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Abstract: The paper presents the investigation of a prototype cold accumulator using water–ice
latent heat for the cold storage process. The concept of the cold accumulator was based on a
200-L-capacity cylindrical storage tank in which spherical capsules filled with water were placed.
Beds of polypropylene capsules with diameters of 80 mm, 70 mm, and 60 mm were used in the
tests. The cold accumulator operated with a water–air heat pump. Based on the test results, the
following parameters were calculated: the cooling capacity, cooling power, energy efficiency of the
cold storage, and energy efficiency ratio (EER) of the accumulator. The obtained measurement results
were described with mathematical relationships (allowing for measurement error) using criterial
numbers and the developed “Research Stand Factor Number” (RSFN) index. It has been found
that, for the prototype cold accumulator under investigation, the maximum values of the cooling
capacity (17 kWh or 85.3 kWh per cubic meter of the accumulator), energy efficiency (0.99), and EER
(4.8) occur for an RSFN of 144·10−4. The optimal conditions for the operation of the prototype cold
accumulator were the closest to laboratory tests conducted for a bed with capsules with a diameter of
70 mm and a mass flow of the water–glycol mixture flowing between the accumulator and the heat
pump of 0.084 kg/s. During the tests, no significant problems with the operation of the prototype
cold accumulator were found.

Keywords: thermal energy storage; cold storage; latent heat; phase-change material; ice

1. Introduction

In the majority of European countries, the demand for cooling in residential and public
buildings is unpredictable. The maximum demand for cooling power occurs rarely and
then only for short periods of time. At the same time, this demand directly influences the
nominal cooling power when selecting devices for a cooling installation in a building [1].
One of the directions for improving the energy performance of this type of installation is
to use cold storage with a simultaneous reduction of the nominal cooling power of the
cold source [2–4]. This solution enables the storing of cold air when the cold demand is
lower than the nominal power of the cooling devices and then using it at times when peak
loads exceeding the cooling device’s power occur [5]. The effective use of cold storage
requires, however, a high energy storage density or high energy efficiency [6–8]. However,
it allows for significant energy and economic effects [1,9–11]. The implementation of energy
storage systems for the reduction of energy consumption in the building sector is currently
one of the most challenging research topics [12–16]. The most common solution currently
used in cold storage processes in the technical systems of buildings is ice water. In such
a solution, cold is accumulated by using the thermal capacity of water. However, this
process is characterized by a low storage density. This creates the need for cold tanks of
a considerable volume [17,18]. To overcome this problem, cold tanks producing ice on
coil heat exchangers started to be employed [19]. This enables the utilization of the heat
of water–ice phase change for cold storage. Devices with either external or internal ice
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melting can be distinguished here. Using tanks of this type creates, however, a number
of new problems not occurring in ice water tanks. One of the most significant issues is
the need for compensation for the negative effect of the thermal expansion of ice during
water freezing. As a result of the change in its internal structure, ice increases in volume by
approx. 10% compared to water of the same mass. In addition, the cold tanks producing ice
on coil heat exchangers must use a minimum of two circulations to enable its regeneration,
which often complicates the technical installation [20]. It should be emphasized here that
tanks of this type are most commonly used in heating systems as a lower source of energy
for the heat pump [21,22]. A drawback of such reservoirs is the inability to utilize the
whole volume of water in the tank— usually, the working volume of these tanks is 80% of
the total tank volume. The thermal expansion problem was eliminated by employing tanks
using binary ice or a suspension of fine ice particles in a water solution. The advantage of
this solution is commonly considered to be the possibility of forcing binary ice through the
installation’s lines as a homogeneous liquid [23]. Binary ice, however, has its disadvantages.
The first of them is the need for using ice generators totally separate from the cold source
of a building’s cooling system. An added difficulty of using binary ice is the necessity
of adding substances that lower the water freezing point to the water to allow the liquid
to be overcooled and maintain ice in a solid phase. This makes the number of binary ice
working cycles dependent on the delamination of the mixture. Melting the ice directly in the
mixture makes the regeneration of the bed difficult because of the primary mixture losing
its physical characteristics due to dilution with water [24]. A solution to this problem may
be the use of water-filled capsules as a bed in the cold tank [25–27]. Such capsules can form
a direct packing of tanks. The capsules may occur as either micro- or macrocapsules [28].
Microcapsules are particles of phase-change material (PCM) of a size of up to 1000 µm,
closed within thin and, at the same time, strong casings. Such capsules are used as an
element of constructional or insulating materials or placed in a special matrix enabling the
capsules to be used in a cold tank [29,30]. Macrocapsules, i.e., capsules of sizes not larger
than 1000 µm, may have the form of tubes, pouches, spheres, panels, or other containers
or ampoules [28,31–34]. Regardless of the cold storage solution adopted, ice is attractive
due to its wide availability and low cost compared to other PCM materials. In addition, ice
is neutral for the natural environment and human health. This is an important aspect to
consider in terms of the installation, operation, and possible failures of a cold tank. Using
additive-free pure ice closed in capsules eliminates the problem of ice pressure on the tank
walls during freezing and does not limit the number of possible cold tank operation cycles.
As the capsule is filled with water for 90% of its volume, the incrementing ice will result in
filling it almost to 100%. In addition, the capsule has some tolerance to stretching caused by
the ice increment. Experiments with HDPE (High-density polyethylene) capsules [35] have
shown that the spherical capsule may increase in volume by 7% without losing the tightness
and then revert to the original condition after the ice has melted. So, the phenomenon
of the thermal expansion of water as it freezes does not affect the tank’s construction.
Another important issue is the management of waste heat generated during the charging
of the cold accumulator [6]. Based on the review of the current state of knowledge, it has
been assumed that using encapsulated ice as cold tank packing eliminates the effects of
thermal expansion typical of exchangers producing ice on the coil. Encapsulated ice allows
an unlimited number of cold tank operation cycles. Because of the complete isolation
of the ice from the working fluid in the cooling system, there is no possibility of losing
the physicochemical properties of the fluid due to its dilution with water. Thanks to the
isolation of the ice from the working fluid, it is possible to use a single storage installation
both for charging and discharging of the cold tank. By utilizing the heat of the water–ice
phase change, it is possible to achieve a high cold storage density [24,26].
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2. Materials and Methods
2.1. The Object of Investigation

