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Abstract-Start-up and subsequent operation of a low-temperature heat pipe requires the liquid phase of 
the operating fluid to be continuously pumped back to the evaporator by the capillary action of the wick. 
If the pipe has been in an environment where ambient temperatures are below the freezing point of the 
working fluid prior to start-up, the frozen fluid in the condenser and adiabatic regions can prevent initial 
flow to the evaporator, causing dryout of the evaporator before all of the working fluid is in the liquid 
phase. This paper examines the time-dependent wall and vapor temperature profiles along the axial length 
of a low-temperature heat pipe during start-up from the frozen state, and freeze-out during normal 
operation by applying a subfreezing temperature fluid through the condenser. In addition, the experimental 
transient frozen start-up wall temperature profile is compared with a two-dimensional nmerical phase- 

change model. A successful start-up method using a pulsed power input is presented. 

INTRODUCTION 

Low- TO medium-temperature heat pipes are presently 
used in a number of appli~~ions from electronics 
cooling to waste heat recovery. One of the limiting 
factors in the heat pipe design is the start-up environ- 
ment. If the temperature of the environment is below 
the freezing temperature of the working fluid, start- 
up can be difficult if not impossible. Most of the 
experiments performed on heat pipes to date have 
been aimed at finding the maximum heat transfer, 
maximum temperature en~ronments, best working 
fluids and optimal wick structures. Very few studies 
have examined the frozen start-up behavior of low- 
and medium-temperature heat pipes. Also, these pre- 
vious studies are generally incomplete in nature. 

A low-tem~rature stainless steel/water heat pipe 
was started from the frozen state by Neal {l]. No 
special stepwise introduction of heat load to the evap- 
orator was attempted and the heat pipe did not reach 
any meaningful operating condition prior to the evap- 
orator drying out. Neal also attempted start-up with 
only the condenser frozen and experienced dryout 
after 20 min of operation. However, no time-depen- 
dent data were recorded, such as wall or vapor 
temperatures. 

In a similar experiment, Deverall and Kemme [2] 
experienced immediate dryout in a low-temperature 
heat pipe with a heat input of only 10 W. Some 
success, however, was realized by the injection of a 
small amount of noncondensable gases within the heat 
pipe prior to freezing, which blocked a significant 
portion of the condenser section, thus allowing a grad- 
ual start-up. Again, no time-de~ndent temperature 
data were available. 

Time-dependent data are available for the frontal 

start-up of high-temperature heat pip-es using liquid- 
metal working fluids (e.g. Cotter et al. [3]). Although 
the high-temperature heat pipe experiments are simi- 
lar in that they involve the phase change of working 
fluid from solid to liquid, there is a great deal of 
difference in the relative operating temperature and 
frozen start-up behavior compared to a low-tem- 
perature pipe. 

In an effort to obtain information on the phenom- 
ena of frozen start-up, a simple copper/water heat 
pipe was tested under the following five conditions. 

(a) The entire heat pipe was frozen to approxi- 
mately -21°C with a subsequent start-up attempt 
while monitoring the vapor and wall temperatures 
along the pipe. The heat pipe remained in the freezer 
throughout this test. 

(b) Same as (a) only the heat heat pipe was removed 
from the freezer before start-up was attempted. Ambi- 
ent temperatures were approximately 21°C during this 
test. 

(c) The heat pipe was frozen at room temperature 
using a chiller, which supplied - 15°C ethylene glycol 
to the condenser. Start-up was attempted after the 
entire pipe was frozen. 

(d) After the heat pipe was operating under steady- 
state conditions (normal start-up procedure used), the 
condenser was frozen using - 15°C ethylene glycol. 

(e) Same procedure as (b) but heat was applied in 
pulses. Pulse criteria were based on earlier exper- 
imental data gathered. 

Throughout all of the experiments, data were also 
taken during the freezing process, i.e. the change of 
phase from liquid to solid prior to the start-up 
attempt. This ensured that the fluid in the heat pipe 
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NOMENCLATURE 

c P specific heat at constant pressure i: porosity 
[Jkg ‘K~‘] P density [kg mm ‘I. 

f% latent heat of melting per unit volume 

fJm ‘1 Subscripts 
K thermal conductivity [W rn- ’ Km ‘1 cc copper clamp 
n outward normal direction ck cork 

; 
radial coordinate fl working substance in the liquid state in 
interface position vector [m] the wick 

f time [s] fs working substance in the solid state in the 
T temperature [K] wick 
r, melting temperature [K] h heater 
T,, initial temperature [K] le wick region where the working substance 
V volume [m’] is in the liquid state 
.Y axial coordinate. me wick region where the working substance 

is in the mushy state 
Greek symbols S wick structure material 

6( T- T,,,) Dirac function SC wick region where the working substance 
AT small finite temperature interval around is in the solid state 

T,,, to define mushy zone [K] W properties at the heat pipe wall. 

