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Computational Heat-Transfer Modeling of Thermal Energy
Storage Canisters for Space Applications
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A computer code has been developed for analyzing the phenomena occurring in cylindrical metal canisters
containinga high-temperaturephasechangematerial.Suchcanistersare normallyused as thermal storageelements
in heat receivers of solar dynamic power systems for low-orbit space vehicles. The code is a useful canister design
tool and able to predict the temperature distributions and the void behavior in the canisters. These in turn are
used for the canister thermal stress analyses. The emphasis in the development of the code has been made on
accurate descriptions of the solid-liquid phase change process, void dynamics and heat transfer, convective and
radiative heat-transfer modes in the phase change material. The abilities of the code include computations of
three-dimensional and axisymmetric heat transfer and � uid mechanics phenomena inside the canisters. The code
validation has been made based on the results of ground tests and two thermal energy storage � ight experiments.
The validated code has been used for canister analyses. The following features have been examined: 1) the location
of hot spots in the canister, especially canister walls; 2) the void location and heat-transfer predictions; 3) the
importance of radiative and convective heat-transfer modes in the void and liquid phase change material; and 4)
the in� uence of three-dimensional vs axisymmetric boundary conditions on the canister performance.

Nomenclature
A = surface area
c = thermal capacity
Dc = directional cosine
E = energy
e = enthalpy
Hm = phase change material (PCM) heat of fusion
h = heat-transfercoef� cient
I = radiative intensity
Ib = black-body intensity
k = thermal conductivity
m = mass
Nu = Nusselt number
q = heat � ux
r = radial coordinate
r = position vector
S = radiative source function
Sm = modi� ed radiative source function
s = direction vector
T = temperature
T f = cooling � uid temperature
Tm = PCM melting point
t = time
V = volume
v = velocity in the liquid PCM
x f = liquid PCM mass fraction (PCM quality) =e / Hm

z = axial coordinate
zrad = z coordinate of the radiator emitting surface
a = absorption coef� cient
b = extinction coef� cient
b m = modi� ed extinction coef� cient
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D V = � nite volume
D z = size of the z grid
e = emissivity
h = angular coordinate
q = density
r = surface tension or Stefan–Boltzmann constant
U = scattering phase function
X = solid angle

Subscripts and Superscripts

b = bottom
conv = convection
eff = effective
in = incoming
lv = liquid-void interface
L = liquid
m = metal
mz = mushy zone
n = number of a time step
o = outer
P = center of the control volume
rad = radiative
s = solid
t = top
W = � nite volume to the left of the control volume

Introduction

T HERE are severalengineeringapplicationsthat involveenergy
demand at a later period than its supply, which requires a ther-

mal storage system. The choice of an appropriate storage system
is most frequently between using a sensible heat storage material
and phase change material (PCM). The two systems have been pre-
viously reviewed in the literature.1,2 PCM systems have received
extensiveattention in the past and have been investigatedfor a vari-
ety of applications.3 ¡ 7 Experimental data for space power systems
applications have been obtained for ground PCM systems8 as well
as thermal energy storage (TES) � ight experiments conducted on
Space Shuttles Columbia and Endeavor.9 These efforts were part of
the developmentof solar dynamic power systems in space and were
provided for different canister design and PCM type.
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Table 1 Test canister design features: ground and space experiments

Feature Ground experiments Space experiments

Material of construction Haynes Alloy 188 Haynes Alloy 188
Outer diameter/wall thickness 4.98/0.129 (cm) 6.96/0.102 (cm)
Inner diametera/wall thicknessb /rod diameter 2.07/0.261 (cm)/N/Ac 3.81/0.102/3.59 (cm)
Length/side-wall thickness 2.43/0.091 (cm) 6.94/0.102 (cm)
PCM LiF-20%CaF2 TES-1 LiF, TES-2 LiF-20%CaF2
PCM mass/total canister mass 53/137 (g) TES-1 265/543 (g), TES-2 300/578 (g)
Cycle time (% time heating) 91.1 min (60%) TES-1 131 min (58%), TES-2 159 min (58%)

aCooling air tube. bThickness of canister inner wall plus cooling air tube wall. cN/A, not applicable.

