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Abstract. In the present study, the heat transfer coefftsi@fi helically coiled corrugated plastic tube heathanger
inside of the solar boiler vessel were investigaagderimentally. The metal coil of the conventiosalar boiler for
domestic usage was replaced by a plastic tube lendesults were compared with the numerical sirnaraand the
technical documentation of the initial solar bail&ll the required parameters like inlet and outéghperatures of tube-
side and stratified temperatures, flow rate ofdffietc. were measured using appropriate instriam&he test runs were
performed for different temperatures inside thétemging from 30-60°C and different flow ratesrfravhich the heat
transfer coefficients were calculated.
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1. INTRODUCTION

Solar domestic hot water systems are a cost-effeatid a sustainable way to generate hot watehéohouses, that
can be used in any climate. The most solar watgenys require a well-insulated stratified storagekt The water in the
tank can be heated either directly, by means afriteheaters or heated from another energy sas®lar collectors.
A helically coiled tubes are typically placed it tank to discharge/charge the water insideathie for several reasons:
flexibility and therefore easy accommodating touieed length, easy construction, low cost and eoédninner
convection heat transfer compared to straight p{fpesnandez-Seat al, 2007a). The heat transfer through the coil
depends on the forced convection through the tudeiral convection around the tube and conducticough the tube
wall.

The polymer heat exchangers were introduced in 188Reay (1989) and they have been studied sirex lbly
several researchers as replacement for metaldit dxechangers due to their advantages in low tight, weight and
resistance to corrosion and fouling (Ceva#ital, 2012; T'Joen, 2009). They can be used in a reidge of applications
such as heat recovery, evaporation, refrigerati@ier heating via solar power, electrical fluid tieg, electric device
cooling, water desalination and distillation (Chenal.,2016).

The thermal performance and the cost analysis rofute-in-shell heat exchangers and immersed tab&gs) both
made of polymers, for the purpose of solar watetihg were studied by Liu et al. (2000). The higmperature nylon
(HTN) and cross linked polyethylene (PEX) were @roas materials and compared with copper. By détargithe
surface areas required to provide heat transfeBk\af and 6kW with fixed geometry and arrangemenplastic tubes
was found, that polymer heat exchangers can prdtiglenal output equivalent to conventional coppeatlexchangers,
with 80% of the cost of a copper tube-in-shell hesathanger. The dimensions of the tubes were 9.53ofmouter
diameter (OD) and 1.78 mm of wall thickness for PBXd 3.81 mm of OD and 0.2 mm of wall thicknessHa@ N. In
another study, stability over the life cycle of filastic heat exchanger at constant pressure wdiedt(\Wu.et al.,2004):
The solar collector system had a polymer tube uhdht exchanger immersed in a tilted enclosuie fivith fluid, and
heated by solar radiation. Via a study of natumadvection involving a tube bundle, it was foundtttiee nylon tubes
were able to withstand a pressure of 0.55 MPaamgérature of 82°C for at least 10 years. In aystdigholymer based
water storage systems, Davidsehal. used immersed heat exchanger to discharge (acli#oge) the stored energy of
unpressurized polymer water storage tanks. Thetedtthat the use of polymer heat exchangers far bot water
storage systems posed thermal and material chakebgt were also promising for lower cost systefimrif et. al.
(2016) investigated the possibility of using polyiadelical coil heat exchanger as an alternativengtallic helical coil.
They provided a model to calculate plastic coil elirsions with a thermal output equivalent to thah @onventional
solar boiler. More experimental results on an ad-demonstrator with Belical coil made of plastic could shed light on
feasibility of replacing its metallic counterpart.

This paper describes an experimental work carngdamanalyze the thermal performance of a verfitadtic helical
coil in a domestic hot water storage tank. The leeahanger is placed in the middle of the tankiia toils in parallel
and filling almost whole height of the vessel irder to achieve required surface area for comparaddét transfer
coefficient with a metallic coil. Water from thetmerk was allowed to flow through the coil, whilater in the tank was
initially heated to the required temperature byeaternal electrical heater. This configuration, @neached the steady
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state, provided a practically constant water teapee around the coil in the tank. The test runsevgeerformed for
different initial tank temperatures in a range86f60°C and for case of 60°C initial temperatunedifferent flow rates
where the heat transfer coefficients were calcdlate

