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Abstract Resumen
In Ecuador, there is a large energy consumption by
air conditioning and refrigeration in the industrial,
commercial and residential sectors. A maximum elec-
tricity demand reduction method is to incorporate an
optimal cooling thermal energy storage system. The
main objective of this work was to develop a paramet-
ric study of laboratory ice tube generator for an after
optimization. For that, the main parameters were
studied, which are: water storage temperature, refrig-
erant temperature in the evaporator and condenser,
ice subcooling temperature and ice formation speed.
Two outstanding parameters that intervened in the
ice formation process were the place environmental
conditions and the water temperature used, when
the environmental temperature decreased, thermal
load also decreased and condenser efficiency improved,
which directly influenced the efficiency of the equip-
ment. The instability observed in the first hour of
test intervened in the final water temperature, final
temperature ranged from 1.1 ° C to -0.4 ° C in three
hours.

En Ecuador existe un gran consumo energético por
climatización y refrigeración en los sectores industrial,
comercial y residencial. Un método para reducir la
demanda eléctrica máxima es incorporar un sistema
óptimo de almacenamiento de energía térmica de re-
frigeración. Este trabajo tiene por objetivo realizar el
estudio paramétrico de un generador de hielo tubular
de laboratorio para su posterior optimización. Se es-
tudiaron los principales parámetros que intervienen
en la formación de hielo como temperatura del agua
en el reservorio, temperaturas del refrigerante en el
evaporador y condensador, temperatura de subenfria-
miento del hielo y velocidad de formación de hielo.
Los parámetros destacados que intervinieron en el
proceso fueron las condiciones ambientales del lugar
y la temperatura del agua utilizada. Al disminuir la
temperatura ambiental, disminuye la carga térmica y
mejora la eficiencia del condensador, el cual influye
directamente sobre la eficiencia del equipo. La ines-
tabilidad observada en la primera hora de prueba
intervino en la temperatura final del agua, la misma
que varió en el rango de 1,1 °C a –0,4 °C en 3 horas.
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1. Introduction

Nowadays, saving energy and protecting the environ-
ment are important issues worldwide [1]. On the other
hand, the storage of thermal energy is considered one
of the most important energy technologies [2] for reduc-
ing electrical consumption. Studies on ice generators
have been carried out with the purpose of evaluat-
ing and improving its operation for reducing electrical
consumption; parameters evaluated such as thermal
conductivity of the material of the condenser, tank ca-
pacity, longitudinal and cross pitches of the condenser
tube and coolant temperatures [3], directly affect the
design of the equipment, space requirement and effi-
ciency of the system. Similarly, energy losses due to ice
storage, cost structure and electricity tariffs, periods
of tariffs, storage capacity of ice generators and impact
of load prevision, have been also evaluated [4].

A model for the optimization of air conditioning
systems with thermal accumulation and system simu-
lation results are presented in [5]. Considering that the
growing demand of air conditioning systems has led to
a greater energy consumption during peak hours [6],
thermal energy storage systems are becoming increas-
ingly popular [7], enabling to conduct studies about
physical, technical, economic, environmental [8, 9] and
raw material consumption [10] aspects of thermal en-
ergy storage refrigeration systems and their applica-
tions [2], with the purpose of finding a method to
improve their efficiency [11].

In Ecuador, the residential, industrial and commer-
cial sectors represent the 31 %, 25.9 % and 15.9 %,
respectively, of the energy demand [12]; approximately
50 % of the energy consumption in the residential
and commercial sectors of the Costa and Sierra re-
gions is due to cooling and conditioning [13]. The
National Balance of Electric Energy presented in June
2019 by the Agency for Electricity Regulation and
Control (in Spanish ARCONEL, Agencia de Regu-
lación y Control de Electricidad), indicates that the
electricity consumption by these sectors was 17736.87
GWh [12]. A method for reducing the maximum de-
mand of electricity is incorporating storage of thermal
energy for refrigeration [14], in order to transfer the
energy consumption at peak hours to the hours of low
consumption [7, 10, 15]. The thermal energy may be
stored using sensible or latent heat [16, 17], namely,
cold water or ice, the latter being advantageous since
it requires smaller storage volumes [18,19].

