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A B S T R A C T   

A method to increase the storage time of frozen materials in a PCM cold box maintained at a sub-zero tem-
perature has been investigated in this paper. The configuration of a single Phase Change Material (PCM) pack 
surrounding the payload and subsequently surrounded by an insulation layer is termed as a bilayer configuration. 
Our study shows that by changing the configuration into two bilayers, which is a series of PCM and insulation 
pairs, a significant advantage is gained in terms of the total time for which the payload stays at the desired frozen 
temperature. A parametric thermodynamic model is developed to calculate melting time of the PCM in a single 
and a two bilayer box configuration having same volume of the PCM and insulation materials. Rather coun-
terintuitive, the model revealed that the optimum design is when the PCM mass is asymmetrically distributed in a 
two bilayer configuration. Using the properties of a eutectic PCM (melting point of − 49.8 ◦C) and vacuum 
insulation panels, a storage time increase of more than 30% is achieved when the inner PCM mass is 10% of the 
total PCM mass. The ambient temperature considered in this example is 20 ◦C. Furthermore, it is shown that the 
storage time increases when the temperature difference between the ambient and the PCM melting increases for 
a two bilayer configuration.   

1. Introduction 

Several types of biomedical materials, such as fresh frozen human 
and animal tissue, cell lines, stem cells and antibodies must be kept in 
the deep frozen state during transport. The transport of such materials is 
important if the acquisition of the materials, and the processing and/or 
testing of these materials takes place at different locations. This is the 
case, for example, in the performance of clinical studies, molecular 
diagnostic tests, setting up of biobanks and research and development 
studies. Due to the increase in such activities, the demand for refriger-
ated cold chain transportation of biomedical samples is also increasing 
rapidly [1,2]. 

The desired temperature during transportation should be below the 
glass transition temperature of the water, which is about − 40 ◦C [3,4]. 
The workhorse material in the industry to serve this purpose is dry ice 
with a sublimation temperature of − 79 ◦C at atmospheric pressure. 
Recent advance in this field is the use of Phase Change Material (PCM) 
packs, which are eutectic mixtures with a solid to liquid melting point at 
the desired cold temperature [5–9]. Recently, Friend and Stone [10] 
developed a PCM based technical solution to support the cold chain for 
the transportation of Ebola vaccine in Sierra Leone and Guinea. 

The advantage of PCM packs is the ease of use to the end user as the 

packs can be recycled by cooling them in a freezer. Moreover, venting is 
not required as in case of dry ice where the CO2 vapor needs to be 
vented. The PCM packs are enclosed in a thermally insulated container. 
A metric for this container is the time the payload is kept cold for a given 
volume or weight of the container. Therefore, the goal of science and 
engineering is to reduce the size and weight for a fixed cold storage time. 

Kozak et al. [11] studied the role of insulation and PCM in a 
container and showed that an optimum exists in the dimensions of the 
PCM pack and insulation that result in the largest cold transportation 
time. Jensen et al. [12] investigated different parameters that affected 
the cold storage time of a vaccine cooler cabinet. Four parameters 
namely, PCM height, PCM mass, insulation thickness, and overall heat 
transfer (UA-value) across thermal bridges between different compo-
nents of the cabinet were considered. Their results showed that higher 
PCM mass and lower UA-value of thermal bridges significantly increased 
the cold storage time. The literature in the past have mainly focused on 
optimizing the performance of traditional cold storage box having a 
bilayer arrangement. 

