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Abstract

Heat pipes in solar thermal collectors can redbeental loads in the solar circuit by using the jitsiseffect of
dry out limitation. By avoiding high temperaturesdavapor formation, simplified, more reliable andst
effective solar thermal systems can be designeé. gdper investigates a newly developed evacuatael tu
collector based on optimized heat pipes able td time temperature loads at the manifold up tosirdd value.
On the basis of efficiency measurements on a pro¢oheat pipe collector, we determine the annwegtyof a
collector field in a domestic hot water system carmspl to an identical system with direct flow coltec
according to ISO 9459-5. The results are validdigdsimulations with TRNSYS and show no significant
difference between the performances of the twoesyst By means of extensive outdoor stagnation testhe
same fields, we report a maximum temperature of @ the solar circuit of the heat pipe systerhjoh is

95 K lower compared to temperature measured imefegence system.

Keywords. heat pipe, stagnation temperature, overheating protection, evacuated tube collector, dynamic system
testing

1. Introduction

Heat pipes in solar thermal collectors are statthefart devices for the heat transfer from theodtier plate to
the solar circuit. In comparison to direct flow legkors the heat pipe represents an additionaihthleresistance
in the heat flow path. Therefore, a high thermaffqrenance of the heat pipes is essential to aché&wigh
collector efficiency. Beside the simplified collecthydraulic the use of heat pipes provides theaathge of
decoupling the absorber plate from the fluid citctfi the two-phase flow inside the heat pipe ipmessed
beginning from a certain temperature, no more heftansferred from the absorber plate to the nodchifBy
taking advantage of this physical effect, whichcalled the dry-out limit of heat pipes, the maximum
temperature in the solar fluid can be limited tduge thermal loads. The shut-off behavior and th&imum
temperature are mainly determined by the type &edntass of working fluid in the heat pipe. Abovés th
temperature, the fluid exists only in the vaporgghaso that the heat pipe heat transport abilitdisabled. The
maximum temperature in the connected solar ciauitbe limited to such an extent that the evaporaif the
solar circuit fluid can be completely avoided. lontrast to other technologies, the temperaturetdiion by
heat pipes is inherently safe and independent fthenmomechanical devices. The suppression of vapor
formation in the solar circuit leads to simplifiadd more reliable system configurations and todaicgon of
the overall system costs.

2. Evacuated tube collector prototype with novel heat pipes

We developed and investigated an evacuated tulectmi prototype with novel heat pipes by meansdbor
performance measurements with a sun simulator dcgpto EN 1ISO 9806. The evacuated tubes with penta
filled heat pipes were manufactured in cooperatiith the German company NARVA Lichtquellen GmbH &
Co. KG. The prototype collector consists of tergintubes, which are connected with the solar tifoy a
typical manifold. The collector power curve was swad at an average wind speed of 3 m/s and areatnbi
temperature of about 26°C. Figure 1 shows the mmeamnt results and compares the efficiency curvethef
heat pipe collector to that of a similar directwloollector (standard collector). The conversiottda of the new
prototype amounts to 75.4 % and is about 2 %-absdbwer than the standard collector, which is picgl
difference caused by the additional thermal rests#aof the heat pipe in the heat transfer path.tdJan
operating temperature of about 75 °C both collectmave nearly the same heat loss coefficients. Alibis
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temperature the heat loss coefficient of the hgae pollector changes significantly as a resulthef starting
dry-out process, as represented by the charaatetiak point of the efficiency curve. As consequerof this,
the stagnation temperature in the solar circuiesaklace at 125 °C (measured without wind), whigh i
significantly lower compared to the standard catiec
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Fig. 1: Efficiency curve and coefficients of the ptotype (measurement) and of a similar standard ctdctor (TUV-Rheinland 2014)

3. Experimental investigation of the system behavior

3.1. Experimental setup

For a comprehensive evaluation of the system behafiheat pipe collectors with temperature limitattwo
identical experimental setups were installed ontest roof, which differ only in the collector hydidic. We
compared a prototype collector with deactivatingth@pes with an evacuated tube collector withdiflow as
reference (Figure 2). Both systems consist of ld figth an aperture area of 6 m2 and a hot watek ta@ith a
volume of 400 |, which represent a common desigrdfamestic hot water systems. The expansion vesgel
all other solar circuit components are dimensiomecbnformity with common guide lines. The specHigstem
parameters of both systems are listed in Table thénAppendix. Both solar plants are equipped \lit&
necessary measurement and system technology awgotdi ISO 9459-5 (see Figure 3, left). Additional
temperature sensors and pressure measurementslavi@stalled in both solar circuits for inveatigg the
stagnation loads (see Figure 3, right).