Severalnumericalstudieshavebeenconductedto utilizetheavail-
able experimental data for both the ground testing7,8 and the space
TES-1 experiment7,9 in order to provide a better understanding of
the processes involved in the canister heat transfer. The motivation
of this study is to enhance further the computational capabilities
and physicalunderstandingof the phenomenaby includinga proper
modeling of the void that exists in the canister caused by the den-
sity difference between the solid and liquid phases. Furthermore,
the radiation heat-transfer analyses, in both the void and the liquid
PCM,10 were improved by using a � nite volume method.11 In this
paper a systematic approach has been taken for the modeling pro-
cess.Predictionsof temperaturehistorywereobtainedandevaluated
against the experimentaldata. One of these data sets was conducted
at NASA John H. Glenn Research Center at Lewis Field (ground
experiments8 ), and the other was part of the OAST-2 Hitchhiker
payload on the Space Shuttle Columbia in early 1994 and Space
Shuttle Endeavor in the summer of 1996 (space experiments9 ). The
physical characteristicsof the canisters used in the two experiments
are given in Table 1.

The objective is to determine the temperature distribution in the
canisters.Effects of natural convection in the liquid PCM, radiation
in the void and the liquid PCM, and variable volume of the void on
the temperature distribution will be examined.

Geometry and Boundary Conditions
In general, the temperature and phase distribution in cylindrical

canisters can be nonaxisymmetricbecause of asymmetric boundary
and/or initial conditions. Hence, the present computational model
has been developed in a general three-dimensional cylindrical ge-
ometry. However, this work mainly focuses on the predictions of
axisymmetric distributions, and the effects of three-dimensionality
will be explained for a particular case of the TES-1 experiment.

Ground Experiments
The geometry of the ground experiments is shown in Fig. 1. The

canister is � lled with the eutectic mixture of LiF-20%CaF2 with
the melting point at 1040 K. The void is considered to be in the
region adjacent to the top wall caused by the buoyancy force and
consistentwith the experimentalobservationswhen the canisterwas
in the verticalposition.8 The top and the bottomwalls of the canister
are insulated. Heating is provided by a heater on the outside wall.
The heat � ux is axially uniform and periodic in time. The effective
heating power, which is the difference of the heater power and the
power of the radiative heat losses between the canister and the test
chamber,was computed8 andshownin Fig.2. Coolingof thecanister
is provided by cooling air � owing in the inside tube. The output
power to the air7 is also provided on Fig. 2.

Space Experiments
The geometry of the space experiments is plotted in Fig. 3. Be-

cause the TES-1 and -2 experimentswere performedin a micrograv-
ity environment, the locationof the void is controlledby the surface
tension rather than the gravity force. Because of the Marangoni ef-
fect that exists becauseof the temperaturedependenceof the surface
tension coef� cient, the void tends to be in the hottest region of the
canister, that is, the outer lower corner in this problem.9

Again the top and the bottom sides of the canister are insulated.
Heating is provided by a heater on the outside wall of the canis-
ter. Similar to the ground experiments, the effective heating power
can be estimated12 (Figs. 4 and 5 for TES-1 and -2, respectively).

Fig. 1 Geometry of ground experiments.

Fig. 2 Input and output power for ground experiments.

Fig. 3 Geometry of space experiments.

Fig. 4 Input and output power for space experiments: TES-1.



SOKOLOV, IBRAHIM, AND KERSLAKE 267

Fig. 5 Input and output power for space experiments: TES-2.

Cooling is done by radiation from the surface of a circular disk (ra-
diator) attached to the canister via a conductor rod. The boundaries
of the rod and the radiator are insulated except for the radiating
surface of the radiator. The � rst test TES-1 used LiF as the PCM,
whereas the second test TES-2 used the eutectic LiF-CaF2 .

Governing Equations
PCM, Walls, Conduction Rod, and Radiator

The enthalpy formulation of the heat-transfer equation is used.
This approach has proved to be effective for problems with solid-
liquid phase change.4,13 ¡ 15 The conservationof energy equation in
this approach becomes14

@

@t
( q e) + (v ¢ D )( q e) = D ¢ (k D T ) ¡ D ¢ qrad (1)

This approach eliminates the need to introduce an in� nitely large
heat capacitancein the melting region to ensure the isothermalmelt-
ing.The enthalpyis connectedto the temperaturevia the constitutive
equations as follows.

Solid PCM:

Tm + e /cs , e < 0

Mushy PCM:

T = Tm , 0 · e · Hm

Liquid PCM:

Tm + (e ¡ Hm ) / cL , Hm < e

Metal parts:

Tm + e/ cm , ¡ 1 · e · 1 (2)

Equation (2) indicates that the temperature stays constant and equal
to themeltingtemperaturein the so-calledmushyzone,whichcanbe
viewed as a transition zone between the solid and the liquid phases.

