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$.0.Filin CALCULATION OF THE COOLING SPEED
OF THE THERMOELECTRIC BEVERAGE COOLER
WITH "WET" CONTACT

The paper proposes an engineering technique for calculating beverage cooling speed in a
thermoelectric cooler with wet and dry contact. By calculation, the previously proven
experimentally conclusion was confirmed that filling the gap between the bottle with the drink and
the cooler container can significantly increase the speed of the cooler. The results of comparative
calculations are presented by the example of an automobile cooler of drinks Car mini-cooler FM
201.001. The ways of improving the design of the cooler in order to increase its speed are
proposed. Bibl. 10, Fig. 5, Tab. 3.
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Introduction

This paper is the second part in a series of three works devoted to the development and research
of thermoelectric coolers for drinks with wet contact. In the previous paper [1], the market of modern
household and automobile thermoelectric beverage coolers was analyzed in terms of their cooling
speed. The performance indicators of these devices do not meet the needs of consumers. Based on the
results of experimental studies, the efficiency of the use of the so-called "wet" contact to increase the
speed of the coolers was shown. Wet contact is the filling of the air gap between the beverage can or
bottle and the cooler container with water or other liquid. The theoretical analysis below allows one to
determine the main factors influencing the mentioned efficiency. Another goal of this work is to
develop a method for calculating the cooling time of a drink in coolers with wet contact and to
compare the results of calculations using the example of data from previous experiments.

Calculation model
Initial data and assumptions

1. As in experiment [1], we take water as a cooled drink which is a liquid with the highest heat
capacity. This approach eliminates speculations associated with inaccuracy in determining the
thermophysical properties of specific drinks.

2. Similarly, as a container for a drink, we take an aluminum can with a capacity of 0.33 liters. Its
parameters are standardized and unified in most countries of the world [4].

3. The parameters of the cooler, including the thermoelectric module, are tied to the actual technical
characteristics of coolers of the Car mini-cooler FM 201.001 type used in the experiment (Fig. 1).

62 Journal of Thermoelectricity Ne2, 2020 ISSN 1607-8829



S.O.Filin.
Calculation of the cooling speed of the thermoelectric beverage cooler with "wet" contact

Fig. 1. Car beverage cooler Car mini-cooler @M 201.001 (left),
separately to the right - its container with a thermoelectric module installed on it.

4. The bottom of the container in the cooler Car mini-cooler FM 201.001 is made as a separate element of
non-metallic material, and the bottom of the can is concave. There is a linear direct contact between the
can and the bottom along the circumference of the convex part of the bottom. Therefore, when
calculating a dry contact cooler, we assume that the bottom surface does not participate in heat
exchange between the container and the beverage can.

5. Due to its smallness, we neglect the thermal resistance of the can. However, in the case of a plastic
bottle, this component of the total thermal resistance must be considered.

6. We assume that the space between the container and the cooler body is filled with polyurethane foam
insulation (Fig. 2).
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Fig.2. Calculation scheme of beverage cooler.
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Table 1
Initial data for the calculation
Parameter Value Source Comment
Cooler capacity
Material Manufacturers’ | Aluminum Manganese alloy
data Al-Mn
Thermal conductivity, Ap 188 Wim-K  |[2]
Specific mass heat capacity, cp 985 J/kg K [2]
Mass (without bottom part), m, 113.850 g Measured
Height, hp 69 mm Measured
Inner diameter, dp 67 mm Measured
Thickness, 6, 2 mm Measured
Water in container
Thermal conductivity, A 0.55 Wim-K | [3] At a temperature of 10°C
Specific mass heat capacity, cw 4200 J/kg-K | [3] At a temperature of 10°C
Total mass, my 1509 Measured
Including mass of water massina |7.1g Calculated
cylindrical gap, mu1
Height, hw 68 mm 1 mm less than h,
Layer thickness, dw 0.5 mm (dp — D¢ )/2
Beverage can
Material [4] Aluminum alloy AMr2
Thermal conductivity, Ac 159 Wim-K | [5]
Specific mass heat capacity, c. 963 Jkg-K |[5]
Mass, mc 13.280 ¢ Measured
Outer diameter, D 66 mm [4]
Height, h¢ 115.2 mm [4]
Thickness, J¢ 0.11...0.30 [4] 0.11 — in the cylindrical part
mm 0.30 — in the lower part
Beverage (water)
Thermal conductivity, Aq 0.574 W/im-K | [3] At a temperature of 15°C*
Specific mass heat capacity, cq 4190 J/kg-K [ [3] At a temperature of 15°C
Mass, mg 33209 Measured
Insulation

