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Development of heat storage unit based on the phaskange materials
for mining machinery with combustion engines

Martin Beer', RadimRybar and Michal Kal’avsky

The paper deals with the possibility of accumulatid useful heat of mining machinery with combusgagines by a heat storage
unit that uses phase change of accumulated matdried concept of heat storage unit proposed byaasthses a unique combination of
phase change material - sodium acetate trihydrate eellular structure of metal foam, which reduties fundamental lack of commonly
used PCM - low thermal conductivity. The heterogesestructure of the metal foam and sodium acetétgdrate creates suitable
conditions for increasing the thermal conductivitythe whole volume of the heat storage unit. Tlesgnted analysis focuses on the part of
the verification of the functionality of the propaisheat storage unit, which is in this case chamsed by the first phase of working cycle in
which heat storage unit receives heat from selestedce. The experiment that assesses the heamatation of heat storage unit was
conducted on a functional prototype in Centre ofd®eable Energy Sources Faculty BERG on an expetahapparatus designed and
manufactured by the authors. Results of realizgements are represented by the temperature afrtlee phase change material (sodium
acetate trihydrate), which shape and trend showt the authors manage to create a structure of heatage unit and ensure such
conditions under which a process of heat accunuathkes place in the whole volume of the heabg®unit.
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Introduction

Useful heat resulting from the operation of minimgchinery with a combustion engine (stationary or
mobile) is an unused energy potential in the fofnexhaust gas, coolants or air, which are heatcasuwith
varying energy levels. This potential can be sljtaionverted to further uses and bring immediatgnggs in
fuel consumption by improving the operating pararebf the machines, respectively extending tleeyitle in
terms of reducing wear of individual parts, and sthextended service intervals (Elevli, et al., 2010)
(Mohammadi et al., 2016). Since mining industryefergy intensive sector, many approaches that exdurce
energy demands are studied, including use of relnlevenergy sources or energy storagviK, et al., 2006),
(Zimakova, et al., 2015), (Dostal, et al., 201Ryl§ar, et al., 2015). A small range of industrigpkcations and
technology is dealing with useful heat, i.e. hemtuperation with direct use, thermoelectric gemesatkim, et
al., 2016) or heat storages with delayed use (Sktcal,, 2014).
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Fig. 1. Example of the most important sourcesseful heat from excavator, as typical mining maekjrQ - heat from exhaust gas,
Q: - coolants, Q- hydraulic circuit

Identifying sources of useful heat of mining mae&sins mainly focused into the engine compartment,
where heat exchangers of operation fluid and gabkesputlet of exhaust gas and drivetrain of thdraylic
circuit are located (see Fig. 1). In terms of egeffgw, the exhaust gas outlet from combustion eaghat
provides constant heat flux with sufficient thermapacity is dominant. To a lesser degree, it Ssibbe to use
heat fluxes from the cooling space of operatioriduand gases, respectively from a hydraulic pump i
the hydraulic circuit. The last mentioned souraggresent sources with low energy potential whiabukh be
advantageous for designs with different conceptseat accumulators. The heat energy containeckiexhaust
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gas and cooling systems generally represents 8@8-@0the total energy content of the fuel (Spellinzdl3).
Heat accumulation and storage unit with approprigsign and thermal capacity located in the cooeding
position of the mining machine can improve the @toy of operation and the life of the constructicartg,
particularly in difficult climatic conditions. A gl example is the possibility of elimination of @d@ngine starts
where the heat storage unit allows heating of thgine before the start of operation with heat stdrem
the previous operation. The inclusion of the héaagie unit allows obtaining a balanced operatiothe engine
(or machine) in terms of reduction of thermal stwakd stress of working fluids, which represengsrtegative
side of the operation. However, such constructeat brage unit is bounded to the assumption thatllibe
able to overcome longer periods with stored he#tomit progressive reduction of the amount of acdated
heat. This allows some materials to use phase ehampgich may also be in the state of super cooling.
The concept of heat storage unit proposed by thigoesithat works with phase change materials (haftsr
PCM) in combination with metal foams is a suitabtdehnical solution that can be applied to the above
mentioned operating conditions of machines, whih rot limited to the mining machines, but spanidew
range of machinery producing significant amounteiérgy in the form of useful heat. The incorpanmatof
the proposed heat storage units into the mininghmas is also suitable due to their significant ragien
weight, thus the ratio of the weight of heat steragit to the total weight of the machine is neplig

From a physical point of view, accumulation of hisapossible in several ways: accumulation of d8asi
heat, latent heat, sorption heat and chemical {®anhdczy, et al., 1999). In recent years, the obdeat
accumulation operating on the principle of phasengle of PCM where latent heat is stored is getitention.
As reported by Mehling, et al. (2008), latent hsabne of the most efficient ways to store therewérgy.
Materials suitable for heat storage should achithee greatest values of accumulation of heat enémgy
a minimum volume of material. Additional requirertefor PCM include: cyclic stability, flame resiste, low
volume changes associated with phase changes,anmsive properties and low tendency to super agoli
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Fig. 2. Comparison of heat storage capacity oésield materials (Huang, et al., 2010).

