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Startup Characteristics of a Potassium Heat Pipe
from the Frozen State

long Hoon Jang*
Sverdrup Technology, Inc., Cleveland, Ohio 44135

The startup characteristics of a potassium heat pipe were studied both analytically and experimentally. Using
the radiation heat transfer mode the heat pipe was tested in a vacuum chamber. The transition temperature
calculated for potassium was then compared with the experimental results of the heat pipe with various heat
inputs. These results show that the heat pipe was inactive until it reached the transition temperature. In addition,
during the startup period, the evaporator experienced dryout with a heat input smaller than the capillary limit
calculated at the steady state. However, when the working fluid at the condenser was completely melted, the
evaporator was re wetted without external aid. The startup period was significantly reduced with a large heat
input.

Nomenclature
Av = cross-sectional area of vapor space, m2

-Aw = cross-sectional area of the wick structure, m2

D = diameter of vapor space, m
fv = friction coefficient
g = gravitational acceleration, m/s2

hfg = latent heat of vaporization, J/kg
K = permeability of the wick, m2

Kn = Knudsen number
L(l = length of the adiabatic section, m
Lc = length of the condenser section, m
Le = length of the evaporator section, m
M = molecular weight, kg/kmol
Ru = universal gas constant, N-m/kmol-K
Rev = Reynolds number based on the diameter of vapor

space
rc = effective capillary radius, m
rv — radius of vapor space, m
T* = transition temperature, K
Tj = initial temperature, K
Tm = melting temperature, K
Ts — steady-state temperature, K
t = time
A = mean free path, m
ju,/ = liquid viscosity, N-s/m2

fjiv = vapor viscosity, N-s/m2

p, = liquid density, kg/m3

pv = vapor density, kg/m3

a = surface tension, N/m
cf> = heat pipe inclination angle, deg

Introduction

B ECAUSE heat pipes are effective devices for transport-
ing large amounts of heat with small temperature gra-

dients, they have been considered as elements of heat rejec-
tion systems for space power systems,1 and as heat receivers
for solar dynamic space power systems.2-3 For high-temper-
ature applications, the working fluids in most liquid metal
heat pipes are entirely in the solid state at ambient temper-
ature while pressure in the vapor space is extremely low so

Received Oct. 5, 1992; revision received April 6, 1994; accepted
for publication June 7, 1994. Copyright © 1994 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Senior Engineer, NASA LeRC Group; currently Assistant Pro-
fessor, Department of Mechanical Engineering, University of Ulsan,
P.O. Box 18, Ulsan, Kyungnam, 680-749 Republic of Korea. Member
AIAA.

that free molecular flow conditions prevail. Unlike for low-
temperature heat pipes, these conditions may cause the heat
pipe to fail to operate, they also complicate mathematical
models of liquid metal heat pipes during the startup period.

The startup process for potassium and sodium heat pipes
from the frozen state has been experimentally investigated by
Deverall et al.,4 Tolubinsky et al.,5 and Ivanovskii et al.6
Vapor temperatures measured by Ivanovskii et al.6 and Faghri
et al.7 indicated that different flow regimes existed in the
vapor space. Based on those experimental results, mathe-
matical models have been devised by Jang8 and Jang et al.9

to describe the startup behavior. The startup process is rather
complicated due to the many phase changes of the working
substance, i.e., from the solid to vapor state, and different
flow regimes in the vapor space, and from the free molecular
to the continuum regime as shown in Fig. 1. The mathematical
model presented by Jang et al.9 exemplifies the complexity
of the governing equations and boundary conditions for each
startup period. Thus, simplification of the mathematical model
is needed to obtain solutions within reasonable computer time.

To simplify the mathematical model during the frozen
startup, Jang8 and Jang et al.9 suggested that the adiabatic
boundary condition could be applied at the interface between
the wick structure and the vapor space when free molecular
flow prevails in the vapor space. An equation was derived to
calculate the transition temperature using kinetic theory.
However, a comparison between the calculated transition
temperature and any experimental result was not made. Also,
the behavior of heat pipes at the transition temperature range
was not investigated.