Material Foamed polyurethane
Thermal conductivity, Ain 0.029 W/m-K | [6]
Specific heat capacity, Cin 1.47 [6]
Density, oin 40 kg/m?® [6],[7]
Thickness, 6in 6.5 mm Measured

! Taken as the average temperature of the beverage in the process of cooling.

64 Journal of Thermoelectricity Ne2, 2020 ISSN 1607-8829



S.O.Filin.
Calculation of the cooling speed of the thermoelectric beverage cooler with "wet" contact

Calculation of theoretically minimum cooling time

The minimum time tmin for cooling a beverage in a can to a temperature t: (under ideal conditions of
heat exchange at the boundaries of media) can be found from the heat balance of the cold side of the
cooler:

(60_62_(53_Qin)'rmin:(jd +Qc+6w+(jp+(jin (l)

((jo _Qz _63_(§in)'7min =

=m,C, .(ta —t, )+(chW +mcC, + mpCp)-(ta _tp)+(mincin)’ L, ;tp @

where: (50 is average cooling capacity of thermoelectric module during cooling; QZ is average heat
input from the environment through the bottom of the can, 63 is average power of heat input from

the environment to the upper part of the can, not immersed in the container, Qn is average power of

heat input from the environment through the insulation, Qg, Qc, Qw, Qp, Qin is the amount of heat
removed from the drink, can, water in the gap, container and insulation, respectively, m is mass, c is
heat capacity, ta is air temperature in the room and the initial temperature of all the elements, t; is
finish temperature of the beverage, t, is average temperature of the cooler at the end of cooling
process.

The only unknown value in Eq.(2) is temperature t,, One can calculate it from the thermal
balance of the gap or use the experimental data. Putting into calculation the values t. =25 °C,
tr = 10 °C, t, = 8.2 °C and substituting data from Table 1, we obtain:

Table 2

Intermediate results of calculating thermal balance components

Object Designation mici [J/K] Qi, [J] Percentage
Beverage MqCqd , Qu 1382.7 20740.5 87.44%
Can meCe , Qc 11.95 200.76 0.85%
Water in the gap MuCw , Qu 62.85 1055.88 4.45%
Container MpCp , Qp 102.46 1721.3 7.26%
Insulation MinCin , Qin 0.013 0.1065 0.0005%
Sum X 1560 23718.6 100%

It follows from the presented data that, in terms of mass heat capacity, the presence of water in the
gap increases the thermal load on the module by less than 5%. The influence of the can (0.85%) is within
the experimental error, and therefore, may not be taken into account in engineering calculations, similarly
to the effect of insulation, which is absolutely negligible. The role of thermal resistances of the same
elements is analyzed below. A similar conclusion in relation to insulation can be made when analyzing the
structure of heat inputs. In [9], [10] it was shown that the isolation of the ice form of thermoelectric ice
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cube ice makers does not increase the ice maker productivity, because the lion's share of the heat load is the
process of the water-ice phase transition. Despite the fact that in our example we are not talking about
freezing a beverage, the contribution of heat inputs from the environment is also not vital. Both in the case
of ice makers and in coolers, i.e. in the products where the dynamic characteristics are decisive, the thermal
resistance of the layers of materials between the cooled object and the source of cold has a greater
influence than the mass heat capacity. This thesis is confirmed by the experimental data and further
calculations.

Algorithm for calculating the average cooling capacity of the module Q,

To be able to use the module manufacturers’ data given in Table 3 and in Fig. 3, it is
worthwhile to:

1) interpolate the values Qomax and ATmax between the two temperatures of the hot side of the
cooler (the manufacturer provides data for temperatures 27 and 50 °C) for the temperature t, of the hot heat
sink in the steady state, which was measured during the experiment, i.e. for t, = 32 °C;

2) determine the value of relative current I/lmax. In our case it is 2.15/3.4 = 0.63;

3) build dependence Qomax (4Tmax) for this ratio and the above temperature ty;

4) using the above assumptions, calculate AT =t,-t, and graphically determine (50 as
shown in Fig. 4.