.-- 

had completely changed to the solid phase before each face. The annular condenser was cooled with a Neslab 
start-up attempt. RTE-4 chiller, which used ethylene glycol as the cool- 

The objectives for the present study are as follows : ant fluid. It was critical that the heat pipe be main- 

(a) obtain time-dependent wall and vapor tem- 
perature profiles along the heat pipe ; 

(b) suggest procedures for successful start-up from 
the frozen state for low-temperature heat pipes; and 

(c) provide an accurate numerical simulation model 
of the melting process which will aid in the prediction 
of start-up failure due to the frozen working fluid. 

tained in an absolutely horizontal position during all 
tests to avoid a liquid pool at either end of the heat 
pipe. For this reason, the heat pipe was mounted on 
an optical bench and adjusted to horizontal with a 
precision spirit level. The following is a description 
of the heat pipe itself. The container and wick were 
copper. The outer and inner diameters of the pipe 
were 25.4 and 22.0 mm, respectively. The wick was 

EXPERIMENTAL SET-UP AND PROCEDURE 
made of a screen mesh with wire diameter of &I78 
mm, thickness 0.356 mm, and mesh number 1.97 x 10’ 

Figure 1 is a schematic of the experimental set-up 
used in the present study. Seventeen Type K thermo- 
couples with uncertainties of +OSC were mounted 
on the outer wall along the pipe and a multi-point 
Type K the~ocouple probe with six the~ocoupl~ 
beads was inserted into the vapor space along the 
pipe axis. The axial locations of all thermocouples are 
shown in Fig. 2. All temperatures were monitored and 
recorded by a Fluke 2285B Datalogger with Prologger 
software at 30 s intervals. Three flexible, etched-foil 
heaters rated at 235 W each were installed side-by-side 
on the pipe, wired in parallel, and controlled by a 
single variable a.c. transformer. The voltage and 
amperage delivered to the heaters were measured 
directly with a multimeter to determine the total 
power input. The heaters were mounted to the heat 
pipe by first surrounding them with a thin layer of 
cork. A copper pipe with inside diameter slightly 
smaller than the cork-covered evaporator was split 
down the axis to provide two halves of a clamp to 
compress the heaters onto the pipe. The cork assured 
uniform clamping pressure over the entire heater sur- 

m ‘. Two wraps of the screen mesh resulted in a 
vapor space diameter of 20.5 mm. The heat pipe was 
cleaned using standard procedures and filled with 40 
cm’ of distilled water. The entire heat pipe assembly 
was insulated with 50 mm of tightly-wrapt Fiberfrax 
ceramic wool insulation. 

A baseline experiment was performed on the heat 
pipe for time-dependent wall and vapor temperature 
data during normal start-up, where the working fluid 
was in the liquid state. This test was performed with 
the same experimental set-up and heat input as the 
frozen-state start-up attempts for a valid comparison. 
Since no other frozen start-up profile was availabte 
for comparison, a suitable criterion for evaluating 
when the heat pipe had actually begun to dry out was 
needed. A group of preliminary experiments was used 
to obtain this criterion. Based on these early exper- 
iments and the baseiine run, it was determined that 
the onset of dryout occurred when the temperature 
difference between any two vapor temperatures 
exceeded 3°C. To prevent damage to the heaters, test- 
ing was discontinued when heater temperatures were 
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FIG. 1. Experimental set-up. 

above 150°C. To ensure that the fluid within the heat 
pipe was frozen before start-up attempts, a history of 
the wall temperatures was taken for at least 12 h. 
Although the gravitational environment can cause 
pooling of liquid on the bottom side of the pipe prior 
to freezing, this was considered a minor problem due 
to the small amount of liquid in the pipe and the 
capillary forces in the wick, which tend to even out 

TC 

Thermocouple locations measured from evaporator end cap 

LOCATION f mm) TC 
125 10 
403 11 
554 12 
634 13 
a34 14 
990 15 

kz :!: 
118 18 

the thickness of the liquid around the circumference 
of the pipe. 

