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Abstract

We have developed a computational model which allows the simulation of a
thermoelectric device to make ice cubes in a vapor compression domestic fridge. This
model solves both the thermoelectric and heat transfer equations, including the phase
change equations in the ice cube production.

The inputs of the model are: the thermoelectric parameters as a function of the
temperature; dimensions; material properties (thermal resistances and capacities) and
the boundary conditions (room temperature and voltage supplied to the Peltier module).
The outputs are the values of the temperature for all the elements of the thermoelectric
ice-maker and the ice production.

In the experimental phase a prototype of a thermoelectric ice maker incorporated in a
vapour compression domestic fridge was constructed in order to adjust and validate the
computational model, and to optimize the experimental application. This ice-maker has
two Peltier modules, some aluminum cylinders, called fingers, where the ice is made,
and a component that acts as heat extender and dissipater which connects the hot side of
Peltier module with the freezer compartment. The ice formation on the fingers is
obtained by the cooling on the Peltier modules. When the ice cubes are formed, the
voltage polarity of the thermoelectric modules is switched so the fingers warm up until
the ice around the fingers melts. Then the ice cubes are dropped by gravity.

This paper studies the production of ice cubes using the computational model and the
experiment results and analyzes the most important parameters for the optimisation of
the ice-maker (voltage supplied to the Peltier module, thermal resistance of the hot side
dissipater and initial water temperature).
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A Area (m?)

C Thermal capacity JKH
COP Coefficient of performance

Co Specific heat under constant pressure JkgtK™
e Thickness (m)

h Convection coefficient (W/m?K)

I Electric current (A)

k Thermal conductivity (Wm?tK™
L Length (m)

N Peltier module thermocouples number
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Heat flux

Heat flux absorbed by Peltier modules in theding

Rate of internal generation of heat

Radius

Thermal resistance

Electric contact resistance
Electric Peltier module resistance
Time

Temperature

Temperature in next step
Voltage

Electric power of the Peltier device
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Density
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1. Introduction

The development of refrigeration equipment utiligsthermoelectric technology can,
in many cases, replace the current vapour compressfrigeration system. These
thermoelectric systems have the advantage thatddweyroduce both cold and heat by
simply reversing the polarity of the Peltier moduldtage. They are silent, does not
vibrate and are low maintenance, because of thieinmal use of moving parts and lack
of cooling fluids and in many aspects are moreremmentally friendly.

Nowadays this technology is used in a lot of agpions, such as electric cabinet
refrigeration, in portable refrigerators for medjdaiological and leisure applications,
and air-conditioned compartments, etc. Some ofethagplications are studied in
references [1] and [2].

This technology has to compete with the traditioregdour compression systems. In
order to improve the thermoelectric refrigerator @ is necessary to address the
followings factors: A good thermal contact in thes@ambly to avoid heat flux leaks; a
low dissipater thermal resistance for an effectirgy to dissipate the heat flux; and the
correct Peltier module voltage.

When developing applications based on thermoetgtyirione is presented with the
problem of handling the combined equations of reaisfer and thermoelectric effects.
There are several theoretical expressions to sthe COP of thermoelectric
refrigerators, as indicated in reference [3], whiabsume a series of simplified
hypotheses. In addition, the temperature of thedPehodule is required as a condition.
This is an unknown parameter and it is necessadgtermine its value experimentally.
Although these temperatures were known, the resldtained from the use of this

expression (the ideal thermocouple COP expresa®imdicated in reference [3]) did



not agree with the experimental results due tauteeof the simplified hypotheses in the
analytical solution.

The analogy existing between electric problems tedmal problems permits the
study of the behaviour of a thermoelectric probleynresolving an equivalent electric
network. This type of model has been employed & study of different practical
applications such as those shown in referencesnd|5].

This paper develops a computational method of &atiom to obtain approximations
of the experimental results and to simulate thection of a thermoelectric ice-maker
situated in a domestic fridge, and to permit analgad optimisation of production.

