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1. INTRODUCTION

2.1 PCM properties
The selected material is paraffin based. Its corniaename

Nowadays, thermal energy storage systems (TESS) arés Microtek 370 and its thermal properties were measured in

essential to rationalize the energy managementtl@dise of
environmental energy potential. Concepts includipbase
change material (PCM) are technically mature foilding
applications and innovations. Among the existingnagpts of
TESS, PCM to air heat exchanger can directly begiated in
building ventilation systems in order to store gyefor heating
peak loads shaving [1]. A similar system could disoused for
cooling purposes, as presented in [2]. Here, dutfiegoff-peak
period, the air is heated by a heat pump and pdaksmsgh the
heat exchanger to store energy. This energy iaseteduring the
peak period to heat the building and reduce thaired heating
load. The objective is to stop the heat pump wittadfecting the
thermal indoor comfort. Quantitatively, the heatclanger is
designed so it can replace about a 1 kW heatingsyduring 2
hours.

The second issue of this work is to provide dedaiesults
suitable with the validation of numerical models tis subject,
data from several experiments are collected ansepted in [3]
and the authors are underlining the lack of data.tkis reason,
the geometry of the exchanger will be detailed hemd the
uncertainty associated with the heating power nreasent will
be given.

In this paper, the design and the instrumentatiothe heat
exchanger is first presented. Next, the tests sitimg a
ventilation system, and realized in our laboratsstup, are
presented and discussed. In the conclusions, degigtelines
are given in order to meet the storage unit spetifin
requirements.

2. EXPERIMENTAL FACILITY

The heat exchanger was designed so it containssalB@okg
of PCM. First, the PCM properties will be presentéten, a
short description of the heat exchanger and ofainesupply
system will be given. Finally, this section will des on the
instrumentation.

laboratory (EDF - R&D). Results are presented in &4dbl

Precisely, the melting heat is measured on a 03050
sample, using the DSC method (Differential Scanning
Calorimertry) at a 0.15°C.mihheating rate. Phase change is
observed when the temperature is growing from 38Bf€ and a
temperature peak is observed at 37.2°C. The samkothés
applied to measure the solidification heat and ay vgood
agreement is obtained with the measured melting (ea %).
However, the temperature peak is different (31.7°C).

Table 1: Thermal properties of the material

Solid state Liquid state
:’Vr\lle;n;a:! f)onductivity 0.24 0.18
?kiaig‘iaiﬁf v 2,360 (20°C) 2453 (45°C)
e

2.2 Design of the PCM containers

The PCM is distributed into 34 plane-parallel aloimm
containers (dimensions: 0.018 m x 0.200 m x 1.000 Each
container is made of two identical cavities which flled with
PCM. Each cavity is sealed with aluminium sidin@90¢6 m x
0.016 m x 0.048 m) and silicon.

However, the melting of PCM results in density claifgee
Table 1). To prevent PCM leakages, the cavities paneially
filled and air vents (achieved by the simple medncapper
tubes) are placed at the top of the aluminium saepresented
in Figure 1.

During the experiments, no mass losses have beenifidd.
The total mass of empty containers is 18.53 kg, tedtotal
mass of PCM is 27.88 kg.

lhttp://www.microteklabs.co m/pdfs/MPCM-37D%20Prod@0Data%20Sheet.pdf
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Figure 1: Scheme of a single container filled witfPCM

2.3 Design of the heat exchanger
The heat exchanger is made of the 34 containers@miihg

fins (the total mass of the cooling fins is 4.69.Kgontainers are
pilled up by two, which results in 17 blocks (0.4®0x 0.018 m
x 1.000 m). The blocks are separated by fins aftidal cross-
section (see Figure 2). The fins are designed aotltie air layer
which is separating two blocks is split into 50 mhels (0.080 m
x 0.018 m x 1.000 m).

3 S I
L — = Fastening stra
Aluminium corner 3

amant 52

Figure 2 : Picture of the front of the heat exchangr

The whole assembly is surrounded with aluminiumgsand
the overall cross-section is 0.200 m x 0.630 ms&heuminium
plates are maintained together with aluminium yatsews and
nuts, located on the external side of the heatangér. Finally,
the exchanger is insulated using a 0.04 m thickerlagf
polystyrene and mineral wool.