It was necessary that the capillary limit of the pipe 

be considered due to possible failure other than exper- 

imentally controlled criteria. Previous experience with 
this heat pipe showed that the capillary limit was well 
over 200 W at 80°C. Since the total heat input was 
only 20 W, dryout due to the capillary limit was not 

LOCATION (mm) 

176 
271 
368 
400 
470 
554 
634 
700 
700 

TC LOCATION Imm) 

;: 
21 
22 
23 

z: 

EVAPORATOR 

j====HEAT PIPE IXNGTH = lM -1 

l WALL THERMOCOUPLE 

0 VAPOR SPACE THERMOCOUPLE 

FIG. 2. Wall and vapor space thermocouple locations. 



possible during any of the tests. To verify this point, 
the following procedure was performed after a failed 
start-up attempt : before the heat input was stopped, 
the condenser end was elevated by 70 mm. In all cases. 
the wall and vapor temperatures became isothermal 
within 2 C. The heat pipe was then returned to hori- 

zontal. but remained isothermal. This proved that the 
capillary limit was not reached for any cases. 

If the test involved a start-up attempt from the 

frozen state, after the completion of each attempt the 
entire heat pipe was allowed to thaw until all 
thermocouples measured at least 21 C, prior to re- 
freezing in preparation for the next test. All tests 

were duplicated to within + 5% to ensure repeatabil- 
ity. The heat input for Cases 0~-5 was 20 W. 

The following special procedures were used for the 
six separate cases reported. 

Cast 0: Heat pipe tested in a room temperature 

environment (21 C). Coolant flow began when all 
condenser wall and vapor temperatures exceeded 
28’ C. Coolant inlet temperature was 21 C. 

Case I : Heat pipe tested in a freezer (-2 I C). 
frozen for at least 12 h prior to start-up attempt. No 
coolant flow during any part of the test. 

Case 2: Heat pipe tested in a room temperature 
environment (21 C) after being in a freezer (-21 C) 
for at least 12 h prior to start-up attempt. Heat applied 
immediately after heat pipe was removed from freezer. 
Coolant flow began when condenser temperatures 
were above 28 C. Coolant inlet temperature was 21 C. 

Case 3: Heat pipe tested in a room temperature 

environment (21 ‘C), frozen completely by - 15 C 
coolant flowing through the condenser. Heat applied 
and coolant flow halted immediately after entire heat 
pipe reached - 10 C. Coolant flow started again when 
condenser tempcraturcs were above 28 C. Coolant 
inlet temperature was 2I’C after condenser tcm- 

peratures reached 2X C. 
Case 4: Heat pipe operating at steady state at 35- 

40 C in a room temperature environment (21°C) ; 
_ IS C coolant suddenly cycled through condenser 
for freeze-out. 

Cast 5: Heat pipe tested in a room temperature 
environment (21 C) after being frozen in a freezer 
(-21 C). Heat applied immcdiatcly after heat pipe 

was removed from freezer until temperature difference 
between any two vapor thermocouples exceeded 3 C. 
Heat input ceased until all vapor temperature differ- 
ences were less than 1 C. Process repeated as nccess- 
ary. Coolant flow not begun until condenser tem- 
peratures were greater than 28’C. Coolant inlet 

tempcraturc was 21 C. 

NUMERICAL SIMULATION OF FROZEN 

START-UP IN THE EARLY STAGES 

The heat pipe is a complex system which involves 
many heat transfer and fluid flow phenomena, such 
as heat conduction in the wall and wick, melting of 

the working fluid in the wick, evaporation and con- 
densation at the liquid-vapor interface, liquid Row in 
the porous wick. and compressible vapor flow in the 
core. It is therefore very difficult to obtain a gcner- 
alized analytical solution for the behavior of heat 
pipes. In recent years, researchers have concentrated 

on the numerical analysis of the transient heat pipe 
operation. These include Chang and Colwcll [4], 
Costello c’t al. [S]. Hall and Dostcr [6. 71. Seo and El- 
Genk [8], Bowman and Hitchcock 191, Jang cut ul. [IO. 
I I], and Cao and Faghri [l2]. The numerical models 
involve different assumptions and are at different 

stages ofdevelopment. However, most of those models 
assume that the working fluid in the wick is completely 
thawed, and only involve the transient response to a 

power load with the assumption of continuous vapor 
flow. except those by Costello (‘! (I/. [S]. Hall and 
Dostcr 16, 71 and Jang et cd. [IO. I I]. The tnodcl 01 
Jang et al. [ 1 I] may be one of the most comprehensive 
mathematical models of heat pipe start-up from the 
frozen state to date. Different start-up periods wet-c 
dcscribcd and the general mathematical formulation 
for each period was given. The emphasis of the present 
paper is on the early stages of heat pipe start-up from 
the frozen state. 

