial momentum balance at the
L-V interface in the surface pores of the wick, Eq. (5), is
used to relate the corrections y, to the pressure correc-
tions, as

. M

int

L

=

g . g % /
2R7/(:uc)j = (P]*_j 7P2i/) - ZR;/(:uc)j + (Pl‘/ - Pé,/)
P P
1 1 R ov\"
- ——— |m mj+2(—) Pl
&2 Py OB );

()

The radial and axial mass fluxes appearing in the mass
balance Eq. (1) are expressed in terms of pressures, by
discretizing the momentum conservation equations us-
ing a staggered grid, and eliminating the off-diagonal
velocity corrections using the SIMPLEC (SIMPLE-
Consistent) procedure of van Doormaal and Raithby
[15], assuming that the off-diagonal corrections are equal
to the diagonal corrections. This is a consistent ap-
proximation of the momentum correction equations,
which does not require any pressure under-relaxation. It
was then possible to express all mass flux corrections,

advanced-time volumes and densities in terms of pres-
sure corrections. Substituting Eqgs. (4) and (7) into the
mass balance Eq. (1) gives the following Poisson equa-
tion:

aEJPi/.j + aEix/'Pi,Jrl,j + aWi-/‘PLu + aN[~/1)t<j+1 + aSi-./'Pil,j—l
= S,"j - (5,‘_27;1;)001‘. (8)

Eq. (8) are solved for the pressure corrections using a
direct, banded Gauss-elimination solver (with normal-
ization and partial pivoting). Since the evaporation/
condensation rate corrections are functions of the vapor
pressure corrections only (see Eq. (6)), and the vapor
volume in the surface pores of the porous wick is cal-
culated explicitly (Vol’lvj = 0), the Poisson equations in
the vapor and liquid regions are decoupled (aE,; = 0).
This condition increases the stability of the numerical
solution and reduces the amount of CPU time, partic-
ularly when internal iterations are needed for the con-
vergence of the pooling mass rates, iz, O

The numerical solution proceeds by first solving Eq.
(8) in the vapor region (i =1, and j =1 to N,) for the
vapor pressure corrections. Then, the evaporation/con-
densation rates are calculated using Eq. (6). At this
point, Eq. (8) is discretized in the liquid/wick region
(i=2toN_+1,and j=1 to N,). In the mass balance
equations for the liquid computation cells adjacent to
the vapor-wick interface (i =2), the vapor pressure
corrections are known and treated explicitly.

The numerical solution accounts for the various oc-
currences at the wick—vapor interface (Fig. 2). The flag
WET; is introduced to track these different occurrences.
Initially, the working fluid in the wick and the annular
gap is frozen, all flags are set to 3, and the vapor-wick
interface is assumed flat (g, = 0). At some time during
the startup transient, as heat is supplied to the evapo-
rator section, the thaw front at the end of the evaporator
reaches the vapor-wick interface, allowing the excess
liquid in the evaporator to pool into the vapor core (Fig.
2(a)). Since the cosine of the contact angle of the liquid—
vapor interface is known at this location (u't!=
we + p. = 0), the radial momentum jump condition Eq.
(7) is solved for the liquid pressure in the computation
cell (2, ), in place of the mass balance Eq. (8). Once the
Poisson system of equs. has been solved for the pressures
in the liquid/wick region, the pooling rate of excess lig-
uid, " is calculated using the mass balance Eq. (8)
for the computation cell (2, /).

The progression of the thaw front is tracked by the
solution of the enthalpy balance equation in the wick
[10]. Once the wick’s interfacial computation cell is fully-
thawed (y,; = 0), the flag WET, at that location is set to
1 (Fig. 2(b)). As the thaw process progresses towards the
end of the condenser, the location of the mushy inter-
facial computation cell j = Ny, (the cell closest to the
condenser end for which y,; > 0) and the accumulation
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of excess liquid in the vapor core are tracked. At some
time during the startup transient, the calculated pooling
rate P90 at a wet point (2, /) may become negative; a
situation which arises when the sum of the evaporation
rate and of the net liquid flow rate out of the compu-
tation cell is greater than the thermal expansion rate of
the liquid in the cell. In this case, both the flag WET); at
that location and the pooling rate are set to zero, and the
curvature of the concave liquid meniscus in this cell is
calculated (Fig. 2(c)). The mass balance Eq. (8) is used
for the computation cell (2, /) in the Poisson system of
equations, which is solved for the pressures in the liquid/
wick region. The interfacial cosine of contact angle 1/ at
this location is then obtained from the radial momentum
jump condition Eq. (7), and the wick void fraction is
calculated.