The second term of Eq. (1) is a transport term, and it contains the
velocity of the liquid phase. The velocity distribution in the liquid
PCM is governed by the gravity and surface tension of the liquid-
void interface. Determining this distribution is complicated and,
most importantly,timeconsuming.Becauseweare interestedmostly
in the global heat transfer, the natural convection in the liquid PCM
is modeled using the existing empirical correlations.The common
approach is to estimate the enhancement of the value of the liquid
PCM thermal conductivity such that

kL , eff = NukL (3)

The Nusselt number has been estimated using a correlation for an
isothermal vertical layer.16 The effective conductivitiesof the solid
PCM and the metal parts are equal to their normal values, the liquid
effective conductivity is computed using Eq. (3), and the effective
conductivityof the mushy PCM is treated as a linear function of the
PCM quality x f =e/ Hm :

kmz,eff = (1 ¡ x f )ks + x f kL ,eff (4)

The liquid PCM (LiF) has been found10 to be transparent to
the thermal radiation for wavelengths·5.5 l m and semitransparent

for wavelengths >5.5l m. The average Rossland absorption coef� -
cient is virtually constant in the temperature interval of the interest
(1000–1200 K) and equal to 0.84 cm ¡ 1 (Ref. 10). Because the low
wavelength range has been excludedduring the computationsof the
Rossland absorption coef� cient,10,12 both the transparent and the
semitransparent models of the liquid PCM should be examined. In
the former case the last term of Eq. (1) becomes zero because it can
be shown that the divergence of the radiative heat � ux is propor-
tional to the absorptioncoef� cient for a uniform medium. However,
the radiative heat � ux can be nonzero in the case of the transparent
medium, although its divergence is zero. Therefore, this heat � ux
has been computed and used in the energy balance equations for the
solid PCM and wall � nite volumesadjacent to the liquid PCM layer.

Void
The void is assumed to be � lled with the PCM. Because the

mass of the vapor in the void is of order of 10 ¡ 8 g (Ref. 4), the
void is assumed to have negligible thermal capacity and absorption
coef� cient. Hence, the heat-transfer equation in the void is

D ¢ (k D T ) = 0 (5)

Similar to the liquid PCM model, the radiative heat � ux in the void
can be nonzero, although its divergenceis zero becauseof the negli-
gible absorptioncoef� cient. Therefore, this heat � ux has been com-
puted and used in the energy balance equations of the PCM and
walls � nite volumes adjacent to the void.

The volume of the void is assumed to be varying according to
the conservations of the PCM mass and energy during melting or
solidi� cation. The conservationof PCM mass can be written in the
following form:

Z

PCM

( q n + 1 ¡ q n) dV = 0 (6)

The conservationof energy in the system can be written as12

Z

system

[( q e)n + 1 ¡ ( q e)n ] dV + Erad = Ein ¡ Eo (7)

Because the density of the liquid phase is smaller than that of
the solid phase, the total mass of the PCM would reduce during
melting and increase during solidi� cation if the PCM volume were
kept constant. An additional volume of PCM should be added to or
subtractedfrom the domain to compensate for the mass loss or gain.
In the present study the assumption is made that the change of mass
during the phase change process occurs in the mushy zone.

The compensatingPCM mass is uniformlyadded to or subtracted
from the liquid PCM-void interface:

D m lv = ¡ D mmz (8)

The solidPCM-void interfaceis assumedto be immovable.There-
fore, the density in the regions containing the solid-void interface
remains constant.

During this procedure,thereare cells in thecomputationaldomain
that undergo a transition from the liquid PCM to the void. Because
the void’s thermal capacitance is zero and the liquid PCM thermal
capacitancehas a � nite value, such transitions would cause a break
of the energy balance. The additional energy of these transitions is
interpretedas the convectionenergy of the � ows caused by the void
expansion/contraction:

Econv =

Z

q n = q l , q n + 1 < q l

(eq )n dV ¡
Z

q n < q l , q n + 1 = q l

(eq )n + 1 dV

(9)

To compensate for this energy loss or gain, this energy is uniformly
added to or subtractedfrom the energy of the volume containingthe
liquid PCM.

Hence, the procedure de� ned by Eqs. (8) and (9) is capable of
predicting the void volume during the phase change process while
maintaining the mass and energy balance. However, the shape of
the void is governed by the surface tension forces9,17 of the liquid-
void interface and cannot be deduced from the proceduredescribed



268 SOKOLOV, IBRAHIM, AND KERSLAKE

here.The presentstudywas focusedonanalyzingthe in� uenceof the
radiationheat transferand the void size on the canisterperformance,
and the surface tension forces were not included in the model.

