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1. Introduction

Fukushima Daiichi nuclear accident of 2011 shifted
engineers’ attentions to passive safety systems (PSS),
systems that do not rely on external power supplies to
operate. Among different concepts, an approach using
phase change materials (PCMs) as a heat sink to
containment building is drawing more attention due to
its large latent heat of fusion, which is several times
larger than the sensible heat over a narrow temperature
interval [1]. Since the melting temperature can be
selected by material choice, PCM will be present in
the containment during normal operation, and start
melting when temperature rises during an accident. If
steam is released to the containment, the steam
contacts with the PCM cooling system and condense
at its surface, absorbing energy directly and limiting
the pressure rise. The configuration considered here is
a packed bed of small pebbles, shown in Fig. 1: a
metal shell containing the PCM together with a void
that accommodates expansion on melting. Steam
reaching the bed condenses on the outer surfaces, and
heat conducts inward through the shell, driving a melt
front toward the pebble center. How much energy a
pebble absorbs within the accident window is
therefore governed not only by the properties of the
PCM, but also by how far that front travels.
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Figure 1. (a) PCM packed bed as an in-containment heat
sink (b) Cross-section of a single pebble at the end of the
mission time

The conventional argument for PCM is made on
energy density (by mass) basis, as it is much higher

than that of non-PCMs that only utilize sensible heat.
However, mass is not the binding constraint in a
containment building. Free volume is fixed in
containment building; any absorber installed within it
displaces volume and raises the pressure when gas is
released. The governing metric is energy absorbed per
unit volume, and three aspects have to be considered
for PCM. The shell and the void inside each pebble
both consume volume that would otherwise hold PCM.
In addition, the thermal conductivity of PCMs is very
low compared with metals, so the melt front advances
only a short distance within a brief accident window,
and latent heat held in the pebble core may never be
reached.

Volumetric energy density of encapsulated PCM
has been treated as a material selection criterion [2],
and shell thickness has been optimized for storage
density and heat transfer rate [3]. Both target repeated
charging duty and compare PCM configurations
against one another. Neither the fraction of a pebble
that melts within a fixed accident window, nor the
question of whether encapsulation is worthwhile
relative to a bare pebble of the shell material, has been
used as a screening criterion. This paper screens eight
candidate media on energy absorbed per unit volume,
at a pebble geometry derived from the accident
timescale, to establish whether the per mass advantage
of PCM survives once these penalties are applied. The
comparison addresses thermal capacity only; the rate
at which that capacity is delivered is a separate
criterion and is not evaluated here.

Nomenclature

P.. —critical buckling pressure
p — density

Q — heat energy

R, — PCM core radius

Ste — Stefan number

t — shell thickness

T — temperature

T — time

V —volume

A —root of Stefan equation
¢ — volume fraction

v — Poisson’s ratio

a — thermal dif fusivity

B, — liquid volumetric expansivity
¢, — specific heat capacity

8§ — melt front penetration depth
d — pebble diameter

E — Young'smodulus

fmere — melted fraction of PCM
frens — Sensible utilization factor
hy — latent heat of fusion

K — bulk modulus

k — thermal conductivity

m — design margin
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2. Analysis Framework
2.1 Reference scenario and thermal envelope

The containment is assumed to be at 5 bar,
corresponding to the design pressure of a large
pressurized water reactor such as APR-1400. Normal
operating temperature in containment is at 55°C [4].
Non-condensable gas (NCG) is assumed to be
neglected, so that the steam is at the saturation
temperature (151.83°C) which condenses at the
surface, giving a temperature swing of AT = 96.83K.
Neglecting NCG places the condensing rate at the
highest it could reach, as presence of NCG hinders the
heat transfer from steam to surface, giving the largest
temperature swing. This works against PCM rather
than for it: sensible capacity grows in proportion to AT
while the latent contribution is fixed, so a larger swing
narrows the margin between the two. Thus, if PCM
performs better in no-NCG condition, then the results
will not change with NCG added. A mission time of
Ss is adopted, corresponding to the period over which
peak pressure develops and within which absorbed
energy contributes to mitigating it.