The model detects if the heat pipe operation becomes
capillary limited, when the calculated &/ exceeds the
cosine of the wetting angle, cosf,, (Fig. 2(d)). In this
case, the flag WET) at that location is set equal to 2, 1/ is
set to its maximum value of cos 0y, and the liquid—vapor
interface is allowed to recede (R],, > Ry). The calculated
pressures in the liquid/wick region are used to determine
the pooling rate 7} °°" using Eq. (8) for the computation
cell (2,/). This pooling rate (positive during recession)
causes the liquid-vapor interface to recede down the
wick, and the new radial location of the interface R't' is
obtained from the mass balance:
|3, (Ri1)] = 08, (R ); | AZ; = OO A, 9)

j int

3.2. Liquid pool in vapor core of heat pipe

During the startup transient of the heat pipe from a
frozen state, the liquid pool in the vapor core could span
the length of the heat pipe between the first wet point
Jj = Nye (the wick interfacial computation cell (2, ;)
closest to the evaporator end for which WET; = 1) and
the thaw front in the mushy cell, j = Npysn. The accu-
mulated liquid mass in the pool is calculated as

Nimush
Mpbor = Moo + Z (’hj]')OOL)* At. (10)

J=Nwet

The pool is assumed to have a uniform cross-section
along the horizontal heat pipe and the liquid in the pool
is locally in thermal equilibrium with the heat pipe wick,
at T/,. Once the melting front reaches the end of the
condenser (Nyush = N,), all excess liquid in the vapor
region is assumed to be sucked by surface tension to
accumulate at the end of the condenser, together with
the excess liquid from the liquid annulus, forming a
liquid plug. The length of such a liquid plug is then
calculated based on the mass of liquid pool, its average
density, and the vapor core cross-section area. The for-

mation of the liquid plug is done progressively in the
present calculations, to avoid numerical instabilities
caused by the dramatic change in the mass relocation at
the end of the condenser. The thermal model accounts
for the thermal energy storage and axial and radial heat
conduction in the liquid pool and in the metal plug at
the condenser end, and for the heat losses from the latter
by radiation to the surroundings.

3.3. Radiative energy exchange between pipe wall, quartz
tube and room

As shown in Fig. 1, the Li/Mo heat pipe in the ex-
periment was inserted coaxially in a clear quartz (SiO,
crystal) tube. The annular space in between the heat pipe
and the quartz tube was evacuated to eliminate heat losses
by convection or conduction. The 30-cm-long induction
coil heating the evaporator section was wound on the
outside of the quartz tube with its bottom 3 cm above the
end of the evaporator section. Because of the high tem-
perature of the heat pipe wall, the entire heat pipe ex-
changes heat by radiation with the quartz tube and the
surroundings. Such radiation exchange is treated herein in
an effort to accurately determine the power input to the
evaporator section in the experiment. In the present cal-
culations, the heat pipe wall is divided into a number of
cylindrical shells (k = 1 to N) with gray-diffuse (opaque)
surfaces. The quartz tube inner surface, denoted £ = 0, is
assumed isothermal at T; and the reflectance of the quartz
tube is neglected. The radiation exchange in the cavity,
formulated using the net radiation method [16], is illus-
trated in Fig. 3(a). Considering the kth shell of the wall,
having a surface area A4y, its net radiant energy loss is the
difference between the radiant heat emitted (¢;07;') and
the net radiant heat absorbed, ¢¢g™ [16]. The outgoing
radiant flux from the quartz tube to the heat pipe wall,
gg", is the sum of the radiant energy emitted by the
quartz, the background energy transmitted inward, and
the radiant energy reflected by the quartz, which is ne-
glected herein (Fig. 3(a)). Therefore, the net radiant en-
ergy loss for 4, can be expressed as

07 = Ayer (o T, — g™
= Aks,((on — Eong‘ — fosRoTé), fork=1to N.