Radiation Heat-Transfer Model
The � nite volume method (FVM) developed by Chai and

coworkers11 has been used to compute the radiative heat � ux. The
equationof radiative transfer can be written in terms of the radiative
intensity I (r, s) and the source function S(r, s)18

dI (r, s)
ds

= ¡ b (r)I (r, s) + S(r, s) (10)

S(r, s) = a (r) Ib(r) +
r (r)
4 p

Z

4 p

I (r, s 0 ) U (s 0 , s) d X 0 (11)

If Eq. (10) is solved subject to emissive boundaryconditions,11 then
one can compute the radiative heat � ux and its divergence via the
equations

q(r) =

Z

4p

I (r, s)s d X (12)

D ¢ q(r) = a

³
4 p Ib(r) ¡

Z

4 p

I (r, s)

´
d X (13)

To solve Eq. (10) numerically, the coordinate space is discretized
into � nite volumes. Because the intensity I also depends on the
angular direction, the angular space should be discretized as well.
In the present method the angular space is divided into solid angles.

Integrating Eq. (10) over a control � nite volume D V in the two-
dimensional axisymmetric system and a control solid angle D X l

and using the divergence theorem, we obtain

4X

i =1

I l
i D Ai

Z

D X l

(sl ¢ ni ) d X l =
¡
¡ b l

m I l + Sl
m

¢
D V D X l (14)

the summation is performed over the four faces of the control vol-
ume. The modi� ed extinction coef� cient and the source function,
respectively, are

b m = b ¡
r

4p
U l,l D X l , Sl

m = a Ib +
r

4 p

X

l 0 6= l

U l 0 ,l D X l 0 I l 0

One can solveEq. (14) for the intensityin the center P of the control
volume:

IP =
(1 ¡ D r/ 2rP ) D zDl

cr I
l
W + D rDl

cz I l
S + Sl

mP D r D z D X l

(1 + D r/2rP ) D zDl
cr + D rDl

cz + b l
mP D rD z D X l

(15)

Chai et al.11 modi� ed Eq. (15) by exponentiallyextrapolatingthe
intensity at the neighboring nodes to the sides of the control sur-
face D A. Their procedure increases the accuracy of the scheme and
eliminates the possibility of a physically incorrect negative inten-
sity. The resulting scheme11 has been used to solve for the radiative
intensity and the heat � ux.

Boundary and Initial Conditions
Boundary Conditions

The following three boundaryconditionsin the experimentshave
been applied:

1) The heating boundary condition at the outside wall is

r = r0: ¡ km
@T

@r
= qin (16)

The function qin(t ) has been estimated for a full cycle of the ground
experiments8 as well as the space experiments12 (TES-1 and -2)
based on the power of the outside heater and the radiative heat
transfer between the canister and the environment.

Equation (16) assumes an axisymmetric heat � ux and, therefore,
temperature distribution. An example of a nonaxisymmetric three-
dimensional heat-� ux distribution was considered for TES-1 only.

In this case the following angular distribution of the heat � ux was
adopted:

qin( h ) = (1.17 cos h + 0.63)q0 if 0 · h · p

qin( h ) = 0.63q0 if p · h · 2 p (17)

2) The insulation boundary condition at the top and the bottom
walls is

z = zt , zb : ¡ km
@T

@z
= 0 (18)

3) The cooling boundary conditions are different in each experi-
ment.

a) Ground experiments are

r = ri : ¡ km
@T

@r
= h[T ¡ T f (z)] (19)

The cooling air temperature is determined by utilizing the time-
dependent inlet pro� le8 and assuming a linear temperature distribu-
tion in the z direction.

b) Space experiments are

z = zrad : ¡ km
@T

@z
= r e m

¡
T 4 ¡ T 4

sink

¢
(20)

Tsink is the temperature of the surrounding.

Initial Condition
The system is assumed to initially be at a uniform temperature

in both experiments. The initial temperature is 922 K in the ground
experiments and 283 K in the space experiments.

Numerical Method
The simple explicit method is used to solve Eq. (1). In contrast

with the parabolic PCM heat-transfer equation, the heat-transfer
equation in the void [Eq. 5] is elliptic. Therefore, a simple explicit
method cannot be used, and the successive overrelaxation by lines
procedure for the Laplace equation19 has been used. The radiative
heat � ux was computed using the FVM.11 The value of the diver-
gence of the radiativeheat � ux in the liquid PCM was substitutedin
the energy balance [Eq. (1)]. In addition, the value of the radiative
heat � ux on the void and liquid boundaries was used as a boundary
condition for the PCM and wall regions adjacent to the boundaries.