The model developed in this paper was in part asethe basis of a similar model
created to simulate the behaviour of thermoelec#idgerators for other applications

[6] and [7].

2. Objectives

In order to carry out this research, we posedahlewing objectives:

* Development of a computational model to simulate tinermoelectric ice-maker
(production of ice cubes, heat fluxes, temperaiut€3P) and the behaviour of the

refrigerator in which is placed.

« Experimental validation of the computational modsing the experimental data

obtained during the construction and testing oftlie@moelectric ice-maker.

* Theoretical study and experimental validation o tice cube production as a

function of the Peltier module voltage for:

- Arange of freezer compartment and chiller comparit temperatures.



- Different heat dissipater configurations.

e Simulation of ice cube production as a functiomnitial supply water temperature.

3. Description and operation of the ther moelectric ice maker .

The principal of operation of the thermoelectrie-imaker can be seen in the diagram
in Fig. 1. Its operation is based on the absorptibheat from the cold side of a Peltier
module, which cools and freezes water in contatit withe cold side of Peltier module
to a temperature below freezing.

The components on which the ice cubes are formedhare called “fingers”. These
consist of a flat aluminium plate, which has ongesin contact with the cold side of
Peltier module; the other side is connected tondgis which are in contact with the
water. The water used to produce the ice cubeonsamed in a vessel. All these
components are placed in the refrigerator compartm&hen a heat absorption is
initiated, the temperature of the fingers in contaith the water falls below freezing
(Tsoig=0 °C), and ice starts to form. The heat is regeetethe hot side of the Peltier
module through the freezer compartment by meares loéat extender and dissipater;

shown in Fig. 1.

Fig. 1: Diagram of the ice maker prototype.

The heat absorbed and dissipated is a functiomefPeltier module voltage and
therefore, there is an optimum voltage that mingsighe time required for the
formation of the ice cubes.

In order to detach the ice cubes, the polarityhef Peltier module is reversed. This

heats the fingers which melt the contact pointgasng the ice cubes, which then fall



away from the fingers under the effect of graviihe time required to release the ice
cubes is less than a minute.
The simulations carried out using the computationatiel permitted the design of

the thermoelectric ice-maker and its behavioura@ptimized.

4. Computational model

The method most widely used, to solve the equattmmt®untered in thermoelectric
can be seen in reference [3]. This use a seriesingblifying hypotheses: Constant
thermoelectric properties, perfect electric bridgesl ceramic layers with negligible
thermal conductivity. These assumptions produceltses/hich are far from the reality,
by way of example, in the better operation condgithe experimental COP calculated
for a thermoelectric refrigerator in the referernicgis 0.616 and with the expression
indicated in the reference [3] is 0.972, this isearor of 58 %. In accordance with the
proposed objectives, the research developed a datignal model in order to obtain a
more accurate approximation of the actual solutvgh a reduced computing time.

Our model uses the finite differences to solve stesy of non-linear equations,
which are the thermoelectric equations and the tnaasfer equations, including those
due to the phase change. Fig. 2 shows the dizatietn of the computational model in
which the components of the ice-maker are dividéd nodes. The model calculates the
temperature in each of the nodes as a functiom. tThis permits the calculation of
the transient states of the elements of the sysielme carried out. In order to do this it
Is necessary to introduce the following inputs ithte model.

The inputs needed for the model are:

- Geometry and material of the ice-maker.

- Peltier module specifications (material and dimens).



- Electric voltage of the Peltier module.

- Thermal resistance and capacities of the heatpaitesi

- Initial water temperature.

After the simulation the model supplies as outpilis followings results:

- Temperatures of each of the elements of the sysfethe thermoelectric ice-

maker.

- Heat fluxes

- Electric power consumption of the Peltier module

- COP of the ice-maker

- Formation time of the ice cubes

Because all the temperatures and heat fluxes ofsylséeem can be determined
knowing the specifications of the system and thétage supplied to the Peltier

modules. The model can be used as a design tbailtba thermoelectric ice-makers.

4.1 Model hypotheses

The hypotheses of the model are:

* The materials are considered isotropic.

