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ABSTRACT 

This report presents an evaluation of the salt thermal storage subsystem of THEMIS. A description 

of the thennal storage subsystem is given and the operation procedures are presented. 

The heat losses of the system are evaluated on the basis of cool-down experiments. Th~ heal lossc5 

are then checked with the ones deduced from analytical models. The efficiency of the heat storage for 

a daily complete chargeidischarge cycle is estimated to 95%. 

The thermal storage behaviour is then described and analyzed over a complete day of actual opera-

tion. 

Finally the maintenance activity during two years of operation are listed and some remarks arc made 

on salt corrosion. salt stability and the lessons learned by the construction and operation of Ihis 'ystem. 
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FOREWORD 

This document was prepared with funding from the U.S. Department of Energy's (DOE) 
Solar Thermal Technology Program. The goal of the Solar Thermal Technology Program is to 
advance the engineering and scientific understanding of solar thermal technology, and to establish 
the technology base from which private industry can develop solar thermal power production options 
for introduction into the competitive energy market. 

Solar thermal technology concentrates solar radiation by means of tracking mirrors or lenses 
onto a receiver where the solar energy is absorbed as heat and converted into electricity or in
corporated into products as process heat. The two primary solar thermal technologies, central 
receivers and distributed receivers, employ various point and lines-focus optics to concentrate sun
light. Current central receiver systems use fields of heliostats (two-axis tracking mirrors) to focus 
the sun's radiant energy onto a single tower-mounted receiver. Parabolic dishes up to 11 meters in 
diameter radiant energy onto a receiver. Troughs and bowls are line-focus along their focal lines. 
Concentrating collector modules can be used alone or in a multi-module system. The concentrated 
radiant conversion absorbed by the solar thermal receiver i. transported to the conversion process 
by a circulating working fluid. Receiver temperatures range from 100·C in dish and central receiver 
systems. 

The Solar Thermal Technology Program is directing efforts to advance and improve promising 
system concepts through the research and development of solar thermal materials, components, and 
subsystems, and the testing and performance evaluation of subsystems and systems. These efforts 
are carried out through the technical direction of DOE and its network of national laboratories who 
work with private industry. Together they have established a comprehensive, goal directed program 
to Improve performance and provide technically proven options for eventual incorporation into the 
Nation's energy supply. 

To be successful in contributing to an adequate national energy supply at reasonable cost, solar 
thermal energy must eventually be economically competitive with a variety of other energy source •. 
Components and system-level performance targets have been developed as quantitative program 
goals. The performance targets used in planning research and development activities, measuring 
progress, assessing alternative technology options, and making optimal component developments. 
These targets will be pursued vigorously to insure a successful program. 

The work presented in this report was performed as part of the International subelement of 
the Central Receiver Systems task (Task 9). This work provides information for comparing the 
operational and design experiences of the French Central Receiver Project to those of the United 
States and other countries . 

3 



4 

TABLE OF CONTENTS 

1.0 INTRODUCTION ........................................... 9 

2.0 THERMAL STORAGE SUBSYSTEM DESCRIPTION ...•...•...•.. 10 
:!.I THERMAL STORAGE TANKS ... '" ...................................... . 
." MOTOR DRIVEN PUMPS .... , .......................................... . 
:!J STEAM GENERATOR .................................................. . 
2.4 SALT FlLLING EQUIPMENT ............................................. . 
:!.S SALT DRAINING EQUIPMENT ........................................... . 
2.6 TRACE HEATING OF THE THERMAL STORAGE EQUIPMENT ................. . 

3.0 THERMAL STORAGE OPERATION ........................... 23 
3.1 NORMAL OPERATION ................................................. . 
3.2 !'JORMAL START·UP AND SHUTDOW"l ................................... . 
3.3 SPECIAL OPERATION OF THE THERMAL STORAGE SUBSYSTEM .. : .......... . 
3.4 USE OF THE COLD TANK FOR SUPPLYING HEAT TO THE PRESSURIZED WATER 
TRACE·HEA TING SYSTEM ................................................. . 

4.0 DESCRIPTION OF THE MEASURING TECHNIQUES ............ 29 
4.1 SALT FLOW MEASUREMENTS ......................................... . 
4.2 SALT TEMPERATURE MEASUREMENTS .............................. . 
4.3 SALT LEVEL MEASUREMENTS ...................................... . 
4.4 SALT VOLUME EVALUATION .......................................... . 

5.0 TANK HEAT LOSS EVALt:ATION· EXPERIMENTS. . .. . . . ..... . .. 33 
5.1 EXPRESSION OF TANK HEAT LOSS ..................................... . 
5.:! EXPERIMENTAL DATA· TANK HEAT LOSS EVALUATION .................. . 

6.0 TANK HEAT LOSS EVALUATION· ANALYTICAL DISCUSSION .... 35 
6.1 STEADY STATE REGIME .............................................. . 
6.:! TANK COOL· DOWN MODEL ........................................... . 

6.2.1 TANK COOL·DOWN EQUATION ..................................... . 
6.2.:! TANK THERMAL RESISTANCE AND HEAT LOSS ESTIMATION ........... . 
6.2.3 COMPARISON OF EXPERIMENTAL RESULTS WITH DESIGN .............. . 
6.2.4 SALT TEMPERATURE HOMOGENEITY ................................ . 

7.0 ANALYSIS OF TYPICAL DAY OF THERMAL STORAGE OPERATION 44 
7.1 THE SALT LEVEL METHOD ............................................ . 
7.2 THE INLETiOUTLET SALT FLOW METHOD ............................... . 
7.3 EXPERIMENTAL RESULTS ............................................. . 
7.4 THERMAL STORAGE ENERGY BALANCE ................................ . 

8.0 THERMAL STORAGE SUBSYSTEM EFFICIENCY ...•.•.•.....•. 61 

9.0 ENERGY USED TO ACTIVATE THE THERMAL STORAGE SUBSYS-
TEM .......••..•.•. : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 52 

10.0 INFRARED THERMOGRAPHY OF THE THERMAL STORAGE 
TANKS ......•.....•.....•................................. 63 

11.0 MAINTENANCE EXPERIENCE .................•..••...•... 64 

12.0 CORROSION .............. <II •••••••••••••••••••••••• of • • •• 65 

13.0 CONCLUSIONS •..•...•.•.•.•.•..........•.••....••..... 67 

• 

• 



13.1 EFFICIENT ......................................................... . 
13.2 PRACTICAL ........................................................ . 
13.3 RELIABLE .......................................................... . 
13.4 ECONOMICS ........................................................ . 

Appendix A. Hot tank cool-clown experiments. ...•••.....••...•...•.•.. 69 

• 

... THEMIS THERMAL STORAGE SUBSYSTEM EVALUATION 

5 



6 

ILLUSTRATIONS. 
1 : Thermal storage subsystem (FKH). Connections with the ,solar receiver subsystem (FRS) 

2 : Thermal storage subsystem (FKH). Connections with the steam generator and the salt 
auxiliary equipment. 

3 : Thermal storage subsystem layout. 

4 : Sketch of a thermal storage tank. 

5 : Salt filling and draining equipment. 

6 : Pressurized water trace heating. 

7 : Electric heater. 

8 : Location of sensors used for thermal storage energy balance evaluation. 

9 : Thermocouple distribution on the hot tank FKHOO2BA. 

10 : Thermocouple distribution on the cold tank FKHOO I BA. 

II : Volume dependence on salt level in thermal storage tanks at 20'C. 

12 : Thermal conductivity chart of the insulation. 

13 : Actual thermal conductivity. 

14 : Tank heat loss dependence upon salt temperature. 

15 : THE~nS. March 6.1985. Incoming direct solar power and receiver subs}stem outpUl. 