Fig. 2: Test roof with both prototype and referenceevacuated tube collector fields



B. Schiebler / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

G/®/ Return flow Flow

TOm
Tlm

Tom
Tlm

Tsm Tsm

r. D

Tem

@
Tsa
®

Tem

Tom

ool %
=0

G Global radiation Tea  Collector ambient temp. Tim Temperature of solar piping

Pa  Power of auxiliary heater Ty  Storage ambient temp. (i = distance from collector)

my  Mass flow rate T  Inlet temp. storage Tev Temperature of expansion vessel
Ve Wwind speed Thw  Outlet temp. storage p System overpressure

Fig. 3: System scheme according to ISO EN 9459-&ft) and additional sensors in the solar circuit (ight)

The aim of the DST procedure is to determine tiréopmance of complete solar systems under realitond.
The system is investigated under characteristicdatipey conditions by setting defined test sequen&ash
sequence represents a separate period of measuranteneeds several days. A complete data setsteri
four measurement files, each with one sequenceseltiata can be used in a system simulation tordieterthe
annual yield. The identified model parameters dhlgystems are shown in Table 1. The effectiveectdlr area
Ac* describe not only the collector geometry but alsooptical properties. The slight difference cam b
explained by the lower conversion factor of theth@pe collector (see Figure 1). The other paramsesee
almost in the same range.

Tab. 1: Identified model parameters of the dynamisystem testing procedure for both the heat pipe anthe standard system

Parameters Symbol Unit Heat pipe systen]  Standard stem
Effective collector loop area Ac* m?2 4.44 4.61
Heat-loss coefficient of the collector logp  uc wm?K? 4.47 4.39
Heat-loss rate of the store Us WK 2.60 2.62
Heat capacity of the store Cs MJIK™? 1.54 1.48
Fraction of the store heated by the faux - 0.573 0.595

auxiliary heater

Draw-off mixing parameter D, - 0.017 0.019
Collector loop stratification parameter| & - 0.009 0.005

3.2. System performance in operation mode

The system performance is expressed by the anieldlgnd was determined by operating the two system
parallel operation under identical conditions adanyg to the DST procedure described in ISO 9452€07).
The results depend on the tapping rates and oolithatic conditions of the considered locationsgkmeral,
the differences between the prototype and theeréer system are almost negligible, as shown inr&iguleft)
at a tapping rate of 200 I/d. For Wurzburg, repnéag middle European climate, the deviation inwairyield
amounts to 20 kwWh/a (0.8 %). Thus, the auxiliargrgg demand is increased by 20 kWh/a (2 %). Fatlons

! The annual yield is simulated with the same fractialued,,, = 0.57 for both systems, because identical
storages and auxiliary heaters are used.
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with higher solar irradiation such as Athens or @athe annual yield reduction of the heat pipeesysiurther
decreases down to 0.4 %. For locations with lowsarsirradiation such as Stockholm, on the contrétry
increases up to 1.2 %.

The quotient of the annual yiel@dy, and the whole energy demand for domestic hot w@sey is defined as
the fractional system gaify, and is expressed by Equation 1. In general, thetitmal system gain for both
systems decreases with higher daily tapping rates Figure 4, right for Wirzburg). For small tagphates
(< 100 I/d), the required temperature level, whies to be reached by the solar collector for couting to the
energy supply, has a negative impact on the pedbos, due to the prolonged standstill time andribesased
heat losses. For common tapping rates of 100 td/@0€he fractional system gain of both solar eyst ranges
between 77 and 60 %.

Qso
fsor = —SoL. (eq. 1)

QpHW

The deviations of the fractional system gain offikat pipe system compared to the standard systeairaost
constant, between -0.5 and -0.8 %-absolute ovewtiae range of the considered tapping rates. €aatbe
explained by the slightly lower annual yield of tieat pipe system. The losses in annual yield atrtousbout
1 % compared to the standard system (see Figugh#.rThat leads to higher auxiliary energy densmnahich
range between 1.5 and 3.5 % (about 2 % for typéggding rates).
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Fig. 4: Annual energy balances for all considereddtations at a tapping rate of 200 I/d (left) and fctional system gain, deviations
in annual yield and auxiliary energy demand for Wirzburg against the tapping rate (right)

3.3. Validation with TRNSYS simulations

To validate the results of the DST procedure, teggomances of both systems were simulated in TR8ISY
The characteristics of heat pipe collectors witheir@ntly temperature limitation were implementecginewly
developed collector type model. Conditions suclithastapping and meteorological data were set egutie
DST procedure. The fractional system gain is deitethasfs,,. according to IEA TASK 26, as the quotient of
the auxiliary energy demand for domestic hot watith solar thermal system and the auxiliary enetggnand

of the same system without a solar thermal syst&ineicher et al. 2003). Thus, storage losses getkly the
solar system can be estimated and separated fromwegctionally generated losses. In the DST model the
detailed procedure for calculating the heat stotagses is unfortunately unknown. For validatiompmse, the
electrical energy demand for the controller and pimgy is not considered in both models, since tidiuence

is negligibly small.