In the framework of the study, a testing stand was constructed to determine the
characteristic states of operation of the prototype cold accumulator. The proposed cold
accumulator utilizes the heat of the water–ice phase change for the process of cold storage.
The concept of the cold accumulator was based on a 200-L-capacity cylindrical storage
tank (with a height of 0.78 m and a diameter of 0.57 m) in which spherical capsules
filled with water were placed. The adopted size of the tank made it possible, on the one
hand, to carry out tests on a commercial scale (1:1 scale) and, on the other hand, to use
the laboratory testing infrastructure to correctly control the thermal and flow conditions
during measurements. Beds made up of polypropylene capsules (HDPP) in three different
diameters, namely 400 capsules of a diameter of 80 mm, 542 capsules of a diameter of
70 mm, and 959 capsules of a diameter of 60 mm, were used in the tests. The polypropylene
capsule, compared to, for example, the polyethylene capsule (HDPE), has higher chemical
resistance, better withstands low temperatures, and does not undergo corrosion due to the
penetration of moisture into the material and its freezing inside it. Compared to HDPE,
HDPP is stiffer and harder at the same wall thickness. The choice of capsule diameters did
not result from advanced numerical analyses. The adopted criteria are, on the one hand,
the minimization of capsule purchasing costs (as well as water encapsulation costs), the
reduction of the excessive resistance of flow through the bed in the case of an excessive
number of fine capsules, and the maximization of the water capacity of capsules. The
reference value that was adopted is the expected bed porosity in the range from 0.45 to
0.55. Similar capsule diameters of 40 mm, 50 mm, and 70 mm were also adopted in the
research [36]. The capsules were filled with water and flushed by the heat transfer fluid
(HTF) in the cold storage installation, i.e., a water–glycol mixture with a 33% fraction of
propylene glycol. The characteristic parameters of the water–glycol mixture are given in
Table 1.

Table 1. The characteristic parameters of the water–glycol mixture used as a heat transfer fluid in the
test installation: 33% water solution of propylene glycol.