16: THEM IS. March 6.1985. Receiver subsystem energy output. 

17 : THEM IS. March 6.1985. Buffer tank outlet temperature. 

18: THEMIS. March 6.1985. Steam generator inlet and outlet salt temperature. 

19 : THEMIS. March 6.1985. Heat transferred from the salt to the steam generator. and gross 
electricity production. 

, 20 : THEMIS. March 6.1985. Energy transferred from the salt to the steam generator. 

21 : THEMIS. March 6.1985. Salt volume variation in the storage tanks. 

22: THEMIS. March 6.1985. Heat transferred to the hot tank. 

23 : THEMIS. March 6.1 985. Heat transferred to the cold tank. 

24 : THE~fIS. March 6,1985. Stored energy in the storage tanks. 

25 : THEMIS. March 6.1985. Stored energy in the storage tanks 

(Calculated by the flow rate method). 

26 : THEMIS. March 6.1985. Total energy stored in the two tanks. 

27: THEMIS. November 16,1984. Hot tank cool-down experiment. 

Salt temperature versus time, 

28 : THEMIS. November 16,1984. Hot tank cool-down experiment. 

Metal temperature versus time. 

29: THEMIS. November 16,1984. Hot tank cool-down experiment. 

Metal temperature versus time. 

30: THEM IS. November 16.1984. Hot tank cool-down experiment. 

Metal temperature versus time. 

31 : THEM IS. January 11,1985. Hot tank cool-down experiment. 

Salt level and salt temperature versus time. 

32: THEMIS, January 11,1985. Hot tank cool-down experiment. 

Metal temperature versus time. 



33: THEMIS. January 1I.198S. Hot tank cool-down experiment. 

Metal temperature venus time. 

TABLES 

2.1 Thermal Storage Tank Specification 

2.2 Motor Driven Hot Pump Specification 

2.3 Drain Pump FKH003PO 

2.4 Steam Generator Specification 

4.1 Volume Dependence on Salt Level in Thermal Storage Tanks at 20°C 

5.1 Tank Heat Los8 Evaluation 

6.1 Heat Loss 

6.2 Tank Heat Loss Dependence on Salt Temperature 

6.3 Tank Heat Loss 

6.4 Comparison of Salt Temperature after 100 Hours Cool-down 

6.5 Metal Temperature Distribution During the Measuring Campaign of Nov. 16,1984 

7.1 Thermal Storage Subsystem Energy Balance after March 6, 1985 Experimental Data 

9.1 Heat used for Activation of the Thermal Storage Subsystem 

YI THEMIS THERMAL STORAGE SUBSYSTEM EVALUATION 

7 



8 

REFERENCES 

[I) J. HILLAIRET. La Centrale Solaire THEMIS 2500 KW . ENTROPIE N°I03.1982 P 6.9 

(2) X.POUGET ABADIE. Note de fonctionnement I FKH Stocka,es clutud et froid. Gen~rHt~ur 
de vapeur. Preparation du sel. Remplissa,e. Vidange. EDF.REAM.STGl7 FKHOOO. 

(3) B. RIVOIRE. Analyse des pertes tbermiques du stockage. Note GEST0585. 27.02.85. 

(4) R. GENIER.Mesures de niveau des reservoirs de stockage de seb fondu~. 
EDF.DER.PS2D83.81.30. 1981. 

(S) R. GENIER. Reservoirs de stockage de sels fond us de la centrale solaire THEMIS. Resultats 
d'essais de mesure de niveau par bulle a bulle. EDF.DER.P5::!.D83.21. Mars 1983. 

(6) A. R.A YMOND. Etude de revolution de I'energie stockee dans les reservoirs de THE~US. 
EDF.DER.PS2D19.54.85. Juillet 1985. 

(7) P. SPITERI. Stability of salt and corrosion resistance of circuit materials in the THEMIS power 
plant. THERMO·MECHANICAL SOLAR POWER PLANTS series B. vol 2. D. REIDEL 
PUBLISHING Co .. June 1984. . 

lere- .. 



1.0 INTRODUCTION 

One of the main features of the THEMIS plant is the use of molten salt technolog)·. ~olteo 
salt (Hitec: KNO, .S3%;NaNO~ .40 %;NaN03' 70

/0) is the medium used for both purposes of 
heat transfer and thermal storage. 

This technology is expected to provide higher theIlllal storage efficiency. quicker slart-up and 
easier plant control than water·steam systems. 

The thermal storase subsystem is inserted in the primary salt loop as shown in Figure, I and 

The thermal storage subsystem (FKH) is essentially composed of two tanks: the c.)ld tank 
(FKHOOIBA) and the hot tank (FKHOO2BA). Two cold pumps (FRSOOlPO and FRSOO2POl 
ensure the circulation of the molten salt from the cold tank to the hot tank through the solar re
ceiver in normal operation of the latter. 

Two hot pumps (FKHOOIPO and FKHOO2PO) ensure the circulation of the molten .... h frol11 
the hot tank back to the cold tank through the steam generator while in energ} produ;;:tion op
eration of the plant. A detailed description of the thermal storage subsystem of THE~HS is given 
in Section 2 of this report. 

The operating modes of the thermal storage subsystem are described in Section 3. 

The measuring methods used for the evaluation of the thermal storage performance .re de
scribed in Section 4. 

The experimental results collected during the cool-down tests of the thermal storage tanks 
are given in Section 5. and an evaluation of the heat loss of the system is deduced from these 
measurements. 

Section 6 presents the heat loss results deduced from models of the thermal storage suhsys
tem. The theoretical results of this section are compared with the experimental data of the previ
ous section. An illustration of the actual thermal storage subsystem behaviour is presented in 
Section 7 where a complete typical day of operation is described and analyzed. The mermal 
storage subsystem efficiency is estimated in Section 8 for a complete charge . discharge daily cycle. 
The energy used to activate the thermal storage subsystem at its operating temperature is evalu
a ted in Section 9. 

An infra-red inspection of the heat storage components has been performed for heat loss 
evaluation. The conclusions of this test are presented in Section 10. 

The lessons learned in operating and maintaining the molten salt thermal storage subsy~tem 
are presented in Section II. Some remarks on the corrosion problems are made in Section 12. 

Our conclusions on the choice of the molten salt technology for the thermal storage subsys
tem are presented in Section 13. 
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2.0 THERMAL STORAGE SUBSYSTEM 
DESCRIPTION 

The thermal' storage subsystem of THEMIS has been designed for 5 hours of operation of 
the plant with an output of 2.200 kWe in the thermal storage discharge mode. 

To ensure this OUtput. an input of heat of 8.000 kWth is required into the steam-generator. 
Assuming a hot salt temperature of 450·C and of 250·C. we have a 200' salt temperature variation 
in the steam-generator. With Cp = 1.561 kJ kg°C. the corresponding enthalpy change of the salt 
is 312.2 kJikg (0.086i kWh!kg). The total amount of hot salt required in the hot tank when fully 
charged is 462.000 kg. The total amount of salt in the primary loop is slightly larger: 537.000 kg. 
Therefore.the two tanks constituting the thennal storage subsystem have a capacity of J IU m3 

each. 

The thermal storage subsystem can be considered as the interface of the solar receiver suh
system FRS with the steam-generator GPVOOIGV. The connections of the thermal storage tanks 
with these two subsystems are shown in Figures I and 2. Figure 2 shows also the connections of 
the cold tank with pan of the storage auxiliary equipment including the salt melting tank FKHOO 
3BA and the drain tank FKHOO4BA. 

The thennal storage subsystem equipment is installed in the machine hall between levels 
O.OOm and ... 10.3m as shown in Figure 3. 

Both storage tanks are cylindrical. They are placed side by side at level O.OOm with their axis 
oriented North to South. 