In the case of the heat pipe system the fractispsiem gain calculated according to both approabbhes a
maximum deviation of 5 %-absolute for all four Itoas and over a wide range of tapping rates (see
Figure 5, left). Small tapping rates show the grsttifferences. The reason could depend on tHerelift
consideration of the heat losses of the storage tanWirzburg and at a typical tapping rate of 2@0the
fractional system gain differs by 1.0 %-absolutd #&re auxiliary energy demand by about 6.0 % (5% kVés
shown in Figure 5, right.

According to the TRNSYS simulations the annual gemiance of the heat pipe system is, unlike theltest
the DST model, slightly betteAf, ~ 0.5 %-absolute) than that of the standard sysféris difference can be
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explained by the extremely simplified system mddgllof the DST procedure. For example, the heahdciap
of the collector, which is significantly lower fahe heat pipe prototype, is not considered in tH&T D
performance prediction. Only the simulation in TRINScan realistically represent the comparison at goint.
Apart from these explainable small differences,hbapproaches confirm with sufficient accuracy, ttie
considered heat pipe collector prototype exhilhiestame annual system performance as the starmlbectar.

100 2000 T -
[ System with Heat pipe collectors
L /
o 1800 [ TRNSYS: DST: !
§ 1600 [ —s— Stockholm --e-- Stockholm
=~ [ Wirzburg Wiirzburg
£ r Davos Davos
° 1400 r —=— Athen --o-- Athen

8o [ S 1200 [

©
o
T

em

S 1000 f

(o]

o

o
T

Fractional system gain in %

TRNSYS:

Auxiliary energy
D
o
o

S ~ ]
60 [ —=—sStockholm --- Stockholm ~ ~®~~_ 400 | 1
Wirzburg Wirzburg
Davos Davos . 200 | B
—=— Athens --e- Athens Sy r
50 h : h . . o boid - ) ) L )
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Tapping volume in I/d Tapping volume in I/d

Fig. 5: Fractional system gain (left) and auxiliaryenergy demand (right) calculated with TRNSYS compaed to the DST results
against the daily tapping rate

3.4. Stagnation mode

In addition to the annual performance predictior, imvestigated the stagnation behavior of bothesystover

several experimental test periods. During the tiststandstill of the solar circuit was realizgdsbmultaneous
switching-off the solar pump at solar noon andraireadiance of about 1000 W/m2. To evaluate thgrsation

behavior we considered 30 stagnation days. Thervigmation has been investigated at different esyst
pressure levels in the range between 1.0/ 1.82a0id 2.8 bar system overpressure / absolute meesguthe

collector.

In the case of the heat pipe collector we measarsximum collector outlet temperature of 125 °@iclv is

up to 95 K lower than the maximum temperature réedrwith the standard system. Figure 6 shows &aypi
stagnation sequence for both systems and the tespemsponse of representative temperatures after
deactivating the solar pumps at an overpressuid &2 bars. For the standard system (red), aragirease
takes place, so that the collector temperaturdfiigntly steps over the boiling temperature. Theperature at
the inlet of the expansion vessel rises quickl\L1® °C. As a result of the vaporization, the sysf@essure
increases in this case until the safety valveiggéred (> 6 bar). On the contrary, the temperadithe system
with heat pipe collector (blue) achieves a maximuatue of approx. 116 °C and the boiling temperatsneot
reached. The temperature at the expansion vessel &fected by the stagnation sequence at all.