For a low-temperature heat pipe. experimental 
results of successful start-up from the frozen state 
arc very rare. Unlike high-temperature heat pipes. 
experimental results show that the heat pipe immedi- 
ately becomes active where the ice is melted, but there 
is still a large temperature gradient in the axial direc- 
tion. The heat input at the evaporator should be lo\\ 
enough to return a sufficient amount of condensate to 
the evaporator for successful start-up. The general 
mathematical simulation model dcvcloped by Jang (‘I 
(I/. [I I] included all the physical phenomena :tt al1 
stages. However, the heat source in the evaporator 
section did not take into account the additional heat 
capacity of the material surrounding the evaporator 
in an actual experiment, such as heater clamps and 
insulation. In the present study. the model of Jang et 
cd. [I I] was simplified to cxaminc only the early stages 
of start-up and to include the additional heat capacity 
of the material covering the heater in the evaporator 
section. The present cxpcrimental results for two 
ditfcrcnt heat inputs under the condition> co- 
responding to Case I were compared with the numeri- 
cal simulation model. To the author’s knowledge. this 
is the tirst effort to compare a numerical simulation 
model with experimental frozen start-up tcmpcrature 

profiles in the early stages. 
The liquid density of the working fluid is much 

greater than that of the vapor. so the liquid veloctty 
in the wick structure is small. In addition, since the 
wick IS very thin. it is assutned that the egcct of the 
liquid How in the wick structure is negligible. Thus. 
the heat transport through the wick structure and 
working substance is by conduction only. but the 
phase change of the working substance from solid to 
liquid is considered. It is also assumed that the wtck 
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FIG. 3. Comparison of numerical and experimental wall FIG. 4. Comparison of numerical and experimental wall 
temperature profiles for Case 1 with 20 W. temperature profiles for Case 1 with 30 W. 

FIG. 5(a). Axial wall temperature profile vs time for Case 0 (baseline). 

FIG. 5(b). Axial vapor temperature profile vs time for Case 0 (baseline). 
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FIG. 6(a). Axial wail temperature profiic vs lime during frewing in -21 c‘ environment for c‘asc 1 

FIG. 6(b). Axial wall temperature protile over time for frozen 
SW-up in ~ 21 C environment for Case 1. 

structure is saturated by the working substance. 
Under these assumptions, the same governing equa- 

tion is applicable to the heat pipe wall and the wick 
structure by using the respective properties for each 
region 

W for wall region 
se 

i= 
for solid region 

me for mushy region 
lc for liquid region. 

The expression of (pc,Ji for each region 
follows : 

i 

(PC/A for wall region 

E(l’c.,,)n+(l --E)(PC/?). 

is given as 

for solid region in the wick 

([li;,), = EH,,6(T-7-,)+(1 -C)(PL;,), (2) 
for mushy region in the wick 

/ E(P(;Jnf(l -WfJ. 

i for liquid region in the wick. 

When the effective thermal conductivity for the wick 
region is cafculated by using the expression given 

by Chang [I 31, the thermal conductivity for the 
working substance is substituted by that of the solid, 
liquid, or the average value of the solid and liquid, 
corresponding to the solid, liquid. or mushy region. 
respectively. 

The initial condition is 

r,(I., x, 0) = T,,. (3) 

The outer surface of the evaporator section of the 
experimental heat pipe is surrounded by the heater, a 
layer of cork, and a copper clamp. .An insulation 
blanket surrounds the outer surface of the coppet 
clamp. The thickness of the heat pipe wall and wick 
structure is 0.245 x IO-’ m The thickness of lhe 
heater. cork, and copper clamp is 0.546x 10 ’ m. 
Initially, a uniform temperature of -21 C (252 K) 
for the wick, wall, beater, cork, and copper clamp is 
assumed. When the heat input is begun, the heat is 
actually used to increase the temperature of the heater, 
cork, and copper clamp as well as the heat pipe wall 
and wick. Atso, there may be some heat loss through 
the insulation, and the end cap of the evaporator 
absorbs some heat. In the present numerical model. 
the presence of the heater. cork. and copper clamp is 
taken into account. The lumped-mass method is used 
such that the effective volumetric heat capacity in the 
evaporator section is evaluated as follows : 

-i- c:!,(~~(;A., + ~w(Pc;IL‘l (4) 

where V is the volume of each region. p is the density. 
and c;, is the specific heat. Subscripts w, h, ck, and cc 
denote the heat pipe wall, heater. cork, and copper 
clamp, respectively. 
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FIG. 7(a). Axial wall tempemt~re profile vs time for frozen start-up in -21°C environment for Case 1. 