Parameter Value

Density,
ρf (kg m−3) 1053

Specific heat,
cp,f (kJ kg−1 K−1) 3.66

Thermal conductivity,
λ (W m−1 K−1) 0.404

Kinematic viscosity,
ν (m2 s−1) 0.0000124

Capsules with diameters of 60 and 70 mm, respectively, were made colorless for the
better control of the degree of water fill-up of the capsules and checking their tightness at
the time of tank opening for control purposes. For technological reasons, 80-mm-diameter
capsules were made white by adding a powdered dye. The purpose of this was to increase
the rigidity of the capsule wall. The capsules were filled with water up to a volume of 90%.
The remaining 10% of the free space got filled with ice due to the change in the volume of
water as it froze. The free space assumed when filling the capsules protected the capsule
against possible unsealing. The capsules were filled with water by piercing the surface,
injecting water, and then sealing the hole with a special acrylic gel with high chemical
resistance and hardening in contact with air. The capsules were subjected to thermal
expansion testing. To this end, a capsule was filled with water to 100% of its volume and
then subjected to 20 cycles of freezing. In spite of an approximately 5% increase in the
capsule volume during freezing, no unsealing was noted, either by the capsule coating
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cracking at the joining location or due to a loss of the properties of the adhesive used
for closing up the hole after injecting the water. After thawing, the capsule reverted to
its original volume without losing its tightness or mechanical properties. A view of the
capsule bed being partially flooded with the water–glycol mixture is shown in Figure 1.
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Figure 1. The inside of the cold accumulator with a bed of spherical capsules.

The prototype cold accumulator was operated with a modified water–air heat pump.
The modification consisted of the adaptation of a heat pump designed for operation with a
heat transfer fluid in the installation by replacing the heat pump’s controller. This allowed
the heat pump to operate with the HTF at temperatures below 0 ◦C. A view of the testing
stand is shown in Figure 2. Figure 3 shows a schematic diagram of the test cold storage
installation coupled with the prototype cold accumulator. The testing stand was composed
of: 1—air–water heat pump, 2—installation venting line with a ball valve, 3—circulation
pump on the supply line, 4—prototype cold accumulator with phase-change material in
the bed system with capsule packing material, 5—expansion vessel, and 6—heat removal
from the heat pump.
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Figure 2. A view of the testing stand.

The testing stand was provided with the following measurement points: T—temperature
sensors (thermocouples) on the supply line, on the return line, and in the accumulator,
Tc—the control temperature sensor of the heat pump controller, FM—an electromagnetic
flowmeter, RDS—a measurement data recording system, SP-EM—an electricity meter
(single-phase), and TP-EM—an electricity meter (three-phase). The thermocouples mea-
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suring the cold accumulator temperature were placed inside the capsules. The purpose of
placing thermocouples inside the capsules was to more accurately determine the points for
starting the phase change in the capsules. For the purposes of the study, electricity meters
for the three-phase electric power system supplying the heat pump and the single-phase
electric power system supplying the measurement data recording system were also used.
In addition, downstream of the outlet of the working fluid from the cold accumulator, a
temperature sensor T6 was installed. This sensor was wired directly to the heat pump
controller and provided protection against HTF overcooling below the temperature preset
on the controller. The initial accumulator temperature was equal to the ambient tempera-
ture, while the minimum cooling temperature attainable by the heat pump was −25 ◦C.
This is a technical limitation that results from the operational capability of the heat pump’s
compressor unit.
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Figure 3. A schematic diagram of the test stand.

In a measurement series, no undesirable reactions between the capsule coating with
the cyanoacrylate gel and the circulating fluid were found. By contrast, the water–glycol
mixture was found to have negatively affected the installation connections sealed with
Teflon tape and colorless sanitary silicone. After prolonged exposure, graying of the tape
along with its slow dissolving was noted, as well as dyeing of the silicon light blue by the
coloring agent from the glycol used in the mixture as the circulating working fluid.

2.2. Testing Methodology

Nine measuring tests were carried out within the study, which differed in terms of the
size of the cold accumulator bed capsules and the mass flow rate of the heat transfer fluid
in the installation. A description of the tests is given in Table 2.