2.4 Setting the heat exchanger in the air-supply stem

The heat exchanger is placed into a closed-loopl winmnel
(the exhaust air is recycled). The air supply systecludes a
complete HVAC system (Heating, Ventilation Air Conaliting)
and a 2.50 m long testing section within its upmeat.

The exchanger is placed in the test section asepres in
Figure 3. However, its cross-section is smallenttine one of the
air inlet (1.00 m x 1.00 m). In order to controkthirflow rate
crossing the exchanger, both an upstream and a sii@am
section are added.

The whole system is designed in order to be agyliras
possible. For example, fastening techniques ardenpee to
drilling techniques to gather the different part tbe system.
Moreover, each juncture is sealed with aluminiupeta

The upstream section is made of two parts. Initeedne, the
cross-section is gradually reduced to the targeteds-section
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(slope: 30°). In the second part, the cross-sectiemains
constant so that the airflow can stabilize. Theraldength of
the upstream section is 1.000 m.

Fastening strap

—

Exchanger

——

HVAC «

Figure 3: Scheme of the air supply system

To limit air leakage, the exchanger has to be éigatl on the
downstream section. This can be achieved by ad@difg0 m
wide aluminium corners at the edges of the healhaxger (see
Figure 2). Next, a rubber strip with identical dms®ns is
screwed on these corners (not visible in FigureF)ally, two
fastening straps are passing through the aluminails (the ones
which are maintaining the aluminium plates altogethThese
straps are wrapped around the downstream sectibistegtched
(see Figure 3).

The upstream section is much simple. It is a 0.400ng
constant cross-section element. Its cross-sect®nslightly

greater than the one of the heat exchanger. Thigghiness is
achieved by the mean of a plastic foil maintainéth @luminium
tape. Finally, polystyrene elements are added énsidorder to
extend the cross-section homogeneously. A pictéirthe heat
exchanger installed in the testing section of ihsw@pply system
is given in Figure 4.

’f
_Heat exchanger

-

Figure 4: Picture of exchanger installed in the ahsupply
system

2.5 Instrumentation
The instrumentation is selected in order to esgmtite
heating power, which can be calculated with equafid:
P :IOA(T)EQV [CP,A |:(ATA) (l)

Where: P is the heating power (W);

pais the air density (kg.H);

Qu is the airflow rate (ths™);

Cpais the heat capacity of air (= 1004 J'g™);
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AT, is the temperature difference between the inldt an Table 2: Description of the instrumentation

the outlet sections of the heat exchanger (K).

pa €an be estimated with equation (2):

7315
0, =1.293

Therefore, it is necessary to give precise estonatiof both
the airflow rate and/T,. The airflow rate is monitored by the air-
supply system. Because of air leakages howeveagitfiew rate
crossing the heat exchanger might be smaller ahdate to be
estimated. For this reason, a unidirectional hoevanemometer
is set inside the downstream section. It is semstid air speeds
ranging from 0.05 to 2.50 mtsand is 4 % but not to the airflow
direction.

To estimate the temperature difference, 5 diffeabnt
thermocouples are installed, both in the upstreamd a
downstream sections. They are placed in crossesectocated
0.15 m away from the heat exchanger and fixed donnsopes
as presented in Figure 5. One sensor is locaté¢ideimiddle of
the cross section, while four others are locaté8 tn away from
the walls. These thermocouples were all calibratddboratory,
which allows achieving 0.3°C accurate measuremehisee
classical T-type thermocouples are added at thesatibns
(middle, top and right positions) and measure theemperature.

|

Hot-wire anemomete

Thermocoupleg

Figure 5: Picture of the sensors installed in the @vnstream
section

This system will be integrated in an air distrilbatisystem.
The induced pressure difference is then a majoeissid has to
be estimated. Here, a pressure difference devicisected
both to the upstream and the downstream sectidose ¢o the
position of the temperature sensors (not visiblEigure 4). It is
installed so it measures the static pressure.

Finally, more than thirty thermocouples are usedntasure
temperatures at various locations inside the heetiamger. For
the sake of clarity, only a few will be presented a@iscussed in
this paper. Later, temperature measurements achi@vethe
container located in the middle of the heat exckangill be
presented. There are three thermocouples instialldte middle
of the cavities filled with PCM; two are position8d5 m away
from the edges and the third one is located at ieitiohgth.