In terms of the ratio between the storage capaxdityie materials and their weights, organic (waxay)
inorganic (hydrated salts) PCM are almost compatdhbl a comparison of the amount of accumulated teea
the volume of accumulated material, there is arcd&nificant difference in density between theuanalation
of organic (waxes) and inorganic (hydrated saltMPC

The operating cycle of such conceived heat stowmifs can be divided into three phases. The finsisp
involves the accumulation (charging) of the heatege unit. In the second phase, there is a ftatidin of heat
storage unit, and in the third phase, there isrédtease of stored energy. The temperature of adetiom
material (PCM) is increasing in the charging phadsehe first part of this phase, a sensible he#itout phase
change of PCM is accumulated. For sodium acetétgdirate, this part is limited to a temperature58FfC.
Above this temperature, latent heat is accumulatad;accumulation is ended at the moment wherptiase
change from solid to liquid phase is completechim whole volume of heat storage unit, i.e. when P€bkive
all latent heat in relation to its volume (e.g. fbe sodium acetate trihydrate it is 265 k3)kdf the heat storage
unit received more energy, the temperature of PE€Mdreasing and only sensible heat is accumuldteel first
phase is followed by super cooling phase, whichilisas heat storage unit by preventing unwantezeation
and thus the premature release of the stored eifieigang, et al., 2010). When PCM is in super capphase,
heat storage unit is in the state of liquid phaslew to the point of phase change (58 °C for sodagetate
trinydrate). The course of the temperature forhases of accumulation and the super cooling avenshin
Figure 3.
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Fig. 3. Temperature curves of PCM for the accuniofiephase (left) and super cooling phase (rigfitljang, et al., 2010).

An important characteristic of PCM materials innter of thermal properties is their low thermal
conductivity (Srikanth et al., 2017). This featpresents some conceptual limitation of creating bEaage unit
based on PCM, which is reflected in the lengthim&tfor melting and solidifying of PCM. Problemdated to
the heat distribution in PCM are presented, forng¥de by Himanshu (2011), wherein author experinignta
tested possibility of improving heat transfer in NP @paraffin wax) with the use of the open cell sture of
the copper foams. By adding metal foams in paraffia thermal conductivity of the created structuacreased
from 16 to 18 times compared to pure paraffin. Aeotway of increasing the thermal conductivity &N® is
the application of additive, which produces a tegeneous mixture with PCM (Choi, et al., 2014), $8ne, et
al., 2016), (Kumaresan, et al., 2013).

A specific concept of the storage unit, which isganted in this paper, is a combination of PCM ralte
sodium acetate trihydrate and a spatial structarsisting of blocks of metal foam with an open psireicture
that in this heterogeneous spatial arrangementegdeat exchanger. This unique combination iggdesi with
the intent to eliminate characteristically low timal conductivity of PCM materials.

Methodology

The manufactured and assembled prototype of heedgst unit has a cylindrical shape with the base in
the form of an annulus. The used metal foam hasuer diameter of the cylinder of 50 mm and innér o
12 mm. Height of the metal foam cylinder, and tthes whole heat storage unit, is 103 mm. The meiainfis
characterised by an open structure of pores wjibra density of 10 PPI (pores per inch), and totabsity of
96%. The basic material of metal foam is coppee $bcond component of the heat storage unit, tRhg, s
sodium acetate trihydrate {@Na0,.3H,0) with melting temperature of 58°C and latent heapacity
265 kJ.kg". The volume of used PCM that fills pores of mdtdm was 184.3 cin respectively, by using
volumetric mass density 1.45 g.@émThe total mass of used PCM was 267.235 g. Inrotdeimprove
operational and technical characteristics of preeskprototype, sodium acetate trihydrate in the musition of
59.86% sodium acetate anhydrous and 40.14% wateused. The heat storage unit consists of a cqpperto
which a copper metal foam annulus was soldereds ®hject was enclosed with acrylic panels, respelsti
acrylic tube with an air layer left above the mdtalm, which compensates volume changes of PCMedalog
phase changing and temperature increase. A mantddgbrototype of heat storage unit is shown irufégt.