The two hot pumps feeding the steam generator and the two cold pumps feeding the solar 
receiver are placed inside the hot tank and the cold tank respectively. The~ are coupled by u shaft 
to their drive-motors placed at the top of the tanks at level - 7.00m. 

The steam generator is cylindrical. It is placed above and between the two storage tanks. just 
below level - 7.5m. 

The equipment for salt handling and melting is located in the north·east section of the mahim.· 
hall. The melting tank is placed at level - 7.00m. 

The drain tank and its pump are placed at level O.OOm. just in between the two storage tanks. 
The flaking machine is placed al level.,. 4.00m. east of the machine hall. 

The specifications of the main components of the thermal storage subsystem are giwn helnw. 

2.1 THERMAL STORAGE TANKS 
Both thermal storage tanks FKHOOIBA and FKH002BA are identical. They only differ by 

the type of steel used for the vessel. Figure 4 shows one of these tanks. 

Each tank is supported by four supports. one fixed and three free to slide to allow thermal 
expansion. The sliding supports are equipped with "Klingerflon Duplex" sliding blocks having a 
friction coefficient of 0.04. Additional 'Marinite 45" heat insulators protect the sliding blocks 
against unsafe temperatures (maximum temperature allowed 50·C). 

The thermal storage tank manufacturer is CFEM (Compagnie FraDl;aise d'Entreprises 
Metalliques). 

10 THEMIS THERMAL STORAGE SUBSYSTEM EVALUATION 
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TABLE 2·1 

THERMAL STORAGE TANK SPECIFICATION 

Cold Tank FKHOOIBA Hot Tank FKHOO2BA 

Length m 16.940 16.940 
Diameter m 5 5 
Volume m3 310 310 
Shell thickness mm 13 13 
Type of steel A42CP 15CD~05 
Design Temp. 'C 250 450 
!l.fax.Salt Temp. 'C 400 480 
!l.fax.Salt Pres. bar 3 ... salt hydro. pres. 3 ~ salt hydro. pres. 
!l.fax.depress. bar 0.5 0.5 
Vessel weight kg 40000 40000 
Salt weight contained kg 537000 537000 
Insulation kg 15&00 15&00 
Insulation thickness mm 400 400 
Weight of motor driven pumps kg 3000 3000 
Additional weight kg 9000 9000 
Total weight of one 
full tank with equipment kg 564800 564800 

2.2 MOTOR DRIVEN PUMPS 
Hot pumps FKHOOIPO and FKHOO2PO 

The two hot pumps are placed at the bottom interior of the hot tank. just abOve the fixed 
tank support. These pumps are a centrifugal type with a vertical axis. The two drive motors are 
placed out of the tank. above the pumps to which they are coupled by a 5 m vertical shaft made 
of three sections (one of 1.& m and two of 1.6 m). The pumps' are manufactured b~ "Rheinhutte" 
and the drive motors by "]eumom Schneider". 

The two hot pumps are equipped with a 2 k W oil preheating device. made of 3 resistors of 
660 W each, star connected. A thermostat is used in this device to disconnect the motors from 
their power supply as long as the operating temperature of the pumps has not been reached. 

The specification of the hot motor driven pumps is given in Table 2-2. 

THERMAL STORAGE SUBSYSTEM DESCRIPTION 15 
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TABLE 2·2 

MOTOR DRIVEN HOT PUMP SPECIFICATION 

Unit Minimum DesigD Mu.imum 

Salt Inlet Temp. 
normal °C 450 450 450 
min. 'C :!50 250 250 
max. °C 470 470 470 

Flow rate kg s 0 :!5.63 29.48 
Total pumping height 8 45 60 
Shaft power kW 1.4 24.6 36.9 
Pump efficiency % 46 47 
Pump speed with 

normal flow rate R.P.M 1760 2020 
zero flow rate R.P.M 750 . 

Drive motor power kW 40.5 

Cold pumps fRSOOIPO aDd fRSOO2PO 

These two pumps belong by convention to the solar receiver subsystem FRS and are. there
fore. described in the solar receiver evaluation report. 

DraiD pump fKHOO3PO 

When in exceptional circumstances the thennal storage tanks have to be completely emptied. 
the remaining salt in the dead volume of the tank can be drained by gravity into the drain tanl;. 
FKHOO4BA. The drain pump FKHOO3PO can then be used to pump the salt from this tanl.: either 
to the flaking machine or back to the cold storage tank FKHOOI BA. 

The specification of the drain pump FKHOO3PO is given in Table ]·3. 

TABLE 2-3 

DRAIN PUMP FKHOO3PO 

Units SpecificatioD 

Salt inlet temperature °C :!50 
Salt Flow rate(weight) k~s 3.5 
Salt Flow rate(volume) m /h 1 
Total pumping height 

at normal flow rate MPa 0.186 
at zero flow rate MPa 0.186 

Pump speed R.P.m 1450 
Drive motor power kW 0.73 

2.3 STEAM GENERATOR 
The steam generator is manufactured by C.I. T.E.C.. It is heated by the hot salt. It performs 

the three functions of preheating, vaporizing the feed water and superheating the steam. 

As a convertience for construction, the steam generator is placed between the two thermal 
storage tanks as shown in Figure 3. 

The steam generator vessel is a horizontal cylinder. It contains two U shaped banks or tubes. 
inside which the hot salt circula leS. One of these banks. the prehea ting and vaporizing section. 
is immersed in the feed-water that fills half the vessel. The other bank of tubes. the supetheating 

TIfEMIS TIfERMAL STORAGE SUBSYSTEM EVALUATION 



section, is placed in the upper part of the vessel filled with the steam generated in the lower sec
tion. 

The two banks of tubes are connected by a U shaped connection piece trace hea ted by elec
tricity and drained by the valve FKHOI5VS. 

The steam generator axis is slightly inclined so as to allow draining by gravilY. The 
steam-generator specification is given in Table ~-4. 

TABlE~-4 

STEAM GE~ERATOR SPECIFICATION 

ITBES 

Metal IS CD 205 
~umber of tubes per bank: 

Superheating section 105 
Preheating and vaporizing section 111 

Tube diameter mm 14 
Tube thickness mm 1.5 
Tube maximum internal pressure bar 10 
Tube maximum temperature 'C 450 
Heat exchange surface: 

Superheating section m- 89.9 
Preheating and vaporizing section m- 103.9 

STEA~ GENERA TOR VESSEL 

Diameter m 1.2 
lenght m 12 
Volume of water in the preheating and 

mJ vaporizing section 5 

HOT SALT SIDE 

design point maximum 1/3 load 

Inlet salt temp. 'C 450 450 ~50 

Outlet salt temp. 
Superheating section 'c 406.6 407.7 402.1 
Outlet salt temp. 
Boiler section 'c 260.7 266.6 237.4 
Outlet salt temp. 
Preheating section ·C 244.9 251.2 215.3 
Salt flow rate kg/s 25.35 28.34 7.17 
Power exchanged kW 8116 8793 2625 

W ATER-STEAM SIDE 

Steam pressure bar 42.2 46.42 30 
Super heated steam temp. 'c 445.3 444.7 448.6 
Feed water flow rate kgjs 3.312 3.643 0.99 

THERMAL STORAGE SUBSVSTEM DESCRIPTION 17 



2.4 SALT FILLING EQUIPMENT 
The filling of the cold tank FKHOOIBA with salt is a long operation lasting about 20 working 

days (8 hours a day). The filling equipment is sized to melt 3000 kg of salt per hour (SO kg per 
minute). 

The filling equipment (Figure 5) is composed of 

• a clod breaking machine located at level 0.00 m. 
• a bucket conveyor carrying the salt up to level ~ 7.00 m. 
• a melting tank FKH003BA heated either by thermal oil circulation IGilotherm TH heated 

b)' the parabolic dishes). or by electrical resistors. 