The number and accuracy of the sensors are sunedairiz
Table 2.

Physical parameter Number Accuracy
Temperature difference (°C) 5 +0.3°C
Air velocity (m.s?) 1 +0.08 m.2
Pressure difference (Pa) 1 +05%
Temperature (°C) 32 +0.5°C

3. RESULTS AND DISCUSSION

The airflow rate is set to 900 %h? during the whole
experiment. The objective is to observe the corepletCP
melting and solidification cycle. The inlet air tparature
evolution is composed of two (20 and 45°C) over drholn this
chapter, both temperature and airflow measuremuiits be
presented. Finally, the heat power and the cunvalanergy will
be estimated and discussed.

3.1 Temperature measurements

The MCP temperature measurements achieved during the

melting and the solidification periods are presénte Figure 6
and in Figure 7 respectively. The time reference=Qt h)

corresponds to the temperature change. The airgeiyre at the
inlet is the average value of the three measuresremttieved in
the downstream section.
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Figure 6: Temperature measurements during the meltig
period
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Figure 7: Temperature measurements during the

solidification period

First, the temperature increase at the inlet isimmbediate;
during the heat storage period, the inlet tempesataches 40°C
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almost 30 minutes after the beginning of the terpee change. " ) . Bottom
It is faster for the temperature change from 45265C (18 %m Middle
minutes), yet a lower temperature is measured an@62C 5
variations are observed. This is probably due ® dh-supply 8 —Top
controlling system, which was calibrated when #®tihg section R — Left
was empty. As this calibration was not achievetheataboratory, Right
it can be hardly modified and this assumption catnbe verified. 4
Still, temperature measurements achieved directtiie PCM 5
are showing a regular behaviour. Heating ratesamilated for
different temperature ranges and presented in 0 - ‘ iadaintnidaiesaen ey |
a5 0 05 1 15 2 25 3 35
Table 3. > Time (h
Table 3: Measured heating rate during the melting ad Figure 8: Temperature difference measurement duringthe
solidification periods for typical temperature ranges. solidification period
. Temperature range Heating rate However, the temperature difference is not homoges®ver
Period °C °C.min* the cross-section; an averaged 3°C difference iserobd
[20 ; 30] 0.44 between the different sensors (the standard dewmiasi 1.2°C).
Heat storage [30; 35] 0.037 Lower values are measured close to the sidingsevthd highest
[35 ; 40] 0.93 temperature differences are measured in the miofdtee cross
[45 ; 40] 0.91 section and at the bottom. However, the standaxdatien is
Heat release [30 : 25] 0.60 lower than 0.1°C when the exchanger is neither rggorior

releasing heat. Observed difference could be tinsaguence of

During the heat storage (see Figure 6), the terpera Nnon-uniform velocities over the cross-section. Asoasequence,

increases slowly from 30 to 34°C (the heating rase | It S€€ms necessary to estimate the airflow rateacgurately to
approximately 0.037°C.mil), which corresponds to the melting COmpute the heating power.

of the material. During this period, temperature 1SC . . .
homogeneous within the PCM, which corresponds te th 3-3Airflow measurements and comparison with CFD reults

uncertainty range. When the PCM is melted, tempezat The hot-wire anemometer was used to achieve ailspee
increases quickly to meet the inlet air tempera{@®1°C.min ~ Measurements in the downstream section when thé¢ hea
3. This quick temperature increase does not occuréXxchanger was not installed in the test-sectiois. pilaced 0.1 m
simultaneously over the whole container’s length;is 13 ~ @way from the end of the downstream section, andeoho
minutes delayed between the inlet and the middlethsf successively at nine different locations; in thelahe of the cross

container, 17 minutes between the inlet and thiebut section, close to the position of the temperatumessrs, and
A similar behaviour is observed during the heatasé period ~ ¢lose to the corners.
(see Figure 7). After a quick decrease from 45 &C3 Measurements are averaged over 90 seconds andsraseil