Ft.3 7(b). Axial vapor temperature profile vs time for frozen start-up in - 21 “C environmen it for Case 1. 

The coupling conditions at the liquid-solid inter- 
face are 

The boundary conditions at the ends of the heat pipe 
are 

aT o 

-=. 

ax 
Based on the continuity of the heat flux and tem- 
perature between the heat pipe wall and the wick 
structure, the boundary conditions are 

1687 

In the first and second periods [I I], free molecular 
flow is prevalent in the vapor space so that the bound- 
ary condition at the liquid-vapor interface is 

ar 
-_I = 0. 
ar 

The weiI-known alternating direction implicit 
(ADI) method is used for the heat pipe wall and wick, 
and the phase change of the working substance during 
start-up is modeled by using the equivalent heat 
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FIG. S(a). Axial wall temperature profie vs time during freezing in - 21 ‘C environment for Case 2 

FIG. 8(b). Axial wall temperature profile over time for frozen 
start-up in 21°C environment for Case 2. 

capacity method [ 141. This method approximates the 
rapid change of the heat capacity over the phase- 
change temperature range, which is an artificially 
defined finite temperature range, AT, instead of using 
the Dirac function. Thus, equation (2) can be ex- 
pressed as follows : 

(PC,), for wali regifln 

E( PC,),+ (I- E)( PC,), for solid region 

I 

I 
for mushy region 

e( ~c,~;i),~ + (1 -z)( PC,,), for liquid region. 

(11) 

In the numerical calculation, this property is evaluated 
based on the nodal temperatures. 

Figure 3 shows the numerical outer wall tem- 
perature prediction along the heat pipe and com- 
parison with experimental data for various times for 
a heat input of 20 W, corresponding to Case 1. As 
heat was added in the evaporator, the temperature in 
the evaporator increased with time, and at approxi- 
mately 400 s the working &id in the evaporator was 
in the liquid state. However, the temperature in the 
end of the condenser did not change from the initial 
temperature. If the heat input is continued at the 
evaporator, heating and vaporization of liquid may 
occur at the evaporator section. However, the work- 
ing substance in the condenser would still be in the 
solid state. Figure 4 shows the wall temperature profile 
for a heat input of 30 W, corresponding to Case I. As 
the heat was added in the evaporator section, the 
temperature in the evaporator again increased with 
time, and at approximately 300 s the working fluid in 
the evaporator was in the liquid state. Again, the 
working fluid in the condenser remained completely 
frozen. Therefore. the heat input in the evaporator 
should be small to prevent dryout of the wick structure 
in the evaporator while the working substance in the 
rest of the heat pipe is melted. 

EXPERIMENTAL RESULTS AND OISCUSSiON 

Case 0 was conducted to obtain a baseline for com- 
parison of the normal and frozen start-up data. Wall 
and vapor temperature data along the length of the 
heat pipe for a normal start-up were recorded for 2 h, 
as presented in Fig. 5. The heat pipe remained nearly 
isothermal throughout the experiment. When the flow 
of coolant began, an immediate drop in the vapor 
temperature occurred over the entire heat pipe. Sub- 
sequent adjustments of coolant temperature resulted 
in similar changes in the temperature, which appear 
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i?lG. 9(a). Axial wall temperature profile vs time for frozen start-up in 2i”C environment for Case 2. 

FIG. 9(b). Axial vapor temperature profile vs time for frozen start-up in 21°C environment for Case 2. 

as uniform dips in the surface of data points over 
time. At no time did the wall or vapor temperatures 
along the pipe, before or after the flow of coolant had 
begun, vary by more than 2°C. 