The radial and axial grid in the numericalsimulationswas chosen
to be approximately 20 grid points per centimeter in the PCM. This
resolution provides convergence of the numerical solution with a
toleranceof less than 0.001. Coarser grid resolutionwas selected in
the circumferential direction for the three-dimensionalsimulations
as the primary heat-transferpath is in the radial and axial directions.
About 5 grid points per centimeter, or 16 per circle, were used in the
circumferential grid. In the radiative heat-� ux calculations a grid
containing 32 � nite solid angles (4 azimuthal £ 8 polar angles) was
proven to be suf� cient to providean accurate solution.Finally, time-
step values of 0.02s for the ground experiments and 0.08s for the
space experiments were chosen such that the stability criteria for
the explicit scheme were satis� ed.4

Results and Discussion
Most computations were performed for the two-dimensional ax-

isymmetric geometry. Effects of three-dimensionality were also
considered and will be described next. The objective of the nu-
merical simulations was to analyze the in� uence of the convective
and radiative heat-transfer modes, as well as the void volume and
nonaxisymmetricboundaryconditions,on the canisterperformance.

All numerical simulations consisted of two parts. First, compu-
tations were performed with a void of a constant volume, i.e., with
the liquid and solid densities equal to each other and to the aver-
age density ( q l + q s) / 2. In the second part the solid and the liquid
densitieswere different and, therefore,the void volumewas varying
during the phase change process.
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The following four cases were analyzed in both parts: case 1,
neither the void nor the liquid PCM are transparent to thermal ra-
diation; case 2, the void is transparent, but the liquid PCM is not;
case 3, both the void and liquid PCM are transparent; case 4, the
void is transparent, and the liquid is semitransparent with the ab-
sorption coef� cient equal to 0.83 cm ¡ 1 for LiF and 0.84 cm ¡ 1 for
LiF-20%CaF2 .

Ground Experiment
Figure 6 shows the comparison of the outside wall temperature

predictedby the numerical solution for the four radiationcases with
the experimentaldata.8 The numericalsolutioncapturesvery closely
the important features of the temperature history: the slope during
the subcooledsolidheating(0–15min) and cooling(65–91 min); the
point of the onset of melting (15 min); the temperaturearrest during
melting (15–40 min) and solidi� cation (55–65 min); and overheated
liquid heating and cooling (40–55 min).

Effect of Natural Convection in Liquid PCM
Figure 7 shows the effect of natural convection on the outside

wall temperature.The wall temperature is lower when convection is
present in the time intervalswhen liquid exists in the canister.Thus,
convectiveheat � ux reduces the effectivecanister thermal resistance
and lowers temperature gradients.

Convectionhas almost no effectduring the freezingthermal arrest
(55–65 min). Because of negative heat � uxes absorbed by both the
inside and outside walls (Fig. 2), two layers of solid PCM at the
melting temperature are formed at the inside and outside walls. The
liquidPCM is trappedbetween these layersand broughtto a uniform
melting temperature, which brings the Nusselt number to 1.

Effect of Radiation in the Void
As seen from the comparison of temperature histories in cases 1

and 2 in Fig. 6, inclusion of radiation in the void lowers the out-
side wall temperature by about 5 K. Because radiation in the void
is an additional heat-transfer mechanism in the canister, it lowers
the effective canister thermal resistance and, therefore, temperature
gradients.

Effect of Radiation in the Liquid PCM
Similar to the radiation in the void, radiation in the liquid PCM

lowers the canister thermal resistanceand temperaturegradients.Its

Fig. 6 Experimental (symbols) and computational canister outside
wall temperature data: ground experiments, stationary void.

Fig. 7 Canister outside wall temperature with and without natural
convection: ground experiments, case 2, stationary void.

Fig. 8 Canister temperature (– – – ) and density (——) contours:
ground experiments, case 4, stationary void.

effect is however more pronouncedthan that of radiation in the void
as seen from the comparison of outside wall temperatures in cases
3 and 4 with case 2. The maximum temperature in case 3 is lower
than that in case 2 by about 15 K compared to the 5 K improvement
in the case of radiation in the void only.