* The Thomson effect is considered negligible, comgpdo the Peltier and Joule
effects, as is indicated in reference [8].

« The model supposes the absence of magnetic fisldsthe Hall, Nerst,
Ettingshausen and Righi-Ludec effects are not taknaccount, as is shown in

the reference [9].

4.2 Moddl equations



The model solves the heat conduction equation tnaasient state for the one-

dimensional case, as shown in expression (1).

oT o°T .
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London et al [10] observed that the solidificatmhsubstances around tubes can be
considered a one-dimensional problem if the coolemyironment has a constant
temperature or if the tubes are short, in the oofié/ D<100).

The heat conduction equation (1) multiplied by vb&ime, applied to the node i as a

function of the thermal resistances and capadgies

T, -1 T -T - ¢ .,
= : +Q, = J_tl(Ti - Ti) (2

i
The expressions of the thermal resistance betweenddes i and j and the thermal

capacity of each node i are the inputs that ourehoequires. These values must be

calculated with the maximum possible accuracy a@eoto ensure reliable results.

The discretization of the thermoelectric ice-makses the symbols of an electrical
analogy, as is shown in Fig. 2. The model assigfisrent nodes for the ice and the
water.The Peltier module is divided into nine nodes idesrto determine with accuracy
the temperature distribution in its interior.

The temperatures corresponding to the nodes iradigatFig. 2 are:

* Node 1 and 28: Room temperature.

* Node 2: Refrigerator compartment temperature.

* Node 3: Vessel temperature.

* Node 4: Liquid water temperature.

* Node 5: Temperature of the ice formed on the fiager
* Node 6: Finger temperature.

* Nodes from 7 to 24: Section of Peltier module terapge.



* Node 25: Finger insulator temperature.
* Node 26: Dissipater temperature.

* Node 27: Freezer compartment temperature.

Fig. 2. Diagram of the electric and thermal analofjthe computational model
As an example we pose the expression (2) in relabonode 4, which is joined to
nodes 5 and 3, given as:

T3 _T4 +T5 _T4
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Grouping terms in the expression (3) as a functbrthe temperatures in the

following iteration (T current iteration, T’ nexteration), we obtain the expression (4):
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With the diagram shown in Fig. 2, applying a simitaethod to each node, we can

pose the following system of equations:

[M ][Ti']:[Ti +aé[(.?i} (5)

In which [M] is the matrix representative of thessam and gives us the relation

between the nodes; the vec{ﬁir'] representshe node temperatures in the next iteration
and the vecto{'l’i] represents the node temperatures in the curesatidn; the vector
[o] represents the internal generation of heat ffugdch of the nodes.

In the node corresponding with the water, the teym represents the heat flux
absorbed for the phase change process. When blalhasd liquid phases coexist and

until the phase change is over &Ty), this condition is given by the expression:

T4 _T3 +T4 _Ts
|:</—w Rw—ice

=Q,, 6)



The model also incorporates the equations of teartbelectric phenomena, which
are the heat fluxes due to the Peltier effect, egos (7) and (8), and Joule effect

equation (9), assuming no magnetic field.

Qy = -N2a, 1T, +1 R )
Q., = N2a,IT, +1'R (8)
Q,=1"R ®)

4.3 Thermal resistances and capacities calculation.

The model needs, as inputs, the values of the ederapacities of each node and the
thermal resistances between the nodes. The nogesseat the components of the ice-
maker or part of the components.

In order to describe the transient thermal behavioiuthe system the thermal
capacity of each of the nodes is required. These dmscribed by the following

expression:
C =Vpe, (10)

The thermal resistance and capacity of each Peitatule, as well as the thermal
resistance between the room and the freezer comeatt the thermal resistance
between the room and the refrigerator compartmeamd, their thermal capacities are
studied as described in the reference [7].