NOMENCLATURE
A [m? Area
ColCy [J/kgK] Specific heat at constant pressure/vaum
D [m] Diameter
F [-] Correction factor
h [W/m?K] Heat transfer coefficient
A [WImK] Thermal conductivity
L [m] Length
m [kal/s] Mass flow rate
9] W] Heat transfer rate
T [K] Temperature
t [s] Time
c [m] Wall thickness
U [W/m3K] Overall heat transfer coefficient
1% [md/s] Volumetric flow rate
v [m/s] Velocity
Special characters
p [kg/m?] Density
ATim [K] Logarithmic mean temperature difference
Subscripts
st Storage tank water
in Tube inlet
out Tube outlet
t Tube side
2. METHOD

2.1. Design of the heat exchanger

The helical coil as the plastic heat exchangerdeasgned for a pressure-free hot water storageR&KEX Sanitube
INOX, and used to replace the original inner metalbrrugated tube. A helical coil made of plastibe was designed
using the mathematical model by Shatifal.(2016) assuming that the designed thermal outithiegplastic tube should
be same as the previously tested metallic tubetieodimensions of the coil, namely the coil diaen&; and the coil
heightHc, the size of a vertical body of the tank (insiéssel dimensions 138x48x48 cm) was the limitingofiac
The design challenge is to overcome the resistaciass the polymer wall with a poor conductivitg. 8chieve the same
heat transfer performance, expressed by Eq. (18revthe thermal conductivityof the plastic is much lower, ratio of
the outside/inside diameter, has to be decreastekdength of the tube has to be increased. Chgashaller diameter
also helps to improve plastic heat exchanger cheniatics (Zaheed and Jachuck, 2004). When deagpdbe wall
thickness, a sufficient strength of material tohstand pressures and mechanical manipulation rieduasrespected.

1 1
Uo4o = dy (2)

=RO+RW+RL-_ ] ln<d_i) ]

hoAo 2'7T'l'L+hL'AL'

By increasing the length of the tube and therefbeesurface area, the disadvantage of the low thlecomductivity
can be eliminated. Using the model of Shatifal. (2016), when choosing a plastic tube of half odiameter and half
wall thickness compared to the metallic tube, thguired length is 5 times larger for achieving #ane thermal
performance.



9th World Conference on Experimental Heat Transfer, Fluid Mechanics and Thermodynamics
12-15 June, 2017, Iguazu Falls, Brazil

2.2. Experimental set-up

The experimental set-up consists of an open coléneycle and a closed hot water cycle. The stocageacity of
the tank is 300 | and it has a double walled jackade of polypropylene with PUR hard foam heatlatsan. The studied
heat exchanger is shown in Fig. 1. It is a simf@&ilile floor heating pipe made of PEX with alumimdayer inside
polymer matrix, available on the market. The tubtsige diameter is 16 mm and a wall thicknessnsn2 To achieve
the maximal surface area, two parallel helicalsco#xt to each other with diameters 30 cm and 2@rmpitch 3.5 mm
were attached to the circular frame. In such corstn, 97 m of the plastic pipe was attached msalipported in the
fixed position in the tank by metal slats with piasnounts.

The helical coil construction is placed to the nhéddf the ROTEX hot water storage tank on the supp@m from
the bottom and 4 cm from the top to ensure thaetlsedefinite temperature stratification withistarage tank. The tank
was closed with only tubes inlets/outlets and tleaooiples connections.

Figure 1. Picture of the studied heIicaniI heathanger.

A water supply to the plastic tube is a tap watentrolled by the valve and a Magnetic inductivavineter KROHNE
OPTIFLUX 4300 C with accuracy less than 0.5 % oameaed value for flow rate bigger than 2.5 L/miheTemperature
is measured at the inlet and outlet of the tubeo Pressure sensors, UNIK 5000 with accuracy 0.2%alb§cale, were
installed at the inlet and outlet of the tube ttedmine differential pressure drop.

