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Transient Behavior of Axially Grooved Heat Pipes with
Thermal Energy Storage
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A novel design of a high-temperature axially grooved heat pipe (HP) incorporated with thermal energy storage
(TES) to mitigate pulse heat loads are presented. The transient behavior of the HP/TES device was simulated
using a three-dimensional numerical model based on finite-difference approximations. A phase-change material
(PCM) encapsulated in cylindrical containers was used as thermal energy storage. The transient response of
three different HP/TES configurations were compared: 1) heat pipe with one big empty cylinder installed in
the vapor core, 2) heat pipe with one big PCM cylinder, and 3) heat pipe with six small PCM cylinders. From
the numerical results, it was found that the PCM is very effective in mitigating the adverse effect of pulse heat
loads on normal heat pipe operation.

Nomenclature
c = specific heat
Dh = hydraulic diameter of vapor flow
/ = vapor friction coefficient or / factor
H = enthalpy
k = thermal conductivity
lc = length of condensation region
Ma = Mach number
m = axial local vapor mass rate
P = vapor pressure
Re = axial Reynolds number of vapor flow
Rew — radial Reynolds number of vapor flow
r, 6, z = space coordinates
Ste = Stefan number of phase-change material
T = temperature
t = time
U = mean axial vapor velocity
v = radial vapor velocity
a. = thermal diffusivity
y = ratio of specific heats
S2 = central difference operator
p = density
T = dimensionless time

Subscripts
i, 7, k = nodal point indices in r, 0, and z directions
L = laminar flow
/ = liquid state
s = solid state
T = turbulent flow
t = thermal energy storage

Superscript
n = time index
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F UTURE space missions will involve thermal transport
devices with ability to handle transient heat loads, es-

pecially those with a high peak-to-average (p/a) power ratio.
Conventional heat pipe (HP) designs work well with transient
heat loads with low p/a power ratios. Incorporation of thermal
energy storage (TES) into a heat pipe/heat rejection system
is a promising method to mitigate the high p/a power ratio
heat loads. Some configurations for the mitigation of heat
loads has been proposed by Beam1 and Sheffield2 but detailed
analyses of these HP/TES mitigation techniques had not been
attempted. These concepts must be tested and understood so
that they may be integrated successfully into an overall ther-
mal control system design.

A modified three-dimensional (3-D) alternating-direction
implicit (ADI) finite-difference method developed by the
authors3 was used to model the heat conduction through the
wall and wicks, including the liquid in the grooves. This mod-
ification allows the time step to be increased by about two
orders of magnitude without compromising significantly on
the accuracy of the numerical solution. It was also found that
this modified ADI method yields much higher accuracy than
the well-known Douglas's and Brian's ADI methods.4-5

The vapor flow was modeled by Bowman6 using a quasi-
steady one-dimensional friction coefficient. The vapor flow
models developed by Hall and Doster,7 Kelly and Schor,8 and
Issacci et al.9 are clearly superior. However, their calculations
require prohibitively large computational times. Bowman6 made
a very important conclusion that since the response time of
the vapor dynamics is very short compared to the heat transfer
response time of the heat pipe wall and wick, the vapor flow
can be modeled as a quasisteady process. He also studied the
compressible vapor dynamics in a heat pipe experimentally
using air flowing in a porous tube with blowing and suction
along the wall. He modeled the vapor flow using a numerical
solution to the axisymmetric, unsteady Navier-Stokes equa-
tions and a steady one-dimensional solution technique. He
concluded that it is adequate to treat the vapor flow as one-
dimensional and has also provided suitable vapor pressure
drop correlations.

In the numerical solution of heat conduction problems with
phase change (Stefan's problem) by finite differences, en-
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Fig. 1 Three different HP/TES configurations.