The thermal resistance of the contact betweendlteside of Peltier module and the
finger, and the thermal resistance of the contatwéen the dissipater and the hot side
of the Peltier module have been obtained taking atcount the research of Ritzer and

Lau [11].
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The calculation of the thermal resistance of tlssigater, (Fig. 1), was made using a
3D computational model, using a fluid mechanics potational program (FLUENT).
This study analyses the distribution of temperatinethe dissipater, in order to obtain
the information necessary to carry out an apprégusign of the components of the
prototype. As a result of this study, we determirted thermal resistance of the
dissipater, which was added to the computationalehdescribed here.

In order to study the influence of the dissipatex following configurations were
investigated:

» Configuration 1: without fins and with a fan

e Configuration 2: with fins and with a fan

e Configuration 3: with fins and with two fans

Fig. 3 shows the temperature distribution for cgufation 1. With the different
configurations we tried to diminish the temperatdifference between the hot side of
the Peltier module and the air of the freezer catnpent.

Fig. 3: Dissipater temperature distribution for figaration 1.

The thermal resistance between the dissipater hadfreezer compartment was

obtained using FLUENT for each of the three configions of the dissipater. These

values are given in Table 1.

Configuration Technical characteristics Thermal resistance [K/W]
1 Dissipater without fins and with a fan 0.82
2 Dissipater with fins and with a fan 0.30
3 Dissipater without fins and with two fans 0.24

Table 1: Dissipater thermal resistance
With the 3D computational model (FLUENT) the thelmasistance between the

part of the fingers in contact with the Peltier mtedand the ice cubes was investigated.

11



The “fingers” consist of a flat plate and some rgfhical fingers, as is shown in Fig. 1.
The temperature distribution lets us study the satbat need improvements in the
insulator; as can be seen in Fig. 4.
Fig. 4: Distribution temperature in the fingers.
The thermal resistance between the ice and thilligater of the vessel is composed
of two terms. The first corresponds to the conaurcf heat through the ice and the
second is the natural convection between the liquater and the surface of the ice.

These terms vary with the thickness of the icesThérmal resistance is defined as:

meezl 1 Pog«n teu)r), 1 ]] 11)

A2, Kee (e + e P

The thermal resistance associated with the phasggehwas the most complex terms
to calculate, because it depends on the geomettiyeo€old body in contact with the
fluid, and the type of fluid. A reference to thdseds of problems, known as boundary
value problems, is given in reference [12].

In the case of the thermoelectric ice-maker, bypgishe data we have determined an
average value for the heat transfer coefficient thuehe phase change and natural
convection between ice and liquid water. The s@rfatthe ice cube increases as the
mass of the ice cube increases, therefore the #iagmristance between the node that
represents the solid phase and the node that egpsethe liquid phase is a function of
time.

The flat plate and cylinder fingers are in contaith the ice and also have an area in
contact with the air contained in the refrigeratompartment, and another area which is
in contact with the insulator, as can be seen @ Ei Their thermal resistances are

expressed in the following:

12
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The thermal resistance between the vessel and dber,vexpression (14), is due to
the natural convection between the interior of ¥kesel walls which is a rectangular
cavity open at the top, and the water. The heastea coefficient of natural convection
is calculated by an experimental adjustment otélseresults.

1
=T 14
R S A a4

The thermal resistance between the vessel ancethgerator compartment has two
terms. The first is heat conduction through thesekesnaterial and the second is the
natural convection between the air of the refriggraompartment and the exterior of

the vessel:

=% ! (15)
Rfef v kv |A’ef -V href -V |Aef -V

The heat transfer coefficients for natural conwecttibetween the refrigerator
compartment air and the vessekhand between the refrigerator compartment air and
the fingers h¢s+ were calculated using the same methodology asbeaseen in the
reference [13].

The thermal resistance between the refrigeratorpemtment and the insulator is
calculated by expression (16), and to calculate tttegmal resistance between the

insulator and the dissipater expression (17) isluse

eref—in
frin =T 8 16
Rfe kin |}Yef—in ( )
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5. Experimental apparatus

This part of a research project was developed thithassistance BOSCH SIEMENS
company. The objective was the development of artbelectric ice maker in a vapour
compression domestic refrigerator. The applicatisn patented by the BOSCH
SIEMENS company, the Patent reference is showh4h [

The assembly of a prototype thermoelectric ice makeshown in Fig. 5. The ice
maker was placed in the interior of a BOSCH KGP38BG37 refrigerator, and consisted
of:

* A methacrylate vessel of (164*50*50 mm) with a wedickness of 2 mm
which contains the water to make the ice cubes.