The duration of the test was defined as the time within which the heat transfer fluid
temperature at the accumulator outlet (T5) would attain a level of 0 ◦C. Based on the test
results obtained, the following parameters were calculated: cooling capacity, cooling power,
energy efficiency of cold storage, and energy efficiency ratio (EER) of the accumulator. The
cooling capacity of the accumulator was assumed to be the amount of heat collected from
the accumulator, tested during its charging and calculated following this relationship:

Qcs =
∫ τf in

τinit

.
mht f · cp,ht f · [tin(τ)− tout(τ)] · 3600−1 · dτ. (1)



Energies 2021, 14, 2703 6 of 18

Table 2. Description of the experimental tests.

No. Test Capsule Diameter, dp (mm)
Mass Flow Rate of HTF

.
mf (kg s−1)

Description Value

1 80-I 80 lowest flow 0.076

2 80-II 80 medium flow 0.084

3 80-III 80 highest flow 0.089

4 70-I 70 lowest flow 0.084

5 70-II 70 medium flow 0.091

6 70-III 70 highest flow 0.104

7 60-I 60 lowest flow 0.066

8 60-II 60 medium flow 0.072

9 60-III 60 highest flow 0.083

For a given time interval, the quotient of cooling capacity to measuring duration was
used for calculating the instantaneous cooling power of the cold accumulator according to
the following relationship:

.
Qcs, iv =

Qcs,iv

τiv
. (2)

The energy efficiency of cold storage was defined as the quotient of the amount of
heat collected from the accumulator (Equation (1)) during a measurement series to the
thermal capacity of the accumulator, as per the formula below:

ηcs =
Qcs

HCT
, (3)

where:

HCT =
[
mw · cp,w ·

(
tinit − tpc

)
+ mw · Lw−i + mi · cp,i·

(
tpc − t f in

)
+ mht f · cp,ht f ·

(
tinit − t f in

)]
·3600−1. (4)

The idea behind the definition of energy efficiency was the determination of the effi-
ciency of using the theoretical thermal capacity of the prototype for cold storage purposes.
The aim of this approach was to acquire knowledge about the usefulness of the proposed
capsule beds during accumulator charging. The energy efficiency ratio was calculated as
the quotient of the amount of heat collected from the accumulator to the amount of electric
energy used for this purpose by all elements of the testing stand, following this relationship:

EER =
Qcs

Pel
. (5)

Table 3 shows the basic operational parameters of the testing stand and cold storage in-
stallation, while the methodology for their calculation is represented by Equations (6)–(10):

ε = 1 −
Vp · Np

VA
(6)

Us f ,ht f =

.
mht f

A · ρht f
(7)

Uφ,ht f =
Reφ · ν

dp
(8)
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Reφ = Rep ·

 1

ε · exp
[

5·(1−ε)
3·ε

]
 (9)

Rep =
Us f ,ht f ·dp

ν
. (10)

Table 3. Basic operational parameters of the testing stand.

No. Parameter
Test

80-I 80-II 80-III 70-I 70-II 70-III 60-I 60-II 60-III

1 Voidage of bed,
ε (-) 0.46 0.51 0.46

2 Superficial fluid velocity,
Us f ,ht f ·10−3 (m s−1) 0.28 0.31 0.33 0.31 0.34 0.39 0.25 0.27 0.31

3 Fluid velocity based on multicapsule bed,
Uφ,ht f ·10−4 (m s−1) 0.89 0.98 1.04 1.25 1.36 1.55 0.75 0.81 0.94

4 Rep, (-) 1.83 2.02 2.14 1.76 1.91 2.19 1.19 1.30 1.50

5 Reφ, (-) 0.57 0.63 0.67 0.71 0.77 0.88 0.36 0.39 0.45

Equation (9) is proposed on the basis of research [37].
As a result of the assumed dimensions of the accumulator and its packing, the voidage

of the bed formed was the highest for 70-mm-diameter balls at 0.51. For the other two
variants, the bed voidage was 0.46. The highest bed porosity for 70-mm capsules resulted
from the possibility of packing them in the assumed tank geometry, i.e., the physical
relationship between the capsule size and the tank’s geometry. A capsule size of 70 mm
did not permit the capsules to be tightly packed in the tank. The highest velocities of
heat transfer fluid flow through the bed, calculated while allowing for the voidage of the
accumulator bed, occurred in tests with 70-mm-diameter capsules; these ranged from 1.25
to 1.55 m/s. The lowest flow velocities, from 0.75 to 0.94 m/s, were found for 60-mm-
diameter capsules. For 80-mm-diameter capsules, the HTF amounted to 0.89 to 1.04 m/s.
The measuring instrumentation used in the test installation enabled the measurements to
have an accuracy of 0.5 ◦C for temperature (thermocouple measurement range from −50 ◦C
to 110 ◦C), 2% for the mass flow rate of the heat transfer fluid (flowmeter measurement
range from 0.0088 kg s−1 to 0.2896 kg s−1) and 0.1 kWh for electric energy consumption.