To gain useful insights into the role of dimensions on the configu-
ration of the PCM pack and insulation, let us consider a cubical shell of 
thickness t, with each face at a distance x from the center of the cube. 
Assuming constant thermophysical properties, the thermal resistance of 
the shell scales with R ∝ x− 2, and the heat capacity, which is 
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proportional to the volume of the shell as C ∝ x2. This scaling rule 
suggests that the effectiveness of the insulation is increased when it is 
positioned close to the center of the box and PCM material away from 
the center of the box. For a fixed total weight of the phase change ma-
terial and the insulation, it is clear from this first order analysis that it is 
beneficial to configure the inner core with insulation, which prompted 
us to investigate a two-bilayer configuration depicted in Fig. 1. In a two 
bilayer configuration, the specimen volume is surrounded by a PCM 
material, followed by thermal insulation and a second layer of PCM and 
outer insulation. The total volume of the PCM and insulation materials is 
the same as an equivalent single bilayer configuration. 

The main objective of this paper is to develop a quantitative para-
metric model to explore the influence of dimensions of the various layers 
(PCM and insulation) on the storage time. The limitation of this model is 
the lumped capacitance approximation, which is valid only for think 
slabs of PCM, which is a reasonable approximation for a typical PCM 
box. Even though this model works under limited conditions it clearly 
presents the key factor of influence of the total cooling time of the sys-
tem. These key factors are material property decided by Stefan number 

(the ratio of the heat capacity to the latent heat of PCM) and phase 
transition temperature of PCM, the distribution of mass of PCM in 
different layers and the distribution of insulation material. In this paper, 
all the analysis is presented for a cubical geometry, but this modelling 
approach can also be used to analyze other geometries. The model re-
veals that a two bilayer PCM box perform better than its single-layer 
equivalent. Rather counterintuitive, the optimum two bilayer configu-
ration is the one where the PCM in the inner layer is about 10% of the 
total PCM mass. 

In this paper, the physics of the bilayer configuration is formulated, 
and the assumptions are discussed. Using this model, the performance of 
a two bilayer box geometry is compared to a single bilayer configuration 
of equal PCM and insulation mass. Equal masses of the two configura-
tions also lead to equal volumes. The influence of key parameters like 
the distribution of PCM and insulation mass in the two bilayers, and the 
ambient temperature is studied. 

Nomenclature 

a Half width of the box [m] 
c Specific heat capacity [J kg− 1 K− 1] 
C Heat capacity [J K− 1] 
d Layer thickness [m] 
g Acceleration due to gravity [m s− 2] 
l Specific latent heat [J kg− 1] 
L Latent heat [J] 
M Mass [kg] 
R Thermal resistance [K W− 1] 
T Temperature [K] 
t Time [s] 
U Thermal conductance [W K− 1] 
x Half width of a PCM or insulation layer [m] 

Greek symbols 
λ Thermal conductivity [W m− 1 K− 1] 
ρ Density [kg m− 3] 
α Thermal diffusivity [m2 s− 1] 
β Thermal expansion coefficient [K− 1] 
ν Kinematic viscosity [m2 s− 1] 

Subscripts 
i Insulation material 
m Melting point 
melt Melted section of the PCM 
o Ambient conditions 
PCM Phase Change Material 
s Single bilayer 
1, 3 PCM layers 
2, 4 Insulation layers  

Fig. 1. Top view schematic representation of a traditional bilayer cold storage box is shown on left. Yellow (small square at the centre), grey (middle square 
surrounding the small square) and black (outermost square) colour represent payload, PCM, and insulation, respectively. Top view of two bilayer configuration is 
shown on right consisting of alternating layers of PCM and insulation layers. The subscript to represent PCM layer dimensions in the two bilayer configuration is an 
odd number and insulation layer dimension is represented by an even number. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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2. Model formulation 

Consider a single and a two bilayer PCM storage container shown in 
Fig. 1. The cold storage time refers to the total melting time of the PCM. 
In case of a single bilayer configuration, the storage time is equal to the 
melting time of a single PCM pack, whereas in a two bilayer configu-
ration, the storage time is the time when the PCM in the inner layers 
melts. The assumptions made in the mathematical formulation are: 

1. The thermal conductivity of the insulation material λi is an order 
of magnitude lower than the PCM λPCM. In our analysis, the thermal 
conductivity of insulation material and PCM used are 0.012 W/m/K 
[14] and 0.560 W/m/K [13], respectively. 