Eight candidate media were chosen, which is
shown in Table 1: two organic, two inorganic PCMs,
and 4 sensible media (property values are taken from
manufacturer data sheets where available and from
literature otherwise). Organic PCMs, like paraffin or
fatty acids, are generally chemically more stable, free
of phase segregation, and non-corrosive, but they also
have lower thermal conductivity and density.
Inorganic PCMs have higher thermal conductivity and
volumetric energy density, but are corrosive and have
risks of supercooling and phase segregation. Lastly,
sensible media store heat only when temperature rises,
but their thermal diffusivity is two to three orders of
magnitude above that of PCMs, so a sensible pebble
heats essentially uniformly within the mission time.

2.2 Pebble geometry and encapsulation

A sensible pebble can be manufactured from a
single material, but PCM pebble cannot; it has to be
encapsulated and sealed. Molten PCM would
otherwise drain from the bed and destroy the packed
geometry. Also, the inorganic candidates are corrosive
toward containment structures, and sealing is what
retains the water of hydration within the salt hydrates.
The bed geometry is a packed bed, so a spherical
pebble of outer diameter d and shell thickness t is
analyzed:

Gshen =1 — (1 —%)3 (1)

The shell is composed of 316L stainless steel,
chosen for three reasons. Immersion tests on metal-
salt hydrate pairs at storage temperatures found
stainless steel compatible with sodium acetate
trihydrate while brass and copper were not. [5]
Aluminum is excluded on a nuclear-specific basis: it
is amphoteric and produces hydrogen in the alkaline
conditions of post-accident containment water, which
is why aluminum inventory in containment is
controlled [6], whereas stainless steel does not present
the same hydrogen generation and chemical effect
concerns. Finally, 316L has the highest volumetric
heat capacity of the candidate shell metals.

The shell is treated as thermally active as it occupies
part of the installed volume, and its thermal diffusivity
is high enough to equilibrate fully within the mission
time.

2.3 PCM pebble void fraction

On melting, the PCM expands, and the liquid
expands further as it is heated to the peak surface
temperature. A sealed pebble must therefore contain a
void, or the liquid will pressurize against a rigid shell.
The required void has two contributions, volume
change on melting and the thermal expansion of the
liquid. With design margin m:

_(Ps_ _
¢void - (pl 1) + ﬁl (Tsat Tm) +m.. (2)

A design margin of 0.05 is added. The molten salt
hydrate is nearly incompressible, and excess liquid
volume must be accommodated almost entirely by
compression. Treating the liquid and the shell as
compliances in series gives an effective bulk modulus

[7]:
1 _1 3R0-W)
Kyr K 2tE

and pressure is calculated by multiplying overfill
fraction f[7]:

b= Kefff

A volumetric overfill of 1% would generate an internal
pressure of ~200 bar and a membrane stress of 76 MPa.
Since the quoted densities in Table 1 carry tolerances
of up to 10%, margin is sized to prevent pebble from
being overfilled.

2.4 Volumetric energy density

For a sensible storage medium, the energy absorbed
per unit volume only changes based on temperature
change. Density and specific heat capacity are taken
as constant. Then, energy change per volume over a
swing of AT is:
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Type Name Tm Ps pI Cps Cpll hyi ks ki
(°C) (kg/m*) (kg/m?) (kJ/kg-°C) (kJ/kg-°C) (kJ/kg) (W/m'K) (W/m-K)
PCM Organic Paraffin [8] 58 880 808 2 2 140 0.2 0.2
Organic PEG 6000 60 1,200 1,070 2 2 185 0.35 0.35
[9]
Inorganic Climsel C58 58 1,480 1,400 4 3 265 0.57 0.47
[10]
Inorganic savE HS58 58 1,400 1,320 2.40 3.15 267 0.61 0.51
[11]
Metal Stainless - 8,238 0.468 - - 13.4
316L [12]
Carbon Steel - 7,832 0.434 - - 63.9
(AISI 1010)
[12]
Aluminum - 2,702 0.903 - - 237
[12]
Ceramic ALOs (99%) - 3,890 0.88 - - 35
[12]

Table 1. Thermodynamic properties of varying materials used

% = psCp AT ... (3)

The thermal diffusivity of metals is two to three orders
of magnitude above that of PCMs. Fourier number for
alumina at d = 3mm is roughly 18.9, meaning pebble
is fully equilibrated with its surface well within the
accident window.