With the purpose of saving energy and optimizing
processes which use storage of refrigeration energy,
namely conditioning, dairy processing, breweries, plas-
tics manufacturing and chemical processes, among oth-
ers, it is important to simulate the efficiency that an
equipment for generating and storing ice would have.
A parametric study was carried out for the optimiza-
tion of the tubular ice generator constructed in the

project entitled Design and construction of a labora-
tory tubular ice generator [20]. This generator, which
corresponds to a system of ice on evaporator, consists
of an arrangement of tubes submerged in a tank and
through which cold coolant is pumped to freeze the
water around them [21]. The parameters that inter-
vene in the process of ice formation and storage of
thermal energy for cooling, were studied by means of
the mathematical modeling of the thermal and heat
transfer cycle. A program was created in the Guide
environment of Matlab for numerically simulating the
operation of the equipment in different conditions,
while an experimental study was conducted to assess
the numerical simulation. The most important param-
eters that modify the operation and efficiency of the
generator were defined through this study.

The parameters under consideration for the study
include the water storage temperatures in the genera-
tor, temperatures of the coolant in the evaporator and
condenser, ice subcooling temperature, ice thickness
and speed of releasing and extracting the heat in a natu-
ral manner. It was important to study the generation of
ice, taking into account that as the thickness increases,
the resistance of heat transfer also increases [22,23].

2. Materials and methods

Figure 1. Laboratory tubular ice generator and its cons-
tituting elements: a) expansion valve, b) solenoid valve,
c) liquid viewer, d) drying filter, e) pressures gauges, f)
pressure switch

The equipment used for the parametric study is
constituted by a condensing unit L’UNIQUE HERME-
TIQUE CAJ2428ZBR of capacity 1/2 HP, which uses
R404a as coolant, a TES 2–0.45 expansion valve, a
A-TD -132 SAE filter, a SGI-10 liquid viewer, a TR
¼ 032F8107 solenoid valve, pressure switch, pressure
gauges, control board, tank-reservoir set, air system
for water agitation and an evaporator housed in the
tank (Figure 1), which is constituted by two type L
copper coils with a diameter of 15.88 mm (1/2 in.),
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and each with a length of 3 m. The spacing between
the coils is 120 mm.

In addition, the elements in the data acquisition
system include the control interface, LM 35 sensors,
Arduino UNO boards, computer and software for data
acquisition.

2.1. Mathematical modeling of the ice genera-
tion

2.1.1. nalysis of the thermal cycle

The process for the study and evaluation of the cool-
ing cycle and its efficiency is indicated in [24]. This
information was considered as the base for the mathe-
matical modeling of the cooling cycle.

Figure 2. Pressure-Enthalpy Diagram of the tubular ice
generator.

Four processes can be observed in the Pressure-
Enthalpy diagram (Figure 2). The coolant that ide-
ally can be found as saturated steam at a temper-
ature T1 = −0.5◦CC, is compressed and reheated
until it reaches condensation conditions at a pressure
P ≈ 1, 416 MPa and at a temperature T ≈ 28, 9◦C,
and subsequently condensed without temperature vari-
ation. Afterwards it passes through an expansion valve,
where the pressure and temperature decrease and the
enthalpy is maintained, later absorbing heat in the
reservoir and changing its state from liquid to gas.

The real enthalpy h′1 is calculated using the equa-
tion of the change of enthalpy at constant pressure
shown in Equation 1.

h′1 = h(T ′1, P1) = h(T1, P1) = h(T1, P1)+
∫ T ′

1

T1

CprefdT

(1)
where T ′1 and P1 represent the real temperature

and the pressure at point 1, respectively, and Cpref is
the specific heat of the coolant.

