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Transient Thermal Analysis of Three Fast-Charging Latent
Heat Storage Configurations
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A space-based thermal storage application must accept large quantities of heat in a short period of time at an
elevated temperature. A model of a lithium hydride phase change energy storage system was used to estimate
reasonable physical dimensions for this application, which included the use of a liquid metal heat transfer fluid.
A finite difference computer code was developed and used to evaluate three methods of enhancing heat transfer
in the phase change material energy storage system. None of the following methods, inserting thin fins,
reticulated nickel, or liquid lithium, significantly improved the system performance. The use of a 95% void
fraction reticulated nickel insert was found to increase the storage capacity (total energy stored) of the system
slightly with only a small decrease in the system energy density (energy storage/system mass). The addition of
10% liquid lithium was found to cause minor increases in both storage density and storage capacity with the
added benefit of reducing the hydrogen pressure of the lithium hydride.

Nomenclature
cf = specific heat (liquid), J/g-K
cp - specific heat, J/g-K
cs = specific heat (solid), J/g-K
D = tube diameter, m
E = internal energy, J/g
Fo = Fourier number, CXT/RQ
h = heat transfer coefficient, W/m2-K
k - thermal conductivity, W/m-K
ki = liquid phase thermal conductivity, W/m2-K
ks - solid phase thermal conductivity, W/m2-K
L - length of phase change material (PCM)
Lf - latent heat of fusion, J/g
M = number of radial divisions in finite difference

grid
m = flow rate of liquid metal, g/s
TV = number of axial divisions in finite difference

grid
NPIPES = number of PCM cylinders
Nux - Nusselt number, hx/k
Pe = Peclet number, VL/a
Rf = radius of liquid metal boundary, m
R0 = radius of PCM cylinder, m
r = radial coordinate, m
Ste = Stefan number, cs(Tm— rinit)/L/, dimensionless
s = variable of integration
7avg = average of maximum inlet and outlet liquid

metal temperatures, K
rinit = initial temperature, K
Tm = melting temperature of PCM, K
U = Kirchoff temperature, defined in Eq. 4
V = volume, m3

w = thermal load, W
x = volume fraction of enhancement material added

to PCM
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z = axial coordinate, m
a - thermal diffusivity, m2/s
p = density
6 = dimensionless enthalpy, defined in Eq. 10
B* = dimensionless cumulative energy storage,

defined in Eq. 11
T = time, s
Td = test duration, s
$ - dimensionless temperature, defined in Eq. 12

Introduction

A SPACE-BASED power system application requires a
large amount of heat rejection from a power cycle in a

short period of time. One proposed solution is to use a phase
change thermal energy storage system to absorb the rejected
heat and then release it to space over a longer period of time.
The basic arrangement of the proposed storage system consists
of a cylindrical tube filled with a phase change material with a
high melting temperature surrounded by an annular region
containing the liquid metal heat transport fluid. Lithium hy-
dride is the preferred thermal energy storage medium because
of its high latent heat and thermal conductivity and because its
melting temperature matches the needs of the application.

Similar systems have been modeled in the past. However,
the short time constraints for this application, coupled with
the poor thermal diffusivity of the medium, lead to the consid-
eration of three heat transfer enhancement systems: 1) the
addition of thin fins, 2) the insertion of a solid lattice of
reticulated nickel, and 3) the addition of a molten metal to a
like metal salt (lithium and lithium hydride). In this third
system, the metal is always a liquid, and the salt melts and
freezes, forming a slushlike material. The reticulated nickel
lattice is similar to a steel wool pad inserted into the phase
change material (PCM) tube before the PCM material is
poured in.

Analysis Approach
For the space-based applications under consideration, the

power source may range in size from 10 to 5000 MW and may
operate over a time period of 200-1500 s. For this study, a
thermal storage system was sought to accept the rejected heat
from a constant power source of 250 MWe (generated with a
thermal efficiency of 25%) for an operational period between
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900 and 1000 s. The thermal energy that must be stored is
therefore approximately 7.5 x 1011 J.