For an encapsulated PCM whose melting point Tp,
lies within the swing, the corresponding expression
would have to separate the shell part, solid and liquid
phase, while including latent heat. Taking the fractions
from equations (1) and (2):

% = (1 = Psner) (1 = Puoia) Pp| frensCp (AT
— ATyang) + frerehsi]
+ PsnenPshetiCp,shenAT .. (4)
"o = TmAT et (1- TmAT To) pl
N 2.2 9%
*fsens=1_F FeXp(—nn R_g)

* ATband = Tband,upper - Tband,lower
1)
* fnee =1 — (1 _R_)
c

¢p correction (G, ) was used to account for
manufacturer’s latent heat measurement. Both
inorganic PCMs were measured using T-history
method over a finite temperature band rather than at a
single point. In this method, the enthalpy change is
integrated over a finite temperature band, ATpand (53-
62°C for savE, 49-64°C for Climsel), as the sample is
heated through the transition. The reported enthalpy,
hg, is therefore not a pure latent heat and already
contains the sensible heat within that band. Adding
¢, AT across the full range would count the sensible
contribution twice, so the overlap is therefore
subtracted.

All of PCM may or may not melt within the given

duration of accident window; it depends on the given
time, rate of melting, and mass of PCM in each pebble.
The amount of melt PCM in a given period of time,
finelt, can be determined by calculating the melt front
position 8, which can be obtained from the one-
dimensional Stefan solution: the heat equation in
liquid layer, with the wall held at Tsa, the interface at
Tm, and the Stefan condition are used below [13].

kaT_ b a6
La—/} sl .

§ = 2Mat

Ste
x1er erfl = —
T

Cp1(Tsae — T,
* Ste = p,l( sat m)
hsl

The sensible utilization, fiens, is treated separately
from fuer, because heat conducts ahead of the phase
front and the unmelted core also rises in temperature
up to Tr. It is the fractional energy uptake of a sphere
initially at To whose surface is stepped to T, obtained
by separation of variables with a symmetry condition
at the center, using transient conduction solution for a
sphere with a step change in surface temperature [14].
For the two salt hydrates considered, Tr, lies only 3K
above Ty, so the solid core can contribute at most ~7
kJ kg! against a total near 540 kJ kg™!. Essentially all
of the sensible contribution is taken up by molten
PCM above the melting point.

3. Reference pebble geometry

Comparing media on a volumetric basis requires a
common capsule geometry, and that geometry cannot
be assumed, because different materials outperform
each other depending on operating conditions. This
section establishes the geometry at which the
comparison of Section 4 is made.

The shell thickness determines shell’s volumetric
occupation, which relates to overall volumetric energy
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storage capacity of a pebble. If we rewrite the equation
(4) as a volume-weighted mixture of the PCM core
and the shell:

Q
Vo (1 = Pshet)p + Psneusnen - (5)

* (1 = dsnenr) = (dR_/CZ)3

*qp = 1- ¢void)pp [fsensqj(AT — AThana)
+ fmelthsl]
* Qshett = pshellcp,shellAT

In this form, the pebble is a mixture of two absorbers
and Q/V is the volume-weighted average of their
energy densities. The two geometric parameters
behave differently: Q/V is monotonic in shell
thickness but has an interior maximum in diameter.3. /
Shell thickness

Since the shell volume fraction, for a fixed diameter,
monotonically decreases as thickness decreases, the
optimum is when t is minimum. To identify the lower
bound, structural integrity is analyzed. During the
accident, the external pressure could cause sphere to
fail by buckling, for which the classical elastic
buckling pressure of a thin spherical shell is used [15]:
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Figure 2. Shell thickness comparisons for varying pebble
diameterFor Stainless 316L, its values are E = 190 GPa,
v = 0.29 at 152°C (5 bar). Accounting for 0.2
knockdown factor, since spheres are reported to
buckle at 20-30% of classical value due to tiny
geometric imperfections [16], a wall of ~5.0 um is
sufficient for the bounding case of the full 5 bar acting
across the shell. Since the actual pressure difference
across the shell is smaller than this bounding value,
structural requirement is not binding. It is rather the
manufacturing capability that sets the lower bound.
Reported macro-encapsulation of PCM has diameter

range of 10-50 mm and shell thickness 1-2 mm [17],
so proportionally, t = 0.2 mm is adopted here on that
basis.