The melting tank specification is given below: 

MELTING TANK (FKH003BA) SPECIFICA nON 

Volume m3 4.00 
Weight kg ~OOO. 
Salt capacity kg I~OOO. 
Max. Temperature 'C 350 
Max. Pressure bar I 

For a salt melting rate of 3 000 kg,h at 220'C. the specification of the Gilothenl) h~atinll 
system is the following: 

Inlet Gilotherm temperature 'C 320 
Outlet Gilotherm temperature 'C 200 
Power exchanged kW 350 
Gilotherm flowrate m3!h 5.186 

Electrical heating is used to start the salt melting. This is done by 18 electrical resistors of 5.56 
kWeach. These resistors are of cylindrical shape I Length 1.65 m. Diameter 0.057 mi. 

The melting tank is also equipped with a propeller mixer. driven b) a 5.5 kW elel'tricall11olor 
and a radial fan driven by a 0.12 kW electrical motor. 

2.5 SALT DRAINING EQUIPMENT 
On special occasions. chemical composition control for instance. some salt has to be extracted 

from the system. This salt is pumped out and cooled down and then solidified in flakes. ready 
to be stored in bags. 

The main equipment for this procedure is the flaking machine. It is composed of a rotating 
water-cooled drum on the surface of which the molten salt is solidified in flakes and then conveved 
to a funnel for bagging. . 

This machine has a processing capacity of 500 kg of salt per hour. The temperatu.re of the 
salt flakes is 7S'C maximum. The water flow rate necessary for cooling the drum is 4 m,'/h. 

The pieces of equipment for salt handling, filling and draining have been manufactured hy 
BERTRAMS. 

2.6 TRACE HEATING OF THE THERMAL 
STORAGE EQUIPMENT 

A pressurized water network of pipes is used for trace heating the following thermal storage 
equipment: 

18 THEMIS THERMAL STORAGE SUBSYSTEM EVALUA nON 



o 11 w: .. · .. 
• h · "' 

LI'I 
(!) -u.. 

19 



20 

• Cold tank 
• Hot tank 
• Steam generator loop 
• Solar receiver loop (the receiver itself is electrically trace heated) 
• Auxiliary loops of the tilling and draining systems 

The trace heating pressurized water (250'C. 55 bar) is heated either by heat exchan~e with 
the Gilotherm loop of the parabolic dishes (Figure 6) or by electrical heating by means of a 150 
kW resistor SESOOI RE (Figure 7). 

The ultrasonic flowmeter velocimeter FKHOOIMD and the drain tank FKHOO4BA are elec
trically trace heated. 

The pressurized water network is designed to heat: 

• the salt pipes and accessories: valves.insulation .. from 10'C up to 220'C in 12 htlur5 
maximum: 

• the hot tank and the cold tank for the tirst start up. from 10'C up to 220·C in 72 hours. 

The corresponding power delivered by the pressurized water trace heating system breaks 
down as follows 

Power (kW) 

.Receiver loop (FRS) 
-Riser 20 
-Downcomer 30 
-Other (FRS) salt pipes 26 

.steam-generator loop 7 

.Other FKH piping.melting tank. 
flaking machine ... 28 

TOTAL 111 

THERMAL STORAGE SUBSYSTEM DESCRIPTION 7 
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3.0 THERMAL STORAGE OPERATION 

3.1 NORMAL OPERA TION 
In normal operation of the plant. there are two modes of operation that can occur either 

simultaneously or time shifted. These two modes are: 

- The thermal storage charge mode: 

In this mode the salt is pumped from the cold tank to the hot tank through the receiver. This 
operation can occur during all the sunshine hours. i.e about 8 hours per clear day on a,-erage. 

- The thermal storage discharge mode: 

In this mode the salt is pumped from the hot tank to the cold tank through the steam gen
erator. The duration of this operation depends on the energy production program of the plant. 

These two modes are almost totally decoupled in time. They should of course overlap every 
time it becomes necessary to limit the energy input into the hot tank. whose maximum thermal 
storage capacity is 40 MWH. 

During operation. the levels of molten salt in the two tanks vary slowly. The~ ~al1 ewn <tay 
stationnary when the nowrates in the receiver loop and in the steam generator loop are balanced. 

During operation. the nitrogen differential pressure between both tanks is limited within a 
range of 0.5 bar. 

In the charge mode. the salt temperature in the hot tank is kept constant at about 400'(". 
In the cold tank. temperature variations may occur. depending on the salt outlet temperature from 
the steam generator and on the salt outlet temperature from the receiver in the recycling mode. 
In this latter case whenever the outlet temperature does not reach a threshold ranging between 
350 and 4OO'C the salt is sent back to the cold tank (recycling). In normal operation the salt 
temperature in the cold tank is not supposed to deviate very much from 250'(". This value of 
250'C will be considered as the reference temperature for evaluating the a\ailable heat in the 
thermal storage subsystem. 

3.2 NORMAL START-UP AND SHUTDOWN 
Long shutdown (more than 7 days) 

For long shutdown periods. the salt from all equipment is drained to the cold tank. When 
all the salt is in the cold tank at 250·C. it takes 30 days to cool down to 200'C When this tem
perature is reached. funher cooling should be avoided. Salt heating should then be started by use 
of either the salt melting equipment or the pressurized water trace heating system. 

Sbort shutdown (a nigbt or a few days) 

During short shutdown periods. the solar receiver is not drained and the pumps FRSOOlPO 
and FRSOO2PO are kept available to circulate salt from the cold tank to prevent salt freezing in 
the receiver loop. 

Similarly the steam generator is not drained. neither on the salt side, nor on the water side. 
The hot pumps FKHoolPO and FKHOO2PO are kept available and circulate pulses of salt in 
order to keep the steam generator temperature above 2SO'C 

Steam generator start· up 

Starting up the steam generator from cold initial conditions requires the following procedure: 

The salt loop of the steam generator is beated up to the temperature of 220·C in 12 hours. 
This is done by opening the valves allowing pressurized water circulation in the trace heating 
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pipes. Whcn all the components of the salt loop of the stcam gencrator have reached 220°C. the 
pressurized water pipes are draincd in ordcr to prevent excessive pressure rise up. 

Thcn the hot pump FKHOOIPO or FKHOO~PO is started at redu~d speed. The >alt now 
rate is limited to 5% of its nominal value in order to prevent thermal shock of the Meam ge~rator 
lUbeS. As soon as the temperature reaches 300'C at the outlet of the superheating sectioc. where 
the temperature is measured by the thermocouple GPVIOZMT. the salt now rate is gradually in
creased up to its workin!! value. 

Hot steam generator shutdown 

Hot steam generawr shutdown can be started b~ turbine trip or b~ other cause,. The!! rhe 
hot sait pumps arc slowed down and the salt nO\\ rare is reduced w zero 

Steam generator draining is then starred when the salt pumps have .:(\mplerel~ Slopped. 

3.3 SPECIAL OPERATION OF THE THERMAL 
STORAGE SUBSYSTEM 

There are some other operarion modes of the thermal slOrage subs~stem that are 'I"'.:ir,ed r,>r 
special occasions. These modes are not described here but are discussed in the EDF document : 
Ref ·Z. 

These special modes are: 

.• Salt circulation througp a now limiter. 

• E~traClion and refueling for salt regeneration. 

• First filling of the thermal storage tanks. 

• Operation in case of steam generator tube break. 

• Operation in case of thermal storage tank outage. 

3.4 USE OF THE COLD TANK FOR SUPPLYllVG 
HEAT TO THE PRESSURIZED WATER 
TRACE-HEATING SYSTEM 

In Section ~-6. the thermal storage trace heating equipment was described. The pressurized 
water trace heating piping was initially designed to be heated either by rhe Gilotherm from the 
parabolic dishes or by electrical heating by means of the 150 kW resistor SESOOI RE. 