2. The heat capacity of the insulation material is negligible 
compared to the PCM. 

3. The ambient temperature T0 is constant. It is important to note 
that in a practical application of a PCM box, the outer surface of the 
insulation box is subjected to natural convective heat transfer to the 
ambient. However, a heat flux boundary condition on the outer surface 
can be replaced by a constant temperature boundary condition for suf-
ficiently high Biot number of insulation box as shown by Purandare et al. 
[13]. A typical insulation box used in such applications has a Biot 
number of ≈10 or greater indicating that resistance inside insulation is 
greater than that at the surface. Therefore, a constant temperature 
boundary condition equal to the ambient temperature can be considered 
at the external surface of the insulation box. 

4. Density differences in PCM melt, in the presence of gravity, gives 
rise to the buoyant force resulting in convective movement. However, 
there are other effects that counteract the convective movement, 
namely, viscosity and thermal diffusivity of the fluid. The relative 
importance of these effects for buoyancy driven flows is given by a non- 
dimensional Rayleigh number, see eq. 1. There exists a critical Rayleigh 
number (Rac1) for a given fluid and geometry dimension (x) below 
which the effect of convection can be neglected and heat transfer occurs 
by conduction. The Rayleigh number for water with dimensions 
considered in our work is of the order 106. This value is close to the 
critical Rayleigh number reported by Heitz and Westwater for L/D > 6 
[16]. Where L and D are the vertical and horizontal dimensions of the 
test section containing test liquid, respectively. In practice, it is common 
to add some additives in PCMs to increase their viscosity to further 
reduce the Rayleigh number. Therefore, gravity and buoyancy effects 
are neglected in our work and it is assumed that heat transfer happens 
only through conduction. 

Rax =
gβ(T0 − Tm)x3

να (1) 

5. The thermal conductivity and specific heat capacity are not a 
function of temperature. 

6. One dimensional heat diffusion i.e. heat diffuses perpendicular 
to the surface area of the box. 

Based on the first assumption and for small Stefan numbers, the PCM 
may be lumped because the corresponding Biot number Bi = λi/λPCM< 1, 
indicating heat transfer occurs faster in the PCM compared to the 
insulation. Equating the heat flow to the solid-liquid boundary of the 
PCM and through the insulation during the melting of a PCM layer will 
give, 

λi

di
ΔTi =

λmelt

dmelt
ΔTmelt (2)  

where ΔTi is the temperature difference in the insulation, ΔTmelt is the 
temperature difference in the melting section of the PCM, and dmelt is the 
thickness of the melted section of the PCM, respectively. Rearranging 
the parameters, 

ΔTmelt

ΔTi
=

λi

di
.
dmelt

λmelt
≈ 10− 2 (3) 

Considering an order of magnitude estimate of the parameters, dmelt 
~ 10− 3 m, di ~ 10− 2 m, λi ~ 10− 2 Wm− 1K− 1 and λmelt ~ 10− 1 Wm− 1K− 1, 
and ΔTi ~ 102 K, the temperature rise in the PCM melt ΔTmelt is only ~ 1 
K. Therefore, the contribution of the specific heat capacity during the 
melting of a PCM layer is negligible compared to the latent heat of the 
PCM layer. After complete melting of the PCM layer, latent heat has no 
role and the energy storage due to specific heat will become relevant. 