» The component that makes the ice cubes consistaiofluminium cylinder
of 10 mm diameter and 35 mm height, the “fingergined to a flat
aluminium plate that is in contact with the coldesof the Peltier module.

* An aluminium heat dissipater of (423*155*15 mm), igéh is used to
dissipate the heat flux produced by the hot sidéhefPeltier module. This
element connects the hot side of the Peltier moduithn the freezer
compartment.

e Two Marlow DT12-8L Peltier modules, [15].

A photograph of the ice maker assembly in the iot@f the domestic fridge and the

ice cubes formed can be seen in the Fig. 5.

Fig. 5: Final assembly photographs of the ice maketotype.
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6. Results and discussion

6.1 Methodology

The tests were made in the interior of a climaliaraber in order to control the room
temperature and humidity. The results obtained Withprototype were used, to adjust
the computational model, and to compare the acgwhthe model with experimental
results. The measured input parameters, were:

* Peltier module voltage.

 Temperature settings in the freezer compartment sndhe refrigerator

compartment.

» Dissipater thermal resistance:

- In function of dissipater type (with or without &j
- In function of air flow when we change the fan agafation (one or two
fans).

« Initial water temperature.

6.2 Validation of the computational model

To validate the computational model, we used caomfifon 1 and the least
favourable conditions in the fridge for the prodoctof ice cubes, these conditions
correspond with the positions of the thermostats fm = 281 K, T term= 255 K) in
which the fridge has the maximum temperatures.

The model solves the ice cube formation procesthéntransient state with high
accuracy, as is illustrated in Fig. 6. Where tlst teas performed with a Peltier module

supply voltage of 3 V, the results show that th@esknental temperatures of the

15



prototype components have the same tendency ateitipgeratures simulated by the

computational model.

Fig. 6: Experimental and simulated temperaturgb®transient state.

Fig. 7 shows the comparison between experimentlsamulated temperatures of
two components, the finger and dissipater, as atium of the Peltier module supply
voltage. The temperatures are average values atddutluring the ice cube formation
process in a transitory state. As the Peltier geltas increased the dissipater
temperature increases. The finger temperaturethasinimum value when the Peltier

supply voltage is 3 V at which point the ice prote will be highest.

Fig. 7: Comparison between experimental and siradlsgmperatures as a function of
Peltier voltage.
The model results are very close to the experinheatalts with deviations in the
average temperature of less than 1.5 K, as caréeis the Fig. 7. The accuracy of the

computational model can also be seen in TablesiBan

6.3 The influence of the refrigerator compartment and finger temperature on the

production of ice cubes.

The temperatures of the two elements that have mfhgence on the production of
ice are those of the refrigerator compartment aedihgers. In order to determine their
influence the test was performed in the most amadtléavourable conditions and the
results compared with the simulated values of timaputational model. In this process

of comparison we used configuration 1, (Table 1).

6.3.1 Test conditions

16



Two types of tests were performed, one with thstléa ourable conditions for ice

cube production and the other with the most favioleraconditions for ice cube

production.

The tests were performed with a room temperatur@d® K, for the same time

period.

A) For the least favourable conditions, witR: &m= 281 K, T erm = 255 K, and by the

maximum ice production corresponded to a Peltiedute supply voltage of 2 V.

For voltages in excess of 2 V the ice productioorel@ses, as shown in Table 2.

This is due to the fact that when the Peltier medudltage is higher than 2 V, the

finger temperature and the refrigerator compartniemiperature both increase and

consequently the production of ice cubes decreases.