Another possible option is calculation of QO by the formula proposed in [8].

Table 3
Technical parameters of module M7-1-1.45-143S

Parameters Unit MT 1-1.45-143S
Current, max A 3.4
Voltage, max \YJ 16.6
Coolling Pover, max, (at Th=27°C) w 33
Temp. Difference, max, (at T=27°C in vacuum) K 70
Resistance (at Th=27°C amb) Ohm 456 +10%
Width mm 40+0.5/-0.1
Length mm 40+0.5/-0.1
Thickness mm 3.8
Thickness tolerance mm +0.3
Parallel Difference mm 0.05
Wire Length mm 120+10
Wire Section mm? 0.035
Operating temperature, max °C 90
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Cooling Power vs. Temperature Difference at Th=27"C for Dufferent Imax
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Fig.3. Load characteristics of module MT-1-1.45-143S.
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Fig. 4. Graphical method for determining the cooling capacity of the MT-1-1.45-143S
module under steady state operation on the manufacturers’ database (Fig. 3).
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Fig.5. Typical dynamics of temperature change on the cold and hot side of module of
thermoelectric cooler at ambient temperature t; = 25°C:
1 — hot heat sink temperature t,, 2 — container temperature at wet contact tpw,
3 — container temperature at dry contact t,q, 4 — average beverage temperature to.

Due to the variability of temperatures on both sides of the thermoelectric module, the value
QO is also not constant. Its relative stabilization occurs approximately 10 minutes after the cooler is

turned on (Fig. 5). Therefore, in order to increase the calculation accuracy, one can separately
determine the values of Qo:2 and Qo2 for two time intervals z: u 7> and then use the formula (3)

Q, = Qo171+ Qoz  (Trin —71) ’ 3)

T

min

where 71 = 10 minutes.
On substituting (3) into (2) we find zmin.

T

o (ZQ _10'60'Q01
min QOZ
where Q01 =204 W, Qoz =17.8 W.
The calculation of values QZ, 63, Qm by the known dependences for heat transfer through a multi-

)+10-60 =12449s = 20m48s |, 4)

layer wall and for natural convection in air (with regard to the data in Table 4) yielded the following
results: Q, =0.027 W, Q, =0.063 W, Q, =0.019 W. The sum of these three heat inputs (0.109 W) is as

little as 0.6% of the average cooling capacity of module, which makes it possible to ignore them in the
engineering calculations.

Actual time of beverage cooling from 25 °C to 10 °C is a factor of 2.5 longer (Table 5), which is due
to thermal resistances of layers 3., ow and Jp (Fig.2).
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Calculation of cooling time with regard to thermal resistances of layers

To take into account the influence of the thermal resistance of the media layers located in the gap
between the beverage and the cold source (module), it is necessary to use the thermal balance of the cooled
object in a regular thermal mode [3,11]:

Z(mici)'d(Atl)zkz'F'Atf -d(z7) ®)

Solving Eq.(5) for 7, we obtain:

mc,, t —t
T=Z Illna P

) 6
k. F tf—tp ©)
where:
1
K, =——M@M— . 7
R ™
ay A, /1p

In relation (6), we separately take into account the heat exchange through the container bottom made
of rigid plastic (4, = 0.2 W/mK). In relation (7), in the calculation of the container thermal resistance dp*/1,,
we use the reduced thickness 0*p, calculated by formula (8):

S = I:151 +(F - F1)52
P F

, (8)

where: F1=hpam, F=mrdphy, &1 =0, +5mm (see Fig.1), 02 = %(%nd,—aml2).
Substituting the data from Table 1 and assuming the coefficient of heat transfer from water to the
can wall aq = 140 W/m?2K [12,13], we obtain §*, = 36 mm, ks =122.1 W/m?K.