The pressure drop in the suction valve towards
the compressor is evaluated at point a, and the en-
thalpy is calculated by means of the equation of change

of enthalpy at constant temperature, as indicated in
Equation 2.

ha = h(T ′1, P ′1) +
∫ Pa

P ′
1

[
va − Ta

Rref
P ′1

]
dT (2)

where Rref is the constant of the coolant, P ′1 is the
real pressure at point 1, and va and Ta are the specific
volume of the coolant and the temperature at point a,
respectively.

It is considered a pressure drop at the outlet of
the condenser, due to the effect of the friction of the
coolant as it passes through this component. Equation
3 is used for calculating the enthalpy of the coolant on
the line of constant entropy, considering an isentropic
compression process.

hc = c1 + c2(Tc−Tb)+ c3(Tc−Tb)2 + c4(Tc−Tb)3 +hb
(3)

where, c1, c2, c3, c4 are coefficients calculated ac-
cording to the ASHRAE tables of the R404a coolant
[25], Tb and Tc are saturation temperatures of the
coolant as vapor at pressures and , and is the en-
thalpy evaluated through the contact of the coolant
with the internal surface of the compressor. For points
1, b, c′, 2, 3 and 4 in Figure 2, the calculation of
the enthalpies is carried out according to the table of
properties of the coolant.

The refrigeration efficiency of the system, the per-
formance coefficient as a function of the useful cooling
effect and the net energy supplied by the compressor
are evaluated, while the amount of coolant supplied in
the equipment is calculated as a function of the capac-
ity Q̇ of the condensing unit, as observed in Equation
4.

ṁrefrigerante = Q̇

hb − h4
(4)

2.1.2. Analysis of heat transfer

Three basic situations were considered for the model:

1) Flow of environmental heat into the tank: The
heat flows from a hot source to a cold source
[26,27], in other words, if the tank contains wa-
ter at low temperature and ice on the evaporator,
the heat will be transferred by free convection
of the air towards the external walls of the tank,
this being the first stage of the phenomenon. In
the second stage, heat is transferred by conduc-
tion from the external walls of the tank to the
isolation layer, and subsequently to the internal
walls until reaching the water; here the transfer
is studied as free convection.
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2) Cooling of the water without formation of ice:
Heat is transferred from the water to the coolant
in two stages: transfer of free heat between the
water and the outer surface of the evaporator,
and heat transfer from the outer surface to the
coolant.

3) Formation of ice on the evaporator: Two stages
are supposed in the freezing phase; the first de-
scribes the heat transfer from the water to the
ice layer, while the second stage considers the
transfer of heat from the superficial layer of ice
to the coolant fluid.

The data necessary for evaluating the heat transfer
are taken based on the filmic temperature calculated
as a function of the surface temperature Ts, and the
temperature of the fluid T∞.

The increase of heat due to the environment is
deduced as a function of the global coefficient of heat
transfer, the area A of heat transfer and the tempera-
ture variations between the outside air and the water,
T∞outside_air and TmW , respectively.

Q̇pared = T∞outside_air − TmW
1

h∞a
+ 2eac

kacA
+ ep

kpA
+ 1

h∞WA

(5)

The flow of heat that goes through the wall of the
tank is defined by Equation 5, where eac is the thick-
ness of the 304 stainless steel sheet, ep is the thickness
of the polyurethane, kac is the conductivity coefficient
of the 304 stainless steel, kp represents the conductiv-
ity coefficient of the polyurethane, and h∞a and h∞w
are the convective coefficients of the outside air and
the water, respectively.