3.2 Pebble diameter

For diameter, the two effects compete. It is
convenient to work in terms of the PCM core radius,
R, since at fixed shell thickness, volumetric energy
density depends on the geometry only through R..
Increasing R with fixed t raises the PCM volume
fraction, but reduces both utilization factors. The melt
front advances only 1.01 mm in 5 s mission time for
savE HS58 according to Stefan solution, independent
of capsule size, so a larger core simply leaves more
PCM solid. fins falls because the Fourier number
decreases, leaving the pebble further from thermal
equilibrium at the end of the mission. Differentiating
Eq. (5) with respect to core radius:

Q
d (V) _ d(1 = Gsnen) (q, - )
dRC dRC qp qshell

+ (1 = Psnen) (Z—ZZ) =0..(6)

d(1 - 3R%t d
" ( ¢shell) _ [4 >0, qp

dR, " (R, + t)* dR,

<0

The first term is gain from displacing less shell, and
the second is the loss from leaving more of the core
un-melted. The optimum is where the two effects
cancel each other, which the weighted contributions
balance.

Eq.(16) balance at t = 0.20 mm
160 T T T T

(d(1-Ganen)/dRc)(Tp - Gsnen) ~ gain from less shell
——— -(1-fsper) - dGp/dR.  loss from unmelted core

=
S
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S
8 B

=
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Figure 3. Optimum diameter for a pebble encapsulated
with t=0.2mm thickness

Solving Eq. (6) numerically gives dop: = 3.12 mm as
shown on Figure 2. The optimum shifts with shell
thickness; diameter decreases as thickness decreases,
and increases as thickness increases. Since the melt
front is 1.01 mm at 5s, R. is roughly 1.358, and 99%
of the PCM melt. At d = 3 mm, the volumetric energy
capacity is 554.6 MJ m compared to 554.9 MJ m™ at
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3.12 mm; for engineering purposes, d =3 mm will be
adopted. Under-sizing would result in PCM core being
fully melted but volume fraction would be lost to shell.
Oversizing on the other hand sees larger un-melted
volume fraction, meaning the latent heat was not fully
utilized during the accident scenario.

4. Volumetric energy capacity comparison

All media are evaluated at the reference condition
of Section 2.1 and at the pebble geometry established
in Section 3 was plotted for varying AT in Figure 3. At
AT = 96.83K point, the two inorganic salt PCMs are
indistinguishable, and both exceeded the best sensible
medium by a far margin. This follows from their high
specific heat capacity as much as from their latent heat.
The organic PCMs do not perform as comparably:
PEG 6000 falls marginally below the solid 316L
pebble, and paraffin reaches ~70% below PEG 6000.
Among the sensible media, the ranking follows pc,
directly and aluminum is weakest despite its high
specific heat because is one third of stainless steel.

Volumetric energy capacity vs temperature swing

d = 3.0 mm, tgey = 0.20 mm (316L), To = 55 °C, Tys = 5° s
800 T T T T T
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Temperature swing AT = Tea - To  [K]

Figure 4. Volumetric energy density for different materials
at varying AT

If latent heat was not present, then the graph looks
like Figure 4. All PCM materials fall below solid 316L
reference, which shows that PCM’s sensible
properties are not favorable compared to metal and
that stainless shell that occupies 35% of the pebble
volume is not favorable. Without phase change,
encapsulation does not have advantages. The latent
contribution exceeds the entire margin over the
reference pebble.

Latent heat removed: PCM sensible capacity, shell and void only
d = 3.0 mm, tye = 0.20 mm (316), T, =55°C, r=5s
700 T T T T T T T
Climsel C58

reference
AT = 9683 K (5 bar)

600 |~ — -AlsI316 5
= = =AISI 1010 steel
- Al,O; (99%)

Aluminum 2024

Volumetric energy density QV  [MJ m?]

. . . . .
20 40 60 80 100 120 140 160
Temperature swing AT = Te - To  [K]

Figure 5. Volumetric energy density excluding latent heat
for different materials at varying AT

Because a pebble is a volume weighted mixture of
two absorbers, Eq (5), encapsulation improves on a
solid pebble of the shell material only when the PCM
core outperforms the shell it displaces. Comparing the
intrinsic PCM core density qp at full utilization against
shell gives a single screening criterion, independent of
capsule geometry.