During the startup period, a part of the working fluid is
still in the solid state and the heat pipes are partially opera-
tional. Also, the vapor flowing to the condenser section may
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Fig. 1 Description of the frozen startup of liquid metal heat pipes.
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freeze again at the interface of the adjacent condenser section.
Thus, dryout at the wick structure could occur with much less
heat input than at steady-state operation; it takes considerable
time for heat pipes to become fully operational. However, no
analytical or numerical model in the archival literature pre-
dicts dryout during the startup period. Thus, qualitative in-
formation on the difference between the capillary limits dur-
ing the startup period and at the steady state is needed to
specify the proper heat input during the startup period. This
heat input could minimize the startup period without dryout
at the wick structure.

The objective of this article is to present analytical and
experimental results of the operation of a potassium heat pipe
during the startup period that could be used to simplify the
mathematical model and to achieve the successful startup of
liquid metal heat pipes. First, the transition temperatures from
free molecular flow to continuum flow for potassium and
sodium were calculated with various vapor space diameters.
Then the transition temperature for the potassium working
fluid was compared with the experimental results. Finally, the
capillary limits calculated for various operating temperatures
were compared to the capillary limit obtained during the
startup test.

Analysis
Transition Temperature

Since heat transfer is negligible within the free molecular
flow regime, a simplification of the mathematical model could
be achieved by neglecting the free molecular flow in the vapor
space. For this purpose, some criterion is needed to define
the region where free molecular flow prevails. The ratio of
the mean free path to a characteristic length is the parameter
used to define the flow regime. This parameter is called the
Knudsen number,10 and is defined by

Kn = (A/D) (1)

where D is used as a characteristic length. When the mean
free path is very small in comparison with a characteristic
length of the vapor space, i.e., Kn < 0.01, it is assumed that
continuum flow is established.

For Kn = 0.01, T* from free molecular flow to continuum
flow corresponding to a given characteristic length for the
vapor space is derived using the kinetic theory of gases as
follows8:

M
(2)

where M is the molecular weight of the working fluid. To
obtain T*, numerous iterations are required because the phys-
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Fig. 2 Transition temperatures with various vapor space diameters
for potassium and sodium.

ical properties are temperature-dependent. The continuum
flow regime is assumed to be prevalent when the vapor tem-
perature is greater than the transition temperature. The tran-
sition temperatures for potassium and sodium were calculated
using Eq. (2). The transition temperature decreases with in-
creasing vapor space diameter as shown in Fig. 2. In addition,
the transition temperature of sodium is greater than that of
potassium by about 100 K.

Maximum Capillary Limits
The vapor flow was assumed to be laminar and incom-

pressible since the Reynolds number for the maximum heat
transfer of 1250 W used for the experiment was less than
2300. Uniform heat flux distributions along the evaporator
and condenser sections were assumed. Since the actual radii
of curvature of the meniscus at the liquid-vapor interface are
unknown, the maximum possible capillary limits were cal-
culated for a given geometry of the wick structure at the
steady-state conditions. The capillary limitation was deter-
mined using the following expressions11:

(QL)cjam
0.5Le + La + 0.5L,. (3)

cos
ax r, -t- r,,

where the frictional coefficients for the liquid and vapor flows
are defined as follows:

(5)KA,,,Plhlg

2rlAvPt,hfg
(6)

Experimental Setup
A potassium heat pipe with a screen wick structure was

used to conduct the experimental studies in a vacuum cham-
ber. The total length of the heat pipe was 0.4572 m, and the
o.d. of the heat pipe was 0.0254 m. The heat pipe wall and
wick structure were made of stainless steel. Table 1 shows
dimensions and materials of the potassium heat pipe.