thalpy methods or heat capacity methods can be used. The
former methods require either an explicit procedure, which
may lead to convergence problems, or iteration at each time
step if an implicit procedure is used. The latter methods have
the problem of jumping the latent heat peak, necessitating
the use of very small time steps to avoid underprediction of
the phase-change time. Recently, Hsiao10 proposed a new
finite-difference method for the Stefan's problem. In his scheme,
the equivalent heat capacity at a node is a function of the
temperature at that node and all the surrounding nodes. Hsiao
concluded that his method can avoid the problem of jumping
the latent heat peak and allows the use of a relatively large
time step. Hsiao's method was tested, but a large energy
balance error was found. Priam11-12 suggested a simple method
that combines the enthalpy methods and heat capacity meth-
ods. Comparing this method with the other existing methods
for test problems with exact solutions, Pham pointed out that
most of the methods agree to within 0.2% with the analytical
results, except for Hsiao's method, which yielded results with
up to 22% error. The low accuracy of the Hsiao's method
could be due to its ambiguous theoretical basis. Pham also
concluded that his method is much faster than the other meth-
ods. However, Pham's method has a singularity problem in
finding the equivalent specific heat. In this paper, we adopted
the good features of Pham's method with some modifications.
The modified Pham's method for solving melting and soli-
dification problems was checked against a test problem with
an exact solution. It was found that the modified Pham's
method yields accurate numerical results and does not have
the singularity problem of the original Pham's method.

In this paper, a stainless steel grooved heat pipe using so-
dium as the working fluid was modeled. The grooved heat
pipe has been used quite successfully. However, the rather
large nominal diameter of the grooves makes the capillary
limit very low. Barantsevich et al.13 showed experimentally
that if the grooves are wrapped with layers of fine wick mesh,
the capillary limit can be improved significantly while main-
taining low liquid flow resistance.

We applied our numerical model (described below) to sev-
eral 1-m-long heat pipes. Three different HP/TES configu-
rations as shown in Fig. 1 were investigated with several types
of pulse heat loads. It was found that the use of a phase-
change material (PCM) as thermal energy storage is a very
effective method of mitigating the adverse effect of pulse heat
loads on normal heat pipe operation. If the peak heat load
stops before all the PCM has been completely melted, the
temperature change of the heat pipes with PCM is insignifi-
cant. The modified 3-D ADI finite difference method can
predict the transient heat conduction behavior very well. We
have checked the total energy balance and find the error is
less than 1% at each time step.

Numerical Model
The pipe wall and wick, including the liquid in the grooves

were modeled as three-dimensional in the radial, angular, and
axial directions. We assumed that the heat transferred through
the wick and working fluid is by conduction only because
liquid flow velocity is very low and the liquid thermal con-
ductivitiy is very high. Also, it was assumed that the grooves
are nearly filled with liquid. This is a good assumption for
high-temperature heat pipes under normal operation without
burnout because the thermal resistance of liquid metal is much
smaller than that of the heat pipe wall. The vapor flow was

modeled using a quasisteady one-dimensional friction coef-
ficient model. Because the thermal resistance of the con-
densed liquid on the TES is much smaller than that of the
PCM, the surface temperature of the TES is assumed to be
equal to the vapor temperature at the same axial location.
Hence, if the PCM is encapsulated in a cylindrical container,
only a two-dimensional analysis is needed to calculate the
temperature and heat transfer within the PCM, because of
angular symmetry.

Pipe Wall and Wick
The improved three-dimensional ADI finite-difference

method3 was used to model the heat conduction through the
wall and wick, including the liquid in the grooves. The ad-
vantage of the ADI method is that only tridiagonal matrices
need to be solved. However, the conventional three-dimen-
sional ADI method is conditionally stable and very small time-
steps are required to ensure convergence and stability. Be-
cause small Ar is needed due to the slender geometry of the
heat pipe, only very small Af (about 0.001 s) can be used with
the conventional ADI method. Other forms of the ADI method
include Douglas's method4 and Brian's method.5 Douglas's
and Brian's ADI methods are unconditionally stable, they
possess the advantages of the implicit scheme with no limi-
tation on the size of the time step. However, Thibault14 pointed
out that these two unconditionally stable ADI methods cannot
retain good accuracy if the time step is more than two times
larger than the time-step limit required for the conventional
ADI method. The conventional ADI method was modified
by introducing an / factor (0 < / < I).3 This modification
allows the time step to be increased by about two orders of
magnitude without compromising significantly on the accu-
racy of the numerical solution. It was also shown that this
new ADI method yields much higher accuracy than Brian's
and Douglas's ADI methods.