For studying the cooling of water without forma-
tion of ice, it was evaluated the coefficient h∞ref of
boiling forced convection, which is equal to the max-
imum value between the boiling coefficient hNBD of
the regions of dominant nucleate boiling, and the boil-
ing coefficient of the regions of dominant convective
boiling, calculated through Equations 6 and 7.

hNBD =
[
0, 6683Co−0,2f2(Frlo) + 1058Bo0,7Ffl

]
·

· (1 − x)0.8hlo
(6)

hCBD =
[
1, 136Co−0,9f2(Frlo) + 667, 2Bo0,7Ffl

]
·

· (1 − x)0.8hlo
(7)

It was taken into account the convection number
Co, the coolant friction factor f2, the Froude number
Frlo, the boiling point Bo, the surface-fluid associa-
tion parameter Ffl, the quality x of the coolant fluid,

the heat transfer coefficient hlo; the way to calculate
these coefficients is presented in [28].

Two thermal loads were determined, Q̇S1 that takes
into account only the thermal resistance of the water,
and Q̇S2 which considers the thermal resistances of the
evaporator walls and of the coolant. The two thermal
loads are defined by Equations 8 and 9.

Q̇s1 = 2πreLh∞w(Tmw − Ts1) (8)

Q̇s2 = Ts1 − T1
ln
(

re
ri

)
2πkcL

+ 1
2πriLh∞ref

(9)

where L represents the length of the evaporator
tube, ri and re are the internal and external radii of
the evaporator, kc is the thermal conductivity coeffi-
cient of the copper and Ts1 is the temperature of the
water-evaporator surface layer.

The thermal load Q̇s3 due to the heat transfer from
the water to the ice surface layer (Equation 10), and
the thermal load Q̇s4 due to the heat transfer from the
ice surface to the coolant (Equation 11), are calculated
in the phase of formation of ice on the evaporator.

Q̇s3 = 2π(re + 2e)Lh∞w2(Tmw − To) (10)

Q̇s4 = T0 − T1

ln( re+e
re

)
2πkhL

+
ln
(

re
ri

)
2πkcL

+ 1
2πriLh∞ref

(11)

where e represents the thickness of the ice formed
in a time t, h∞w2 is the convective coefficient of the
water used in the heat transfer water-evaporator, Tmw
is the arithmetic mean of the temperatures as a func-
tion of the initial and final temperatures of the water,
T0_water and Tf_agua, respectively, and kh is the con-
ductivity coefficient of the ice.

The time necessary to cool the water of the reservoir
from an ambient temperature to a required temper-
ature, varies directly with respect to Q̇s1. Equation
12 enables the calculation of the cooling time of the
water in hours, considering the mass mwater of the
water in the tank in kg, and the specific heat of the
water Cpagua in kJ/kg ◦C. The net load Q̇neto that
the system has for water cooling and ice generation,
is equal to the difference between the capacity of the
condensing unit and the total load lost.

tcool_water = 1000mwaterCpwater(T0_water − Tf_water)
3600

(
Q̇net − Q̇s1

)
(12)

The total thickness of the ice generated in a time
t (Equation 13) is determined as a function of the
flow Qlat of latent heat. This value results from the
difference between the thermal load due to the heat
transfer from the water to the surface layer of ice, and
the thermal load from the ice surface to the coolant.
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e =

√
4t(Qlat)

1000πρhLhsf
+D2

e −De

2 (13)

where De is the external diameter of the evapora-
tor in meters, ρh is the ice density in kg/m3, hsf is
the latent heat of water fusion in kJ/kg. Meanwhile
the mass mh of ice generated is determined through
Equation 14.

mh = π

4
(
(De + 2e)2 −D2

e

)
Lρh (14)

At an initial time the water in the tank is at ambient
temperature, and with the operation of the equipment
the temperature decreases until reaching a value equal
or close to 0 °C. The final temperature that the wa-
ter will reach in a particular time, is calculated as a
function of the difference between the net load and
the load estimated by the thermal resistance Q̇s1 of
the water only (Equation 15).

Tf_water = T0_water −
t
(
Q̇net − Q̇s1

)
mwaterCpwater

(15)

Tf2_water = T0_water −
t
(
Q̇net − Q̇s3

)
mwaterCpwater

(16)

On the other hand, Equation 16 is used for evalu-
ating the water temperature considering the existence
of ice on the evaporator, for which it is utilized the
load Q̇s3 calculated due to the thermal resistance of
the water in the freezing process.