To measure the surface temperature of the heat pipe, a
total of nine Chromel-alumel thermocouples (type K) were
installed on the surface of the heat pipe wall, each thermo-
couple was alternately placed 180 deg apart along the circum-
ference as shown in Fig. 3. In addition, two thermocouples
were placed at the end caps of the evaporator and condenser
sections. All thermocouples were connected to a data logger
and the data was stored on a personal computer using com-
munication software. Temperatures were measured every 30
s, with the temperature measurement accuracy of ±0.6 K.

Table 1 Physical dimensions
heat pipe

Pipe wall material
Pipe o.d.
Pipe i.d.
Pipe length
Wick material
Screen mesh number
Wick thickness
Wick wire diameter
Porosity of wick
Vapor space diameter
Working fluid
Fluid charge
Evaporator length
Condenser length

of the potassium

Stainless steel
0.0254 m
0.0221 m
0.4572 m
Stainless steel
1574.8 m'1
1.016 x 10-3 m
2.54 x 10~ 4 m
0.67
0.02007 m
Potassium
0.026 kg
0.139 m
0.3048 m
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Fig. 3 Configuration of heater, cooling shroud, and radiation shields
and thermocouple locations.
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Fig. 5 Test results of the experimental setup without the heat pipe.

A silicon carbide heater applied heat by radiative heat
transfer. The length of heating element was 0.2032 m with an
o.d. of 0.054 m. The electric resistance of the heater was 1.56
(1 at ambient temperature. Figure 3 illustrates the configu-
ration of the heater and heat pipe setup. Machinable ceramic
parts were used to maintain the gap between the heater and
the heat pipe. A digital multimeter and ammeter were in-
stalled to measure electrical power to the heater. Heat input
measurement accuracy is ±2.5% of heat input. The heater
was insulated by a radiation shield.

A copper cooling shroud extracted heat energy from the
condenser section as shown in Fig. 3. The length of the shroud
was 0.3556 m with a diameter of 0.1016 m. Also, a 0.00635-
m-diam copper tube was wrapped at about 0.0254-m intervals
to circulate coolant. A mixture of 50 vol % ethylene glycol

in water was used for coolant. The inside surface was painted
with black paint. One thermocouple was installed at the center
of the shroud to measure the shroud temperature. The inlet
and outlet coolant temperatures and flow rate were measured
to determine total heat transport. A variable area flow meter
measured the flow rate with an uncertainty of ±1 x 10 6

m3/s. A chiller supplied coolant at a constant inlet tempera-
ture. The temperature stability of this unit is ±0.1 K.

To simulate space environments, where radiation is the
major heat transfer mode, the entire experimental setup was
placed in the vacuum chamber, as shown in Fig. 4. The vac-
uum chamber provided a physical barrier in case there was
leaking of the working fluid. Prior to testing the heat pipe,
the chamber was pumped down to a pressure of 3.5 x 10~4

mmHg (Torr), which was the minimum pressure achieved.
During the tests of the heat pipe, this pressure was maintained
in the chamber.

Radiation Shield and Heat Loss
A 17-layer radiation shield reduced heat losses from the

silicon carbide heater. Each layer was made of 1.27 x 10 ~4-
m-thick stainless steel sheet and separated by an eight-mesh
screen made of 4.32 x 10~4-m-diam wires to keep a uniform
gap. For convenience of fabrication, a single layer of stainless
steel together with a single layer of screen was spirally rolled
to form the 17 layers. The ends of the sheet were then welded.
To measure temperature drops across the 17-layer radiation
shield, six chromel-alumel thermocouples were installed at
the first and last layers.

Even though the radiation shield was installed to minimize
the heat losses from the heater in the radial direction, the
heat losses at the ends of the heater in the axial direction still
occurred through the ceramic disks that are located between
the cooling shroud and the heater, as shown in Fig. 3. The
axial heat losses from the heater end to the adjacent cooling
shroud increased the coolant outlet temperature. Thus, the
total heat transport to the cooling shroud consisted of the heat
transfer from both the heat pipe and the heater end. Heat
transport from the heater end to the cooling shroud was es-
timated.