The storage system is composed of a system of tubes filled
with PCM that receives the rejected heat from hot liquid metal
flowing on the shell side, as shown in Fig. 1. The maximum
tube length permitted is about 5 m. The maximum allowable
liquid metal temperature leaving the PCM storage system is
1100 K and the maximum inlet liquid metal temperature is
1200 K. The initial temperature of the PCM system is 700 K.
The tube walls are made of 304SS with a tube wall thickness of
about 1.27 x 10~4 m (0.005 in.).1 An individual PCM cylinder
surrounded by liquid metal modeled for this analysis is shown
in Fig. 2. The PCM cylinders are radially symmetric with
insulated ends. The outer boundary of the liquid metal annu-
lar volume is assumed to be adiabatic by symmetry. The liquid
metal is assumed to exchange heat only within the heat ex-
changer and with the thermal load source. That is, outside the
PCM heat exchanger, the fluid travels in an insulated pipe so
that there are no upstream or downstream thermal losses. An
initial temperature for the system is specified.

A heat transfer correlation based on empirical data2'4 for a
heat exchanger with NaK flowing in an annular space reported
experimental results covering a range of Peclet numbers from
500 to 3000, with extrapolations down to Pe = 40. This corre-
lation was chosen for use in the finite difference code because
this range is appropriate for the modeled flow with a Peclet
number of about 200. In Duchatelle's correlation4 [Eq. (1)],
the Nusselt and Peclet numbers are based on the hydraulic
diameter [2(Rf—R0)] and the liquid metal physical properties
are taken at the bulk average temperature. The value Fin Eq.
(1) is a factor to increase the heat transfer coefficient in the
thermal and hydraulic development region. This factor was
conservatively set to 1.0 for the entire tube length.

Nu = (6.15 + 0.02 Pe° 8)F for 40 < Pe < 3000 (1)

Mathematical Model
A numerical approach is used to model the behavior of a

phase change storage system charged by a liquid-metal flow. A
detailed discussion of the mathematical model can be found in
Ref. 5. Within the PCM region, this model is very similar to
that used by Solomon et al.6 However, the geometry, element
definitions, and use pattern are different. An energy balance is
performed for each element in the finite difference grid. The
resulting equations are solved explicitly within the PCM re-
gion and implicitly within the liquid metal region. Within the
PCM region, the equations are identical to those used by
Solomori et al.6 and are based on energy conservation,
Fourier's law, and the equation of state. A "Kirchoff" tem-
perature U was defined by Solomon6 and is useful because the
position of the phase change front becomes a part of the
solution rather than an assumption that must be iterated upon
within the calculations. Equations (2-7) outline the energy
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conservation equations in terms of this Kirchoff temperature
[defined in Eq. (3)].
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Fig. 1 System schematic.
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Within the liquid metal region, no phase change occurs, and
hence, the Kirchoff temperature offers no advantage. The
internal energy of this liquid metal region is calculated implic-
itly because the higher conductivity of the liquid metal re-
quires a very small time step to avoid stability problems that
occur with an explicit formulation. The code could have been
improved further by recasting the entire solution as an implicit
formulation.

The problem is defined in two spatial coordinates r and z
and one temporal coordinate T. Although each node repre-
sents a small, thin, cylindrical volume, the finite difference
formulation is rectangular in nature. A single r-direction grid
node is used for the liquid metal region because this is suffi-
cient to determine the bulk fluid temperature as a function of
z and T. This bulk fluid temperature, in turn, is sufficient to
determine the heat transfer to the PCM cylinder nodes and to
test for the maximum allowable liquid metal exit temperature.
After the matrix of equations is solved, the liquid metal inlet
temperature is calculated using Eq. 8.