2.2. Numerical simulation of the tubular ice
generation

The program created in the Guide environment of Mat-
lab enables the continuous modification of the data
of ambient temperature and pressure, and water and
coolant necessary for the thermodynamic and heat
transfer analysis. Guide enabled the graphical design
of the interface of the design editor, while the Mat-
lab program to build it was automatically generated.
When the changes carried out on the interface are
saved, two files are created, one .fig and the other
.m; the lines of code contained in the second file are
the ones that create the interface in the .fig file. The
program to be executed was inserted in the command
zone of the push button «Calculate».

The programming sequence involves the input of
type text data, which then will be converted to type
double to use them in the solution of equations present
in the programming, the calculation of parameters to
be evaluated and the visualization of results in tables
and in a graph showing the Pressure-Enthalpy diagram
defined in the thermodynamic cycle. The equations

evaluated to simulate the operation of the ice genera-
tor were defined in the mathematical modeling. The
interface created for the process comprises iterative
cycles, for approximation of results and evaluation of
the phenomenon at different values of fluid quality and
of thickness of the generated ice.

Three operating scenarios were posed for the sim-
ulation, based on the morning, afternoon and night
hours. This information enabled the creation of thick-
ness variation curves, velocity of ice formation, tem-
perature of the water in the tank and temperature of
the surface layer in the evaporator.

2.3. Experimental analysis

The procedure utilized for starting-up the equipment
and the data acquisition are detailed in Figure 3. The
initial operating conditions of the equipment were
posed when the working pressure was stabilized.

Figure 3. Process diagram of the experimental analysis.

The values of temperature at the inlet and outlet
of the evaporator, at the outlet of the condenser, at
the center of the reservoir and at distances of 3, 12
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and 25 mm of the water-evaporator surface layer were
registered. The growth of the thickness of ice was also
registered using a photographic camera.

3. Results and discussion

Technical data of manufacturers and registered operat-
ing values were necessary for calculation and discussion
of results. The low and high operating pressures of the
system where 0.5 and 1.4 MPa (75 and 203 psig), re-
spectively. It was determined that the coolant reaches
the evaporator as a mixture of liquid and saturated
steam, with a quality of 29 %. The working tempera-
tures were –5 °C in the evaporator and 28.9 °C in the
condenser.

Through simulation the operating parameters were
evaluated, indicating the following:

• The generation of ice in a particular time for
the different experiences, started when the layer
of fluid closest to the evaporator cooled until
reaching the temperature of phase change, which
was observed as a displacement greater than 0.2
h at the origin of each curve.

• The accelerated increase in the velocity of forma-
tion of ice and its further stabilization, represents
the fast cooling that occurs in the water layers
closest to the evaporator tube and its resulting
freezing; lower velocities were registered as the
thickness of ice was increased, with this velocity
being greater in the first 1.5 h.

• The temperature of the water decreased at a
rate of 7 °C/h during the first two hours; beyond
that time, this value decreased considerably until
reaching 0.5 °C/h after three hours of operation.
With low ambient temperatures, the time of ice
generation was smaller.

• The change in the temperature of the surface
layer in the evaporator showed two variations,
the first corresponding to the rate of change of
the sensible heat, until reaching a temperature
of 0 °C. Afterwards, the variation tends to stop
for a range of 0.25 h; this phenomenon is due
to a change of phase of the water in the zones
closer to the wall of the tube. The subcooling of
ice starts past the time of change of phase, until
finally stabilizing at –7 °C.

• An average cooling efficiency of 70 % and an
average Coefficient of Performance (COP) of 5.5
were registered through numerical simulation.

Values of temperatures and thickness of ice along
time were collected experimentally. Main data of the
representative experiences considered for the study are
detailed in Table 1.