For this purpose, the heat pipe was replaced by a hollow
pipe that had the same size and same stainless steel material.
Then the experimental setup was installed in the same vacuum
chamber and maintained in the same environmental condi-
tion. All tests were conducted using various heat inputs in
the vacuum environment. Also, coolant was circulated at a
constant flow rate of 2.7 x 10~s mVs through the cooling
shroud. At the steady state, the heat transport from the heater
to the cooling shroud was estimated using the temperature
difference between the inlet and outlet temperatures of the
coolant and the coolant flow rate for various test cases. Then
the heat transport to the coolant verse temperatures measured
at the inner layer of the radiation shields was plotted as shown
in Fig. 5.

During the actual heat pipe tests, the net heat transport
through the heat pipe was calculated. Total heat transport
was estimated using the temperature difference between the
inlet and outlet temperatures of the coolant and the coolant
flow rate. Also, the heat transport from the heater end to the
cooling shroud was estimated using Fig. 5, this value was then
subtracted from the total heat transport to obtain the net heat
transport through the heat pipe. Energy balances made using
this method showed that heat losses from the experimental
setup were about 26.5-42.8% of the heat input, depending
on the operating temperature. These heat losses are relatively
larger than those in low-temperature heat pipe tests.

Results and Discussion
To investigate the startup behavior, the potassium heat pipe

was tested using a constant heat input of 500 W in a vacuum
environment. The surface temperature distributions during
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Fig. 6 Axial heat pipe temperature distributions during the startup period with heat transport of 285.1 W.

this test and the transition temperature of 567 K calculated
using Eq. (2) for the vapor space diameter of the potassium
heat pipe are shown in Figs. 6a and 6b. Also, the melting
temperature (337 K) of the potassium working fluid is illus-
trated. Since the surface temperatures at the evaporator are
greater than the vapor temperature, an exact comparison can-
not be achieved without measuring the vapor temperature
directly. However, the temperature drop across the pipe wall
and the wick structure was calculated for the given heat input
and heat pipe dimension when the vapor temperature was
assumed to be the transition temperature. This temperature
drop was about 14 K. When the vapor temperature reached
the transition temperature, the corresponding surface tem-
perature at the evaporator would be 581 K.

As shown in Figs. 6a and 6b the surface temperatures at
the evaporator increased rapidly up to the transition temper-
ature, whereas temperatures at the condenser remained at
about the initial temperature. Large axial temperature gra-
dients were developed between the evaporator and condenser
sections even though temperatures at the evaporator were
greater than the melting temperature of potassium. This type

of temperature profile has been observed when the evaporator
underwent dryout. Thus, the temperature distributions indi-
cate that there is no significant evaporation of the working
fluid at the evaporator and no significant vapor flow in the
vapor space. The vapor pressure corresponding to the tran-
sition temperature is about 35 N/m2. Therefore, the heat pipe
was completely inactive.

When temperatures at the evaporator rose above the tran-
sition temperature, the rate of temperature increase at the
evaporator slowed and the evaporator became near-isother-
mal. Also, the temperature increase at the adjacent condenser
section was accelerated. While temperatures at the condenser
increased to the transition temperature, those at the evapo-
rator remained almost constant until the end of condenser
exceeded the transition temperature. These temperature dis-
tributions imply that the vaporization of the working fluid at
the evaporator and the vapor flow in the vapor space were
significant during this period. Thus, the measured tempera-
ture distributions showed that the heat pipe behaved as pre-
dicted around the transition temperature. Once the heat pipe
reached near-isothermal conditions, the heat pipe tempera-
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Fig. 7 Temperature history at the evaporator and condenser end caps for various heat inputs during the startup period.
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Fig. 8 A schematic diagram of the startup process for liquid metal
heat pipes.

tures increased further until steady-state conditions were es-
tablished.