To provide heating, a closed water cycle is usé. Aeater has a maximal power of 9 kW and is eguippth PID
controller, implemented via LabVIEW. The water puhgs relay control and a motorized three way viaheontrol the
closed circle mass flow rate to the solar boileeging this below 50% of the maximal flow rateltd pump. The water
mass flow rate through the heat exchanger is meddiyra Coriolis mass flow meter (PROMASS 80-Enslreblauser).
Based on the calibration sheet, the relative eanothe mass flow rate is less than 0.15% of fudlescThe temperatures
are measured at the inlet and at the outlet aiathie and at fifteen points inside the tank to datee stratification, where
9 thermocouples are attached to the tube goingcalytin the middle of the tank with distance 1%nnbetween each
other and the first thermocouple at the point ofewénlet and 6 thermocouples in three points oth Iside of the coil.
Such, the heat exchange can be better measurembatmdliled.

All water thermocouples are measured with K-typemiocouples, which were calibrated for the speaifeasuring
range using a Duck DBC150 temperature calibratoaite. The total absolute uncertainty of each tbeouple is around
+0.2 K. The pressure drop over the heat exchanger measured with a pressure sensor UNIK 5000 \wittive
uncertainty 0,2 %. A summary of measurement equip@ed their uncertainties can be found in Table 1.

Table 1. Measurement equipment and their accuracies

Measurement equipment Accuracy
Magnetic inductive flowmeter (%) of measured value + 0.5
Coriolis mass flow meter (%) of FS +0.1
Silicon pressure sensor 0-4 bar (%) of FS +0,2
K-type thermocouple (°C) +0,2
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2.3. Measurement procedure

All measured values are acquired using a Natiomsttiment Data Acquisition System. The water intdrk was
first heated to the determined temperature by diggeuit, then the pump and heater was turnedmdfthe water inside
the tank was let to reach an uniform stratificatiorensure that the measurements were performeer wbelady state
condition.

Afterwards the water from the tap was brought phastic tube and the heat exchange was perfotithtee water
inside the tank decreased to in average 20°C. dhpdrature difference between the inlet and thietoat the tube was
measured. All measurements were scanned and recardetime interval of 1 min.
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Figure 2. Experimental set-up: Water tank and clds®t water cycle: (1) hot water storage tank ROTE&X Magnetic
inductive flowmeter, (3) heater, (4) water pump, Coriolis mass flow meter, (6) expansion tank,tf#ge way valve.

2.4. Data reduction

With the measured inlet and outlet water tempeestand the total mass flow rate inside the tubeh#at transfer
rate on the cold water side can be determined.\ildter properties in the data reduction process wbtained from
Coolprop database.

Qt =m |]:p,t out _Tin) (2)

The thermal outputUA is determined from the logarithmic mean tempemtlifferenceTin according to Eg. (5),
where the correction factor is assumed to be tlitg.un the Eq. (4) forTim, temperaturd, is a temperature inside the
boiler calculated from the stratified temperatuistribution. The temperatures in the three poimside the central line
T:-To are taken in account where the thermocoupleslaceg on the both sides, from inside as well asfoaitside of
the helical coil in the equal distance. The avermafgaeoth temperatures is taken and the final teatpeg of the boiler is
then the function of the volume weight of the cepending segments of the storage tank, to whithissank divided.
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The outside surface area was calculated from tkgdsudiameters of the tulilz= 16 mm and from the total length
of the tube L, where possible decrease of thethaagfer due to the close contact of the tube eai® omitted. Therefore,
the outside heat transfer area is quite high4.88 n?.

For control of the correctness of the resultsoberall heat balance on warm and cold water sidetisrmined based
on theTin, Touwr andTy,. On the tube side, the heat flow is calculatedating to Eq. (2), on the storage tank side acogrdi
to Eq. (6) where the time step is taken as a diffee between previous and following readings ofromaute (the actual
time needed for water to pass between inlet anétaaftthe coil t=L/v,, is between 40s and 3.5 min).

oot dT,
Qu= j (Vst _\/t) Lpy E:v,st dSt (6)
1 t

To determine internal convection heat transfer fameht, two different methods have been used, Wvilplot
(Fernandez-Seast al, 2007; Rose, 2004) as a function of overall hesatsfer resistance and reduced velocity{)
and Gnielinski correlation (Shaeft. al, 2016, Kakaet. al, 2012), leading to similar values. The heat rasist of the
wall was calculated using thermal conductivity loé twall and the outer resistance usitdy and two calculated heat
resistances from Eq. (1).