(0.91°C.mirY), an 18 minutes long stable-temperature-period isPresented in Figure 9. Relative coordinates are tsedentify

observed. Then, temperature starts to decreaseasitwer rate, ~ the sensor positioning. It is defined on a [-1;rahge, where
meaning the PCM solidification is not complete. x*=0 corresponds to the middle-length, and z*=Gfte middle-

Measured temperatures in the PCM are equal to rife i height.

temperature 1.5 hours after the temperature chargs.means 20 ~—Top (2'=0,4)
the release of heat is achieved over this perib@réfore, it is £ [ [ - Middle (z+=0)
obvious the 1 kWh during 2 hours goal is not maging) this z' !|\ é =o=Bottom (2*=-0,8)
experiment. §w R s

17 T A\ \ﬁ"‘- ]
3.2 Temperature difference measurements ’ / | \ -

To give an idea of the heating power, it is inténgsto study o —]
temperature difference measurements during thelificdition 15 i/ \
period (see Figure 8). Although constant tempeeatuare
measured in the material for a while, this is nisible when " T
looking at the temperature difference over the whbleat 13 ; . ; ; ; ; ; ; X
10 08 0,6 04 02 0,0 0,2 04 06 038 10

exchanger. It remains higher than 8°C during theinmégg of

the experiment (18 minutes approximately), therlétreases Figure 9: Airspeed measurements achieved in the
rather linearly to 2°C over 50 minutes. downstream section

The velocities are rather similar for four locaso(z*= [O;
04], x*= [-0.85; 0]). The average value is 1.84 Tand the



standard deviation is 0.04 rit.90n the other hand, lower values
are measured close to the right siding (x*=0.85)l at the
bottom of the downstream section (z*=0.8). The agervalue is
1.6 m.§" and it drops down to 1.47 rit.slose to the right corner.
Under a lower airflow rate, a constant heating ponesults in
a higher a temperature difference. This could emplahy
temperature difference measurements are differemin fthe
bottom to other sidings (see Figure 8).
To assess this statement, a commercial CFD softwar
(Computational Fluid Dynamics) is used to simuldte airflow
in the whole downstream section. An unstructuredshmes
selected and the air volume is meshed with mora &G0 000
polyhedral cells. This mesh is refined close todluings, so the
0.01 m boundary layer is composed of 10 layerqresented in
Figure 10.
The boundary conditions are:
« An homogeneous 900%h™* airflow at the inlet;
« A zero-pressure condition at the outlet;
» Wall conditions for other boundaries.

Reynolds number is higher than 35 000, meaning itfleva
is turbulent. Therefore, a classical k-epsilon tlehce model is
selected. As the main goal is to give a general wfehe airflow
properties, no detailed study is achieved on tllagnce of the
simulation parameters.

Figure 10: Right part of the meshed cross-sectiomtated 0.1
m before the end of the downstream section

Finally, the air velocity is observed in the cresstion
located 0.100 m before the heat exchanger (theagexget is not
simulated). Differences are computed using equafnand
results are presented in Table 4.

Table 4: Velocity differences between simulation mults and
measurements

x*=-0.85 x*=0 x*=0.85
zx=0.4 -0.6% -4.7% -15.6%
z*=0 -4.6% -6.5% -10.4%
z*=-0.8 -3.8% -8.9% -10.3%
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AU — U Meas _U Sm
u Sm
AU is the velocity difference (-);
Unmeasis the measured velocity (rif)s

Usim is the computed velocity (mts

©)

Where:

Simulation results are consistently higher than suesd
velocities (the average difference is 7.3 %). Ttosld results

Srom air leakages, and means the airflow crosdiegetxchanger

is lower than the programmed value. More, diffeemare not
homogenous over the whole cross-section; highérdiices are
observed on the right side (x*=0.85) than on tHe(k=-0.85),

while average differences are observed at middigtte (x*=0).

As the simulated geometry is symmetric, so arerthmerical

results. The computed differences are resulting fitoe values of
Uwmeas Which are varying from one side to another (6.60%).

Considering the measurement uncertainties howewenuld be

rather risky to take into account these variatians the

calculation the heating power.

Therefore, it is better to use a single measurenteastimate
the total airflow. It can be quickly estimated witkducing the
airflow rate according to the comparison of theoedles as
presented in (4).