Fig. 4. Prototype of heat storage unit based otvPC
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Tab. 1 Key parameters of experimental heat stanage

Parameter Values Unit
Shape of heat-accumulation unit Annulus cylinder /
Dimensions of heat-accumulation unit ®50(12)x103 mm
Type of PCM Sodium acetate trihydrate /
Composition of PCM 59.86 % sodium acetate anhydrous /
40.14 % water
Volume of PCM filling 184,3 cnr
Latent heat of PCM 265 kJ.kg"
Temperature of phase change 58 °C

The total possible amount of accumulated energyhedit storage unit is determined by calculation
according to Eq. 1 to Eq. 3:

Qa = Qqoig T MO, + Qg (1)
Qo = MLy [DEopq ()
Qiquia = MCguq Digug 3

where,Q, - the total amount of accumulated enerQy,;q - the sensible heat of solid pha&g,- latent heat of
PCM, Qiquid - the sensible heat of liquid phase; the weight of PCM. In Eq. 1 and Eq. 2cig;q, respectively
Ciquia SPecific heat capacity of solid, respectively ldphase anditsq, respectivelydtiqiq is the difference
between temperatures of solid, respectively ligoidhse, given the temperature of phase change a@insod
acetate trihydrate.

The principle of the physical experiment was basadthe flow of heat transfer medium (water) with
a temperature of 80 °C through an inner copper pipihe heat storage unit, what simulates sourcaseful
heat from the combustion engine. Heat flux fromt tieansfer medium flows through the structure ofahfoam
where heat was transferred to sodium acetate naltgdchanging its temperature and phase with alsimeous
accumulation of sensible and latent heat. The aashus conceived experiment was to test the céipabf heat
transfer from the heat source through the strucifimetal foam to the PCM - sodium acetate trihjelra

The presented experiment was performed at the €effRenewable Energy Sources of the Faculty BERG
on the experimental apparatus designed and manufacby the authors. The heat storage unit destiine
the previous section was installed in this appatalihe design of experimental apparatus was basehalysis
of the input conditions in order to induce and cohhon-stationary processes from the view of cliamg
temperatures and phase changing of PCM. The expetainapparatus allowed to supply a constant Heat f
from heat transfer medium which circulated in hydiacircuit, depicted in Figure 5, where: 1 - hatdrage
unit, 2 - flowmeter, 3 - flow control, 4 - flow hes, 5 - expansion vessel, 6 - hydraulic pump, T€TC4 -
thermocouples probes.
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Fig. 5. Schematic diagram of hydraulic circuitf{jeand heat storage unit with depicted positiotit@rmocouple probes (right).

TC1

In terms of verifying the functionality of the comhation of the metal foam structure and sodium ateet
trihnydrate as a thermal storage unit, it was nergs® measure the temperature of the PCM, i.dusodcetate
trinydrate as well as the temperature of the nfetain using thermocouple probes that are labelletG& and
TC4. Thermocouple probes labelled as TC1 and TCa&suared the temperature of heat transfer mediunrdefo
and after heat storage unit, as it is depictediguré 5. The experimental apparatus was supplemiemith
measuring devices, which consist from thermocopptbes KIMO TTKE-363 (type K, range from -40 °C to
+400 °C), data acquisition system KIMO AMI 300 wigmperature range from -100 °C to +250 °C witlaltot
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uncertainty * 0.4 %. The step of data recording #@&s. Flow rate of heat transfer medium was moadtavith
analogous rotameter with the range of 0.3 to Infnlland uncertainty +10 % F.S.
Status of phase changing of sodium acetate trilbgdneas also monitored and recorded in the form of

a time-lapse video by using a camera located reahéat storage unit. The frequency of image capias
determined with respect to the rate of phase chéma@ interval of 5 minutes. The camera lens vepspped
with a polarization filter, which eliminates theagt from an outer acrylic tube of heat storage. @nit the body

of heat storage unit, a measuring tape, allowirmyi@te tracking of phase change of sodium acetiatgdtate,
was placed.

Results and Discussion

The presented analysis of proposed heat storagefariises on the part of the verification of its
functionality, which is in this case characteridmdthe first phase of working cycle, where heatagie unit
receives and accumulates heat energy from seleot@de. This process involves phase change of R@iith
has at the beginning solids phase and with raingperature is changing to the liquid phase. Thiéimgepoint
of sodium acetate trihydrate, which was used imptiesented work, is 58 °C.

In the first phase of working cycle, sensible aatght heat are accumulated. For the proposed tweags
unit, their amount was calculated using Eq. 1 to EqThe results of the calculation that refleat tteal
dimensions and characteristics of sodium acetdtgdiiate for the amount of accumulated sensiblé 138@siq
equal 28,64 kJ. This heat is delivered within terapge differencedt = 58 — 20 °C, since the ambient
temperature at the start of the experiment was 20fCsensible heat is accumulated to the temperafls8 °C.
The amount of accumulated latent heaQ with the used weight of sodium acetate trihydrateequal to
70.8 kJ. Because the sodium acetate trihydraténéncomposition of 59.86% sodium acetate anhydrowuks a
40.14% water was used in the heat storage uniyag necessary, according to Nohejl (2016), to raise
the temperature of PCM to 65°C to ensure phasegehtom solid to liquid in the whole volume of hetbrage
unit. The amount of sensible heat accumulated is firocess that occurs in temperature difference
At = 65 - 58°C is Quidus = 5.7 kJ. Thus, the resulting delivered heat regmes a value of 105.1 kJ from which
the useful heat that is stored for later use i8 0.(described for a proposed heat storage unit).

