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Abstract :

An experimental system of parabolic trough soldtector and heat transfer was set up with a new
molten salt employed as the heat transfer mediuith (& melting point of 8® and a working
temperature upper limit of 580). The circulation of molten salts in the systerokiplace over 1,000
hrs. Experiments were conducted to obtain the losatof the Heat Collector Element (HCE), the total
heat transfer coefficient of the water-to-salt hexichanger, and the convective heat transfer
coefficients for the low melting point molten saita circular tube. The results show that the tladrm
loss of the tested HCE is higher than that of tR&kP0, and the thermal loss at the joints of the
collector tube represents about 5% of the tota Inghe entire tube. The total heat transfer dciefit
of the water-to-salt heat exchanger was between &00 1200 W/(mk) in the ranges of
10,000€Re<21,000 and 9.5r<12.2. The experimental data show good agreemetit @xisting
well-known correlations presented by the SiedeeTetjuation and the Gnielinski equation. This
experimental study on heat loss from molten sakvfin a receiver tube will hopefully serve as a

helpful reference for applications in paraboliaigb systems.

'Corresponding author. Tel.: +86-10-67391985-8323; F86-10-67392774



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

E-mail addressvuyuting1970@126.com (Yu-Ting Wu)
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1. Introduction

Nowadays, concentrated solar power (CSP) presestsendous potential for the large-scale
deployment of clean renewable energy [1], and $t I@en proven to be the most mature solar thermal
technology available. As a result, most construcgioojects for commercial solar thermal power mant
are currently based on this type of collector [2Many different kinds of working fluids are used i
CSP systems [5-7], and selecting the appropriaté transfer fluid and storage medium is a key
technological issue for the future success of G&frtology. Molten salt represents an extremely
promising medium for heat transfer and storage $® @lants; its advantages include a wide working
temperature range, low vapor pressure, large hastaity, low viscosity, good chemical stabilitydan
low cost [8-11]. Molten salt CSP storage was shawibe commercially viable in 2008, when the
50MWe Andasol-1 plant with 7.5 hours of molten stirage began its operation [12]. However, the
only CSP system that uses molten salt as the medfilmeat transfer is the Archimede parabolic trough
plant in Italy. In the Archimede system, the workiituid of the heat transfer and heat storage larso
salt that is a mixture of NaNO3 and KNO3 [13] wétthigh melting point(22C). In such systems, the
cost of operation will rise dramatically if ther® an unexpected drop in temperature in the opegratin
process in which the salt is used as the heatfeafisid. Therefore, additional hard-ware must be
installed, such as heat tracing, insulation, orrgerecy water-dilution systems. The high meltingnpoi
is a major disadvantage of conventional molterssaid limits their application in trough CSP system
[3].

Based on different mixing ratios of KNO3-NaNO3-LiB&Ca (NO3)2.4H20, a new kind of
2
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nitrate salt was developed by our research growpefimental results have shown that the melting
point of this molten salt can be as low as@B6with a decomposition temperature above “@0014].
Previous experiments have been carried out to ke convective heat transfer coefficients of the
turbulent flow and transition flows of Hitec saltsSNO3, and fluoride salts in a circular tube [16}2
However, heat transfer performance using a low inmgelpoint salt has not been reported in the
literature.

A parabolic trough solar collector and heat transfestem was constructed at the end of 2011 with
a low melting point molten salt [14]. Since themmerous engineering issues have been addressed,
such as the plugging of solidified molten salt,rgivdg and discharging methods, equipment selection,
and thermal and flow parameter measurements. Assefi experiments on low melting point molten
salt were conducted in the trough solar collectod &eat transfer system, and the results of the
experiments are reported in this paper. The hest &f the HCE and the convective heat transfer
coefficients of turbulent flows were obtained igiecular tube, and the total heat transfer coeffitiof
the water-to-salt heat exchanger was obtained Hs we
2. Description of experimental system and working fluids
2.1 Experimental apparatus

A schematic diagram of the experimental systenh@aws in Fig. 1. The system contains molten
salt circulation and water circulation. The maintpaf the two cycles include a molten salt tank, a
high-temperature molten salt pump, a molten saltdrea concentrating collector, a water-to-sadtthe
exchanger, a water cooler, a water heater, a n@asafeter, and a water pump. The characteristics of
the collector are presented in Table 1.