The conventional, Douglas's and Brian's ADI methods have
a comon problem: negative coefficients in their discretization
equations that are physically unrealistic.15 After the three-
dimensional finite-difference equations of the conventional
ADI method in cylindrical coordinates are modified by an /
factor, they become the following equations:

_
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After rearranging Eqs. (1-3), the following discretization
equations can be obtained:
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On the right-hand sides of Eqs. (4-6), only the coefficients
for central nodal temperatures at previous time step could be
negative. It was shown3 that the time-step limit to avoid the
coefficients from becoming negative can now be increased by
a factor I//. It was also shown3 that the stability criterion can
be increased by the same factor. So, it is clear that the time-
step limit for the conventional ADI method can now be in-
creased by a factor I// by using this new ADI method. The
computational results showed that this modification allows
the time-limit to be increased by two orders of magnitude

with / = 0.01 and the solutions still remain stable with very
high accuracy.

Melting and Solidification of PCM
Because the thermal resistance of the condensed liquid on

the TES is much smaller than that of the phase-change ma-
terial, the surface temperature of the TES is assumed to be
equal to the vapor temperature at the same axial location.
Hence, if the PCM is encapsulated in a cylindrical container,
only a two-dimensional analysis is needed to calculate the
temperature and heat transfer within the PCM because of
angular symmetry.

Pham's method11'12 can be used in conjunction with the two-
dimensional ADI scheme with the following procedure:

1) At the start of each time step, the enthalpy change A//*
at each node is estimated from the known temperature 7?^
of that node and those of its immediate neighbors at the old
time step.

2) The estimated new temperature T*k is calculated from
the estimated new enthalpy H"k -I- A//*. The equivalent spe-
cific heat of that node is then defined as

r* —ci,k ~
A/f*

T*k-
(7)

3) With <:**. known, we can use the 2-D ADI method to
find the new temperature T?k

l.
One of the good features of Pham's method is that it es-

timates the new temperature from the estimated enthalpy
change to avoid the problem of jumping the latent heat peak.
Another good feature of Pham's method is that its theoretical
basis is clear. However, Pham's method may have a singularity
problem in finding the equivalent specific heat in step 2. If
there is no enthalpy change in a particular node, the estimated
new temperature T*k will be equal to the old temperature
7^. Then, we are not able to find the equivalent specific heat
from Eq. (7). Fortunately, we have found a way around this
problem. If we assume the melting temperature is Tm and the
latent heat effect is over a 2ATm interval, and let Hl = fH
(Tm - ATW), H2 = fH(Tm + Arm) and H^ = H^ + A//*,
we can avoid the singularity problem by redefining the equiv-
alent specific heat in Eq. (7) as follows:

cs

(H2 -

if Hlk <H,< H»^

or Hfk < H2 < H"k
l

or H"k > H2> Hft1

H2

(8)

where cs and c, are the specific heats for solid state and liquid
state.

After the modification, Eq. (7) is now used when only one
of H"k or falls in between Hl and H2. In other words,
Eq. (7) can only be used when A//* is not equal to zero. This
modification avoids the singularity problem that Pham's method
has.

Consider a one-dimensional melting problem with a solid
in a half-space initially at the melting temperature Tf = Tm
= 950 K. At time zero, the temperature at the front surface
of the solid is suddenly heated to a constant temperature T0
= 1300 K and melting takes place immediately. Figure 2
shows a comparison of temperature between the exact solu-
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Fig. 2 Temperature distribution during melting of a one-dimensional
half-space (Ste = 1).

tion and the present finite-difference solution during the melt-
ing process. The thermophysical properties chosen in the nu-
merical experiment are: ks = 4.2 W/m-K, kt = 2.1 W/m-K;
cs = 6280 J/K-kg, c, = 7370 J/K-kg, ps = 690 kg/m3, Pl =
550 kg/m3, PCM latent heat L is 2.58 x 106 J/kg. These
properties correspond to those of lithium hydride.16 The fi-
nite-difference solution is obtained by using 100 equally spaced
elements along a length / = 0.01 m. A time step Ar = 0.01
s and a phase transition temperature interval 2A!Tm = 2.0 K
are used for this example. The dimensionless time is defined
as T = t/(i2/at). The Stefan number is defined as Ste = ct(T0
- r,)/L and is equal to unity in this problem. As it can be
seen in Fig. 2, the present solution agrees very well with the
exact solution.