(11)

The effective radiative properties of the quartz, & and 7,
depend on the spectral emittance ¢; and transmittance
7;. Quartz is transparent to infrared radiation below ~4
um and opaque above ~6 um [17]. For simplicity, a two-
waveband model (with a cut-off wavelength, 4. = 4 pm)
is used to describe the radiative properties of the quartz
tube (Fig. 3(b)), as follows:

(a) Below 4., in the transparent band (denoted by a
prime), the spectral transmittance of quartz is taken
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Fig. 3. (a) Illustration of radiant energy exchange in quartz vacuum enclosure. (b) Spectral transmittance of fused quartz—data and

model.

constant, 7, = 0.917; the spectral reflectance is ne-
glected (p; = 0), and the spectral emittance is thus
constant, g = 1 — 7j, — py = 0.083;

Above /., in the opaque band (denoted by a double
prime), the spectral transmittance of quartz is nil;
79 =0. The spectral reflectance is neglected,
py =0, and the spectral emittance equals unity,
gy =1—17—py =1, so that the quartz effectively
emits as a black body in this band.

(b)

Using this two-waveband approach, the effective ra-
diative properties of the quartz tube, & and 7, are ex-
pressed as

-1

+0oo +0o0
& :/ b,M,d/l(/ M/d)u)
0 0

=1,G.z, and (12a)
+00 +00 -1
‘fo :/ ‘C,M/d)(/ M,dA)
0 0
= Sé)Gl).cro + (1 - Gl/‘,cro)v (12b)

where M; is the spectral radiance of the blackbody and
G, 1, the fraction of the total emittance of a blackbody
at a temperature 7, within the wavelength interval [0, 4],
is a well tabulated function of the product (. T):
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Wiebelt [16,18] has proposed the following polynomial
series representation of this function:
, 15 X e

ror =3 2 g UKB +3)kB + 6]k + 6}. (14)

k=1

The dimensionless coefficient, f = C,/(4.T) = 2. Note
that for A, = 4 pm, f ~ 3600/7, and Eq. (14) is valid for
temperatures as high as ~1800 K. Using only the first 3
terms of the series, the maximum error was 0.02% for
AT = 7200 um K (f = 2). At room temperature (300 K),
the normalized spectral radiance, M;/(aT*), is essen-
tially nil when 4 < 4 um, and the quartz tube behaves as
an opaque blackbody. As the quartz tube temperature
increases, the spectral distribution moves to lower
wavelength and becomes sharper. As a result, the quartz
tube becomes effectively more transparent at higher
temperature. The two-waveband approach becomes es-
pecially important as the peak of the spectral radiance
approaches the cut-off wavelength /., near about 800 K.
Since the quartz tube temperature, 7y was measured in
the experiments, it was easy to express Ty, & and 7, as
functions of time during the startup transient. For the
purpose of estimating the radiation exchange between
the quartz tube and the surrounding, the latter is mod-
eled as a black body (eg = 1) radiating to the room
temperature, Tg.

4. Simulation of the startup from a frozen state

The Mo-Li heat pipe weighs 1.757 kg and has a
thermal energy storage capacity of 679.5 J/K at 1500 K.
The three most massive components of the heat pipe, in
a decreasing order, are the Mo wall (1.541 kg), the Mo—
41wt.%Re screen wick (134.6 g), and the lithium work-
ing fluid (30.0 g). Although the mass of the working fluid
is only 22% of that of the screen wick, it has about 4
times the heat storage capacity of the wick, due to the
high specific heat capacity of lithium. The hafnium foils
contribute only 0.2% to the total thermal energy storage
capability of the heat pipe, and can be neglected. The
other molybdenum components in the heat pipe, namely
the wick plug, evaporator end plug, plug attachment
piece, and condenser end cap (in a descending order)
weigh a total of 44.1 g, contributing only 2.5% to the
total mass of the heat pipe, and have a combined ther-
mal energy storage capability of 14.51 J/K, or 2.1% of
that of the heat pipe. Therefore, the effect of these
components on the transient, thermal operation of the
heat pipe was neglected.