3. RESULTS AND DISCUSSION
3.1. Uncertainty analysis

In order to be able to indicate the quality of theasurements, a thorough uncertainty analysis wa®ermed
according to Taylor (1997) using the overall unaietly (root-sum-square method). The errors estithaie the
thermodynamic properties of water were determireezkeld on recommendations in open literature (Belkl, 2014) as
following: Dynamic viscosity (1 %), Density (0.00%), Specific heat capacity (0.1%), Thermal conductivity (1.8
%). The error on the dimensions of the plastic tulgasurements are + 0.02 cm on inside/outside déarard +0.02 m
for length of the tube and coil height/diameter atatage tank measurements. Table 6 presents theam, maximum,
and average relative uncertainty for most of tHeutated variables.

For all measurement performed in this study, thaike uncertainty o ranges from 0.8% to 2.5%, dm from1.8%
to 2.8%, onUA from 2.4% to 4.2%. The error on the dimensionshef plastic tube measurements are + 0.01 cm on
inside/outside diameter and +0.05 m for lengthheftube and coil height/diameter.

Table 2. Variable relative uncertainties: minimunmgximum, and mean values

Symbol Uncertainty range (%) Average uncertainty (%
0, 0.84-2.46 1.44
Qs 5.14-7.17 6.11
ATy, 1.85-2.76 2.24
U,A, 2.42-4.25 3.11

3.2. Heat transfer

Experimental results were obtained for temperansiele the water tank 30, 40, 50 and 60°C for maxithow rate
(12 L/min) and for a small flow rate (5.5 L/min)h& flow rates varied depending on actual tap witder rate. For the
high flow rate, the temperature difference betwdeninlet and outlet of the tube after 10 min afiming each set of
measurement was 5°C, 9°C, 12°C and 17.5 °C faminémperatures 30°C, 40°C, 50°C and 60°C, respaygt At the
Fig. 3 and Fig. 4 is shown the temperatures pregtasng the 1 hour set for 60°C initial temperatand 12 L/min, resp.
5.5 L/min flow rate. From the graphs it can cledrtyseen that there is not a high stratificationperature difference
between the thermocouples in the central line efstiorage tank accept the top one which is closiectavater level.

In Fig. 5 the comparison of the heat flow from #terage tank and into the tube is displayed. Tla transfer
calculated within the solar boiler via change ofaméemperature is seen as scattered data due toith8ow in the
different spots in the enclosure due to naturaleotion. The difference between the mean valubettatter and heat
transfer calculated via the cooling water can krébated to the distance between influence zone.

Figure 6 displays the overall heat transfer coiffitU for the different flow rates with the maximum flonate
determined by the flow rate of the tap water andimiim by the minimum opening of the valve. Withe tuncertanity
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range,U follows the trend predicted by Shaeif. al. (2016), where we can observe sharp increase fgrsreall flow
rates and from the certain value change to constavery slightly increasing value around 120 \RKm
For the comparison with the original metallic tuties thermal outputA was used where also the total surface area
was taken into the consideration. An average vadleulated from measurement for the PEX coil Was= 500 W/K.
The value stated for the original metal coil atdarct catalogue of Daikine (2008)WA = 910 W/K.
Pressure drop in the helical coil was 0.6 barlerhigh flow rate 12 L/min, 0.15 bar for the lowl rate 5.5 L/min.
From the heat transfer resistance ratio comparfBamn 7), it can be seen that both applied methafdsternal
convection coefficient calculation lead to the $amresults and that in the case of the plastie tihie wall doesn’t play

the biggest role as the heat transfer resistaftbeugh the effect of the wall resistance is muigigéer than in the case of
metallic heat exchanger.
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4. CONCLUSIONS

An experimental setup is fabricated to study hesatdfer in a helical coil made of plastic insideoéar boiler water
tank. The aim is better understanding of the thépr@perties of plastic materials and their usag@eat exchangers to
substitute classical ones made of metal. Temperatas measured temporally for different initial pEratures and mass
flow rates. Using measured data, the overall heatsfer coefficient and average specific thermapatuUA were
calculated and later compared with the value statetthe product catalog of the original boiler witainless steel
corrugated tube. Wilson and Gnielinski method wesed for determining heat transfer resistance sallibe heat
transfer resistance ratio comparison shows thattistance of the outer side is of bigger sigaifie than the resistance
formed by plastic wall. For more precise undersitagnaf the overall heat transfer coefficient belosavi more a more
precise method for controlling the flow rate shobédemployed.
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