3. Results and Discussion
3.1. Measurement Results
3.1.1. Operation of the Testing Stand

Figures 4–6 illustrate the measurement results obtained for the test capsules. The
results shown above represent the distribution of the calculated cooling power and energy
efficiency ratio as a function of time for the measured temperatures. The measurements do
not have the same initial state, i.e., the starting temperature. Therefore, when observing the
data presented in Figures 4–6, this should be considered. Nevertheless, in the calculation
of the obtained effects, i.e., relationships from 1 to 5, different initial test conditions are
considered. The character and dynamics of the measured parameters of the accumulator
charging process are strongly dependent on the assumed operation parameters of the
cold storage installation and the diameter of the capsule used. For all capsule sizes, the
increase in the mass flow rate of the heat transfer fluid in the cold storage installation
led to a reduction of the time taken to attain the water–ice phase change and equalize
the temperature along the height of the cold accumulator. For 70- and 80-mm-diameter
capsules, the increase in the HTF mass flow rate also contributed to the more stable
operation of the cold accumulator and the heat pump. This was visible in the reduction
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in the frequency of defrosting the heat pump’s heat exchanger and uniform heat transfer
within the whole volume of the storage. That could be observed upon the analysis of
variations in the temperature of the water–glycol mixture at the accumulator inlet, the
momentary values of the cooling power, or by the frosting of the external accumulator
surface (observation conducted after removing the thermal insulation of the accumulator).
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In the case of 60-mm-diameter capsules, their smaller mass compared to 70- and
80-mm-diameter capsules made the bed more prone to vibration during the flow of the
heat transfer fluid. For 60-mm-diameter spheres, the increase in HTF mass flow rate up
to medium and high levels caused intensive vibrations of the capsules. The increase in
flow, combined with the intensive vibrations of 60-mm-diameter capsules, did not allow
for the thermal stratification of the bed at the time of the water–ice phase change. Strong
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vibrations in the lower part of the storage tank caused the phase change not to occur from
the bottom, i.e., in the foreseen manner, but from the middle of the tank. Vibrations of the
capsules in the upper parts of the tank would clearly make the water–ice phase change
difficult. The phase change only took place after a cooling time longer than in the case
of lower HTF mass flow rate magnitudes. For 80-mm-diameter capsules, the time of the
accumulator charging process amounted to 96–120 min.

For 70-mm-diameter capsules, the abovementioned time ranged from 90 to 105 min.
For 60-mm-diameter capsules, the charging time was comparable to the time of charging
the accumulator with the bed of 80-mm-diameter capsules, amounting to 96–120 min.
Figure 7 shows the final inside temperature values in selected capsules T2, T3, and T4,
obtained from measurements. As shown in Figure 7, the temperatures are below 0 ◦C. This
indicates complete freezing of these capsules.
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As can be seen in Figure 7, lower temperature gradients occurred for tests with 60-
and 70-mm-diameter capsules. In the majority of the tests, the degree of overcooling of
the lower storage tank part also decreased with a reduction in capsule size and increase
in the HTF mass flow rate in the accumulator. It should be underlined that the 70-mm-
diameter capsules are stiffer, so they did not undergo deformations upon contact with
adjacent capsules, as was observed for 80-mm-diameter capsules. The capsules have a
wall thickness of about 0.25 mm. This allowed for the initial distance between individual
capsules to be maintained. That state led to an increase in the stability of the operation
parameters of the cold accumulator. The results obtained in [38] indicated that reducing the
shell thickness of encapsulated PCMs is favorable for elevating energy charging rate and
energy storage capacity, while it is harmful to mechanical stability. During the tests with
60-mm-diameter capsules, fluctuations in flow and pulsing caused by pressure jumps at
the time of bed breakthrough were noted, with accompanying bed movements made by the
circulating working fluid. With the increase in flow, the operation was more stable, though
some pulsations of, e.g., cooling power. The highest fluid flow stabilized the operation of
the accumulator and maintained the stable cooling power. The momentary EER values
are very high. This is due to two main factors. First, at the moment of the heat pump
going over to a lower speed or defrosting, the uptake of electric energy is low. At the
same time, the circulation pump is still operating, forcing the already overcooled HTF
into the cold tank. Generally, the inertia of the installation is great. The electric energy
consumption by the circulation pump is negligible compared to that of the heat pump.
Thus, in the measuring cycle, there is low electric energy consumption with the delivery
of a large amount of the overcooled heat transfer fluid. This state translates into a high
EER coefficient. Moreover, the EER for the unit (heat pump) is increased relative to the
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typical parameters of this type of equipment due to extensive modifications to the device
itself. In addition, in the periods of high EER values, the heat pump operated at the lowest
temperature difference between the lower and the upper energy sources.