4.1. Estimates of net heat input to the evaporator

Because the evaporator section of the heat pipe in the
experiment was inductively heated, the net power input
to the evaporator section is not known a priori. The
power input to the evaporator section is estimated as a
function of time in the experiment based on the wall
temperature measurements, after accounting for the ra-
diation heat losses along the condenser section and the
rate of thermal energy storage in the various compo-
nents of the heat pipe and the working fluid. At steady-
state, the rate of energy storage in the heat pipe is zero,
and the net thermal power input to the evaporator
equals that radiated away in the condenser section. The
measured wall temperature in the condenser section was
fitted numerically at different times during the startup
transient, assuming the wall temperature in the evapo-
rator section was uniform and equal to the value mea-
sured by the closest wall thermocouple. Then, the
thermal energy storage in the heat pipe component was
computed accordingly. The evaporator section of the
heat pipe was fully-thawed after ~7 min into the startup
transient, and the amount of liquid in the heat pipe was
calculated assuming a constant thaw rate of 1 cm/min,
determined based on the wall thermocouple measure-
ments (Fig. 4) [14].

The predictions of thermal energy storage in the
evaporator and condenser sections during the startup
transient of the lithium heat pipe, from 293 K to a
steady-state temperature of 1540 K, are shown in Fig.
5(a). Their sum was fitted using a polynomial function,
and the total energy storage rate in the heat pipe is
obtained from the derivative of this function with time
(Fig. 5(b)). Fig. 6 presents an illustration of the pre-
dicted progression of the thaw front and the transitions
in the vapor flow regime during the startup of the heat
pipe in the experiments. As indicated in Fig. 5(a), after
about 30 min into the transient, the energy stored in the
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Fig. 4. Comparison of measured and predicted thaw front lo-
cations.
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evaporator section is nearly constant and the vapor in
the evaporator section is in the transition flow regime,
while in the condenser the vapor flow is in the free-
molecule regime (Fig. 6(a)). As shown in Fig. 5(b), the
estimated rate of the total energy storage in the heat
pipe, up to 3 h into the startup transient, is nearly
constant at ~50 W. At such time (3 h), the continuum
vapor flow front reached the end of the condenser (Fig.
6(d)). The corresponding inflection point in the net
evaporator input at this time marks the beginning of the
fully-thawed heat pipe operation. After about an hour
into the startup transient, the radiation heat losses
dominate, with their rate increasing with time as the wall
temperature increases (Fig. 5(b)). At earlier times, the
contributions of the energy storage and radiation heat
losses are comparable (Fig. 5(b)). This figure also shows
the calculated input power to the evaporator section,
which is the sum of the total thermal energy storage rate
and the rate of radiation heat losses from the wall in the
condenser section.

4.2. Results and discussion

The present numerical scheme divides the 30-cm-long
evaporator section into nine axial computational cells

and the condenser section into 47 axial cells, including
three axial cells along the Mo condenser end plug. In the
radial direction, one computation cell each is used in the
vapor core, the wick, and the liquid annulus, and four
cells are used in the wall. In this simulation, the lithium
mass in the heat pipe is only 29.2 g, since the contribu-
tion of the 0.8 g present in the region occupied by the
hafnium getter at the evaporator end is neglected (Fig.
1). The simulation of the four-hour startup transient,
using a variable time step of 0.125-0.250 s, took about 6
h of CPU time on a 700 MHz AMD-Athlon PC com-
puter. To evaluate the accuracy of the solution, the same
startup was simulated using a time step that was 5 times
smaller. The predicted wall temperatures in both cases
were within +3 K at all times. Results showed that the
radiation heat losses along the condenser section in-
creased steadily up to 3 h into the transient, and the
transition vapor flow front moved along the heat pipe,
at nearly constant speed (Fig. 6(a)-(c)). During this
transient phase, the difference between the evaporator
power input and the condenser radiation heat losses is
nearly constant at ~50 W, corresponding to the rate of
energy storage in the condenser region (Fig. 5(b)). After
3 h into the transient, the continuum vapor flow front
reached the end of the condenser (Fig. 6(d)), and the
condenser radiation heat rejection rate followed closely
the input power to the evaporator, in a quasi-steady
state manner. At 240 min, the heat pipe transported 4.0
kW, which corresponds to a power throughput of 2.4
kW/cm? and evaporator wall heat flux of 22.2 W/cm?.
Results confirmed the successful startup of the heat
pipe, without ensuing a dryout in either the wick or the
liquid annulus in the evaporator section, and reaching a
quasi-steady state after ~4 h. At steady-state, the heat
rejection in the condenser section was limited by the low
emissivity (0.15 at 1500 K) of the polished molybdenum
wall. Also, the maximum thermal power to the evapo-
rator in the experiment was limited by the coupling be-
tween the evaporator wall and the induction coil.