T"+ \M + 1,1) = T(M + 1,7V) + w/mcp (8)
The Kirchoff temperature approach used by Solomon is

very similar to the enthalpy model discussed by Shamsundar
and Sparrow,7 Shamsundar and Sparrow used the product of
Fourier and Stefan numbers (FoSte) as a dimensionless time
parameter because it correlates the results for various values
of Ste. The various PCM mixtures represent a range of Stefan
numbers, so this product has been used in the presentation of
results.

For a material with an assumed constant density and a
constant latent heat, and because the internal energy variable
E is defined equal to zero at the solid state melting tempera-
ture, Eq. (9) describes 6, the energy content of the PCM
relative to the latent storage capacity and relative to the energy
content at the solid state melting temperature. A dimension-
less measure of the energy storage in the PCM can be con-
structed by taking the difference between the value of 6 at a
given point in time and the initial value of 0 [see Eq. (10)]. The
dimensionless temperature <t> is defined in Eq. 11. The results
are presented in terms of these dimensionless variables for
generality:

1 ( 1 ̂Q — __ I E dV — —— Y EVisi I 1/7 ^ v v/̂ J ̂  ^̂ / 1,1
(9)
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0* = 0 - i

0 = T —T.2 m •* init

(10)

(11)
Several factors must be considered when designing and us-

ing a finite difference computer code including time-step (in
seconds) and radial and axial step (in meters) sizes. The final
choice of time and element sizes (within the limits posed by
model stability) is a compromise between accuracy and effi-
ciency. The computer code running time increases at a rate
roughly proportional to the number of radial divisions, from
14 Cray CPU min for M = 3 to 126 Cray CPU min for
M = 24. At nine subdivisions, the predicted energy storage is
within 13% and time value is within 10% of the more accurate
tests. This accuracy is therefore considered acceptable consid-
ering the wide range of potential design parameters. A more
complete discussion of code stability and accuracy may be
found in Ref. 5. The tube wall is not modeled in the final code
because the temperature gradient across the tube wall is always
much smaller than the temperature difference between the
liquid metal and PCM temperatures for the wall thicknesses
modeled.5

A mixed enthalpy approach is used to model heat transfer
enhancements with the finite difference code. The mixed en-
thalpy approach is based on an assumption that, within each
computational element, the PCM mixture behaves as a homo-
geneous material. Knowles and Webb8 define optimum fin
dispersion requirements for which this assumption is rigor-
ously true. They show that for cylindrical pipes absorbing heat
at the walls, the fin distribution is inversely proportional to the
radius. The applicability of this approach for thin fins has also
been experimentally confirmed by Knowles and Webb.8

The mixed enthalpy method is implemented by calculating
new "mixed'' values for the density, heat capacity, conductiv-
ity, and latent heat of the PCM mixture [see Eqs. (12-15)]. In
Eq. (13), the specific heat of each material is first converted to
a volumetric specific heat (used and empirically documented
by Knowles and Webb8), weighted according to the volumetric
fraction of each material component, and finally reconverted
to a mass basis using the density of the mixture. The latent
heat of the mixture [Eq. (15)] must reflect not only the fact
that a portion of the material does not undergo a phase change
but also the new, greater density of the mixture:

Pmix = *Padd + 0 ~ *)Ppcm

ddPadd + 0 - *)C/>PcmPpcm

Pmix

~" (I ~~

(12)
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(14)

(15)
A'mix

Methods Considered for Increasing Thermal Conductivity of PCM
As will be demonstrated, the limiting factor of the PCM

energy storage system is the poor conductivity of the PCM
material. This conductivity is about one-tenth of the conduc-
tivity of either the liquid metal or the tube wall. If the PCM
conductivity were higher, the tube radius could be larger, the
number of tubes could be smaller, and the liquid metal flow
rate could likely be lower.