One-Dimensional Vapor Flow Model
The vapor flow was modeled by using a quasisteady one-

dimensional friction coefficient developed by Bowman.6 In
the evaporation region, mass blowing causes a slight steep-
ening in the velocity gradients at the pipe wall, resulting in
an increase in the vapor friction coefficient. The favorable
pressure gradient in the mass blowing region causes the flow
to remain laminar, even for very large axial Reynolds num-
bers. The correlation of the vapor friction coefficient in this
region can be expressed as

/, = | (1-2337- (9)

where Ma is the Mach number based on the local mean axial
velocity U, Rew is the radial Reynolds number, and Re is the
axial Reynolds number defined as

p is the vapor flow density, ^ is vapor dynamic viscosity, v is
the radial velocity at the wall and Dh is the hydraulic diameter
of the vapor core.

The friction coefficient for fully developed turbulent flow
with mass suction in the condensation region can be expressed
as

where lc is the length of the condensation region.
For the transition region where the vapor flow is transi-

tioning from laminar to turbulent and from a region of blowing

to a region of suction. The correlation of the friction coeffi-
cient can be expressed as

/ = fr + (fL - /r)*-°'412f2 (11)

where z = [(z - z,,,)/0.25 m], z,,, denotes the initial location
of the transition region, and 0.25 m is a length determined
empirically by Bowman.6

The vapor flow was assumed to be compressible, one-di-
mensional, and quasisteady. The form of the equations em-
ploying influence coefficients presented by Shapiro17 was used

dMa2 dz dm (12)

where the influence coefficients are defined as

4Ma2

1 - Ma2

* m,a

yMa2] 1 + 2-^-i Ma2]

I - Ma2

(13)

(14)

/is a friction coefficient defined earlier by Eqs.(9-ll), y is
the ratio of specific heats, z is the axial coordinate, and m is
the mass flow rate.

A second expression was needed to relate the change in
total pressure (P0) to the change in mass flow rate and to the
friction coefficient. From Shapiro17

dm
-

where

-yMa2

2

Other relations used are

1 + Ma2

Pa

Pb PbTa

(15)

(16)

(17)

(18)

(19)

(20)

These relate properties between two different axial locations
a and b in the vapor flow field.

To calculate the pressure and temperature variations in the
vapor flow, we need to know the evaporation and conden-
sation rates. However, these rates depend on the vapor tem-
perature and liquid-vapor interface temperature distributions.
This means that the vapor pressure and temperature varia-
tions are coupled to evaporation and condensation rates si-
multaneously. In the present model, the evaporation and con-
densation rates are coupled to the vapor temperature and
pressure in an explicit manner so that no iterations are re-
quired. However, we still have to guess the vapor temperature
at the evaporator end in order to calculate the vapor tern-
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perature distribution. The vapor temperature at the evapo-
rator end can be estimated based on an assumption. Because
the vapor density is very small, we can assume that the heat
absorbed by the vapor itself is negligible compared to the
evaporation and condensation rates. In other words, at every
time step, the evaporation rate and the condensation rate are
equal.

Results and Discussions
We applied the present numerical model to a heat pipe with

18 grooves using sodium as the working fluid. Materials for
the heat pipe container are type 316 stainless steel. The total
length of heat pipe is 1.0 m and the lengths of the evaporator,
condenser, and adiabatic sections are 0.3 m, 0.3 m and 0.4
m, respectively. The heat pipe outside diameter is 1.9 cm (J
in.) and the inside diameter is 1.4 cm. Uniform heat flux is
applied to the evaporator and heat is removed at the con-
denser by radioactive heat transfer to the ambient, which is
maintained at 0 K. The emissivity of the condenser wall sur-
face is assumed equal to unity. Lithium hydride is used as the
phase change material (PCM). The latent heat is 2.58 x 106

J/kg and the melting temperature is 956 K.
For the numerical modeling of the heat pipe wall and wick,

eight and forty nodes were chosen in the radial and axial
directions, and only four nodes in the angular direction for a
groove unit. The transient response of three different HP/
TES configurations were compared: 1) heat pipe with one big
empty cylinder installed in the vapor core, 2) heat pipe with
one big PCM cylinder, and 3) heat pipe with six small PCM
cylinders. The radii of the big and small cylinders are 0.4 and
0.163 cm, respectively. The big PCM cylinder has the same
amount of PCM that the six small PCM cylinders have. The
vapor hydraulic diameters are about 0.82 cm for the heat pipe
with one big PCM cylinder and about 0.75 cm for the one
with six small PCM cylinders. For the numerical modeling of
PCM, 40 nodes in radial direction were chosen for big PCM
and 16 nodes for small ones. The phase-transition temperature
interval 2ATm = 10 K was assumed and the time step Af =
0.1 s was used for all the examples in this paper.