4.3. Comparison with experimental measurements

The measured and predicted locations of the melting
front are compared in Fig. 4. The heat pipe was in-
strumented with 8 thermocouples along the condenser
wall, and the thaw front location was inferred in the
experiments by interpolation, from the observed pro-
gression of the fusion temperature of lithium along the
heat pipe [14]. As shown in Fig. 4, the predictions of the
thaw front location are in excellent agreement with
the indicated values from the experimental data. The
results confirmed that the evaporator was fully-thawed
after about 7 min into the startup transient, and
the melting front in the condenser progressed at a
nearly constant speed of 1.0 cm/min. The heat pipe was
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Fig. 6. Illustration of the frozen startup of the lithium heat pipe.

fully-thawed after ~140 min into the startup transient
(Figs. 4 and 6(c)).

Fig. 7(a) and (b) compare the measured and pre-
dicted wall temperatures, as functions of time and lo-
cation during the startup transient. The reported
uncertainty in the thermocouples measurements is +20
K [14]. The calculated vapor pressure along the heat
pipe, at different times during the startup transient, is
shown in Fig. 8. The vapor pressure corresponding to
the melting point of lithium (453.7 K) is 0.07 pPa. In
Fig. 8, Knudsen numbers of 1.0 (1.9 Pa at 7;,(2) = 820
K) and 0.01 (269 Pa at T;,(1) = 1050 K) indicate the
transitions from free-molecule to transition and from
transition to continuum vapor flow regimes, respec-
tively, [1,11]. Early in the startup transient, the three
vapor flow regimes co-existed in the heat pipe (Figs. 6(b)
and (c) and 8). After about 30 min into the transient, the
vapor in the evaporator section was in the transition
flow regime and the evaporator temperature was nearly
uniform and increased very slowly with time (Figs. 7 and
8). The transition vapor flow front traversed the con-

denser section at a constant speed equal to that of the
thaw front (Figs. 6(b) and (c), 7 and 8). Most of the
condensation occurred along this transition zone (Fig.
6(b) and (c)), as thermal energy was stored in the pipe
wall, wick, and the working fluid, at a rate of ~50 W.
These results are characteristic of the frontal startup of
alkali-metal heat pipes [11].

4.4. Effect of excess liquid on thermal response of heat
pipe

Immediately after the evaporator section was fully-
thawed (~7 min into the transient), excess liquid lithium
started to pool into the vapor core (Fig. 9), essentially in
place, because of the low vapor flow and the low rates of
evaporation and re-solidification in the free-molecule
regime. The transition vapor flow front, the melting
front, and the first wet point at the wick surface all
progressed very slowly towards the condenser end, at a
near constant speed of about 1 cm/min. The excess lig-
uid pooling into the vapor core at the wet points re-
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mained in place, until it was pushed towards the con-
denser end by the slow moving high-pressure front of the
continuum vapor flow. The liquid in the wick and an-
nulus was no longer stagnant, re-circulating back to-
wards the evaporator, thus participating in the heat pipe
operation. As a result, up to 140 min into the transient,
the excess liquid in the vapor core spanned the length

(20-30 cm) between the first wet point along the heat
pipe and the melting front (Figs. 6 and 9(b)). The excess
liquid in the vapor core was assumed in thermal equi-
librium with the underlying wick. During this phase of
the heat pipe startup transient, the average temperature
of the excess liquid pool (620 K) remained nearly con-
stant, due to the frontal aspect of the startup transient,
while the extent of the pool increased slowly with time,
since the thaw front moved slightly faster than the first
wet point and the transition vapor flow front (Fig. 9(b)).