Three enhancement methods are therefore considered in this
study. They involve replacing some portion, measured as a
volume percent, of the PCM with 1) a reticulated metal insert,
2) thin fins, or 3) liquid lithium (to make a metal salt/molten
metal slurry). Both aluminum and nickel are available as a
reticulated material (similar to steel wool) with void fractions
from 90 to 95%. Aluminum has a much higher conductivity
but unfortunately a melting point below the application under
consideration. Nickel is therefore chosen as the material for

the reticulated metal insert. Both 90 and 95% void fractions
are modeled. The fins are made out of the same material as the
tube wall, 304SS. Fin volume fractions from 5 to 50% are
modeled. The metal/metal-salt mixture is generated by adding
liquid lithium to the lithium hydride salt. This addition not
only improves the heat transfer but is also valuable because it
significantly reduces the PCM's hydrogen pressure due to
dissociation of the hydride. This reduction, in turn, simplifies
the PCM containment problem. Volume fractions of the liq-
uid lithium from 10 to 50% are modeled.

Results
The configuration chosen as a basis for comparison to the

enhanced systems is shown in Table 1 under the heading "Base
configuration." It has R0 = 0.05, L/D = 5, and NPIPES =
4000. The high (about 60%) proportion of sensible heat stor-
age in the PCM is largely attributable to the difference be-
tween the initial system temperature of 700 K and the PCM
melt temperature of 962 K.

The amount of energy stored in the liquid metal heat trans-
fer fluid was about 1.5 times the amount of energy stored in
the PCM tube. Because of this ineffective distribution of
energy storage, several other configurations were tested, with
smaller radii and with smaller Rf/R0 ratios. Most of these
cases were unable to satisfy the operating period requirements.
However, one test case (also shown in Table 1) did satisfy this
requirement and shows that the system base configuration
chosen is far from optimum. Based on this example, and on
the large number of system parameters that could be varied,
the system performance reported in this study should be used
only to measure the relative value of system modifications, not
as an absolute measure of potential system performance.

The reticulated nickel, liquid lithium, and steel fins have a
modest effect on system performance, increasing both the
length of time for which the thermal load could be met and the
total energy stored. The decrease in energy storage density
(energy stored/system mass) varies greatly among these three
modifications. The following comparisons are based on a
maximum operating period of 1000 s, as described in the
problem definition. Some alternative bases for comparison are
also discussed.

The operational period of the base system is 947 s. The
addition of thin fins and the insertion of reticulated nickel
material increases the operational period beyond 1000 s. The
addition of liquid lithium increases the operational period to
960 s for a 10% addition; however, the operational time for
larger additions is decreased.

The amount of energy stored is increased by up to 6% by
the use of a reticulated nickel insert or by the addition of thin
fins, as seen in Fig. 3. The energy storage benefits of the 90
and 95% void fraction nickel inserts are the same. Two-thirds
of the energy storage increase attainable by the addition of
thin fins is available at only a 10% volume addition. The
energy storage does not increase at all when the volume frac-
tion of the fin material is increased further from 30 to 50%.

Table 1 System configurations9 based on finite difference analysis

System parameter
Ba'se Improved

configuration configuration
Rf/Ao
Ro
L/D
Number of PCM tubes
Ratio of latent to sensible storage

in PCM
e*
Ratio of energy stored in liquid

metal to energy stored in PCM
Systemb energy density, J/g

3
0.05
50

4,bOO

0.434
1.11

1.6
691

2.0
0.03
83

19,000

0.504
1.246

0.41
973

"Liquid metal velocity = 0.04 m/s, Rf/R0 = 3.
bSystem includes tube wall and liquid metal in annular region.
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ADIABATIC .BOUNDARY

Fig. 2 Model schematic.

The addition of liquid lithium increases the energy storage a
small amount for additions of 10% or less. Larger amounts of
liquid lithium actually decrease the energy storage capacity.
This decrease is attributable to the low density of liquid
lithium, lower even than the PCM. Since the volume of each
tube is held constant, increasing the proportion of liquid
lithium decreases the mass of the PCM mixture. The opposite
is true for both reticulated nickel and fin configurations.