The total time taken for the PCM to melt completely in a two-bilayer 
configuration, which is the sum of the time taken for the melting of the 
outer and the inner PCM layer is derived here. The time taken for the 
complete melting of the outer layer t3 is obtained by equating the energy 
flow through the outer thermal resistor R4 and the integral of latent heat 
in the PCM outer layer L3, 

t3 =
L3R4

T0 − Tm
=

lM3R4

T0 − Tm
(4)  

where T0, Tm is the ambient and melting temperature, respectively. After 
time t3, the outer PCM layer rises in temperature leading to a heat flow to 
the inner PCM layer. Applying heat transfer balance across the outer 
PCM layer, the temperature rise of this layer is given by, 

Ṫ3 =
1

C3

[
T0 − T3

R4
−

T3 − Tm

R2

]

= α − βT3 (5)  

where, α = 1
C3

(
T0
R4

+ Tm
R2

)

and,β = 1
C3

(
1
R4

+ 1
R2

)

. 

Solving eq. 5 with initial condition T3 equal to the phase transition 
temperature Tm, we get 

T3 =

(
α
β
−

(
α
β
− Tm

)

e− βt
)

(6) 

The energy balance of the inner PCM layer will lead to the following 
expression, 

L̇1 =
T3 − Tm

R2
(7) 

Inserting T3 from eq. 6 in eq. 7 and upon integration will lead to the 
following expression, 

L1 =
1
R2

(
α
β
− Tm

)(

t1 −
1
β
(
1 − e− βt1

)
)

(8) 

Solving this equation implicity t1 is obtained. The total cold storage 
time of a two-bilayer configuration ttotal is the sum of t1 and t3. 

To gain insight into the melting time under extreme limits the 
exponential term in the above equation is expanded using Taylor series, 

L1 =
T0 − Tm

2C3R2R4
t2
1 −

1
β

O
(
(βt1)

3 )
. (9) 

Considering a small β limit, corresponding to a large C3 and therefore 
a small C1, the melting time is, 

t1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2C3R2R4L1

T0 − Tm

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2cl(MPCM − M1)M1R4R2

T0 − Tm

√

. (10) 

A large β (β → inf) value, implies C3 → 0 therefore 1β (1 − e− βt1 ) term in 
eq. 8 tends to zero, 

L1 =
1
R2

(
α
β
− Tm

)

t1 =
T0 − Tm

R4 + R2
t1 (11) 

This expression is similar to the melting time of a single bilayer 
derived in eq. 4, where the total resistance seen by the inner PCM layer is 
the sum of thermal resistances of the two insulation layers. 

The above analysis is a lumped capacitance model for 2 bilayer 
configuration. Here, the thermal resistance and capacitance as a func-
tion of the dimensions and thermophysical properties of a cuboidal or 
box configuration with the PCM and insulation layers is derived. The 
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thermal resistance of a layer with an inner side 2xn and thickness dn is 

R =
1

24λ

(
1
xn
−

1
xn + dn

)

(12)  

in which subscript value of n are even numbers. 
The latent heat L and heat capacity C of a layer is proportional to the 

volume of the layer, 

L = 8ρl
(
(xn + dn)

3
− x3

n

)
(13)  

C = 8ρc
(
(xn + dn)

3
− x3

n

)
(14) 

Substituting R, L and C for the corresponding PCM and insulation 
layers of a bilayer configuration into eqs. 4–8, the total melting time in a 
box geometry can be determined. 

3. Benchmarking methodology 

For a fair assessment of the two bilayer against a single bilayer 
configuration, the following constraints are imposed. For a given vol-
ume of the payload at the center of the box, 

1. The total weight of the box is fixed. 
2. The total weight of the PCM MPCM in the two and single bilayer 

configuration is the same, implying in a two bilayer configuration M1 +

M3 = MPCM 
It is interesting to note that these constraints will lead to equal vol-

umes of the boxes. From the above constraints the PCM and insulation 
volume in a box consisting of either a single or a two bilayer is the same. 
Since the total volume of a box is the sum of specimen volume, PCM and 
insulation volume, the outer side width of both the boxes will be equal. 