Practices 1, 2, 3 and 4 were carried out consid-
ering natural convection of the water. On the other
hand, practice 5 was carried out considering forced
convection. Figure 4 shows the process of formation
of ice observed in practice 2. The experimental results
obtained are summarized in the following.

Table 1. Main data of the experiences under study

N.° Environment Initial Variation of temperature Variation of pressure

Practice temperature temperature of of condenser of condenser
°C water °C °C °F MPa psi

1 20,5 16 11,3 20,34 0,028 4
2 22,5 21,5 11 19,8 0,034 5
3 20 18 8,6 15,48 0,028 4
4 21,5 19,4 8,8 15,84 0,034 5
5 20 17 10,3 18,54 0,034 5

• No ice was formed in the time interval between
0 and 8 minutes. During this period, the layer of
fluid closest to the evaporator cooled and then
changed phase.

• The low temperature conditions resulted in a
larger velocity of formation of ice, obtaining
thicknesses of ice between 22 and 25 mm in 3
hours of operation.

• In an operation time greater than 3 hours, the
generation of ice decreased considerably; after

5 hours of operation, the thickness of ice was
approximately 35 mm, as observed in Figure5.

• The operation of the equipment in forced convec-
tion showed a faster water cooling and smaller
growth of ice, compared with the results in prac-
tices in free convection.

• In a period of 5 to 10 minutes after the practice
started, with a temperature 2 °C smaller than the
initial temperature, begins the change of phase
of the fluid film closest to the evaporator. The
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velocity of ice generation varied between 3 and
9 mm/h.

• The temperature of the coolant in the evapo-
rator descends from –3 °C to –5 °C, indicating
the variation of the refrigeration capacity of the
equipment according to the demand at that in-
stant.

Figure 4. Thickness of ice at different time intervals. Prac-
tice 2.

Figure 5. Thickness of ice vs. Time T h20=19.4 °C.

• The temperature of the coolant at the outlet
of the condenser stabilizes after 15 minutes of
turning on the equipment, in a range from 28 °C
to 34 °C. This value is a function mainly of the
ambient temperature, temperature of the water
and high pressure of the system considering the
existing losses.

• The value of the total thermal load was obtained
as the sum of the sensible heat and the latent
heat for a particular time instant, considering
the data of temperature of the water in the tank,
the mass of ice and the mass of water; this value
reaches an equilibrium point when the slopes of
the curves of flow of sensible and latent heat have
approximate values, namely, when the thermal
load necessary to cool the water decreases in the
same proportion in which the thermal load in-
creases for ice generation and subcooling. It was
no observed a significant variation of the thermal
load past 1.5 h of operation. After 3 hours, the
total thermal load varies in the range from 858
W to 892 W. In Figure 6 a), the two highest
peaks (greatest thermal loads) are the result of
experiences carried out in the afternoon, while
the two following peaks are the result of expe-
riences carried out at night, indicating a direct
relationship with the ambient temperature and
the temperature of the water.

(a)

(b)

(c)

Figure 6. Experimental results. a) Total thermal load vs.
time. b) Power consumed by the compressor vs. time. c)
Refrigeration efficiency vs. time.

• The values of thermal load obtained between 0
and 0.5 hours are greater than the obtained 3
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hours later. The peaks observed in the curves
are due to the requirement of more refrigera-
tion capacity for cooling water. At 10 minutes of
operation of the equipment, 90 % of the total re-
quired refrigeration capacity corresponds to the
heat necessary for water cooling, but at 3 hours
of equipment operation, 40 % of the required
refrigeration capacity is used for water cooling.

• The consumption of the compressor in 3 hours of
operation varied in the range from 165 W to 173
W, to remove a thermal load between 859 W and
892 W. The curves shown in Figure 6 b) indicate
the variation of the power consumed by the com-
pressor according to the required refrigeration
capacity.

• For each watt consumed by the compressor, ap-
proximately 5 W of thermal energy were removed
from the water in the reservoir tank.

• The COP observed for different ambient temper-
atures and temperatures of the water varies in
the range from 5.8 to 6.1, while the refrigeration
efficiency fluctuates between 78 % and 95 %.