The Gilotherm loop became operational by the end of September 1985 and umil then the use 
of the electric heating was a bc;wy\burden in the parasitics balance. 

A third method for hcating-thc pressurizcd water circuit turned out to be both practical and 
energy efficient. (t consists in ·using ·the eight trace heating pipes placed on the external face of 
thc cold tank. as a heat source for the pressurized water circuit. This mode of trace heating can 
be operated by acting on valves FKHOIOVL and FKHOO9VL shown in Figure 6. 

THERMAL STORAGE OPERA nON 9 



pipes. When all the components of the salt loop of the steam generator have reached 220°C, the 
pressurized water pipes are drained in order to prevent excessive pressure rise up. 

Then the hot pump FKHOOIPO or FKHOO2PO is started at reduced speed. The salt now 
rate is limited to 5% of its nominal value in order to prevent thermal shock of the steam generator 
tubes. As soon as the temperature reaches 300·C at the outlet of the superheating sectioll. where 
the temperature is measured by the thermocouple GPV102MT. the salt flow rate is gradually in
creased up to its working value. 

Hot stelm geaerltor slJutdowu 

Hot steam generator shutdown can be started by turbine trip or by other cause~. TIII.'n the 
hot salt pumps are slowed down and the salt flow rate is reduced to zero. 

Steam generator draining is then started when the salt pumps have completely stopped. 

3.3 SPECIAL OPERA TION OF THE THERMAL 
STORAGE SUBSYSTEM 

There are some other operation modes of the therma! storage subsystem that are specified for 
special occasions. These modes are not described here but are discussed in the EDF document: 
Ref '2. 

These special modes are : 

• Salt circulation throug~ a flow limiter, 

• E~traction and refueling for salt regeneration. 

• First filling of the thermal storage tanks. 

• Operation in case of steam generator tube break. 

• Operation in case of thermal storage lank outage. 

3.4 USE OF THE COLD TANK FOR SUPPLYING 
HEAT TO THE PRESSURIZED WATER 
TRACE-HEATING SYSTEM 

In Section 2·6. the thermal storage trace heating equipment was described. The pressurized 
water trace heating piping was initially designed to be heated either by the Gilotherm from the 
parabolic dishes or by electrical heating by means of the 150 kW resistor SESOOI RE. 

The Gilotherm loop became operational by the end of September 1985 and until then the use 
of the electric heating was a havy burden in the parasitics balance. 

A third method for heating the pressurized water circuit turned out to be both practical and 
energy efficient. It consists in using the eight trace heating pipes placed on the external face of 
the cold tank, as a heat source for the pressurized water circuit. This mode of trace heating can 
be operated by acting on valves FKHOIOVL and FKHOO9VL shown in Figure 6. 
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4.0 DESCRIPTION OF THE MEASURING 
TECHNIQUES 

The analysis of the heat loss and the energy balance of the thermal storage subsystem requires 
measurement of the following parameters: 

• Salt Oow at the inlet and the outlet of each tank. 

• Salt temperature at the inlet and the outlet and at several points of both tanks. 

• Salt level or salt volume in each tank. 

The available equipment for providing these measurements is described below. 

4.1 SALT FLOW MEASUREMENTS 
There are two salt Oowmeters that can be used for measuring the salt /low at the inlet and 

the outlet of the two tanks. These flowmeters FRSOO2MD and FKHOOI MD are located .;s shown 
in Figure 8. 

FRSOO2MD is a Venturi nozzle placed on the riser at the solar receiver inlet. 

FKHOOI MD i~ an ultrasonic Oowmeter that measures the salt velocity by comraring the 
propagation time of ultrasonic pulses moving in a upstream and downstream direction. 

It is seen in Figure 8 that FRSOO2MD measures the outlet flow QOl"TC of ·the "old tank 
FKHOOI BA in normal operation. [( also measures the recycling salt flow QRECY when TORJ 
is in Position O. [( measures the inlet salt now Q''''H into the hot tank FKHOU~BA when TOR2 
is in Position I. 

In the same way FKHOO I MD measures the outlet salt 00\, QOt.:TH from the hot tank 
FKHOO2BA at any time. It measures the inlet salt /low Q,,,,c into the cold tank FKHOOI BA when 
TORI5 is in Position O. 

4.2 SALT TEMPERA TURE MEASUREMENTS 
Salt and metal temperatures are measured by thermocouples located at various places in the 

system. 

Thermocouples used for temperature measurements in the hot tank FKHOO2BA . Metal 
temperature: There are 24 thermocouples (FKHOOlMT. FKHOO2MT .... FKH024MT) that are 
placed on the vessel.They are regularly distributed along three circumferences C"Cl.C3 as shown 
in Figure 9. Ten of these thermocouples (FKHOOIMT. FKHOO5MT, FKHOO9MT. FKHOIOMT. 
FKHOI2MT, FKH013MT. FKHOI4MT, FKHOI6MT. FKHOl7MT and FKH021MT), are per· 
manently recorded by the data acquisition system AQMT. 

Hot salt temperature: This temperature is measured by the thermocouple FKH401 MT. 

Temperature measurements in the cold tank FKHOOlBA : Metal temperature: there are 24 
thermocouples, regularly distributed on the circumferences T h T 2, T 3 in three sections of the 
vessel.Ten of these thermocouples (FKH033MT, FKH034MT, FKHOO36MT. FKH037MT. 
FKH038MT. FKH040 MT. FKH041MT. and FKH045MT). are permanently recorded by 
AQMT. The distribution of these sensors on the vessel is represented in Figure 10. 

Cold salt temperature: This measurement is given by the thermocouple FKH402MT. The 
foUowing temperatures of interest are also measured: 

• Salt temperature at the steam generator inlet T1NSG measured by thermocouples FKHlOOMT 
and FKHIOlMT. 

26 THEMIS THERMAL STORAGE SUBSYSTEM EV ALVA TlON 



I'\) ..... 

QINC 

TINC 

BUFFER 

o 

/ 

001vS 

------{M-----H~ 
~ : .,-' 

Q)uic OREcy: Qltoll 
Toorc TRECY! Tltoll 

FlG()()lBA . FKtD02BA 

FIG. 8 locATION OF SENSORS USED FOR lliE~L 
STORAGE ENERGY BAl»CE EVALUATIOO 

CD 

t~ 

• 

STEAM 
GENERATOR 



28 

J :' 
• t 

- -------. , 
---_.-.--------_ .. 

I _1 __ _ 

• ~ I 

i ~~~~~~~rr_~~~. 

-t;: 
a; -

~ 
" 

!-o 
:r 

~ N 

;2 
LL. 

"" ~ 
£ 
UJ 

F 
~ 

~ 
~ 
~ 
is 

!-o ~ :!: 
01'\ 

~ 
~ 

s: .., 
0"> 
<.!J -u.. 

I 



N 
Ie 

• • 

FIG 10 

',L 

L.. -I .-- I 

25~T 

31 

29MT 

, 

I 
I 
I 
I , ' 

.f-: 
• 1"1 

, I , , , , 
.. - - -: '. 

~11.2 

1 
_,---L .. 

I 
. ".,. ~ "'I I I. ,,, •• IIk. 

~ , ... " T 
··-T 

33~IT . 

37'·IT 

, 
1 , 
I 
1 
1 

L~~· 
: I 3 

I , 
I 
I 
I 
'--

--;+ 

. .j I .... I~ 
11 __ + .. 't ·_·f _IL.,-t--

_ •.. _.__ I· . ---I ;! 