3.1.2. The Cooling Power and Capacity of the Accumulator

As per the test results shown in Figures 4–6, the highest cooling power values were
obtained in tests with 70- and 80-mm-diameter capsules. The obtained cooling powers
ranged from 10.1 to 12.4 kW. Their magnitudes increased with the increase in HTF flow. For
60-mm-diameter capsules, the maximum cooling power values amounted to 8–10.1 kW.
The highest cooling capacity values were obtained for 80-mm-diameter capsules. They
ranged from 15.9 to 16.9 kWh. In this case, the increase in flow in the accumulator resulted
in a reduction of the amount of stored cold. For 70-mm-diameter capsules, in spite of
the highest values of momentary cooling power, the amount of stored cold amounted to
15.2–16 kWh. In this case, the increase in flow resulted in an increase in the amount of
stored cold. Just like for cooling power, the lowest values of stored cold were obtained for
measurements with 60-mm-diameter capsules. They ranged from 11 to 13.7 kWh. For that
measurement series, the maximum value occurred for the medium HTF flow. With the
increase in HTF mass flow, the cooling power increased for all capsule types. For 80-mm
capsules, the obtained values were contained in the range from 10.7 to 11.7 kW for low and
high flow, respectively. For 70-mm capsules, the obtained cooling power values ranged
from 10.1 to 12.4 kW. In the case of 60-mm capsules, the cooling power ranged from 8
to 10.1 kW, also for low and high flow. With reference to the cooling capacity, it is hard
to show, at this stage of analysis, the explicit character of variations in this quantity as
dependent on the HTF mass flow.

3.1.3. The Energy Efficiency of the Cold Storage Installation

The results show that the highest energy efficiency of cold storage in utilizing the
initial heat capacity of the accumulator under investigation was attained for capsules with
a diameter of 80 mm: 97%. Just like for cooling power, high cold storage efficiency values
were also obtained for 70-mm-diameter capsules. The cold storage efficiency lies in the
range from 90% to 92% and grows with the increase in HTF flow. In the case of 60-mm-
diameter capsules, the trend of cold storage efficiency is identical to the cooling power. The
efficiency values ranged from 66% to 79%, with the maximum values occurring in medium-
flow conditions. The authors of [36] achieved the highest accumulator charging efficiencies
for 70-mm capsules. However, in spite of differences in the range of the temperature of
the process under investigation, both studies, i.e., [36] and ours, yielded comparable final
results. A very important parameter defining the energy efficiency is the energy efficiency
ratio (EER) of the cold storage installation. It accounts for the energy expenditure incurred
for attaining a given energy effect. In the case of the installation under investigation, the
effect was the amount of cold possible to store in the given testing conditions. The energy
expenditure is the consumption of electric energy for the operation of the heat pump
and equipment assisting the work of the test stand (the circulation pump, the supply of
measuring sensors). Based on the measurement data, the value of the energy efficiency
ratio was calculated to be in the range from 3.5 to 4.9. The highest EER value is exhibited
by measurement series for 80- and 70-mm-diameter capsules. As pointed out earlier, this is
the result of more stable operation conditions for these two accumulator beds, compared
to 60-mm-diameter capsules. The maximum value of 4.9 occurred for 70-mm-diameter
capsules at the lowest HTF velocity and for 80-mm-diameter capsules for the highest HTF
velocity. The obtained results were regarded as satisfactory. It was also observed that, with
the increase in accumulator charging duration, the EER value decreased. The analysis of
the obtained results for the energy efficiency of the cold store charging process and the
influence of HTF mass flow variations on those results indicated that the change in capsule
diameter had a variable effect for each of the bed types. It was also hard to satisfactorily
show the repeatability of those relationships.
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3.2. Analysis of the Obtained Test Results