In order to avoid molten salt solidification in thée, an automatic electric tracing band is wdiz
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in the pipe system, the latter of which requireseatain lean of about 5%.. Due to the inherent

properties of molten salts and the high temperatorest devices cannot effectively measure the

molten salt flow. In order to measure the moltel faw rates, many different types of flow meters

were tested, such as target flow meters, massrfleters, float flow meters, etc. Through comparative

analysis, an ultrasonic flowmeter made by FLEXIMef@any) was chosen to measure the flow rates

of the molten salt, and a mass flow meter was liestén the water cycle. Meanwhile, the temperature

of the molten salt was measured by a type K theomple with special limits of error(x1°C or

+0.4% of the tested temperature, whichever is graand the temperature in the water cycle was

measured with a PT100 resistance thermometer withcauracy of 0.Z. To obtain different flow

rates of the molten salt, a frequency converterinstalled to control the molten salt pump. Beftire

molten salt was pumped from the storage tank tgtpeline, the entire molten salt flow loop had to

warm up. When the molten salt in the storage tamk Weated to a prescribed temperature by an

electric heater, the molten salt pump startedrmutate the molten salt in the salt cycle.

2.2 \Working fluids

A new kind of low melting point molten salt prepdrey our lab [14] with a melting point of 86

and a working temperature upper limit of 880was chosen as the working fluid in this experirabnt

investigation. Its main thermophysical propertieslated in Table 2.

3. Results and discussion

3.1 Thermal loss of the HCE

In this parabolic trough solar system, the test@EHeatures six evacuated collector tubes (each

with a length of 2 m) welded together. Insulatioithva length of 1.15m and a thickness of 40mm was

adopted for proper heat preservation at the jointduding the bellows and the welding. The thermal
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loss of molten salt through the HCE can be caledlély the following equation:

Qoss = mcp (ti _to)
where the thermal characteristic of the terminedtilgh convection can be calculated as
Q. = hA(t, —t.)
and

h=Nui
d

When wind spee<0.1m/s,Nu can be expressed as folloj24]:

1/6
NU=10 6+ 0.387Ra -
[1+(0.559/ Pry*]
OnceV > 0.1m/s,Nuis given adollows [21]:
Nu=CR€" PF

wherePr<10, n=0.37; Pr >0.36, n=0.36. The values & andm are listed in Table 3.

The thermal loss of the joints through radiation ba obtained as

Q rad = AU'S(tW4 _too4)

(1)

(2)

©)

(4)

(5)

(6)

In order to eliminate the influence of sunlighte taxperiments were carried out at night, and the

maximum wind speed was less than 3 m/s. Fig. 2 shtbes measured thermal heat loss through the

HCE at different average fluid temperatures abdweambient air temperature. The results show that

the thermal loss at the joints represents aboubbie total thermal loss in the entire collectopé.

However, it would reach 18% or so without any tha@rmsulation [22].

A comparison was also made between the presenlisemud the data for a PTR70 receiver

obtained in the same way but using oil as workin@ f[23]. As shown in Fig. 3, the heat loss of the

tested HCE is higher than that of the PTR70. Orasae may be that the tested HCE had been

operating at a high temperature (306500C) for two years, which may have damaged its coating

5
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some degree.
3.2 Turbulent convective heat transfer with molten salt in a circular pipe

A type of double-pipe heat-exchanger was used & e@Rkperimental system, in which the
high-temperature molten salt flowing inside theenrube was cooled by low-temperature water
flowing in the outer tube, as shown in Fig. 4. Thameter and thickness of the outer tube are 57mm
and 3.5mm, respectively, while those of the innbetare 32mm and 2mm, respectively; both tubes are
1,200mm long. The outer tube’s surface was wrappid insulation materials to minimize heat loss.
By measuring the temperature at four points (vater inlet, water outlet, molten salt inlet, andlt@n
salt outlet) and calculating the heat loss of thteet we were able to obtain the overall heat teansf
coefficient from molten salt to water in the tessedtion.