As seen in Fig. 8, radial gradients dominate in the temperature
distribution in the canister. The void is located in the upper portion
of the canister and faces only about 30% of outside and inside wall
surface areas. Hence, the radiative heat transfer through the void,
which takes place mostly in the radial direction from the outside to
the inside wall, has only a minor effect on the overall heat transfer.
On the other hand, the liquid PCM layer faces about 70% of the out-
sideand insidewall surfaceareas and, therefore,signi� cantlyaffects
the overall canister heat transfer.The void represents the locationof
two hot spots, i.e., local nonuniformitiesin the temperaturedistribu-
tion. These nonuniformities generally cause local thermal stresses
in the canister walls.

The effect of absorption in the liquid PCM is seen from the com-
parisonof the temperaturehistoriesin cases3 and 4 on Fig. 6. When
the liquid absorbs a portion of incoming energy, it results in lower
temperature in the canister. This effect is not signi� cant because of
a low canister optical thickness s = a (r0 ¡ ri ) =0.8946 < 1.

Effect of Variable Void Volume
The same four cases, as just described, were run while differ-

ent values were set for the liquid and solid phases, thus allowing
the void volume to change during the phase change process. In
general, computations showed little difference with the stationary
void computations. This is an indication that the convective heat
transfer caused by the � ows induced by changing void size has an
insigni� cant effect. This result has been con� rmed previously by
many authors.14,20,21 When there is a difference in the temperature
histories, it can be attributed to the speci� cs of the void con� gu-
ration.

To illustrate the effect of a moving void in ground experiments,
let us compare the temperature histories in case 4 when the void is
stationaryand moving (Fig. 9). The wall temperaturein the situation
when the void is moving is lower than when the void is stationary.
Comparison of temperature and density contours in Figs. 8 and 10
shows that the void loses its contact with the outside wall when it
is subject to a change of size caused by the phase change in the
PCM. The wall temperature decreased because of the higher con-
ductivity of the PCM than the void. Therefore, a quenching effect
takes place, which results in the lower temperatures of the out-
side wall. A similar effect takes place in other radiation cases as
well.

Space Experiments
Cases 1 through4 were againconsidered.Figures11 and 12 show

the outside wall temperature predictions for TES-1 and -2, respec-
tively. The same features as in the ground experiments are observed
here: subcooledsolid heatingand cooling,overheatedliquidheating
and cooling, and thermal arrest during melting and solidi� cation. In
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Fig. 9 Canister outside wall temperature with a stationaryvoid (——)
and variable volume void (– – –): ground experiments, case 4.

Fig. 10 Canister temperature (– – – ) and density (——) contours:
ground experiments, case 4, variable volume void.

Fig. 11 Experimental (symbols) and computational canister outside
wall temperature data: space experiments, TES-1, stationary void.

Fig. 12 Experimental (symbols) and computational canister outside
wall temperature data: space experiments, TES-2, stationary void.

general the comparisonwith the experimental� ight data is satisfac-
tory. Cases 3 and 4 did not compare well with the data because the
input and output power were estimated with the assumption of no
radiation heat transfer in the liquid PCM.12

Effect of Radiation in the Void
The presenceof radiation in the void has a more signi� cant effect

in the spaceexperimentsthan in the ground experiments.The reason
for that is a larger surface area of the void is exposedto the incoming

Fig. 13 Canister temperature (– – – ) and density (——) contours:
space experiments, TES-1, case 4, stationary void.

heat transfer. The effect of radiation in the void on the temperature
distribution in the canister is seen in Figs. 11 and 12. As expected,
the outside wall temperature is signi� cantly lower in the presence
of thermal radiation in the void. This improvement is about 30 K
compared to 5 K for the ground experiments. The improvement
is more signi� cant in TES-1 than in TES-2, because a larger void
exists in TES-1. The size of the void is proportional to the density
differencebetweenthe solidand liquidPCM. This densitydifference
is equal to 0.75 g/cm3 for TES-1 compared to 0.4 g/cm3 for TES-2.
The temperature difference between the boundaries is higher for a
larger void. This results in an improved radiative heat-transfer rate.
Computations showed that void radiativeheat � uxes in TES-1 were
higher than those in TES-2 by about 20-30%.

The void is again the location of a hot spot in the canister. As
seen in Fig. 13, there is only one hot spot (compared to two in the
ground experiments) adjacent to the canister outside wall.

Effects of Radiation in the Liquid PCM
During the heatingpart of the cycle, the PCM starts to melt � rst in

the regionclose to the canisterbottomwall becauseof the signi� cant
z componentof the heat � ux and presenceof the void adjacent to the
outside wall. Therefore the solid-liquid interface is close to being
perpendicularto the z axis as seen in Fig. 13. As more liquid PCM is
formed during the heating part of the cycle, the interface moves up
along the z axis. Because the interface is located between the inner
wall and the void in the start of the heating portion of the cycle, the
liquid PCM layer is not facing the outside wall heat � ux.