41HT 

43HT 

43i·IT 

THERMXOUPLE DISTRIBUTION ON THE COLD TANK FI<H OOlBA 

" .. 



30 

• Salt temperature at the steam generator outlet TOUl'SO measured by thermocouples 
FKHI03MT and FKHI04MT. 

• Salt temperature at the solar receiver inlet TINSR measured by thermocouples FRS200MT 
and FRS20IMT. 

• Salt temperature at the solar receiver outlet TOl:TSR measured by thermocouples FRSIOIMT 
and FRSl02MT. 

4.3 SALT LEVEL MEASUREMENTS 
The salt levels in the hot tank and in the cold tank are derived from sal! h~drostatic pressure 

measurements using a gas bubble generation technique. A verucal tube is introduced into the bulk 
of salt with one extremity at the bottom of the tank. A variable pressure of nitrogen is introduced 
into the tube. There is a pressure threshold for bubble formation. This pressure threshold is 
measured. The level of salt in the tank is then derived from the expression: 

where: 

• h: level of salt 
• p,: salt specific gravity (temperature dependent) 
• ~P: difference between the bubble threshold pressure and the nitrogen CO\'er gas pressure. 

In the hot tank there are two bubble pressure threshold sensors FKHOOI M"f and 
FKHOO2MN. a nitrogen cover pressure sensor FKHOO8MP and a salt temperature sensor 
FKH40IMT. that are used for the salt level determination. Similarlv in the cold tank these 
measurements are made by two bubble pressure threshold sensors FKH003MN and FKHOO4MN. 
a nitrogen cover pressure sensor FKHOO7MP and a salt temperature sensor FKH40~MT. 

4.4 SALT VOLUME EVALUATION 
Both tanks being geometrically identical. they are supposed to have the same salt level versus 

salt volume dependence. A calibration has been made at 15°C for FKHOO~BA. using water in· 
stead of salt. The calibration curve is represented in Figure II. The data from this calibration are 
listed in Table 4·1. 

This dependence has been approximated by Rivoire who proposed a 3rd degree polynomial:. 

v = -0.0026952 h3
+ 1.997 h2

+ 327.8 h - 4650. 

where V is in liters and h in centimeters. 

This relationship gives the volume with an accuracy of 0.1 percent for 140 em < h..:: 430cm 
and an accuracy of 0.5 percent for 60 cm < h < 450 em. 

The volume. level dependence having been calibrated at ISoC. a temperature correction has 
to be introduced to take into account the thermal expansion of the tank containing the salt at 
temperature T. The actual volume of salt is expressed by : 

where a = linear metal dilatation coefficient. 

DESCRIPTION OF THE MEASURING TECHNIQUES 11 



TABLE 4-1 
VOLl.foE rePENDE~E ON SALT lEVEL IN lHERMAL STORAGE TANKS AT 21n 

***************************************.*******~~~*******~**.~***.*~~ 
* l.EVEL VOl.UNE * LEVEL VOLU~l[ ., 
* (eM) (1'1**3) * (Oil (1'1**3) * 
************************~****~******~******************************** 
* * * 
* 0. 0.000 * 230. 143.697 * 
II 10. 1.495 * 240. 151.897 * 

* 213 .. 4.316 * 250. 160.1'02 * 
II 30. 8.066 * 260. 168.298 * 
* 40. 12.390 * 270. 176.467 II 

* 50. 16.935 * 280. 184.593 * 
* 60. 21.654 * 290. 192.658 * 
* 70. 27.052 * 300." 2<103.655 * 
* 80. 32.B22 * 310. 20B.5B7 ;; 

* 90. 38.919 "W 320. 216.4203 " 
* 100. 45.300 * 330. 224.139 * 
* \I a. 51.923 * 3403. 231 .. 729 * 
* 120. 58 .. 742 * 330 .. 239 .. 173 * 

* 1303. 65.715 * 36"" 246.457 " * 140. 72 .. 943 " 370 .. 253 .. 56:; .;t-

* 130. 80.334 * 380. 26a.4a~ .. 
* 160. 87.sa3 * 390 .. 267.189 ;; 

* 1703. 95.570 * 400. ~ .......... , 
'::'(..) .. 0"::'1 .. 

* 180. 103.3S1 * 410. 279.76i ;; 

* 190. 111.298 * 420. 28:,j .. o04 ;; 

* 200. 119.305 * 430. 291.1303 * 
II 210. ~27.3a:5 ;; 440 .. 2';0 .. 274 * ., 220. 135.521 * 45·21 .. 301.000 * 
**********~***************************************~*******~********** 
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s.o TANK HEAT LOSS EVALUATION· 
EXPERIMENTS 

The heat loss from the thermal storage tanks were derived from measurements of the 
cool-down rates dT dt deduced from four measuring campaigns: ~ay Ig.19~4. !'IIo,·.lb.l9K4 . 
Jan.11.I985. and Feb.8.1985. 

The main problem in measuring significant cool-down rates. is the very long time scale of the 
temperature decay because of the low tank heat·joss. compared to the short time scale of salt 
temperature and volume variation during normal plant operation. During the four measuring 
campaigns. the salt level in the investigated tanks was kept constant and the only allowed energy 
flow was the tank heat loss. . 

5.1 EXPRESSION OF TANK HEAT LOSS 
The heat loss of the bulk of salt in a tank is wrillen : 

dU dT 
P = - - - -p • V • C -s dt s s ps dt 

(I) 

Similarly the expressions of the power lost by the metallic vessel and by the heat" insulator 
read: 

P = -M .C m m pm 

Where: 

• Ps: average specific gravity of salt 

dT 
-Ill 

dt 

• Cps. Cpm• Cpc : Specific heat of salt. metal. insulation 

• Mm. Me : Total mass of metal. insulation. 

(2) 

(3) 

Assuming an identical cooling rate of the salt. the vessel and the insulation. the total power 
loss of a tank reads: 

P
L 

= -(p .V.C + M.C + M.C )dT/dt (4) 
s s ps m pm c pc 

5.2 EXPERIMENTAL DATA - TANK HEAT LOSS 
EVALUATION 

Some examples of records from the tank cooling down experiments are given in Appendix 
of this report. 

The cooling down rates measured during the four campaigns were used in expression (4) to 
evaluate the total heat loss of the investigated tanks. The heat losses of the vessel itself and of the 
insulation are derived from Equations (2) and (3). 
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The results of this analysis are presented in the followin, table : 

TABLE 5-1 TANK HEAT LOSS EVALUATION 

Tuk s.Jt Till Coal- loIIIaI FIuJ MeW I- s.Jt T .... 
I ..... Vol_ ... ..... .... oak .... 10101" .... .... 

tiCIII ralt ..... Imp • 1000 1000 ... ... 
.~ , .. , (to'4oc/I) f(") foe) "'-) ft_) ft-) "'-) 

Finl camp. Cold Tank 
May 18.84 FKHOOIBA 26~,= 4286 0.205 260 :~.i O.~7: 0.171 16.00 16.543 

Sec. COIIIJI· Cold Tank 
No\".l6.84 FKHOOIBA 140.65 1477 03~Q 249 246 0.451l O.44N 1.4.202 15.100 

HOI Tank 
FKH002BA 13:.28 1477 0.678 ~2~ ~~::! 0.89'1 0.898 26.00 1?~OO 

Third <limp. HOllJaK 
J ••. II. 85 FKH002BA 7.16 1765 4.:5 305 260 5.639 5.618 9.003 20.160 

Fourth camp. HOI Tank 
Feb.8. 85 FKHU02BA 297.~ 4320 0.289 >II ~_1.S O.38~ 0.382 25,O2~ 25.790 

The results presented in Table 5-1 show thai the vessel and the insulation have equivalent 
contributions to the total heat loss. These contributions are small 1 < 7 percent) in the cooling 
down experiments with large filling ratios.( > 40% I. Obviously it was not the case on Jan.lI.19!SS. 
the hot tank was almost empty. In this latter case. the heat loss of the salt was of the same order 
as that of the vessel and of the heat insulator. 