The data processing method adopted in this expatioen be found in our previous work [15] on
turbulent convective heat transfer coefficientslitsfium nitrate in a circular tube. Using the same
least-square methods, the overall heat transfdfigeats and the correlations were calculatedtfa
convective heat transfer coefficients of low mejtimolten salts. Through analysis and derivation, we

obtained the Nusselt number as follows:

Nu=0.023%Re’8%%pr 033 7)
Fig.5 shows that the total heat transfer coeffigancrease within the a range of 600 to 1200
W/(m*k') as the molten salt temperature increases withimrme of 14,000Re<32,000. Fig. 6
illustrates the good agreement between the cumeigied by Eq. (7) and the experimental data, with
deviation of only£7%; Eq. (7) is based on experimental data with &farumbers ranging from 9.5 to
12.2. In order to verify the applicability of wedhown convective heat transfer correlations in eolt

salts, five kinds of molten salts were identifiedrf the literature [15-20] in ranges of 1K<15.3 and
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10,0004Nu<46,130. Figs. 7-9 show the comparisons betweemptbsent experimental results and the
existing data for various equations.

From these figures, it can be seen that thereraadively high deviation between experimental
data from Kirst et al. [17] and the Dittus-Boelequation, the Sieder-Tate equation [24], and the
Gnielinski equation [25]. However, significant ports of the experimental data are quite consistent
with the existing correlations. The maximum dewatbetween the present experimental results and
the curves predicted by the Dittus-Boelter equati®inder-Tate equation [24], and Gnielinski equatio
[25] reach +23%, -10%, and -20% respectively. Wasth noting that the Sieder-Tate equation and the
Gnielinski equation include property ratio correotiterms and consider the effect of variable fluid
properties, while the effect of thermo-physical gdy variation is not included in the Dittus-Beaelt
equation. In comparison, the present experimergallts involve significant variation in the propest
of molten salt. For example, when the temperatfitbeside wall of the molten salt is 5 its bulk
temperature is 286, and the corresponding dynamic viscosity values4a83mPa-s and 3.34mPa-s
respectively. This will yield distorted velocity dbemperature fields, resulting in considerablengles
in heat transfer performance compared to the chsenstant properties. The good agreement between
the present data and well-known turbulent convactiorrelations, including the Sieder-Tate equation
and the Gnielinski equation, demonstrates the supeliability of low melting point molten salts.

To highlight the influence of the Prandtl numbée present results and previous convective heat
transfer data for various working fluids from thedature [15-20, 26] are compared in Fig. 10. Two
curves predicted by the Dittus-Boelter equationiciitepresent fluid heatind®(®%) and fluid cooling
(Pr%3), are also presented in Fig. 10. It can be seenrtiost of the experimental data are congruent

with the two curves, except for the data from Kiestal. [17] and that of NaOH [26]. Clearly, the
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present experimental results are largely consistétit the experimental data collected from the
literature [15-20, 26]. These comparisons demotestteat the Prandtl number dependence provided by
existing correlations is also applicable to mokait convection.

Uncertainty analysis is necessary in order to wadidthe accuracy of the present experimental
results. The uncertainties of the calculated reswire evaluated using standard error analysis. In
calculating the error in any measurement, bothesyatic and random errors must be accounted for.
Systematic errors are related to instruments uséidei measurements, and random errors concern data
plots after the same measurements are repeatethisnexperiment, the variables involved are
temperature, flow rate, and wind speed. The randorars in this experiment are related to the
scattering of data during the period of stable terapres and flow rates. The random error for the
calculated values of heat loss, specific heat, fi@at heat transfer, and Nusselt number are cated|

using the formula defined below:

5y=\/[%5>g} +[§j{ 5sz +...+(%5xnj (8)

2 n

Specifically, the desired result is a well-behavietiction f(xi x2---,x) of the direct physical

variables Xy, X, ....,X,) that have uncertaintiedx;, 6%, ..., 0x,). Then the equation can be written as

y = f (X Xz, Xn) 9)

The errors of the calculated heat loss are predent€able 4. It can be seen that the maximum and

minimum error are +3.18% and +2.65%, respectivaiytije first two experiments mentioned in this

paper, the same temperature sensor and flow seves@ used). The errors of the measured and

calculated parameters of the turbulent convectaat transfer are presented in Table 5. The ertfors o

the calculated parameters are estimated to be +f6the total heat transfer coefficier.0% for the