For the specified operating period range, the energy storage
density is decreased by the use of fins and the reticulated
nickel insert but is relatively unchanged by the addition of
liquid lithium (see Fig. 4). The thin fin and nickel additions of

decrease the energy storage density by about 1%.
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Fig. 4 Effect of enhancements on system energy density.

Table 2 Performance summary of enhanced systems3

Enhancement,
volume %

Thermal
diffusivity,
10-6m2/s

Testb

FoSteb duration

Systemc

energy
density, J/g

PCMd energy
stored,

106 J/tube 0*

Total
energy6

stored,
106 J/tube

Ratio of
latent to

sensible energy
storage in
the PCM

Ratio of energy
stored in

liquid metal
to energy

stored in PCM

Reference case, no enhancement
0.9 0.27 947 697 66.0 1.11

Reticulated nickel
177

a/?0 = 0.05 m, Rf/R0 = 3, v = 0.04 m/s, L/D = 50, NPIPES = 4000.
bComputer model stops when liquid metal exit temperature reaches 1100 K or at 1000 s, whichever comes first.
cSystem includes liquid metal region and tube wall.
Includes only enhanced PCM material.
includes energy stored in the form of increased internal energy of liquid metal in the annular region.

0.43 1.6

5
10

10
30
50

5
10
30
50

1.5
2.0

1.2
1.7
2.4

1.1
1.4
2.3
3.4

0.47
0.69

0.36
0.59
1.00

0.36
0.46
0.97
1.91

1000
1000

960
942
914

978
992
1000
1000

687
649

Liquid
702
692
674
304 SS

676
652
548
471

76.7
77.1

lithium
71.0
73.0
73.1

thin fins
72.4
75.8
79.6
81.7

1.35
1.48

1.27
1.58
2.03

1.26
1.38
1.85
2.52

187
187

179
176
171

183
185
187
187

0.53
0.56

0.47
0.50
0.50

0.47
0.50
0.53
0.48

1.4
1.3

.6

.6

.8

.5

.4

.4

.4
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Figure 5 shows that a reticulated nickel insert with a 95 %
void fraction offers the best compromise between an increase
in storage capacity and a relatively small decrease (~ 1%) in
the energy storage density for the specified operating period
range. An addition of 10% liquid lithium increases both the
energy storage density and the total energy storage capacity,
but only by a very small amount. However, this option has the
added benefit of reducing the hydrogen pressure of the lithium
hydride PCM.

The ratio of energy stored in the form of latent heat to the
sensible heat within the PCM varies from 0.43 in the base
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Fig. 5 System energy density vs total energy stored for enhanced
systems.
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Fig. 6 Nondimensional time response of central PCM node for en-
hanced configurations.

configuration to 0.56 in the 90% void fraction reticulated
nickel insert configuration, as Table 2 shows. If all the PCM
in the base configuration (starting from an initial temperature
of 700 K) were melted and at the melting temperature, this
ratio would equal a value of 1.3. However, much of the PCM
remains unmelted at the end of the operating period. Also, the
PCM nearest the surface heats up above the melting tempera-
ture, further increasing the proportion of sensible heat storage.

The position of the phase change front at the end of the
operating period is calculated. The front for most of the cases
only penetrates about 25% of the way into the PCM. How-
ever, at an r/R0 value of 0.75, about 44% of the PCM volume
is in the melted zone. The center of the PCM is melted only for
very large additions of liquid lithium or fins. Such large addi-
tions are not supported by the energy storage and energy
density considerations already discussed.

It is interesting to note, however, that doubling the volume
percent of reticulated nickel or thin fins from 5 to 10% has a
relatively small effect on the interface location, as does
tripling the liquid lithium from 10 to 30%. However, tripling
the fin volume from 10 to 30% has a very large effect, moving
the interface all the way to the center of the PCM tube for
z/L <0.2. Increasing the fin volume by another 61% (from 30
to 50% volume) causes the melting front to reach the center
for 80% of the length of the tube. Also, increasing the liquid
lithium fraction from 30 to 50% (only a 67% increase) causes
a tremendous increase in melt front propagation for z/
L<0.1.