2000

240 —Collector temp. (Standard) —Collector temp. (Heat pipe)
—Temp. expansion vessel (Standard) ~ ——Temp. expansion vessel (Heat pipe)
Boiling temp. (Standard) ——Boiling temp. (Heat pipe) 1800
220 Collector ambient temp. Solar irradiation 1
200 AT>90K | 1600
180 safety valve opens Standard
1400
o 160 ©
c [ 1/ 1200
® 140 | |V M i
E]
2 . Tiax < Tha - 1000
3 120 begin of max < Tboil
o
5
e

- 800

Solar irradioation in W/m2

stagnation\ I e
100 - _f Heat pipe
< 600

60 /
t - 400
40

4 —
20 200

[ JL— . . . . - . . - o
9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Time hh:mm

Fig. 6: Representative system temperatures over gagnation sequence at an overpressure level of 2rsa
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The boiling temperature of the solar fluid depemtsthe occurring system overpressure. For low syste
overpressures of only 1 bar, vapor formation tglese in the heat pipe collector, too. Figure 7vahahe
maximum temperatures and pressures in both systsnaell as the resulting vapor formation in théaso
circuit on the selected stagnation day. In the cdshe standard system, the vapor at a temperafuadout
155 °C is transported up to the solar station drel éxpansion vessel. In contrast to that, the maxim
temperature at the heat pipe collector reaches’@Z8stead of 210 °C. The vapor transport is lighite few
meters. The major part of the solar circuit showsaximum temperature below 100 °C, which is sigaifitly
lower compared to the reference system.
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Fig. 7: Maximum temperature and pressure load in tle solar circuit of heat pipe and reference systent a low system
overpressure level of 1 bar
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4. Parameter study with TRNSYS

4.1 System dimensioning

In addition to the annual performance both systemssdescribed in chapter 3, we investigate by me#éns
TRNSYS simulations the influences of other boundaogditions, such as smaller designed collectdddielt
was expected, that the differences of the annudbimeance between the systems could increase &ignify
with smaller collectors. Therefore the apertureaarethe simulation was reduced whereby the stotagk
volume was kept constant at 400 I. In general atiieual yield as well as the fractional system ghioreases
and the auxiliary energy demand increases for sygtems (see Figure 8 for Wirzburg and for a tapte of
200 I/d). By reducing the aperture area to 4 m3 ¢4 the annual yields are correspondently redigedbout
20 % and the auxiliary energy demands rise by 40 %e focus on the differences between the calletipes,
the influence of the system performance is almeagiligible. With refer to the annual yield, the tela
deviation of the heat pipe system ranges from #0916 -0.9 % by reducing the aperture area from Gord mz2,
In consequence of this, the deviation in auxiliangrgy demand varies from -1.2 % to +1.1 %. Copntr@wour
expectations the simulation results show that tireial performance of the heat pipe system is moifgantly
affected by smaller designed collectors comparetdstandard system.
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Fig. 8: Deviation of annual yield, fractional systen gain and auxiliary energy demand for the heat pip and standard system in
dependency of the aperture area of the collectordid
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4.2 Shut-off behaviour and maximum temperature

The maximum fluid temperature of the heat pipeemttir depends on several conditions. In partictlter type
and amount of working fluid, which is inside theahgipe, are the most important parameters. Asargérule,
less fluid leads to lower maximum temperaturesedgerature shift by about + 20 K can be simply rgeda
by properly dosing the mass of a selected fluithenheat pipe. Another important parameter is kbgesof the
collector power shut-off, which affects the kinkimid (see Figure 9, left) and therefore the collecféiciency

in the operating range. The slope of shut-off carnnfiluenced i.e. by the type of working fluid, theat losses
and the internal thermal conductivity of the caitec Low heat transfer coefficients lead to flatberves. By
designing solar heat pipes for temperature linutatboth aspects have to be taken into consideratiorder to
achieve a significant reduction of the maximum terapure without compromising the annual system
performance.
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Fig. 9: lllustration of the varied parameters maxinum temperature and slope of heat pipe power shut-bfleft) and the annual
yield and auxiliary energy demand as result of th@arameter study (right)

The presented heat pipe prototype collector fedtarenaximum stagnation temperature of 125 °C andepo
limitation slope of 12.5 W/m2K. For a comprehensie®aluation, we further investigated the system
performance for lower maximum temperatures ancedifit slopes of power shut-off (see Figure 9, Jyighn
the basis of our previous experience with diffefesat pipe prototypes, the maximum temperaturevassd
between 100 and 125 °C and the slope between 8 28dW/m2K. The parameter study was carried oul wit
the system dimensions described in chapter 3 (@olearea: 6 m2, storage tank: 400 ). At a maximum
temperature of 100 °C and a slope of 12.5 W/m2Ksthiar yield is reduced by 1.6 %, which leads tinanease

in auxiliary energy demand by 3.5 %. If the stagmatemperature is limited to 105 °C, the solarldjies
reduced by only 0.8 % and the auxiliary energy dein&@ increased by 1.8%. If lower values of the pow
limitation slope are considered, the effect is appnately negligible at J.x=125°C. In the case of
Tmax= 100 °C, significant losses are expected. A sluff@5 W/mz2K, for example, leads to a lower annyiald