Figure 7 shows the temperature curve of the heatster medium simulating the useful heat of
the combustion engine (TC1) and the temperatur@Q¥ - sodium acetate trihydrate (TC3). Due to thedu
construction of the heat storage unit in termsezthransfer from the inner copper tube throughsthécture of
the metal foam to the PCM, the temperature of e transfer fluid was selected to 80°C. The teatpee was
experimentally determined at the trial operatiorexperimental apparatus and provides sufficient fiea and
therefore the temperature increase of the PCM.vidible anomaly of thermocouple probes TC1 in thigial
part of the curve represents the error in contrgltf flow heater, but as can be seen, it was tyicked.
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Fig. 7. Temperature curves of PCM and heat transfedium at the inlet to heat storage unit.

From the shape of temperature curve for TC3 theomple probe, which measured the temperature of
sodium acetate trihydrate, phases of accumulagorbe clearly recognised. The first part, when ipénbeat is
delivered (labelled as A), is characterised byegstrise in temperature to the point at 58°C. Huoisd part is
the accumulation of latent heat (labelled as B)icivitakes place at a standard temperature of 58Hoyizontal
course without major fluctuations proves the susagfsthe concept in terms of its function whichstsring
the latent heat of used PCM. After this part, whichthe shown experiment ended at time t=+4500s,
the temperature of the heat storage unit increas@® °C ensuring complete phase change from soligjuid
state (labelled as C). The last part shown in Egurepresents the experimental introduction ofetkigeme
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operating conditions in order to detect design eodstruction errors of the heat storage prototypseth on
PCM.

{
—

Fig. 8. Time-lapse image of phase change in heaage unit (red arrow points to level betweendalnd liquid phase).

In addition to the recording of the temperaturenfrthermocouple probes TC1, TC2, TC3 and TC4,
the process of heat accumulation of the proposed $terage unit was monitored by capturing the inag
regular intervals without changing the unit positio the axis of the lens. By time-lapse recordib¢ained by
this way, it is possible to observe the gradualsphehange of PCM in the direction of the verticek aof
the heat storage unit. The process of phase clstaged at the point with the highest temperaiuaréhis case at
the point of entry of heat transfer medium into ither copper pipe. Figure 8 shows the phase chargess in
the second part of accumulation when sensible isegiteady accumulated, and the heat storage eginb to
accumulate latent heat and thus changing its pfrase solid to liquid. The rate of phase change adism
acetate trihydrate was 3 cril.lin the vertical axis. However, it is necessaryetmphasise that the inner
configuration of described heat storage unit wasdesigned for quick heat accumulation (i.e. fdstg®e change
of PCM), but for testing the functionality of thermection of PCM and metal foam structure.

Next steps in the development process leadingedirial product are directed to the experimentsteg to
the super cooling phase of the working cycle. im&of design, it is necessary to ensure the inoefiguration
of heat storage unit in a way that there will nacwr uncontrolled nucleation of PCM and thus redeas
the accumulated heat. The final step of the prdpegasch is dependent on the successful super rgaind
stabilisation of PCM, is ensuring fully controllabhucleation (when heat is released) in an apmtgpway and
at any time period.

Conclusion

Accumulation of useful heat of mining machines ombustion engines and its re-use is a relatively ne
concept that allows eliminating some of the negatdperating conditions related primarily to unfaradle
climatic conditions (cold engine start, temperatuegiations of operation mediums, elimination oértmal
shocks, etc.). The presented concept of heat adatioruby the use of heat storage units based dvi BilOws
this energy store and uses it with time delays whenneeded. The uniqueness of the proposed poties in
the simultaneous use of metal foam structure anil PGodium acetate trihydrate, which ensures sieffic
thermal conductivity, which has a low value whea godium acetate trihydrate is used alone and iwatsnig
factor for the further expansion of PCM storagee Tinctionality of this concept was verified by gloal
experiment that simulates the accumulation phaseaf storage unit with the use of a heat sourteeiiorm of
flowing heat transfer medium giving an analogy tmwentional mining machines or combustion engines.
The experiment was carried out in the Centre oféRale Energy Sources Faculty BERG on the expetathen
apparatus designed and manufactured by the autPadslished results have shown the functionality of
the concept in the first phase of accumulationseful heat, where authors were able to successfatymulate
latent heat to PCM, which demonstrates temperaturee of PCM with flat part of curve at level of %8,
which is related to the phase change of PCM, aadkfbore, accumulation of heat.
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