Figure 3 shows the transient response of three different HP/
TES configurations with a higher heat load suddenly applied
to the evaporator. Before t = 10 s, all three different heat
pipes are operating at steady-state under a uniform heat load
q = 4.3 W/cm2 at the evaporator. The average heat pipe
temperature is about 940 K. At t = 10 s, a higher heat load
of q = 10 W/cm2 is suddenly applied to the evaporator. As
we can see, the temperature of the heat pipe without PCM
increases very rapidly. The temperatures of the other two
heat pipes with PCMs also increase rapidly right after the
higher heat loads are applied, but the rapid temperature in-

090
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w/ TES, N,-1, R,-0.4 cm

, Nt-6, Rt-0.163 cm

Qevap- 4.3 W/cm2 (t<10s)
- 10.0 W/cm2 (t>10s)

0 50 100 150 200 250 300 350 400 450 500 550 600
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Fig. 3 Transient response of heat pipes with a sudden increase in
heat input.

creases are arrested after the PCMs reach the melting tem-
perature and start to melt. It can also be seen that the tem-
perature increase of the heat pipe with six small PCMs is
much slower than the other one with one big PCM during the
melting process. This is because the total heat transfer surface
area of the six small PCMs is larger and the heat conduction
path is shorter compared to the case with one big PCM. How-
ever, the six small PCMs are completely melted earlier than
the one big PCM. The six small PCMs are completely melted
at about t = 100 s and the one big PCM is completely melted
at about t = 130 s. After the PCMs are completely melted,
the temperature of both heat pipes with PCMs starts to in-
crease rapidly and the heat pipes reach a new steady-state
condition with q = 10 W/cm2. The heat pipe without PCM
reaches the new steady-state condition at about t = 350 s,
the other two heat pipes with PCM reach the steady-state
condition later at about t = 580 s.

Figure 4 shows the axial variation of vapor pressure and
temperature of three different HP/TES configurations at t =
100 s. The heat pipe without PCM has a vapor temperature
of 1082 K, which is much higher than those of the other two
heat pipes with PCM. The heat pipe with one big PCM has
a vapor temperature of 985 K and the one with six small PCMs
has a vapor temperature of only 968 K. The results in Fig. 4
show that the vapor pressure and temperature drops are strongly
dependent on the operating vapor temperature. A lower va-
por temperature will result in a lower vapor sound speed and
a higher Mach number. From Eqs. (9-11) we can see that
higher Mach numbers lead to higher friction coefficients, re-
sulting in larger total pressure drops. The higher Mach num-
bers also cause the static pressure to drop even more. In the
adiabatic section, there is much less mass blowing or suction.

w/ TES. N -1, R -0.4 cm
, NJ-6, R|-0.163 cm

Time- 100 sec

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Axial Location (m)
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* w/ TES. N t «1 , R t - 0 . 4 cm
a - , N t -6 . R t -0 .163 cm

Time- 100 sec

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 1.0

Axial Location (m)
Fig. 4 Axial variations of vapor pressure and temperature at t =
100s.
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Hence, the pressure decreases are mainly due to friction and
are smaller than those in the evaporator. As expected, in the
condenser section, the pressure and temperature are partially
recovered. The degree of recovery for the one with six small
PCMs is least due to the larger friction loss.

In Fig. 5, the results shown in Fig. 3 are compared with the
results obtained with bigger time step and grid spacings. The
time step is increased from 0.1 s to 0.5 s and the grid spacings
Ar, Ar,, and Az are doubled. As we can see, with bigger time
step and coarser grid mesh, the solution still remain almost
the same. In other words, the numerical results presented in
Fig. 3 are quite independent of time step and grid spacings.