With the values obtained in the test and by usingudtiple regression model, we

obtain the followings expressions for ice produttio

Mice = 954308-0.2927T, — 0.0558,;, (Model) (18)
Mice =921627-0.2785T, —0.0567T,,, (Experimental) (19)
V, (V) Tt (K) Tret (K) mice (kg/day)

exp Sim error Exp sim error| exp sim errof
0 269,0 269,9 -0,9 281,3 280,7 0,7 1,00 0,15 0,2
1 268,5 268,2 0,4 281,1 280,5 0,6 1,68 1,26 0,4
2 267,0 266,7 0,2 280,1 280,8 -0,1 1,87 1,65 0,2
3 266,9 265,9 1,0 280,4 280,8 -0,4 1,84 1,91 -0,(
4 267,6 266,5 1,1 280,9 280,9 0,0 1,64 1,78 -0,]
5 268,3 266,9 1,3 281,1 281,0 0,2 1,5)7 1,59 -0,(

Table 2. Experimental and simulated results (lassdrable conditions).

The Peltier module voltage in each configuratiors len optimum value for

maximum ice production, in which the finger tempera is at its minimum, as can be

seen in Fig. 7 (configuration 1).

17
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In the less favourable conditions the ice produrctiothe fridge increases 84 % from

the test where the Peltier module supply voltagesre to the maximum ice production,

with a Peltier module supply voltage of 2 V.

B) For the most favourable conditions whepy drm= 275 K, T term= 247 K, the daily

production rate for ice cubes are given in Table 3.

Vp (V) Ti (K) Tret (K) Mice (kg/day)

Exp Sim error Exp Sim error Exp Sim error,
0 267,8 267,3 0,5 273,9 275,3 -1,4 1,77 1,70 0,0
1 265,6 265,3 0,3 274,5 274,8 -0,3 2,1D 2,19 -0,(
2 264,9 264,4 0,5 274,8 274 4 0,3 2,28 2,48 -0,2
3 264,1 263,8 0,3 274,7 274,3 0,4 2,4p 2,63 -0,2
4 263,8 263,6 0,2 274,3 274 4 -0,] 2,76 2,68 0,0
5 264,5 263,8 0,7 275,1 274 4 0,7 2,59 2,63 -0,(
6 265,4 264,6 0,8 275,2 274,6 0,4 2,17 2,44 -0,2

Table 3. Experimental and simulated results (Magb@irable conditions).

In the most favourable conditions, the ice productin the refrigerator increases 43

% from the test where the Peltier module supplyag# is zero to the maximum ice

production, with a Peltier module supply voltage3of.

In the same way as in case A, the daily ice cubduymtion were obtained:

Mece = 905469 0.2463, — 0,085, (Model)

r.nice =914118-0.2436T, —0.0897; (Experimental)

(20)

(21)

The Peltier module voltage influences both the dmgemperature and the

refrigerator compartment temperature. The exprassitor daily ice production,

[equations from (18) to (21)], show that finger frature has a greater influence on

ice production than the temperature of the refager compartment because the

coefficient that multiplies the finger temperatuie three times greater than the

refrigerator compartment temperature coefficient.

When the least and most favourable conditions amgpared the ice production rate

increases by 47 %, with a Peltier module supplyagd of 3 V.

18
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6.4 Influence of the thermal resistance of the dissipater on the hot side of the

Peltier module on the production of ice cubes.

In order to study the influence of the heat disgpahermal resistance on the
production of ice cubes three different configuras were investigated. The thermal
resistance for each configuration can be seenlieTh

Using the test conditions most favourable for icedpction: Freezer compartment
temperature at 247 K, a refrigerator compartmemiperature of 275 K, and the initial
water temperature of 275 K.