Computationsshowed that the radiation through the liquid PCM,
whether absorbing or not, does not have an effect as important as
the radiation through the void. This is obvious from the comparison
of the temperature histories for cases 3 and 4 with that in case 2 in
Figs. 11 and 12. The reasonfor this phenomenonis the con� guration
of the liquid PCM layer just described, which results in the heat
mostly transferred through the void rather than the liquid in the
beginning and the end of the heating-coolingcycle.

The effect of the radiation through the liquid PCM becomes more
important when more liquid is formed and the height of the liquid
layer exceeds the height of the void. This event happens at about
40 min of the canister cycle time for both TES-1 and TES-2 as seen
in Figs. 11 and 12. The improvement of the canister temperature
causedby the radiationin the liquidPCM becomesmore signi� cant.

Effect of Variable Void Volume
The same four radiation cases were considered for TES-1 and

TES-2 in a situation when the void was changing in size during the
phasechangeprocess.Similar to the stationaryvoid simulations,the
radiation in the void lowers the temperature of the canister outside
walls, and the radiation in the liquid PCM further increases this
effect. The distinctive difference from the stationary void simula-
tions is that during the time period when the liquid PCM is present
in the canister the radiation in liquid PCM has a larger effect than
the radiation in the void. This difference can be explained by the
fact that during this time the void becomes smaller than the average
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Fig. 14 Canister outside wall temperature with a stationary void
(——) and variable volume void (– – –): space experiments, TES-1,
case 1.

Fig. 15 Canister outside wall temperature with a stationary void
(——) and variable volume void (– – –): space experiments, TES-1,
case 2.

size and the liquid PCM volume is larger than in the stationaryvoid
simulations. Therefore, the total radiative energy passing through
the void is larger in the stationary void simulations, and the total
radiative energy passing through the liquid PCM is larger in the
moving void simulations.

The effect of a transient void depends on whether radiation in the
void is involved or not. This effect is illustrated in cases 1 and 2 for
TES-1. The comparison of temperature histories in each individual
case with respect to radiation is given in Figs. 14 and 15.

When the radiation is not present in the void nor in the liquid
PCM, the outside wall temperature in the moving void simulations
is higher than that in the stationary void simulations when the void
is larger than the average size (see Fig. 14; time of 0–20 min and
80–131 min). When the void is smaller than average, then the tem-
perature in the canister with a moving void is lower than that in the
canister with a stationaryvoid because the effective conductivityof
the void without radiation, consisting only of the void molecular
conductivity, is strictly proportional to the void volume.

The situation is different when the radiation in the void is in-
cluded. The effective conductivity is now the sum of the molecular
and radiative parts. The void radiativeheat � ux is higher for a larger
void becauseof a higher temperaturedifferencebetween the bound-
aries of the void. Hence, the void effective radiative conductivity
may increase for a larger void volume and compensate the decrease
in the canistermolecularconductivity.Accordingly,we obtainlower
temperatures in the changing size void model than in the stationary
void model, as shown in Fig. 15.

If the liquid PCM is also transparent to thermal radiation, then
the variablevolume of the void has the same effect as in case 1. The
combined void and liquid region is the same whether the void is
changing its volume or not. Therefore, the effective radiative con-
ductivity remains unchanged.However, the molecular void conduc-
tivity depends on the volume, producinghigher temperatures when
the void is larger than the average and lower temperature when the
void is smaller than the average.

Temperatureand densitycontoursfor TES-1 are shown in Fig. 16.
The observed void shape would probably be signi� cantly altered
if the liquid-void surface tension were involved. The void’s size
is smaller than that in the stationary void computations (Fig. 13)

Fig. 16 Canister temperature (– – – ) and density (——) contours:
space experiments, TES-1, case 4, variable volume void.

Fig. 17 Canister outside wall temperature predictions by three-
dimensional model (——) and axisymmetric model (– – – ): space ex-
periments, TES-1, case 2, variable volume void.

because a signi� cant part of the PCM is melted and requires a larger
volume to satisfy the mass balance.

Three-Dimensional Effects
The heat-� ux distribution described by Eq. (16) was used for

three-dimensional computations. The overall heat inputs in both
axisymmetric and three-dimensional cases are equal to each other.
Only simulationsfor the spaceexperimentsin case 2 with a transient
void were performed to show effects of the angular dependence of
the outside wall � ux.