Using eq. 2, the total melting time of a PCM in an equivalent single 
bilayer configuration is 

ts =
LPCMRi

T0 − Tm
=

RilMPCM

T0 − Tm
(15)  

in which LPCM and Ri are the equivalent latent heat and thermal resis-
tance of the box. The thermal resistance Ri of the insulation layer is, 

Ri =
1

24λ

(
1
xi
−

1
xi + di

)

(16)  

in which xi and di are the dimensions of the insulation layer (see Fig. 1). 
The outer side width of the box is fixed due to equal mass constraint of 
the boxes. The inner half width is determined from the volume of the 
PCM mass as, 

xi =

(
MPCM

8ρPCM
+ xPCM

3
)1

3

. (17) 

Therefore, for a given constraint of the total mass of the box and PCM 
the melting time is evaluated using eq. 15. 

A two bilayer configuration has four layers (two PCM and two 
insulation) and therefore four parameters with two constraints, resulting 
in a two parameter optimization problem. The mass fraction of the inner 
layer of the PCM, M1* = M1/MPCM and the insulation thickness of the 
inner layer, d2* = d2/a are the two parameters varied in this study. 

In this paper, the physical properties of the PCM and thermal insu-
lation used in the calculations are summarized in the Table 1. A constant 
ambient temperature T0 equal to 300 K is considered. The corresponding 
Stefan number for the PCM is 1.19 and the Biot number is 0.02. The total 
mass of the box is 2 kg and the PCM mass is equal to 1 kg. We will show 
later that the time gain remains the same irrespective of the size of the 
box. While comparing the two bilayer configuration with respect to the 
single bilayer for the constraints mentioned above, the time gain, which 
is the ratio of the total melting time of the PCM in two bilayer config-
uration to the melting time of PCM of the single bilayer tgain = (t1 + t3)/ts 
will be used as a metric. 

4. Results and discussion 

Fig. 2 shows the contour plot of the time gain as a function of the two 
parameters M1* and d2*. It is interesting to note that the maximum time 
gain value is not located close to M1* = 0.5, i.e. for equal distribution of 
the PCM mass between the inner and outer PCM layers. This rather 
counter-intuitive result is understood by investigating the melting time 
of the individual PCM layers. This analysis will be developed by 
considering the variation of the time gain as a function of M1* for a fixed 
d2*, and vice-versa around the maximum time gain parameters. 

The melting time of each individual PCM layer as a function of the 
mass fraction for a fixed value of d2* = 0.11 is shown in Fig. 3 (a). The 
melting time of the outer PCM layer t3* is varies linearly to the PCM 
mass M1*. This trend is explained by observing eq. 4 and is now 
expressed in dimensionless form as, 

t*3 =
t3

ts
=

M3R4

MPCMRi
∝M*

3 =
(
1 − M*

1

)
(18) 

Since thermal resistance R4* = R4/Ri is a weak function of M1* (see 
Fig. 3 (b)) the melting time t3* varies linearly with respect to M1*. 

On the other hand dimensionless melting time of inner PCM layer t1* 
has a non-linear characteristic because the temperature difference 
driving the melting process varies with time. This characteristic for 
various values of M1* is explained by examining two parts of this curve, 
for low values of M1* and secondly as M1* → 1. For low values of M1*, 
the melting time of the inner layer that is derived earlier for a small β 
limit is valid. Expressing eq. 10 in dimensionless form, the melting time 
is, 

Table 1 
Physical properties of the sub-zero eutectic PCM solution â€“PlusICE E-50 [14] 
and insulation material [15] used in the calculations.  