The simulated and experimental results for the geodn of ice cubes for
configuration 1 (without fins) can be seen in TaBleThe results for configuration 2
(with fins and one fan) and configuration 3 (withsfand two fans) can be seen in Table
4. The model accuracy is good, because the errtreirnalues for the production of ice

cubes between the experimental and simulated vauess than 15%.

v, (V) m ce (kg/day) Config. 2 m ce (kg/day) Config. 3
exp sim error (%) exp sim error (%)
0 184 | 1,88 -2,00 2,02 | 2,00 0,84
1 2,36 2,33 1,34 2,39 2,43 -1,66
2 2,62 2,58 1,56 2,88 2,74 4,86
3 291 | 2,71 6,83 3,14 | 3,00 4,57
4 2,82 | 2,89 -2,36 2,94 | 3,11 -5,87
5 2,68 | 2,82 -5,29 2,68 | 3,05 -13,87
6 2,48 2,65 -6,87 2,62 2,93 -11,80

Table 4: Ice cube production in function of Peltiewdule voltage.
The maximum ice production achieved with this ptype is 3.1 kg/day, with a
Peltier module supply voltage of 3 V, with a powensumption of 30 W (configuration
3) and with a thermoelectric ice maker COP of O™#s thermoelectric ice maker COP

is defined as:
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COP=& (22)
We
This study emphasises the importance of the themmsistance of the Peltier
module’s hot side, as is shown in the referencgsafil [16]. A decrease in the

dissipater thermal resistance from configuratiofRl= 0.82 K/W) to configuration 3

(Rg= 0.24 K/W) increases the ice production 14 %sashown in the Tables 3 and 4.

6.5 The influence of the initial water supply temperature on the production of ice

cubes.

Simulations were performed with operating tempeestof the chiller and freezer
compartment of L term= 275 K and T m = 247 K, (configuration 3). Tests were
performed with an initial water temperature randirggn 278 K to 293 K.

During the ice production process, the first stegjates to the cooling of the water
until it achieves the phase change temperaturdhandecond stage relates to the phase
change process. The higher the initial water teatpeg, the longer the first stage takes
due to the necessity of cooling a larger thermal, daerefore the ice production is
lower as can be seen in Fig. 8.

The increase in the production of ice cubes fronemthe Peltier module supply
voltage is zero to when it is 3 V (maximum prodanjiis greater the lower the initial
temperature of the water in the vessel. When the, ¥ 293 K the increase in the ice
production is 0.42 kg/day and for &;T, = 278 K the increase is 0.85 kg/day, as shown
in Fig. 8.

The finger temperature in the transitory stateuisction of the initial temperature

water, therefore the lower this temperature is hilgeer the ice production is.
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Fig. 8: Simulation of ice production for differenitial water temperatures as a function

of the Peltier supply voltage.

7. Conclusions

* A computational model that simulates the behavafuhe thermoelectric ice maker
and the behaviour of the vapour compression dom&gige in which is placed has
been developed.

* This model predicts the production of ice, heakdlsi component temperatures,
power consumption and thermoelectric ice-maker CEdPthe optimal Peltier
module supply voltage, to obtain the maximum iaedpiction, can be calculated.

* The model has been experimental validated andethats are acceptable with the
errors between the experimental and simulated satdigemperatures being less
than 1.5 K.

» Expressions that link the ice production with findemperature and refrigerator
compartment temperature have been obtained. We Heweonstrated that the
influence of the finger temperature is greater ththat of the refrigerator
compartment temperature.

* We have studied the ice production as a functibisetting temperature of the
refrigerator and freezer compartment, for the foitay:

a) In the least favourable conditions the ice producincreases by 84 %,
when varying the voltage from 0V to 2 V.
b) In the most favourable conditions the ice produciiacreases by 43 %,
when varying the voltage from 0 Vto 3 V.
C) The ice cube production increases by 47 % from l&ast to most

favourable conditions, for a Peltier module supmiitage of 3 V.
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« The influence of the thermal resistance of thedmb¢ dissipater in the development
of thermoelectric ice makers has been demonstratétd simulations and
experimental data. The maximum ice production iases by 14 % as a result of
using the 3rd configuration instead of the 1st one.

e We have simulated the ice cube production as atiimof the initial water
temperature, and have shown that the lower thigpéeature is, the higher the ice
cube production is and the greater the increagbenice production is when the
Peliter module supply voltage is increased from @\3 V. The increase is 0.42
kg/day for 293 K and is 0.85 kg/day for 278 K.