Nusselt number of molten sadtnd+9.3% for the heat flux between the water and nmodtait.
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4. Conclusions

(1) An experimental system consisting of a parabimbugh solar collector and heat transfer wasiget
with a new molten salt employed as the heat transfedium (with a melting point of 86 and a
working temperature upper limit of 5%0); The circulation of molten salts in the systerok@lace
over 1,000 hrs. The results indicated that openasitarting, and stopping the system using lowinglt
point salts resulted in a lower risk of freezingl golugging compared with utilizing high melting poi
salts(e.g., solar salts).

(2) Experiments were conducted to obtain the thelosa of the HCE as the temperature of the molten
salt changed. The results were compared with tteefdaa PTR70 obtained in the same way but using
oil as the working fluid. The results showed ttra thermal loss of the tested tube was higher titen

of the PTR70. Moreover, the thermal loss at thetfoivas about 5% of the total loss in the entis¢ te
collector tube, but if there was no thermal indolatthis proportion would reach about 18%.

(3) The total heat transfer coefficient of the wdtesalt heat exchanger was obtained for different
temperatures and flow rates. The results showed tthe total heat transfer coefficient of the
water-to-salt heat exchanger ranged between 6001200 W/(ni-k) for 10,000Re<21,000 and
9.5<Pr<12.2.

(4) The convective heat transfer coefficients amdredations for low melting point salts were
calculated for 10,000<Re<21,000 and 9.5<Pr<12.2m@@isons were made between the present
experimental results and well-known empirical clatiens. The present experimental data of
convective heat transfer coefficients with low rimgtpoint molten salts demonstrated good agreement
with the Sieder-Tate equation and the Gnielinskiagign.

(5) The application of low melting point moltenltsato CSP systems can help minimize operation
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costs and required investment levels, and manytipah@ngineering problems can be addressed easily.

The experimental results will hopefully provide algful reference for the development of

high-temperature molten salt CSP systems.
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Nomenclature
[, m mass flow rate, (kg/s)
A heat transfer area, {m
Cp specific heat, (kg/(kg-K))
t temperature, (K)
h heat transfer coefficient, (W/¢rK))
Nu Nusselt numbehl/k)
Pr Prandtl numbew(a)

Ra Rayleigh number

d diameter, (m)

L length, (m)

Greek symbols

A thermal conductivity, (W/(m-K))
o radiation constant, (W/@K?))

£ emissivity

Subscripts

[ inlet parameters, inner side parameters

0 outlet parameters, outer parameters

S parameters of molten salt

w parameters of water, parameters of tube wall
® parameters of surroundings

13



Figure captions:

Fig. 1. Parabolic trough solar collector and heat transfer system with molten salt

Fig. 2. Thermal loss of the HCE and terminal

Fig. 3. Comparison between experimental results and the PTR70

Fig. 4. Schematic of the double-pipe heat exchanger

Fig. 5. Total heat transfer coefficient of the exchanger as the salt Re changes

Fig. 6. Fitting curve of the molten salt Nu and relative errors

Fig. 7. Comparison of present experimental results, existing data, and the Dittus-Boelter equation
Fig. 8. Comparison of present experimental results, existing data, and the Sieder-Tate equation
Fig. 9. Comparison of present experimental results, existing data, and the Gnielinski equation
Fig. 10. Prandtl number dependence of the Nusselt number of turbulent flow in a circular tube
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Fig. 1. Parabolic trough solar collector and hesat transfer system with molten salt
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Fig. 2. Thermal loss of the HCE and terminal
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Fig. 3. Comparison between experimental results and the PTR70
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Fig. 6. Fitting curve of the molten salt Nu and relative errors
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Fig. 8. Comparison of present experimental results, existing data, and the Sieder-Tate equation
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Highlights

® A low melting point molten salt was applied in CSP systems.
® Experiment indicates alow risk of freezing and plugging.
® The results show the proportion of the thermal loss at the joints.

® Total heat transfer coefficient of the water-to-salt heat exchanger was obtained.