The salt hydrates carry a 76% margin over the shell,
so encapsulation is clearly worthwhile. PEG 6000 is
marginal at 1.06: at 3 mm the melt front reaches only
94% of the PCM core, its effective PCM core density
falls below qshel, and the capsule drops just below the
solid reference. Paraffin fails the criterion outright.
With qp/qshen = 0.65, a stainless shell absorbs more
energy than paraffin it contains at any diameter, and
no capsule geometry can recover the deficit. This also
reverses the conclusion of Section 3.1, which assumed
gp > Qshel for PCMs, as for paraffin, a thicker shell
would improve Q/V.

Figure 3 also shows that there is no best solution for
the whole range of temperature swing. The latent
contribution is set by hy and does not scale with AT,
whereas sensible capacity is proportional to it, so the
two organic PCMs are overtaken by the sensible
media as the temperature difference grows. Paraffin
falls below alumina at AT = 63K and below carbon
steel at 65K, both below the reference condition. PEG
6000 crosses at AT = 152K and 156K respectively,
above the reference condition, so it remains ahead of
the sensible media at AT = 96.83K but would not at a
higher design pressure. Neither organic falls to
aluminum within the range examined, making
aluminum the weakest medium considered. The
inorganic salt hydrates show no such crossing within
the range examined, because their volumetric heat
capacity exceeds that of the sensible media even
before the latent term is counted.
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5. Discussion

From the comparison, inorganic salt hydrates are
the best of the eight media considered, exceeding the
strongest sensible candidate. The savE HS58 data
sheet states a maximum operating temperature of 75°C
[11], against a peak surface temperature of 151.83°C
in the present duty, and neither salt hydrate is
characterized above about 65°C. Salt hydrates lose
water of crystallization on heating, which would
destroy the latent heat capacity on which the result
depends. In a sealed capsule however, the water
cannot leave: it partitions between the liquid and the
small vapor headspace, and the material becomes a hot
concentrated solution rather than a dehydrated salt.
The manufacturer’s limit is therefore expected to
apply to open or vented service rather than to the
sealed capsule analyzed here. This expectation has not
been verified experimentally and is the principal open
question raised by this work.

Approximately 55% of the energy absorbed per unit
mass by either salt hydrate comes from sensible
heating of the liquid above the melting point,
evaluated with a specific heat that the manufactures
report at 60 to 65°C [10][11] and applied here across
a further 94 K. More than half of the reported
advantage therefore rests on an extrapolated property,
on a material characterized over a much narrower
range. Compatibility data is similarly bounded: the
immersion tests cited in Section 2.2 were conducted at
48 to 58°C [5].

Several simplifications bear on the numbers
reported. Properties are held constant over the swing
and taken at 300 K, while the duty spans 328 to 425 K;
the specific heat of carbon steel rises by approximately
12% [12] and that of alumina by 18% across this range,
so the sensible baselines are understated. The melt
front position is the one-dimensional planar Stefan
solution applied to a sphere, exact only for & <<R..

6. Conclusion

Eight candidate absorber media were compared to
each other on energy absorbed per unit installed
volume for a packed-bed passive condenser, at a
pebble geometry. The per-mass advantage of PCM
does not survive the change of basis: after accounting
for shell, void, and incomplete melting, PCMs do not
excel as well. Only the two inorganic salt hydrates
outperform bare sensible pebbles at the reference
condition. The margin is carried entirely by the latent
heat. Every PCM falls below the solid reference with
latent heat removed, so encapsulation is a net loss
without it. This gives a screening criterion
independent of geometry: encapsulation is worthwhile
only where the PCM core outperforms the shell it
displaces.

Three tasks follow directly. First, the thermal
stability of the sealed capsule must be established
experimentally. The salt hydrates are characterized
only to about 65°C and the rated 75°C, while the duty
reaches 151.83°C, and the argument that a sealed
capsule prevents dehydration is at present untested.
The same measurements would supply the liquid
specific heat at temperature, on which more than a half
the reported advantage depends. Second, a rate-based
comparison is required, since capacity and rate need
not rank media in the same order. Third, the
volumetric result must be closed with the containment
response, because an absorber installed inside
containment displaces gas from a fixed free volume
and raises the pressure it is intended to suppress.
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