Phase Change Material 

Phase change temperature − 49.8 ◦C 

Latent heat of fusion 218 kJ kg− 1 

Specific heat capacity 3.28 kJ kg− 1 K− 1 

Density 1325 kg m− 3 

Thermal conductivity 0.560 W m− 1 K− 1  

Insulation material 
Density 200 kg m− 3 

Thermal conductivity 0.012 W m− 1 K− 1  

Fig. 2. Contour plot of the time gain i.e. the ratio of the melting time of a two 
bilayer box to a single bilayer box as a function of the dimensionless PCM mass 
M1* = M1/MPCM, and insulation thickness d2* = d2/a. 
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t*1 =
t1

ts
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2c(T0 − Tm)

l

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1 − M*

1

)
M*

1R*
4R*

2

√

(19) 

Now R2* and R4* should be expressed as a function of M1*. R4* is a 
weak function of M1* as elaborated earlier. When the inner insulation 
thickness is small compared to the frontal conduction area, the thermal 
resistance of the inner insulation scales as R2* ∝ x2

− 2. The mass of inner 
PCM layer scales as M1 ∝ x2

3 because x1 is constant, which is equal to the 
external dimension of the storage volume. Therefore, the inner insu-
lation resistance scales as R2 ∝ M1

− 2/3. Eq. 19 can be written as, 

t*1∝
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
1 − M*

1

)(
M*

1

)1/3
√

(20)  

and explains the rapid increase of t1* around the origin in Fig. 3 (a). As 
M1* → 1 it implies that β → inf and the expression of the melting time of 
the inner PCM layer is given by eq. 11. Expressing this equation in 
dimensionless form, 

t*1 =
t1

ts
= M*

1 .
R4 + R2

Rs
(21)  

shows a linear characteristic with respect to M1*. When M1* = 1 the sum 
of R4 and R2 is equal to Rs and the time gain is equal to one because the 
two bilayer configuration approaches the single bilayer configuration in 
this limiting case. 

Having understood the time gain of the two bilayer configuration as 
a function of mass fraction of the inner PCM, we will investigate the 
influence of the second geometry constraint, the inner insulation 
thickness d2* = d2/a on the time gain. The melting time of the inner and 
outer PCM layers as a function of d2* for a fixed value of M1* = 0.11 is 
shown in Fig. 3 (c). The maximum value of the inner insulation layer 
shown in the figure corresponds to an insulation mass fraction of 1.0. 

t*3 =
t3

ts
=

M3R4

MsRs
∝R*

4 (22)  

since mass fraction of PCM is fixed in this case. The resistance R4* as a 
function of d2* is shown in Fig. 3 (d) and the melting time t3* follows this 
characteristic. We will now investigate the melting time of the inner 
PCM layer. Since the PCM mass fraction in this analysis is equal to 0.11, 
we will use the small β approximation for the melting time t1*. In eq. 19 

the mass fractions are constant, meaning that t*
1∝

̅̅̅̅̅̅̅̅̅̅̅

R*
2R*

4

√

and the char-

acteristic of t1* shown in Fig. 3 (c) resembles the characteristic of 
̅̅̅̅̅̅̅̅̅̅̅

R*
2R*

4

√

shown in Fig. 3 (d). The total melting time tgain, which is the sum of t1* 
and t3* is shown in Fig. 3 (c) as a function of insulation thickness d2*. 
When the insulation thickness is reduced to zero the time gain tgain ap-
proaches 1.0 as the two bilayer configuration approaches a single 
bilayer configuration. The time gain also shows a rather flat optimum 
with respect to the thickness. 

Fig. 3. Melting time of an individual PCM layer in a two bilayer configuration shown as a function for varying PCM mass M1* and a fixed value of d2* = 0.11 (a) and 
for varying d2* and a fixed value of M1* = 0.1 (c). The corresponding thermal resistances of the insulation layers are shown in (b) and (d), respectively. 
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From the above analysis we conclude that in a two bilayer configu-
ration the interplay of the heat capacity of the PCM layers and the 
thermal resistance of the insulation layers contribute to an increase in 
storage time in a box geometry. However, it is not yet clear which of 
these two effects is significant. To isolate these effects a two bilayer 
configuration with a hypothetical material having a zero PCM specific 
heat capacity is considered. In the absence of the specific heat the PCM 
layer after melting rises instantaneously to the source temperature T0. 
The total melting time of the PCM in the two bilayer configuration can 
now be written as, 

tc=0 =
L3R4 + L1(R2 + R4)

T0 − Tm
(23) 

The contour plot of the time gain for the same values of M1* and d2* 
as used previously is shown in Fig. 4. It is interesting to observe that a 
marginal time gain improvement of only 2% is achieved in this case, 
highlighting the importance of the role of specific heat capacity in 
increasing the time gain of a two bilayer configuration. 