Once the thaw front reached the end of the condenser
(~140 min), the excess liquid was sucked, by capillary
action, to form a liquid plug at the end of the condenser
(Figs. 6(b) and 9(d)). However, the formation of the
liquid plug is done progressively in the calculations, to
avoid numerical instabilities. As shown in Fig. 7(b), the
presence of the liquid pool caused a precipitous drop in
the wall temperature near the end of the condenser.
Normally, during the startup, the location of the con-
tinuum vapor flow front marks the interface between
active and inactive portions of the condenser. As shown
in Fig. 7(a), the predicted and measured wall tempera-
tures at axial location Z; aligned themselves with the
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evaporator temperature of the heat pipe after the high-
pressure front passed this location. However, this re-
alignment did not occur at the thermocouple located at
the end of the condenser (Z; = 1.791 m). Instead, the
wall temperature at that location remained 200-450 K
lower than the evaporator temperature, and the wall
temperature at the end of the condenser dropped sharply
(Fig. 7(b)). Note the small break in the predicted wall
temperature at Z; = 1.791 m at 205 min (Fig. 7(a)),
which is due to the fixed numerical discretization of the
liquid plug. After the liquid plug was formed at the end
of the condenser, further accumulation and volume ex-
pansion of liquid caused the plug to expand towards the
evaporator end (Fig. 9(b)). Once the liquid plug spans
another computation cell, it is assumed to fill that cell
completely, causing the break in the predicted temper-
ature. This discontinuity could have been eliminated if
the liquid plug were modeled with an adaptive numerical
grid.

After four hours into the startup transient (240 min),
the heat pipe reached quasi-steady state, where the
predicted evaporator temperature was 1545 K, com-
pared to 1530 £+ 20 K measured in the experiment (Fig.
7(b)). In addition, the predicted wall temperature at the
end of the condenser was 1095 K, compared to
1130 + 20 K measured in the experiment (Fig. 7(b)). The
predicted drop in temperature at the end of the con-
denser was 450 K, compared to 400 + 40 K measured in
the experiment. The precipitous drop in temperature
near the condenser end was caused by the presence of
the 8.3-cm-long (or 6 g) liquid lithium plug (Figs. 6(d)
and 9(a)). The extent of the liquid pool in the experiment
was estimated at 9 cm, based on the temperature mea-
surements and visual observations [14]. The calculated
pool length was in good agreement with measurements,
considering that the contribution to the pool of the 0.8 g
in the getter pack region at the end of the evaporator
was not included in the modeled inventory of lithium.

5. Summary and conclusions

This work simulated the startup of a horizontal, Li/
Mo heat pipe from a frozen state and compared pre-
dictions of the time progression of the thaw front and
the changes in the wall temperature with time during the
startup transient, with reported measurements from an
experiment performed at the Los Alamos National
Laboratory [14]. In the experiment, the inductively he-
ated heat pipe was placed coaxially inside an evacuated
quartz tube and subjected to a ramped power input. The
present calculations were performed using the HPTAM
computer code after incorporating additional capabili-
ties, which include: (a) tracking the movement of the
excess liquid in the vapor core and the eventual accu-
mulation at the end of the condenser; (b) solving the

mass, momentum, and energy balance equations in the
annular liquid gap between the wick and the heat pipe
wall, subject to interfacial boundary conditions with the
wick and the wall regions; (¢) accounting for the tran-
sient, two-dimensional heat conduction in the condenser
end plug, which is radiatively cooled on the outside (Fig.
1); and (d) incorporating a two-waveband approxima-
tion model to describe the radiation characteristics of
the quartz tube surrounding the heat pipe, and calculate
the radiative heat losses along the length of the heat
pipe, to accurately determine the thermal power input to
the evaporator section in the experiment [14].

The predictions of the wall temperature along the
heat pipe, at different times during the startup, and of
the melting front location, are in good agreement with
measurements. The lithium heat pipe started up suc-
cessfully, without any dryout ensuing in the wick or the
liquid annulus in the evaporator section. Due to the very
low vapor pressure of lithium, little working fluid mass
is lost by sublimation and re-solidification in the frozen
section of the condenser during the startup transient.
Results also showed that, as the heat pipe reached
steady-state operation at an evaporator temperature of
1550 K, the wall temperature near the end of the con-
denser dropped precipitously by 450 K, due to the for-
mation of a 8.3-cm-long plug of excess liquid at the end
of the condenser, and the end heat losses by radiation.
After 4 h into the startup transient, the heat pipe was
fully-thawed, reaching quasi-steady state, where it
transported 4.0 kW. Such thermal power corresponded
to a power throughput of 2.4 kW/cm? and an evaporator
wall heat flux of 22.2 W/cm?.
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