The start-up behavior of the heat pipe in a subfreez- 
ing environment (Case 1) is presented in Figs. 6 and 
7. To ensure that the working fluid was completeIy 
frozen, the wall temperatures were recorded during 
the 12 h prior to the start-up attempt, as shown in Fig. 
6(a). The wall temperatures remained at 0°C while the 
working fluid changed phase from liquid to solid, as 
expected. Figure 6(b) presents the axial wall tem- 
peratures in the early period during the start-up 
attempt. At the beginning of the test, the wall tem- 
perature was uniform across the pipe length. At 120 
s, the wall temperature in the evaporator and part of 
the adiabatic section increased by nearly 5°C while 

those in the rest of the adiabatic section and condenser 
remained at the initial temperature. This dem- 
onstrated that the frozen start-up ~havior of this 
copper/water heat pipe was frontal in nature, which 
is similar to that of high-temperature heat pipes. This 
frontal start-up mode has a very short transient 
period, as shown by the increase in the condenser end 
cap temperature between 360 and 480 s. Even though 
no coolant flowed through the condenser, heat was 
transferred to the coolant by natural convection, as 
shown by the decrease in the wall temperature in the 
condenser section. 

In examining the temperatures in the evaporator 
section, one finds that the evaporator end cap tem- 
perature is within 1°C of that in the adiabatic section 
until 600 s. After this time, the end cap temperature 
rose very quickly while the adiabatic temperatures 
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FIN. IO(a). Axial wall temperature protile vs time during freezing with chiller for Case 3 

OlSTRNCf f’ROn N#’ ENOCRP Hfl 

FIG. IO(b). Axial wail temperature profile over time for 
frozen start-up for Case 3. 

changed slowly. This shows that from 0 to 600 s, the 
frozen working fluid melted, vaporized, and traveled 
toward the condenser as during normal operation. 
After 600 s, most of the working fluid in the evap- 
orator section had evaporated. Since the working ff uid 
in the adiabatic section was still frozen, the wick in 
the evaporator was not replenished with condensate. 
which resulted in dryout. This is shown in Fig. 7 over 

2 h. The wall and vapor temperatures increased and 
then leveled off, but the temperature difference from 
one end to the other was greater than 50°C. In com- 
paring this to the baseline experiment where the tem- 
perature difference from end to end was only 2°C it 
is obvious that this test resulted in start-up failure. 

The results of Case 2 are presented in Figs. 8 and 
9, where the heat pipe was placed in the freezer for 12 
h at -2l’C, and then removed for testing at room 
temperature (21°C). The freezing history is shown in 
Fig. S(a) and the start-up attempt in the early period 
is given in Fig. 8(b). 

In comparing Fig. 8(b) with Fig. 6(b), one can see 
the efl’ect of the ambient temperatllre change in the 
wail temperatures at the beginning and end of the 
condenser section. At these locations, the wall tem- 
perature was higher when in the room temperature 
environment due to heat conduction through the end 
caps of the calorimeter from the ambient. Despite the 
change in the wall temperature profile, the frontal 
start-up mode was still apparent in this case, which 
ended between 120 and 240 s. Dryout began between 
720 and 840 s, which was later than Case I due to 
the additional melting of the working fluid from the 
ambient heat. This additional melting, however. was 
insutlicient to avoid start-up fGlure. 

Figures 9(a) and (b) present the wall and vapor 
temperatures. respectively, for Case 2 over 2 h. The 
results are similar to Case 1 in that the temperatures 
leveled off with a large overall temperature drop 
across the heat pipe compared to the baseline. In 
contrast to Case 1, however, the wall and vapor tem- 
peratures in the adiabatic and condenser sections were 
well above 0 C, again demonstrating the effect. of the 
ambient environment. Even though the heat pipe was 
well insulated, heat can pass from the environment 
to the pipe and vice versa. Again, this additional 
heat input from the ambient did not prevent start-up 
failure. 

In Case 3, the working fluid was frozen in the room 
temperature environment by supplying the calor- 
imeter with - 15°C coolant. While the freezing history 
(Fig. IO(a)) was very similar to those of Cases 1 and 
2, the initial period of the start-up attempt (Fig. IO(b)) 
was significantly different. Dryout began immediately 
after the heat was applied. This sudden dryout was 
due to the method of freezing the working fluid. Start- 
ing from the ambient conditions, the condenser SEC- 
tion was cooled below the freezing point, but the 
evaporator section was above freezing. During this 
period, liquid in the evaporator continued to evap- 
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FIG. I I (a). Axial wall temperature profile vs time for frozen start-up for Case 3. 

FE. 1 I(b). Axial vapor temperature profile vs time for frozen start-up for Case 3. 

orate and travel to the condenser section, where it 
condensed and also froze. This continued until the 
liquid in the adiabatic section and finally the evap- 
orator section froze. However, a significant portion 
of working fluid that would normally be in the evap- 
orator section was now frozen in the condenser 
section, which led to early dryout. Figure 1 I presents 
the wall and vapor temperatures over several hours, 
which again demonstrate an unsuccessful start-up 
attempt for Case 3. 