Figure 7 shows the temperature history at the evaporator
and condenser end caps with various heat inputs. For small
heat inputs, the similar startup behavior was predicted as
shown in Fig. 6a, and the startup process was much slower
than for large heat inputs. For large heat inputs, the slower
rate of temperature increase at the evaporator occurred at a
higher temperature than the transition temperature since the
heat input could be much larger than the heat removed by
vaporization of the working fluid. Also, the temperature drop
across the pipe wall and wick structure could be large. The
startup period was significantly reduced with a large heat
input. For example, a tenfold increase in heat input resulted
in about a tenfold faster startup as long as the capillary limit
was not exceeded.

To summarize the experimental results, the startup process
characteristics of the liquid metal heat pipe are described as
shown in Fig. 8. Also, the status of the working fluid in the
wick structure and the flow regime in the vapor space were
predicted. When the heat pipe temperature at the evaporator
end cap is lower than T*, the vapor pressure and the vapor
density of the working fluid are extremely low, e.g., 35 N/m2

and 2.66 x 10~4 kg/m3, respectively, at the transition tem-

perature (567 K) for potassium. Thus, for time t < t2, the
mode of heat transfer is mainly conduction along the pipe
wall and wick structure. To simplify the mathematical model,
an adiabatic boundary condition could be imposed at the in-
terface between the wick and vapor space by neglecting the
vapor flow. Also, for t2 < t < f4, the continuum flow regime
is established in part of the vapor space, but the adiabatic
boundary condition could still be applied at the interface,
excluding the continuum flow regime. For t > t4, the entire
heat pipe is active.

Figure 9 shows the surface temperature distributions on the
heat pipe when the evaporator experienced dryout during the
startup period. The constant heat input of 1700 W to the
heater and the heat transport of 1250 W (a radial heat flux
of 177.5 kW/m2) through the heat pipe were measured at the
steady-state temperature (1122 K). The temperature distri-
butions at the evaporator indicated that dryout occurred be-
fore the working fluid at the condenser melted completely.
However, later, the wick structure was rewetted by itself and
the heat pipe performed well until it reached the steady state.
Apparently the amount of liquid potassium returning from
the condenser section was insufficient during the startup pro-
cess. Therefore, the heat input should be maintained at a
value that is less than the heat transport capability at the
steady state until the entire working fluid is completely melted.

Figure 10 shows the sonic limit, capillary limit, and exper-
imental results for five different heat transports (286, 435,
788, 1008, 1250 W). A constant heat input was applied at the
evaporator during the entire test period. The sonic limit was
calculated using the expression given by Chi,11 whereas the
capillary limit was estimated using Eq. (4), assuming the working
fluid is entirely in the liquid state. For the useful operating
temperature range of 700-1200 K, the average capillary limit
calculated was about 1551 W for the potassium heat pipe
tested. For an operating temperature of 1122 K, dryout was
observed during the startup period as shown in Fig. 9 even
though the actual axial heat transfer of 1250 W was less than
the capillary limit. A comparison shows that the axial heat
transfer in the case of dryout was 80.6% of the average
capillary limit (1551 W). When the heat (1008 W) equivalent
to 65% of the average capillary limit was transferred, dry-
out was not experienced during the entire operation and the
heat pipe temperature reached about 1080 K at the steady
state.
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Fig. 9 Temperature distributions for the case of experiencing dryout at the evaporator during the startup period.
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Fig. 10 Heat transport limits and actual axial heat transport for the
potassium heat pipe at various operating temperatures.

Conclusions and Remarks
A potassium heat pipe was tested with various heat inputs

in a vacuum. The transition temperatures were calculated for
potassium and sodium working fluids at various vapor space
diameters. A comparison of the experimental results with the
transition temperature for potassium showed that the heat
pipe did not work until temperatures at the evaporator reached
the transition temperature. Thus, vapor flow could be ne-
glected to simplify the mathematical model when heat pipe
temperatures are lower than the transition temperature. Dur-
ing the startup period, larger heat inputs yielded faster start-
ups, but heat input should be maintained at a level much less
than the capillary limit at the steady state. Further analysis for
liquid flow, including phase change during the startup period,
is needed to predict the maximum allowable heat input.
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