by 3.5 % and a higher auxiliary energy demand Bf. 7

The parameter study shows, that a further reductfdhe maximum temperature has a negative impac¢he
system performance. If a higher auxiliary energsnded by about 2 % is tolerated, the maximum tentpeza
can be reduced to 115 °C with a minimum slope &W/m2K or to 105 °C with a minimum slope of
12.5 W/m2K. If a temperature limitation to 115 °€ rieached with a slope of 12.5 W/m2K, the demand of
auxiliary energy increases by only 0.3 %. In congege of this, vapor formation and the transpamtatif high
temperatures in the solar circuit can be furtheluced, in particular at a low system overpressevel] as
shown in Figure 7.

! The kink point is not fixed at a certain temperafiut is affected by the slope of the shut-off #re
occurring solar irradiation
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5. Conclusion

We investigated a newly developed evacuated tublector based on optimized heat pipes able to limé
temperature loads at the manifold to a maximum tatpre of 125 °C. Additionally to collector effcicy
measurements, we compared the annual yield of tapiyaa collector field in a domestic hot water gystwith
an identical system with direct flow collector amting to ISO 9459-5. The results show, that thet ipdze
collector reaches almost the annual system perfucenaf the reference collector. The system siniatiin
TRNSYS have confirmed the results of the DST pracedvith a sufficient accuracy.

By means of extensive stagnation tests, we repoddmum temperature at the solar circuit of 1258@ich is
95 K lower compared to the reference system. Asig mesult, the vaporization can be completely dedifor
a typical pressurized system and significantly oedufor low system overpressures. The use of theatpipes
can thus prevent the propagation of high tempegatirr the system. The major part of the solar éishows a
maximum temperature level below100 °C. Due to tgaificant reduction of thermal and pressure loedthe
whole solar system the system design can be adapigdimplified. According to our parameter studghw
TRNSYS, a further reduction of the maximum tempaeato 115 °C is possible without significantlyeaffing
the annual performance.

As a result of the already achieved limitation loé tmaximum temperature to 125 °C and of the sufidess
suppression of vapor formation, solar circuit comgrats, such as the expansion vessel, the ballaseivand
the solar piping, can be resized or made by legsresive materials, i.e. by polymerics. Accordingtw current
estimation, the investment costs for the considelehestic hot water system can be reduced by abeut
10 %. Further simplifications in the installatiprocedure, i.e. by simpler filling and degasificatiof the solar
circuit are possible. Finally, the lower systemdazan significant reduce the maintenance efforparticular
thanks to the prolonged life-time of the solardluiaking into account the overall costs during lifeetime of
the system, the use of heat pipe collectors withptrature limitation can achieve a cost saving@30 %
compared to a state-of-the-art solution.
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8. Appendix

8.1 Specific system parameters

The specific system parameters of both systeméisteel in Table 2. The collector coefficients aslves the
stagnation temperature of the heat pipe collecerewdetermined at the ISFH (see Figure 1). Foditest-flow
collector, the parameters were taken from a reta@rSolar Keymark certificate (TUV-Rheinland 201%he
effective heat capacities of both collectors hagerbdetermined according to DIN EN 12975-2 by wingh
the physical capacities of the single componenke Significant difference is due to the substalytiedwer
mass of solar fluid in the heat pipe collector.

Tab. 2: Specific system parameters used for perforance simulation with both the heat pipe and the stedard system

Parameters Symbol Unit ETC with heat ETC Standard
pipe

Collector:

Aperture area A* m?2 6.1 6.1
Conversion factor o - 0.754 0.774
Linear heat loss coefficient a wWmK? 2.02/12.56 1.94
Quadratic heat loss coefficient a Wm2K 2 0.007 0.006
Maximum fluid temperature in stagnation Tstag °C 125 300
Effective collector capacity Cat kJm?K* 4.75 10.19

Solar controller:

On/off — criteria AT oryoft K 7/3 713
Max. storage temperature Traxs, °C 90 20
Max. collector temperature Trmaxcoll, °C 130 130
System:

Storage volume Vg I 400 400
Electrical auxiliary power Paux kw 6 6
Heat loss rate storage Ug WK? 2.69 2.69
Length of solar circuit piping (flow + return)| L m 30 30
Heat loss rate solar circuit Ue | WmZK?2 3.19 3.19
Expansion vessel Vo I 50 50
Ballast vessel Viy I 12 12

! Slope of the power shut-off