The impact of scaling up of the system on the time gain of a two 
bilayer configuration is also studied here. The basis of scaling is to vary 
the total mass of the box and increase the mass of PCM and insulation 
layers by the same proportion. Also, the specimen volume is increased 
proportionally. Fig. 5 shows the time gain as a function of mass fraction 
of the inner PCM layer M1* for several scaled systems. The time gain is 
same for all the systems, a constant number is added for better visuali-
zation of the plots. This observation can be explained by the fact that 
heat capacity and latent heat scales directly with the scaling factor and 
thermal resistance scales inversely with the scaling factor. The melting 
time of the PCM layers represented by eq. 4 and 10, has a product of 
resistance and latent heat or heat capacity, therefore the scaling factor 
cancels in the resulting expression. 

The analysis presented here shows that by redistributing the PCM 
and insulation materials of a conventional single bilayer storage box, a 
higher cold storage time is realized in a two bilayer box. The design rules 
for a box shaped geometry is to include a larger quantity of PCM at the 
outer PCM layer. It is interesting to note that when doing this compar-
ison the effective thermal conductivity of the insulation material cancel 
in the dimensionless time expressions (see eqs. 18, 19). The only rela-

vant factor is 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2c(T0 − Tm)

l

√

from eq. 19. The latent heat capacity l should be 
as large as possible to have a large value of absolute storage time. 
Therefore, the benefit of a two bilayer box would be large when the 

specific heat capacity is large and the temperature difference is large. 
Numerical simulations are performed for the two bilayer box with an 
optimum configuration discussed above for varying ambient tempera-
ture T0. The time gain shown in Fig. 6 increases for a larger temperature 
difference between ambient and the melt temperature. 

From a practical perspective, the gain in the performance of a two 
bilayer box compared to a single bilayer box should be weighed against 
the added complexity of (dis-)assembling these layers for regeneration 
and usage. Although this study is limited to a box shaped geometry, it 
would be interesting to perform this optimization for other geometries, 
such as cylindrical and spherical shapes because the surface area to 
volume ratio is higher for these geometrical shapes compared to a box 
geometry. 

5. Conclusion 

By using simple approximations to the mathematical model of a two 
bilayer cold box composed of PCM and thermal insulation layers, we 
show that the melting time of the total PCM can be increased compared 
to an equivalent single bilayer box. For the PCM and the isnulation 

Fig. 4. Contour plot of the time gain with respect to the dimensionless PCM 
mass M1*, and insulation thickness d2* with specific heat capacity of PCM set to 
zero value. 

Fig. 5. The time gain metric shown here for several box sizes as a function of 
PCM mass fraction of the inner layer. A constant number is added to the time 
gain for better visualization. 

Fig. 6. The time gain metric as a function of varying ambient temperature T0.  
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properties considered in our work, an increase of more than 30% in 
storage time is evaluated when inner PCM mass is 10% of the total PCM 
mass, and when the inner insulation thickness is about half of the total 
insulation thickness. The main reason for this time gain is due to an 
increase in the effectiveness of thermal insulation and the use of specific 
heat of the outer PCM to delay the melting process of the PCM. The 
distribution of PCM between the two layers is independent of the total 
mass of the system. Moreover, the ambient temperature has a strong 
influence on the storage time. It is shown that storage time of an opti-
mum two bilayer box increases with the increase in the temperature 
difference between the ambient and PCM melting temperature. 
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