The cool-down experiments described here start from initial temperatures appreciably Inwer 
than the design temperature of the hot tank (4~O'C). At the present date there is not yet available 
data at this temperature. In order to evaluate the heat loss of the hot tank at the design temper· 
ature. the data of Table 5·1 will be extrapolated as discussed in the next section. 

TANK HEAT LOSS EVALUATION- EXPERIMENTS 13 
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6.0 TANK HEAT LOSS EVALUATION· 
ANAL YTICAL DISCUSSION 

In this section two re,imes will be analysed : 

alThe steady state regime ( (T t't = 0 ). when the salt temperature is kept ",,'nstan!. 

blThe cooling d(lwn regime when the salt temperature is decreasing with time. 

6.1 STEADY STATE REGIME 
When the salt temperature is kept constant or when the cool-down of a thermal storage tank 

is vel') slow. because of the large amount of hot salt present. the steady state approximation ( 
oT Ot =0 ) can be used and a simple solution of the heat transfer equation in the insulation is 
derived. In addition. axial symmetry is assumed: /) T o{l = O. This is justified by the high thermal 
conductivity of the metal that does not allow large temperature gradients i.n the metallic vessel. 

The heal propagation equation in the insulation then reads: 

'\'. ( A (T) V T ) " 0 

where ACT) = insulation thermal conductivity. 

In cvlindrical coordinates. we have: 
, I d ) dT) __ 0 

r'Tr(rA(T dr 

The boundary conditions at, RI and Rl are: dT I 
at RI. the heat flux !PI is : crl = -A (T I) ~ r"R 

at R2. the heat flux !P2 is 

When:: h2 is the heat transfer coefficient at the boundary R2' 

After integration Equation (5) becomes: 
dT 

I 

rj,(T)-- -'f.R = -h (T - T)R 
dr I I 2 2 a 2 

T2 

(5) 

An approximate solution of the above equation is obtained by integration assuming a constant 
averaged value of A(T) : 

~IRI (6) 
T - TI--ln(r/Rl ) 

). 

With A. = average value of A.<n 

A. is a function ofTt and T2 and is given by the insulation manufacturer (Figure 12), 
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The boundary condition at r - Rl is : 

"1.RI-1'2·R2 - R2h2(T2 - Ta> (7) 

Eliminating the temperature T~ from (6) and (7). the heat nux '112 is expressed: 

Multiplying q1~ by the external area S~ of the tank insulation. an analytical ~xpression for the tank 
heat loss is obtained: 

lising Equation (8) the heat loss has been evaluated with the conditions of the eXjJ('riment' 
described in Section; and the following pammeters : 

• External surface of insulation : S~ ~ 374 m" 

• Heat transfer coefficient at r ~ R,: h~ ~ lOW m"OC 

• Ambiant air temperature: T. = ~O'C 

• RI=2.5m. Rl~~.9m 

TABLE 6-1 

Tank Ideot. Salt Temp. Ext Temp. Tank Heat I.- Tank Heat Loss 
at RI at R2 (theory) (measured) 
TlfC) Ti°C) leW leW 

1st camp. Cold Tank 
FKHOOIBA 260 23 10.71 16.543 

2nd camp. Cold Tank 
FKHOOIBA 249 23 10.22 15.100 
Hot Tank 
FKH002BA 328 24.1 15.31 27.800 

3rd camp. Hot Tank . 

FKH002BA 305 23.8 14.17 20.260 

4th camp. Hot Tank 
FKH002BA 311 23.90 14.47 25.790 

It is seen in Table 6-1 that the total tank heat loss deduced by Equation (8) is appreciably 
smaller « 65%) than the measured one. The discrepency between theory and experiment may be 
explained by the uncertainty on the insulation thermal conductivity. It is known that during the 
history of the plant. some salt leaks happened. It is possible that heat bridges. resulting from salt 
penetration into the insulation. might have formed. thus reducing the thermal resistan«. 

Experimental results are in better agreement with theory. assuming that the heat conductivity 
of the insulation has a Uncar temperature dependence : 

A.= aT + b 

Where the coefficients a and b can be evaluated by matching the heat losses with the exper
imental data : 

We have: 
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Integrating the above equation. we obtain: R 

(~aT + b )dT - -lflRI1.ditr 
IT, , 

A second degree equation is thus derived for T: : 
2 

aT2 + 2(b + h2R21n(R2/Rl»T2 - aT I-2bTI -2R2h2Taln(R2/RI) -0 (9) 

Where T, and T a are known. 

As above. the tank heat losses can be written: 

Pl = S: h: IT: -Tal (10) 

Using the values of Pl measured with T, = ~49'C and T, = 328'c' the two coefficients a and 
b are deduced from Equations (9) and (10). 

a = 7.1 10-4 W m.'c.'C 
b = - 0.02 W!m.oC 

The tank heat losses for any value of the temperature T, can no\\ be evaluated. using the 
corresponding T: value given by Equation (9). 

This method has been used to evaluate the tank heat loss at temperatures ranging frOID ~50·C 
to 450'c' The results are listed in Table 6-2 and the heat loss temperaure dependence i. plotted 
in Figure 14. It is seen that the tank heat loss at the design temperature of 450'C is PL = 55 kW. 

TABLE 6-~ 

TANK HEAT LOSS DEPENDENCE ON SALT TEMPERATURE 

Temperature Thermal conductivity Losses 
(0C) (W/m°C) (kW) 

250.0 0.1577 15.2~9 
270.0 0.1719 16.097 
290.0 0.1860 21.212 
310.0 0.2002 24.558 
330.0 0.2144 28.171 
350.0 0.2286 32.015 
370.0 0.2427 36.106 
390.0 0.2569 40.443 
410.0 0.2711 45.037 
430.0 0.2853 49.868 
450.0 0.2853 54.940 

6.2 TANK COOL-DOWN MODEL 
The cool-down rates measured in the el(periments described in Section 5 can be estimated by 

a simple model based OD the electrical analogy of the cool- down process with a resistor capacity 
discharge. 
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6.2.1 TANK COOL-DOWN EQUATION 

Let the tank initial temperatur~ be Ti and the thermal resistance be R. The tank temperature 
time dependence is expressed by : 

T=Ta "'(Ti-Ta)Exp(.t,RCj 

where : 

C = psVsCps - MmCpm + McCpc 

The thennal resistance R is obtained ~ro[m the ~~~li;g d]o~r measurements by 

R = _ In 1 a 
C T - Ta 

The total heat loss from the tank then reads: 

(II) 

the rel~ tio D : 

(12) 

(J 3) 

6.2.2 TANK THERMAL RESISTANCE AND HEAT LOSS 
ESTIMATION 

The data from the cool-down experiments are used to evaluate the thermal resistance R 
(Eq.11) and the heat loss (Eq.13) of both tanks. The results obtained by this method are listed 
in Table 6-3. The assumed ambiant temperature is Ta = ~O'c. 

TABLE 6-3 

Tank. t (mo) Ti (0C) T (0C) C (MJl"q R eC/W) Tank Heat 
Ideol. Loss (kW) 

Cold Tank 
FKHOOIBA 4286 260 ~54.7 804.83 0.01431 16.406 
Cold Tank 
FKHOOIBA 1477 249 246 417.50 0.01609 14.046 
Hot Tank 
FKH002BA 1477 328 322 410.37 0.01100 27.455 
Hot Tank 
FKHOO2BA 1765 305 260 47.75 0.01288 18.634 
Hot Tank 
FKHOO2BA 1765 311 303.5 889.37 0.01116 15.403 

Comparisoo of Tables 6-3 and 5-1 shows that the heat loss derived from the experimental 
results by Equations (4) and (13) have very close values. 