* We have applied the developed computational maxal thermoelectric ice maker
placed in a domestic refrigerator. The results wheefollowing: a maximum ice
production of 3.1 kg/day, a power consumption o\N3@pproximately, for a Peltier
module supply voltage of 3 With a thermoelectric ice maker COP of 0.92, and a

detachment time for the ice cubes of less thare66rgls.
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Fig. 1: Diagram of the ice maker prototype.

Fig. 2. Diagram of the electric and thermal analofthe computational model

Fig. 3: Dissipater temperature distribution for figaration 1.
Fig. 4: Distribution temperature in the fingers.
Fig. 5: Final assembly photographs of the ice maketotype.

Fig. 6: Experimental and simulated temperaturgb®transient state.

Fig. 7: Comparison between experimental and siradlsgmperatures as a function of

Peltier voltage.

Fig. 8: Comparison of ice production for differ@mitial water temperatures as a

function of the Peltier supply voltage.
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Configuration Technical characteristics Thermal resistance [K/W]
1 Dissipater without fins and with a fan 0.82
2 Dissipater with fins and with a fan 0.30
3 Dissipater without fins and with two fans 0.24
Table 1: Dissipater thermal resistance
V, (V) T (K) Tret (K) mice (kg/day)
exp Sim error Exp sim error| exp sim errof
0 269,0 269,9 -0,9 281,3 280,71 0,7 1,00 0,75 0,25
1 268,5 268,2 0,4 281,1 280,5 0,6 1,68 1,26 0,42
2 267,0 266,7 0,2 280,1 280,8 -0,7 1,8¢ 1,65 0,22
3 266,9 265,9 1,0 280,4 280,8 -0,4 1,84 1,91 -0,07
4 267,6 266,5 1,1 280,9 280,9 0,0 1,64 1,78 -0,14
5 268,3 266,9 1,3 281,1 281,0 0,2 1,5¢ 1,59 -0,02
Table 2. Experimental and simulated results (lassdrable conditions).
V, (V) Tt (K) Trer (K) mice (kg/day)
Exp Sim error Exp Sim error Exp Sim error|
0 267,8 267,3 0,5 273,9 275,3 -1,4 1,77 1,70 0,97
1 265,6 265,3 0,3 274,5 274,8 -0,3 2,10 2,19 -0,09
2 264,9 264,4 0,5 274,8 2744 0,3 2,28 2,48 -0,20
3 264,1 263,8 0,3 274,7 274,3 0,4 2,4p 2,63 -0,21
4 263,8 263,6 0,2 274,3 2744 -0,1 2,76 2,68 0,97
5 264,5 263,8 0,7 275,1 2744 0,7 2,59 2,63 -0,04
6 265,4 264,6 0,8 275,2 274,6 0,4 2,17 2,44 -0,37

Table 3. Experimental and simulated results (Magbfirable conditions).

v, (V) mice (kg/day) Config. 2 Mice (kg/day) Config. 3
exp sim error (%) exp sim error (%)
0 184 | 1,88 -2,00 2,02 | 2,00 0,84
1 2,36 2,33 1,34 2,39 2,43 -1,66
2 2,62 2,58 1,56 2,88 2,74 4,86
3 291 | 2,71 6,83 3,14 | 3,00 4,57
4 2,82 | 2,89 -2,36 2,94 | 3,11 -5,87
5 2,68 | 2,82 -5,29 2,68 | 3,05 -13,87
6 2,48 2,65 -6,87 2,62 2,93 -11,80

Table 4: Ice cube production in function of Peltiewdule voltage.
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Fig. 1. Diagram of the ice maker prototype.
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Fig. 2. Diagram of the electric and thermal analofjthe computational model
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Fig. 4: Distribution temperature in the fingers.
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Fig. 5: Final assembly photographs of the ice maketotype.
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Fig. 6: Experimental and simulated temperaturdb®transient state.
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Fig. 8: Simulation of ice production for differenitial water temperatures as a function

of the Peltier supply voltage.
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