Q/ =UMeas [B[(]l_m)

Where: Sis the cross-section @

4

Finally, the pressure difference across the heahanger
remains the same during the whole experiment (82.3 Pa).

3.4 Estimation of the heating power and of the eneyg
released by the system

The heating power P can now be calculated as preabém
(2). The temperature difference is the averageevalfithe 5
measurements achieved both in the upstream andhén t
downstream section as presented in 3.1. The airflate is
estimated from airspeed measurements as presentegd).i
Results are presented in Figure 11.

w
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Heating power (W)
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1000
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0,00 025 0,50 1,00 125 1,50 1,75 2,00

Time (h)

Figure 11: Measured heating power after the temperare
change (from 45 to 20°C).

The uncertainty on the measured heat payfy is estimated
with the general equation (5) given in [4].
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Where: ¥ is any of the variables used to compRte
o(X) is the standard deviation associated wijth

The heating power can be integrated over the helabse
period. The result represents the cumulative enestpased by
the heat exchanger. In this case, the uncertaiaty also be
estimated with using the same approach as presémtés).
Results are presented in Figure 12.
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Figure 12: Cumulative energy released by the systermfter
the temperature change (from 45 to 20°C).

As the airflow rate remains constant over the drpant, the
heating power follows closely the measured tempesat
difference. As a consequence, it rises quickly @/@®+ 180) W
for 15 minutes, and then it decreases regularp®® + 120) W
in almost 1 hour. The initial goal (obtaining a mimm 1 kW
heating power during 2 hours) is ho more reachduur after
the temperature change.

However, the cumulative energy curve indicates tiizl
energy released from the exchanger is (2.16 + k¥®). This
means the exchanger has stored enough energy tb theee
heating demand.

Moreover, the theoretical
considering the measured properties of PCM (seeeThpland
the general properties of the aluminium (thermalacity = 897
J.kg.K!, density = 2700 kg.A). Under a 25 K temperature
difference, 2.6 kWh should be stored in the heaharger. The
relative difference with the experimental valuelisse to 17 %.
This difference can be partially explained as PCMsés are
observed during the experiment. This may resuthfleakages at
the sidings of the containers. It was also obserthesl heat
exchanger was not exactly horizontally installelde (slope is
close to 0.5 %), which can lead to mass loss throtng air
vents.

3.5 Outlook

Other tests should be conducted soon to observiafthence
of the airflow rate on the heating power. On a théoal point of
view, the cumulative energy should not depend an ainflow
rate. Verifying this point would allow concludingnothe
reliability of both the method and the instrumeiatat

2" International Conference on Sustainable Energy
Storage, June 19-21, Trinity College Dublin, Irelad

Even if stable temperature is observed in the PCNhduthe
solidification period, the heating power decreasegularly
during this period. Then, it seems rather hardbt@mio a constant
heating power under such conditions, and so as det rthe
objectives. However, the heat exchanger is desigoednough
energy can be released. An alternative could beottwsider a
variable airflow rate rather than a constant valledo this, a
control device should be implemented in order tbageonstant
heating power.

4. CONCLUSION

In this paper, a heat exchanger containing mone #7akg of
PCM is presented and tested within an air suppsesy. It is
designed so it can store enough energy to replace&k\W heat
pump during 2 hours.

The heat exchanger is composed of aluminium cosrtsiand
combined with cooling fins. The assembly is insedatand
special care is taken to limit air leakages and smiasses
resulting from density change during the melting? @M.

The air supply system is equipped with speciallgigleed
downstream and upstream sections. It is used tolupm a
constant airflow rate with temperature changesctetl so the
PCM is allowed to melt, then to solidify.

Temperatures measurements achieved within
allowed to observe a stable temperature duringdfidification.
However, the evolution of the heating power is guitfferent.
Even if the heat exchanger is releasing enoughggntre initial
objective could not be met: the heating power reaas much as
(2770 + 180) W at the beginning of the experimerd & lower
than (500 + 120) W after 90 minutes. Further testsuld be
conducted under various airflow rates to assess réselts
presented here. However, it seems hard to meehchml goal
with considering constant airflow rates, so oneusthdocus on
controlling the airflow rate.
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