Conclusions

A laboratory for remote monitoring and control of the heat generation unit operation has been
developed. The established laboratory provides an opportunity to study the methods of backup power
management due to electricity generated by an array of solar panels located outside the room with the heat
generation unit and thermoelectric elements mounted thereupon. The scientific novelty of the results
obtained lies in the fact that the methods of combining various processes of energy generation from one
source and methods of emergency power supply for the control elements of this process have been further
developed. The practical significance of the results obtained is that the created lab allows holding
experiments with different cases of regular stopping of heat generation process in case of unstable or
missing power supply for control units. Prospects for further research are to develop methods of regular
shutdown of the heat generation unit in conditions, when the elements of control and monitoring of the unit
are not provided with regular power supply.

The work was supported by the grant of State Fundamental Research Foundation according to contract
®83-111/2018.
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Y cmammi 3anpononoeano inoicenepny MemooOuxy po3paxyHKy weUOKOCMI OXON00JCEeHHs HANOW 8
MEPMOENeKMPULHOMY OXON00HCY8AUT 3 MOKpUM I cyXum Kowmaxmom. Pospaxymkoeum wiiaxom 0ye
niomeepodicenull pamiuie 008edeHuli eKCHepUMEHMAIbHO BUCHOBOK NPO me, WO 3aNOSHEeHHs WINUHU
MIdC NIAWKOIO 3 HANOEM | EMHICINIO O0X0A00JCY8aAYA OO0380IAE€ ICMOMHO NIOBUWUMU WEUOKOOII0
oxono0xcysaua. [Ipedcmasneno pesynomamu NOPIGHATLHUX PO3PAXYHKIE HA NPUKIAOI A8MOMODINLHO20
oxonooxcyeauwa Hanoie Car mini-cooler FM  201.001. 3anpononosano wiisixu yOOCKOHAIEHHS
KOHCMPYKYIL 0X0100CY8aUa 3 Memoo ni0gueHHs1 1i02o weuokooii. bion. 10, puc. 5, mabn. 3.

KirouoBi coBa: 0x0J0mKyBad HAIoOIB, IIBHIKICTH OXOJOMKEHHS, YMOBH TEIUIOOOMIiHY, TEIUIOBI

OTOPH.

®uinn C.O. dokmop mexH. HayK

3anagHONOMOPCKUM TexHoNnornueckuii yausepeutet B Lllenune
ayutes [Iuacros, 17, llleuun, 70-310, ITombima,
e-mail: sergiy.filin@zut.edu.pl

PACYET BBICTPOJAENCTBUA TEPMOJJIEKTPHUECKOI'O
OXVTAJUTEJIA HAIIUTKOB C «MOKPBIM» KOHTAKTOM

B cmamve npeonosicnena umdicenepHas Memoouxka paccyéma CKOpOCMuU OXAANCOeHUs HANUMKA 6
MEPMOINIEKMPULECKOM OXAAOUMENE C «MOKPBIMY U «CYXum» Kowmaxmamu. Pacuémuviv nymém 6wvin
NnOOMBepPIAHCOEH panee OOKA3AHHBIU IKCNEPUMEHMANLHO 68b1800 O TOM, MO 3ANOJHEeHUe Weau Mencoy
OYMBLIKOU ¢ HANUMKOM U EMKOCMbIO  OXAA0Umens NO360Jsiem  CYUECEEHHO  NOGbICUMb
bvicmpoodeiicmeue oxnaoumenst. [lpedcmagnenvt pe3yrbmamol CPAGHUMENbHBIX PACUYEMO8 HA npumepe
asmomobunbo2o oxaaoumensi Hanumkog Car mini-cooler ®M 201.001. IIpeonodcenvt nymu
VCOBEPUIEHCTNBOBAHUSL  KOHCIPYKYUU  OXIAOUMENs C  Yeablo NOBbIUEHUs €20 OblcmpoOeticmaus.
bubn. 10, puc. 5, mabn. 3.

KaioueBble ci10Ba: oXJaqurellb HAIIMTKOB, CKOPOCTh OXJIAXK/CHHUS, YCIOBHS TEIIIOOOMEHA, TEIIOBbIE

COIIPOTUBJICHMUS.
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