To systematize the obtained test results, for their further analysis it was essential to
find relationships that would integrate all working conditions of the cold accumulation
concept used in the investigation. For this purpose, criterial numbers were indicated, which
would adequately reflect the thermal and flow conditions of the cold accumulator and
influence its cooling capacity and energy efficiency. For dynamic similarity, the Strouhal
number was selected, which characterizes the unsteady mode of flow, and the Reynolds
number, which defines the similarity of flow under the action of inertia forces and internal
friction forces. For thermal similarity, the Fourier number was chosen, which describes
the similarity of the temperature fields of systems with unsteady heat exchange, and
the Nusselt number, which expresses the similarity of heat transfer. As mentioned in
Section 3.1, the heat and flow conditions and the phase-change phenomenon are very
complex under those conditions. The attempts to find explicit, solely single-parameter
relationships for the effect of the test parameters on the obtained results were unsatisfactory
to the authors, i.e., the analysis of the effect of single criterial numbers on the obtained
results was not sufficient. Therefore, wishing to standardize the effect of significant research
parameters, the obtained cooling capacities, energy efficiency of cold storage, and energy
efficiency ratio of the cold accumulator were represented as a product of criterial numbers
(S, Re, Nu, Fo). The abovementioned product is referred to in this paper as the “Research
Stand Factor Number” and denoted by RSFN. This denotation is an acronym formed from
the initial letters of the criterial numbers. The RSFN is described by this relationship:

RSFN = Rep·S·Fo·Nu. (11)

The Reynolds number is described by Equation (10), while the other numbers were
calculated using Equations (12)–(14):

S =
Uφ,ht f ·τf in

dp
(12)

Nu =
h · dp

λ
=

Qcs·dp

A·∆t·λ·τf in
(13)

Fo =
λ·τf in

cp,ht f ·ρht f ·
(
dp
)2 . (14)

Moreover, using the least squares method, the obtained results were described by
mathematical relationships. The greatest values of R2 for the approximation of the measure-
ment results to the significant operational and constructional parameters of the prototype
cold accumulator under investigation were exhibited by a functional relationship in the
form of a multinomial of the second degree. Figure 8 shows the distribution of the measure-
ment results and the values of the mathematical model of cooling capacity as a function of
the operation conditions (RSFN) of the prototype cold accumulator. The value of R2 was
0.99. The obtained results are described by this relationship:

Qcs = −79, 553 · (RSFN)2 + 2328·RSFN. (15)

In accordance with the proposed model and considering the measuring error, the
maximum value of cooling capacity of 17 kWh was obtained for an RSFN number of
144·10−4. Figure 9 shows the distribution of measurement results and the values of the
mathematical model of energy efficiency of cold storage as a function of the operation
conditions of the prototype cold accumulator. R2 was 0.99.
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The obtained results are described by this relationship:

ηcs = −4873.8 · (RSFN)2 + 139·RSFN. (16)

Based on the proposed model, it was found that the maximum cold accumulator charg-
ing efficiency could be attained for an RSFN number of 144·10−4. This value amounted to
99%. The range of efficiency for the RSFN number in the range from 100·10−4 to 186·10−4

will amount to 90%; in the range from 112·10−4 to 173·10−4, above 95%; and in the range
from 125·10−4 to 160·10−4, above 98%. Figure 10 shows the distribution of measurement
results and the values of the mathematical model of energy efficiency ratio as a function
of the operation conditions of the prototype cold accumulator. R2 was 0.99. The obtained
results are described by this relationship:

EER = −23, 176 · (RSFN)2 + 667·RSFN. (17)