Shown in Figs. 6 and 7 are the transient response of the
heat pipes with a pulse heat load applied to the evaporator
from t - 10 s to t = 100 s. As we can see in Fig. 6, the heat
pipe responds very fast and the temperature starts to decrease
as soon as the pulse heat load is removed at t - 100 s. The
temperature of the heat pipe without PCM decreases very
rapidly after the pulse heat load is removed. The temperatures
of the other two with PCMs also decrease rapidly right after
this moment, but the decreases become very slow when the
PCMs reach the melting point and start to solidify. The six
small PCMs are completely solidified earlier than the one big
PCM does. After the PCMs are completely solidified, the
temperatures of both heat pipes with PCM decrease again
and the heat pipes return to the initial steady state condition
with q = 4.3 W/cm2. It takes about 1620 s for the heat pipe
with six PCMs and about 1740 s for the one with one big PCM
to return to the initial steady-state condition after the pulse
heat load is removed. Figure 7 shows the percentage of PCMs
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Fig. 5 The dependence of the numerical solutions on time step and
grid spacing.
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Fig. 6 Transient response of heat pipes with pulse heat load.
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7 Portion of PCM melted vs time for pulse heat load.

O W/Q TES
* w/ TES, N t-1. Rt-0.4 cm
D w/ TES, Nt-6, Rt-0.163 cm

Qevap- 4.3 W/cm2 (t<0s)
- 10.0 W/cm2 (0<t<20s)
- 4.3 W/cm2 (20<t<200s)

Q 100 200 300 400 500 600 700 800 000 1000

Time (seconds)

Fig. 8 Transient response of heat pipes with periodic pulse heat loads.
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Portion of PCM melted vs time for periodic pulse heat loads.

melted versus time for the same case shown in Fig. 6. We can
see that the PCMs do not respond as fast as the heat pipe
temperature does. In fact, after the pulse heat load is removed
at t = 100 s, 2% more of the six small PCMs and 10% more
of the one big PCM continue to be melted. It can also be
seen that the small PCM solidifies faster than the big one
does.

Figures 8 and 9 show the results of the transient response
of the heat pipes with periodic pulse heat loads. The time
period is 200 s and each of the pulse heat loads lasts 20 s.
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The periodic pulse heat loads are applied before the heat pipes
have enough time to return to the inital steady-state condition.
The temperature response in each time period is similar to
the results shown in Fig. 6. The temperature of the heat pipe
without PCM goes up and down periodically. The tempera-
ture of the heat pipe with six small PCMs remains also con-
stant throughout the whole duration due to very efficient
melting and solidification. As shown in Fig. 9, the percentages
of PCM melted for both heat pipes with PCM continue to
increase with more and more pulse periods. This is because
that the PCMs do not have enough time during the low-power
periods to solidify completely at the end of each time period.

The main disadvantage of installing phase-change material
in the vapor core of a heat pipe is that the vapor flow area
is decreased. The decrease in the vapor flow area can cause
the vapor pressure to drop and vapor velocity to increase.
However, these increases can be reduced after the PCM starts
to melt and absorb a portion of the heat loads. The increases
in the vapor pressure drop and vapor velocity depend strongly
on how efficiently the PCM can absorb the heat. For a heat
pipe operating near its sonic limit (which usually occurs with
a liquid metal heat pipe operating at low temperatures when
the vapor density is low), the reduction in vapor flow area
can pose a severe problem. However, if a heat pipe is already
operating at a sufficiently high temperature, the vapor flow
usually does not play an important role in determining the
heat pipe capability. Then, the increases in the vapor pressure
drop and vapor velocity caused by the reduction in vapor flow
area would not have a significant effect on the heat pipe
capability. In this latter case, the incorporation of phase-change
material inside the heat pipe is very effective in mitigating
the temperature excursion when the heat pipe is subjected to
a pulse load.

The concept of incorporating phase-change material inside
a low-temperature heat pipe (such as a water heat pipe) is
also sound if the goal is to limit the temperature excursion
when the heat load is time dependent. In such a case, we
should choose a PCM with a melting point somewhat higher
than the normal operating temperature but lower than the
maximum allowable heat pipe temperature. To reduce the
chance of complete melting of the PCM during the pulse
period, the latent heat of fusion of the PCM should be as
large as possible.

Conclusions
In this paper, the transient behavior of a high-temperature

axially grooved heat pipe with thermal energy storage was
modeled. A phase-change material encapsulated in cylindrical
containers was used as TES. It was found that the PCM is
very effective in mitigating the adverse effect of pulse heat
loads on normal heat pipe operation. We also showed that
the vapor pressure and temperature drops are strongly de-
pendent on the operating vapor temperature.
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