Figure 6 shows the dimensionless temperature response of
the central (r - 0, z/L = 0.5) PCM node vs the dimensionless
time variable that reflects the varying Stefan numbers of the
modified PCM. The nondimensional temperature response is
slightly slowed by additional amounts of enhancement mate-
rial (i.e., 8<t>/dFoSte is decreased as the thermal diffusivity is
increased). The nondimensional behavior reflects the fact that
the FoSte time parameter is proportional to the increasing
thermal conductivity of the enhanced materials. This increas-
ing thermal conductivity stretches the time scale, causing this
counter-intuitive trend. However, for the real-time data
shown in Fig. 7, the time response is improved (i.e., dT/br is
increased) by the addition of the enhancement materials.
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Fig. 7 Temperature response of central PCM node for systems en-
hanced with reticulated nickel.
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The performance comparisons discussed so far were based
on a strict adherence to the problem definition. Specifically,
operating periods longer than 1000 s were not considered even
though some of the modified systems were capable of receiv-
ing and storing more thermal energy without exceeding the
liquid metal inlet and outlet temperature constraints. If the
application of this thermal storage system was well defined
and unlikely to change, this basis for comparison would be
unquestioned. However, given the latitude in current applica-
tions requirements, further discussion of the performance of
these systems is in order.

If the comparison were based solely on the system's physical
dimensions and on the inlet and outlet liquid metal tempera-
ture constraints, several conclusions reached using the 1000-s
limit would be different. For the reticulated nickel insert, the
most important change is that now the total energy stored for
the reticulated nickel insert continues to increase from 187 MJ
to 197 MJ as the volume percent of nickel is increased from 5
to 10%. As the void fraction drops from 95 to 90%, the
system energy density is decreased by only 20 J/g rather than
the sharper drop of almost 40 J/g with the 1000-s limit. This
would change the conclusion that the 95% void fraction mate-
rial is clearly more effective than the 90% void fraction mate-
rial. The choice between these two void fractions then should
be based on a more subtle trade-off among increased storage
capacity, lengthened operating period, and slightly decreased
system energy density.

The effect of this approach on the fin results is not as
dramatic because the overall system energy density is still
decreased substantially by the use of such fins. However, it
becomes apparent that a maximum energy storage capacity
occurs somewhere between 10 and 50% fin volume. The oper-
ating period is also slightly longer within this range.

Considering the changeable nature of these conclusions,
some word of caution should accompany the results of this
study. It would appear that the most appropriate system com-
parison should be based on optimized parameters for each
enhanced system. However, such an optimization strategy was
beyond the scope of this study. The development of such a
strategy should be pursued if this type of thermal storage
system remains a viable candidate in the overall system design.

Summary
A PCM energy storage system application included a short

charging period and the use of a liquid metal heat transfer
fluid. A finite difference computer code was developed and
used to evaluate the effect of three heat transfer enhancements
on the PCM energy storage system.

For a maximum operating period of 1000 s, the use of a
95% void fraction reticulated nickel insert was found to in-
crease the storage capacity of the system by ~ 6% with a
decrease in the system energy density of only - 1 %. For the
given physical system, the storage capacity can be increased

still further if the operating period is not constrained. The
addition of 10% liquid lithium was found to cause minor
increases in both storage density and storage capacity with the
added benefit of reducing the hydrogen pressure of the lithium
hydride PCM.

The base system used for comparison with the various mod-
ifications was not an optimized configuration. Based on a
limited examination of other potential system configurations,
significant performance improvements are possible. Such an
optimization effort should be pursued if these configurations
continue to be considered as candidate solutions. Any com-
puter model used for this optimization should be based on a
fully implicit solution approach, an improvement over the
partially implicit solution used for this study. It also appears
that a small addition of the liquid lithium might be considered
in conjunction with the reticulated nickel, thereby gaining
both the increased storage capacity and the reduced hydrogen
pressure benefits of these two enhancements.
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