The comparison of the three-dimensional solutions with the ex-
perimental data and the axisymmetric case is shown on Fig. 17.
The temperature at the location h =0 is always higher than that in
the axisymmetric case because of a higher heat � ux at that loca-
tion compared to the axisymmetric heat � ux. The temperatures at
h = p / 2 and 3p /2 are higher than that at h = p , although the heat
� uxes are equal to each other. This thermal characteristics are a
consequence of the existence of considerable circumferential heat
� uxes in the canister walls and PCM. Because the heat-� ux distri-
bution is symmetric relative to the line x =0 in the (x , y) plane,
q( h ) =q(2 p ¡ h ); the temperature distribution is also symmetric
relative to the same line.

The temperatureand density contoursin the (x , y) plane (Fig. 18)
con� rm that not only the temperaturedistributionis nonaxisymmet-
ric, but so is the density distribution.For instance,Fig. 18 shows that
the void is nonexistentat h =0, but appears at approximately10 deg
and grows in size until it reaches its maximum size at 180 deg. The
soliddistributionis also nonaxisymmetric.The rate of meltingof the
solid PCM depends on the local heat-transfer distribution.Because
of theheat-� ux distribution,the localconcentrationof the solidPCM
is minimal at angular location h =0 and maximal at h =180 deg.

Therefore, the asymmetry in the temperature distribution creates
an asymmetry in the void distribution. During the onset of melt-
ing, the liquid PCM starts to form � rst in the hottest region, which
is located near the outside wall at h =0. Because the solid-void
is immovable, the size and shape of the void in regions containing
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Fig. 18 Canister temperature (– – – ) and density (——) contours:
space experiments, TES-1, case 2, variable volume void, view from
above, (x, y) plane, z = L/4.

solid remain unchanged.On the other hand, the liquid-voidinterface
is moving and shrinking the void in the regions containing liquid
PCM. Thus the void is smallest in the regions that melt � rst (and
solidify last), i.e., the hottest regions.Unfortunately,this result con-
tradicts the observationsthat showed that the void tends to be in the
hottest regions.This phenomenoncan be explainedby the in� uence
of the Marangoni � ow on the liquid-void interface.17 Because sur-
face tension � ows have been excluded from the transient analysis in
the present study, this effect is not seen in the computationalresults.

Conclusions
Two-dimensionalaxisymmetricand three-dimensionalcomputa-

tional models of cylindrical phase change thermal energy storage
canisters were developed.Data from ground and space experiments
were analyzed.

The strength of the models is in the fact that they include two
features that were often omitted in previous studies, namely the ra-
diativeheat transfer in the void and the liquidPCM and a void model
that accounts for the void volume change during the phase change.
Althoughthemodelswere developedin the cylindricalsystemof co-
ordinates, Cartesian and spherical versions can be developed using
the same approach.

This study showed that the void is a location of hot spots in the
canister. A smaller void size results in a higher effective canister
conductivity and, therefore, lower temperatures. When the void is
changing in size, it can create a quenching effect in the canister
walls, i.e., a larger area of contact between the liquid PCM and
canister walls, which results in lower temperatures.

Inclusion of the radiative heat � ux in the void and the liquid
PCM reduces the overall canister thermal resistance and results in
decreasing the canister-wall temperature. Absorption in the liquid
PCM has a negligible effect on the temperature distribution in can-
isters because of the small optical length of the liquid layer.

Computations showed that surface-tension-driven and Maran-
goni-type � ows should be considered in future investigations. In-
clusion of these � ows would improve capabilities to predict the
shape and location of the void, which proved to be a vital part in
accurate computations of the canister behavior.

Speci� c conclusions for the ground experiments are that convec-
tion heat transfer is equally important to that of the radiation heat
transfer and that radiation heat transfer in the liquid is found to be
more signi� cant than that in the void. Including the radiation heat
transfer in the liquid resulted in lower temperatures (about 15 K).
In addition, a transient void creates a quenching effect, when the
temperature of the outside wall in simulations with a moving void
is lower than in stationary void simulations.

For space experiments radiation transfer in the void is found to
be more signi� cant than that in the liquid (exactly the opposite
of the ground experiments). Accordingly, the location and size of
the void affect the performanceconsiderably.In addition, including

the radiation heat transfer in the void resulted in lower tempera-
tures (about 30 K). Moreover, an asymmetry in the heat � ux creates
asymmetries not only in temperature distribution, but also in the
void distribution.The void tends to be smaller in hotter regions.
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