• The smallest thermal load removed was 794.11
W, obtained for the experiment carried out at
an initial temperature of the water of 17 °C and
ambient temperature of 20 °C in forced convec-
tion; for this experiment, the final temperature
of the water was 0 °C, the COP obtained was
5.92 and the refrigeration efficiency was 90.7 %
(Figure 6c). If these values are compared with
the results obtained in the experiment carried
out with the lowest initial temperature of the
water (natural convection), the power absorbed,
COP and refrigeration efficiency are very simi-
lar, whilst, when setting equal the values of final
temperature of water and thickness of ice, there
are important differences of –0,4 °C and 5 mm,
respectively. As a consequence, using forced con-
vection in the water improved the refrigeration
efficiency of the equipment, as indicated in [11],
but operating the equipment in conditions such
as the observed in the practice carried out at an
initial temperature of water of 16 °C resulted the
best option.

A validation of the experimental results was carried
out with the purpose of observing the percentage of
error of the data generated with the model developed.
Data from practice 1 were considered.

Figure 7a presents the variation of the water tem-
perature water obtained by simulation and experimen-
tally. The curve obtained by simulation is very similar
to the temperature data obtained in the experiment. A
water temperature of 12.8 °C was obtained 10 minutes

after the experiment was initiated, while by simulation
it was 14 °C; this is the largest variation observed when
comparing the data. The curve obtained by simulation
follows a polynomial trend of fifth order, with an R2
coefficient of 0.99.

Curves of data of thickness of ice obtained by sim-
ulation and experimentally are shown in Figure 7b. It
can be observed a variation in the first hour of oper-
ation, with a maximum difference of thickness of ice
of 2 mm; this is because the generation of ice started
10 minutes after the equipment was turned on, while
by simulation it started half hour later. The curve
follows a polynomial trend of third order, with an R2
coefficient of 0.998.

On the other hand, Figure 7c presents data of vari-
ation of temperature of the surface layer between the
evaporator and the water (Ts1), obtained by simulation
and experimentally. Two equations need to be used to
define the change in this temperature, the first defin-
ing the variation of temperature in the cooling and
change of phase, while the second equation indicates
subcooling. The curves presented follow polynomial
trends of third and sixth order, with an R2 coefficient
of 0.996.

(a)

(b)

(c)

Figure 7. Data of temperature and thickness of ice ob-
tained by simulation and experimentally: a) Temperature
of the water vs. time. b) Thickness of ice vs. time c) Tem-
perature of the surface layer vs. time.
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A particular situation occurs with the plot of ve-
locity of formation of ice in time shown in Figure 8.
Experimentally, the thickness of ice increases at larger
velocity and stabilizes after one hour, while by simula-
tion a velocity increasing in time was expected, starting
after half hour of equipment operation. This difference
is due to instabilities in the process of formation of ice.
After one hour has elapsed, the two curves get closer
indicating equality. From the third hour of equipment
operation, the velocity of formation of ice tends to re-
main with minimum variations (approximately 1 mm
per hour)

Table 2 summarizes the results obtained in the dif-
ferent experiments during 3 hours. It was determined
the error in the simulation data (S) with respect to the
obtained experimentally (E), remarking the following:

The differences observed when comparing the data
of final temperature of water and thickness of ice ob-
tained by simulation and experimentally, are due to
the instability occurred in the process of formation of
ice during the first hour of experiment. For the final
temperature of the water, the percentage of error cal-
culated is in the range from 1.78 % to 80 %, which is

large because the values obtained by simulation indi-
cated smaller temperatures; the mathematical model
considered a constant variation of temperature in the
condenser, which is very similar to the variation of
temperature observed in the tests carried out during
the morning and the afternoon, but in tests performed
at night the variation of temperature decreased signif-
icantly obtaining final temperatures of water higher
than expected. For the data of thickness of ice gener-
ated, the percentage of error calculated varies in the
range from 0.39 % to 15.24 %.