Wall and vapor temperature data for Case 4 are 
given in Fig. 12. The heat pipe was started normally 
at room temperature, run at a steady-state tem- 
perature of 3540°C for 30 min with a coolant tem- 
perature of 21°C and then the coolant temperature 

was decreased from 21°C to - 15°C. The wail and 
vapor temperatures in the condenser section dropped 
monotonically over the 2 h test, but the evaporator 
section temperatures first decreased and then in- 
creased. This indicated that the working fluid in 
the condenser froze and collected the working fluid 
from the evaporator section, which then dried out. 

The Case 5 test started by freezing the heat pipe in 
the - 21°C environment, placing it in room tem- 
perature (21 ‘C) conditions, and then starting the heat 
by pulsing the heat input on and off. When the vapor 
temperature difference between any two thermo- 
couples exceeded 3°C the heat input was ceased. 
When the vapor temperature differences among all of 
the thermocouples was less than 1°C the heat input 
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FIG. 12(a). Axial wall temperature profile vs time during freezing while operating in 2 1 C environment for 

Cast 3. 

Fro. 12(h). Axial vapor temperature profile vs time during freezing while operating in 21 C.Y environment 
for Case 4. 

was started again. Since the baseline case gave an 
overall temperature drop of 2*C, the 3“C criterion was 
chosen as the onset of dryout. The I.-C criterion was 
chosen due to the uncertainties of the the~ocouple 
readings. Figure 13(a) presents the initial start-up 
behavior. From 0.0 to 120 s, heat was input to the 
evaporator, which caused the onset of dryout. After 
120 s, the heat input was stopped. resulting in the 
temperatures across the pipe becoming more uniform, 
as seen in the 240 and 360 s profiles. Between 360 and 
480 s, the heat was again applied, causing another 
sudden jump in the evaporator temperatures. Between 
480 and 600 s the heat was again discontinued, which 

allowed the evaporator temperatures to decrease and 
the adiabatic and condenser section temperatures to 
increase. The frontal start-up behavior in this case can 
be seen in the curves of 120,240. and 360 s, in which 
the temperature gradient was very steep at first, and 
then quickly became flatter. 

Using this method, six pulses were required for 
start-up. which all occurred at subfreezing tem- 
peratures. Temporarily stopping the heat input to the 
evaporator allowed time for the working fluid in the 
section immediately adjacent to the hot zone to melt 
and rewet the wick. When the vapor temperature 
equalized, another pulse could be applied. It is note- 
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13(a). Axial wall temperature profile over time for 
frozen start-up with pulsed heat input for Case 5. 

worthy that these pulses were no longer required 

above -5°C. As seen in Figs. 13(b) and (c), nearly 
isothermal start-up was achieved. Steady-state oper- 
ation was verified for 2 h afterwards. 

CONCLUSIONS 

The frozen start-up behavior of a copper/water heat 
pipe has been experimentally and numerically inves- 
tigated. A method of starting a frozen heat pipe was 
demonstrated experimentally, which involved pulsing 
the heat input on and off. A numerical simulation 
model predicted start-up failure with excellent agree- 
ment with the experimental data. 

FIG. 13(b). Axial wall temperature profile vs time for frozen start-up with pulsed heat input for Case 5. 

FIG. 13(c). Axial vapor temperature profile vs time for frozen start-up with pulsed heat input for Case 5. 
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DEMARRAGE DE CALODUCS GELES ET FONCTIONNANT A BASSE TEMPERATWR~ 

RksumL-Le dkmarrage et le fonctionn~ment nltkieur d’un caloduc B basse tempkature exige quc la phase 
liquide du fluide de travail soit continfiment pomp& par action capillaire de la m&he vers l’tvaporateur. 
Si ie caloduc a 6t& dans une ambiance B temperature infkrieure au point de gel du fluide avant le dtmatrage, 
le fluide gel& dans le condenseur et les rkgions adiabatiques pcuvcnt empCcher l’icoulement initial vers 
I’Cvaporateur et provoquent le stchage de celui-ci avant que le Auide soit en phase liquide. On examine ici 
les profils variables de tempbrature de paroi et de vapeur le long de l’axe d’un caloduc a basse tempirature 
pendant le dtmarrage I partir de 1’Ctat gel&. En outre, le profl de tempirature de paroi au dkmarrdge, 
d&ermin& expirimentalement, est compart g celui don& par un modele numtrique bidimensionnel 
& changement de phase. On prCsente une mtthode de dkmarrage favorabte utilisant une alimentation 

tnergktique puls8e. 