In accordance with the proposed model and considering the measuring error, the
maximum value of EER 4.8 was obtained for an RSFN number of 144·10−4. EER values
above 3.0 will be achieved for RSFN numbers greater than 55. To achieve the prototype
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cold accumulator’s energy efficiency ratio value above 3.5, the RSFN value should be above
68, while achieving an EER value above 4.0 will be possible for an RSFN value in the range
from 84·10−4 to 210·10−4.
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4. Conclusions

The investigations carried out and their analysis have confirmed the possibility of
effective cold storage using a water–ice phase change in spherical capsules placed in a
cylindrical tank. The results have shown that a storage efficiency of above 90% can be
achieved for capsules of diameters of 70 and 80 mm. The highest cooling capacity values
were also achieved for 70- and 80-mm-diameter capsules. They amounted to 15.2–16.9 kWh,
which yields index values of 76.4 and 84.8 kWh, respectively, per cubic meter of the bed
in the prototype accumulator. The energy efficiency ratio (EER) values were in the range
from 3.4 to 4.9, whereas for 70- and 80 mm-diameter capsules they were in the range
from 3.8 to 4.9. The less advantageous measurement results obtained for 60-mm-diameter
capsules resulted chiefly from the lack of temperature stability of the water–glycol mixture,
caused by the process of defrosting the heat pump’s heat exchanger and intensive capsule
vibrations (pulsations) during the accumulator charging process. These pulsations are
due to an attempt to fluidize the 60-mm-diameter capsules inside the accumulator. The
capsule vibrations clearly hampered the water–ice phase change. The phase change only
occurred after prolonged testing, comparable to the duration of the process of storage
charging for 80-mm-diameter capsules. The mathematical relationships developed based
on the test results, using criterial numbers for describing the cold accumulator charging
process, provide a satisfactorily accurate, useful tool for the assessment of the prototype
cold accumulator under investigation. Based on the developed relationships and allowing
for measuring error, it has been found that the maximum values of the energy efficiency of
cold storage (0.99), cooling capacity (17 kWh), and EER value (4.8) occur for an RSFN value
of 144·10−4. These conditions correspond to a bed of 70-mm-diameter capsules and a water–
glycol mixture mass flow rate of 0.084 kg/s. Such cold accumulator operation conditions
were closest to Test 70-I. The experimental tests also showed that, when using 70-mm-
diameter capsules, very stable conditions of cold storage operation could be ensured. The
absence of a noticeable problem with cold medium temperature destabilization due to the
necessary defrosting of the heat pump’s exchanger and satisfactory temperature gradients
along the height of the test accumulator were also noted. No significant problems with
the operation of the prototype cold accumulator were found during testing. The adopted
assumptions of a low thermal expansion of capsules during phase change and the absence
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of chemical reactions between the circulating working fluid and the tank’s material and the
capsules have also been confirmed.
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Nomenclature

A area of horizontal section of cold accumulator (m2)
cp specific heat (J kg−1 K−1)
dp capsule diameter (m)
EER energy efficiency ratio (-)
h heat transfer coefficient (W m−2 K−1)
HCT heat capacity of tank (kWh)
L heat of phase change (J kg−1)
m weight, (kg)
.

m mass flow rate (kg s−1)
N amount (number)
Pel electric energy usage (kWh)
Qcs cooling capacity (kWh)
.

Qcs cooling power (kW)
t temperature (◦C)
U velocity (m s−1)
V volume (m−3)
Greek Symbols
∆ difference
ε voidage of bed in cold accumulator (-)
λ thermal conductivity (W m−1 K−1)
η energy efficiency (-), (%)
ρ density (kg m−3)
ν kinematic viscosity (m2 s−1)
τ time (s or min)
φ value based on multicapsule bed
Subscripts
A accumulator
cs cold storage
fin final, total
htf heat transfer fluid in installation
i ice
in inlet—T1
init start of test
iv instantaneous value related to the length of the measuring interval
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out outlet—T5
p capsule
pc water–ice phase change
sf superficial
w water
Abbreviations
HTF heat transfer fluid
PCM phase-change material
RSFN Research Stand Factor Number
Dimensionless numbers
Fo Fourier number
Nu Nusselt number
Rep Reynolds number based on capsule diameter
Reφ Reynolds number based on multicapsule bed
S Strouhal number
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