Figure 8. Velocity of formation of ice vs. time.

Table 2. Results of calculations carried out for the different practices in 3 hour

Paremeters Values
E S % Error E S % Error E S % Error E S % Error

Initial temperature
16 °C 21,5 °C 18 °C 19,4 °Cof water (°C)

Final T of water (°C) -0,4 -0,41 1,78 1,1 0,93 15,45 -0,5 -0,1 80 1 1,78 78
Ts1 (°C) -7,82 -8,27 5,75 -7,33 -5,87 19,99 -6,35 -7,59 19,45 -7,82 -7,67 1,92

Thickness (mm) 25,5 25,4 0,39 21 17,8 15,24 23,5 22,9 2,55 23 22,9 0,43
Velocity of formation 8,27 8,63 4,32 6,81 5,99 12,12 7,62 7,59 0,41 7,26 7,52 3,54of ice (mm/h)

Total Q (W) 905,38 1139,28 25,83 858,55 1139,93 32,77 901,05 1140,45 26,57 869,93 1139,93 31,04
Work by compressor (W) 168,64 163,93 2,79 172,69 204,2 18,25 178,58 163,93 8,21 185,95 163,93 11,84
Energy consumed (Wh) 519,99 491,8 5,42 532,45 612,6 15,05 550,64 491,79 10,69 588,85 491,79 16,48

COP 5,97 7,02 17,7 5,85 5,63 3,7 5,94 7,02 18,26 5,85 7,02 20,04
Cooling eficiency (%) 91,39 74,22 18,79 84,02 71,27 15,17 91,87 74,22 19,21 86,19 74,22 13,88
Time at 1 °C (h) 2,17 2,2 1,7 3,08 3,17 2,81 2,5 2,36 5,6 3,08 2,66 13,73

Thickness at 1 °C (mm) 17 17,8 4,71 21 21 0 19 18,1 4,74 22,5 19,77 12,13

A relevant difference is observed in the percentage
of error of the refrigeration capacity to be removed,
obtained by simulation and experimentally. Since the
value given in the product catalog was used in the
simulation, this is an optimal refrigeration capacity
for selection, but it is not the real one; an important
difference is observed when compared with the real
value, since the percentage of error varies from 25.83
% to 32.77 %.

The percentages of error evaluated for the velocity
of formation of ice, work of the compressor, energy
consumed, COP and refrigeration efficiency did not
exceed 20 %. For the conducted parametric study, the
margin of error obtained is acceptable.

4. Conclusions

It was developed a mathematical model based on the
study of the thermal cycle and existent heat transfer,
and a programming code for simulation in Guide of
MATLAB. The program created enables varying the
data of the equipment, operation, ambient and work-
ing fluid, with the purpose of observing the change
in efficiency, power consumed and its interaction in
time. The curves obtained by simulation were vali-
dated comparing them with the curves obtained with
experimental data, and evaluating the percentage of
error between these results.

The main parameters that intervened in the pro-
cess of formation of ice and storage of thermal energy,
were the ambient conditions of the place where the
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equipment was installed and the temperature of the
water used. The equipment installed in Riobamba de-
creased its refrigeration capacity to the one presented
in the catalog, due to the barometric pressure of the
place and the ambient temperature in sunny days.

The instability observed in the process of formation
of ice during the first hour of the experiment, directly
intervenes in the final temperature of the water. As
the formation of ice starts 15 minutes before the time
observed by simulation, more heat than the calculated
was removed, obtaining a final temperature of water
smaller than the observed by simulation. The final
temperature of the water varied in the range from 1.1
°C to –0.4 °C in 3 hours.

The greatest efficiency found and the smallest en-
ergy consumption were observed in experiments carried
out at night, when the ambient temperatures decrease,
thus decreasing the thermal load and improving the
efficiency of the condenser, which directly influences
on the efficiency of the equipment. For operation at
night with the water temperature equal to 16 °C.
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