ANFAHRVER~ALTEN EINES NIEDERTEMP~RATUR-W~RMEROHRS MIMI 
~INGEFRORENEM W~RMETR~G~RMEDIUM 

~~sammenf~ung-W~hrcnd der An~hrphase und des koil~il~uicrlichen Betriebs tines Njcdertempe~tur- 
W&merohrs ist ein kolltinuierlicher R~cktransport des .Arbeits~uids in fliissiger Form durch die Kapil- 
larwirkune des Dochtes erforderlich. Sofern vor der lnbetricbnahme das Warmerohr Tempcraturcn 
ausgesetzt-ist, die unterhalb des Gefrierpunkts des Arbeitsfluids liegen, wird durch das gefrorene Medium 
in der Kondensations- und Transportzone ein Riicktransport zur Verdampfungszone unterbunden. In der 
Folge trocknet die Verdampfungszone aus. ehe das gesamte Arbeitsfluid verfliissigt ist. In dcr vorliegenden 
Arbeit wird die zeitliche Entwicklung der axialen Wand- und Dampftemperaturprofile in einem Niedcr- 
temperatur-Wgrmerohr wihrend der Anfahrphase vom gefrorenen Zustdnd untersucht. Zusitzlich wird 
such das Ausfrieren wlhrend des normalen Betriebs durch cntsprechende Ktihlung des Kondensators 
betrachtet. Die Menergebnisse fiir die Temperaturprofile an der Wand wshrend der Anfahrphase werden 
mit Rechenergebnissen aufgrund eines numerischen zweidimensionalen Phasen%nderungsmodelIs ver- 
glichen. AbschlieDend wird ein erfolgreiches Anfahrverfahren vorgestellt, das auf einer gepulsten W&me- 

zufuhr beruht. 

~OBEAEH~E ~~3K~T~M~EPA~PHbIX TE~~OBb~X TPYE l-IPM 3AIIYCKE kf3 
3AMO~~E~HOrO COCTO~HHR 

hImOTaIW~%‘IyCK R IIOC3IeAylOwar pa6oTa HIi3KOTeMnepaTypEO~ TeIIJIOBOii ~py6bZ ~pe6yIO~ Henpe- 
pbiBHOii oTKa%Ki X@iAROfi @3bI patioveii CpWbI K EiCIIapHTt?REO 38 C'IeT K2lIIE.5JiK&XiO~O AeikTBHr 

~I~mnn. Ecnn Termoaaa Tw6a nepen 3anycKoM ~axo~@i~cs B cpene c TeMnepaTypofi IiIiXe TOYKU 3aMep- 
r-- . . - 

3amm pa6oyeii ~wKocru,sahrep3mar miAKocTb Moxm noAaBmb HawAbHOe Tesemie K acnapeTenm, 

YTO npHBeAeT K RpH3HCy Tennonepenoca B w.znapHTene A0 TOI'O, KaK BCI~ pa6oqan CpeAa nepeiiAeT B 

mu~Ky10 r&asy. kiccneAyIoTcn krecrar0ioHaprrble TehmepaTypHbre npo+ina creknoi ri napa nAonb ocn 

mi3roTehmepaTypHoti Terrnosoti ~py6b1 npu 3anycKe u3 3ahsopoKcemioro coC~oKmi~~,a TaKxe BbIMOpa- 
)KUBaHHe npn pa6o’re B HOpM&"bHblX yCJlOBSi%lX nOCpeAcrBOM IIpOlIyCKaHUK 'iepe.3 KOHAeHwTOp XHA- 

KOCTA C TeMIIepaTy~k HHlKe TOYKB 3aMep3aHliS. KpoMe TOTO,sKCnepllMeHTaAbHbIii HeCTWiOHapHbIii 

npo+inb Tehmeparyp cTemni npa 3anycKe 113 3aMopoxceimoro cocroKmiR CpannkfsaeTcn c pesynblra- 

TaMA, KoTopbIe AaeTwyMepHar mc3ieffHaK MoAefib #~a308oro riepexoAa.OmicbmaeTcX MeToA3anycKa 
C~CnOAb3OBa~~eMHMnyAb3HOrO~O~BOAa MOnnfOCTfi. 