From the experimental results, the averag~ value of the tank thermal resistance is : 

Rmc=0.0152°C;W for the cold tank, 

Rmh =0.01 I7°C,W for the hot tank . 

For some specific applications, for instance. the use of the SOLTES code, the parameter used 
is R-I. We obtain: 

R-I mc =65.8 W/"C for the cold tank, 

R-tmh=85.5 Wrc for the hot tank. 

The external surface of both tanks is 297 m2.The derived heat transfer coefficients thus are : 
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O.2290W /m2·C for the cold tank. 

and O.2889W iml·C for the hot tank. 

T allk power loss dependeD« upon T I 

The variation of the power loss from a tank for a variation ATa of the ambiant temperature 
Ta. can be derived from Equation (13) as follows: 

l.1pJlpL .1,lTal/(T - Ta> 
therefore : 

For the cold tank. the initial temperature is typically Ti = ~50'C. A variation & Ta uf IO'C 
would be responsible of a 4% variation of Pl· 

Similarly considering now the hot tank. with an initial temperature Ti ; ~OO'C a Ta vari~tion 
of IO'C would result in a 3.5% variation of PL· 

6.2.3 COMPARISON OF EXPERIMENTAL RESULTS WITH 
DESIGN 

Cool-down predictions of the hot tank for an initial temperature Ti; 4~~?C and variou;; ;all 
volumes. were computed by the manufacturer. The resulting temperature decay cur.·es are avail
able in Ref. ~. Taking R = Rmh. an initial temperature Ti = 425'C the tank temperature dem·cd 
by Equation () I) for a 100 hours cooling are listed in Table 6-4 for several salt volumes In the 
hot tank. For comparison the corresponding temperatures predicted by the manufacturer are 
listed in the same table. 

TABLE 6-4 

COMPARISO~ OF SALT TEMPERATURE AFTER 100 HOt:RS COOl·DOW~ 

EXPERIMENTAL RESULTS MANUFACTURER PREDICTIONS 

Filling Salt C(MJjOC) T(OC) TeC) 
Ratio Weight Experimeat + Manufacturer 

Cooling !\1ode/ (DSE) 
% (xlO3kg) 

3 13.86 46.968 230. 220 
5 23.10 61.954 266.5 257 

10 46.2 99.418 317. 327 
15 69.3 136.882 343.5 354 
20 92.4 174.346 359.5 369 
30 138.6 249.274 378. 389 
40 184.8 324.202 388.4 399 
50 231 399.130 395. 406 
60 277.2 474.058 399.5 410 
75 346.5 586.450 404.3 415 

From Table 6-4 it can be observed that our cool-down model using the experimental value 
of Rmh is in reasonable agreement (ATrr < 5%) with the manufacturer predictions. The maxi
mum discrepancy (ATrr= 5%) is observed in the case of small salt filling ratios( < 10'/0). when the 
cool-doWD rate is faster and the temperature uncertainty is iaraer. 
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6.2.4 SALT TEMPERATURE HOMOGENEITY 

There is no direct measurement of the salt temperature distribution in the thermal storage 
tanks. However. there is indirect evidence of the existence of temperature gradients possibly as
sociated with some stratification. Indeed the thermocouples measuring the outside metal temper
ature of the tanks indicate spatial temperature distribution that can be interpreted in terms of salt 
stratification. 

a) Measuring campaign of Nov .16.1 984. 

The existence of a temperature gradient is shown by the experimental data presented in Table 
6-S (measuring campaign of Nov.16,1984). The measuring cross sections and the thermocouple 
reference are shown in Figures 9 and 10. 

TABLE 6-S 

METAL TEMPERATURE DISTRIBUTION DURING THE MEASURING CAMPAIGN 
OF 

NOV.l6.l984 

The position of cross sections and thermocouples is shown in Fig.9 and 10. 

Measuring Cross Section Cl C2 C3 
Tank Thermocouple. Thel1llOCoup\e, Thermocouple, 

T(O) .... T(t) T(O) .... T(t) T(O) .... T(t) 

Hot Tank SMT.298 .... 292 \3MT.317 ..... 309 21MT.306 .... 300 
(SaIt level: 2. 17m) 4MT,321.S .... 3l6 12MT.321. .... 31S 20MT.3l7.6 .... 3l1.2 

6MT,322 .... 316 l4MT,321.5 .... 3IS 22MT,320 .... 314 

Measuring Cross Section TI n T3. 
Tank Thermocouple. TheI1llOCOUp\e. Thermocouple, 

T(O) .... T(t) T(O) .... T(t) T(O) .... T(t) 

Cold Tank 29MT.23S.6 .... 232 37MT.240 .... 236.4 4SMT,240.8 .... 237.2 
28MT,239.2 .... 235.6 36MT.243.6 .... 240 44MT.244.8 .... 241.2 

(Salt level: 2.26m) 30MT,241.2 .... 237.2 38MT.24S.2 .... 241.6 46MT.246 .... 243.2 

In the hot tank cross section C" (the section where the pumps are located). a temperature 
difference of about 20·C is observed between the bottom value (SMT) and the value at h =0.73m 
where 4 MT and 6 MT are located. Similarly in cross section C3, a temperature difference of 12·C 
is observed between 21 MT and 20 MT or 22 MT. A similar, but smaller temperature difference 
is observed in cross section C 2' 

There are several possible interpretations of the temperature gradients observed in the cross 
sections C" C2. and C3 

These temperature gradients can be interpreted as due to the influence of heat bridges asso
ciated with the tank supports. Another possibility is that they might result from some 
stratification occuring in the salt. Also combination of these two effects is very plausible. 

A similar situation. with lower temperature gradient. is observed in the cold tank as shown 
by the temperature measurements in the cross sections T •• T2 and T3 in Table 6-5 . 
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7.0 ANALYSIS OF TYPICAL DAY OF 
THERMAL STORAGE OPERATION 

In this section the energy stored in both storage tanks will be evaluated and its evolution will 
be analyzed over a typical day of plant operation. 

The energy stored in the salt will be taken positive when the salt temperature is higher than 
the reference value of ~50°C. 

There are two possible methods for evaluating the thermal energy stored in ~ salt tauk. One 
of them consists in measuring the salt level and then deducing the salt volume in the tank. 
Knowing the salt volume and the salt temperature. the stored energy is immediately obtained. 
The other method is based on the energy flow measurements at the inlet and the outlet of the tank. 

Figure 8 shows the loc~tion of the measuring sensors used for this evaluation. 

7.1 THE SALT LEVEL METHOD 
The salt level is measured approximately every minute and the salt volume is deduced as de

scribed in Section 4. The thermal energy stored in the tank is then evaluated by the expressIOn: 

E(t) = M (t).C (T (t) - 250)/3.6xI09 (14) 
s ps s 

Where: 

• Eft): Stored energy in MWh. 

• Ms(t): Salt mass in the tank in kg, 

• Cps : Specific heat of Hitec (1.561 kJ'kg'CI 

• Ts: Average salt temperature in the tank ('Cl. 

The salt mass is derived from the salt volume. The salt volume itself is derived from the salt 
level measurements. The probes used for the salt level measurements are the bubble probes: 

• . FKHOO1MN and FKHOO3MN in the cold tank. 

• FKHOO2MN and FKHOO4MN in the hot tank. 

There are several ways to evaluate the salt temperature in the considered tank. A possible 
method is to use the metal temperature measured by the thermocouples placed on the thermal 
storage tank. The other method is to use the measured salt temperature at the outlet of the ther
mal storage tank. In the following analysis the latter method will be used. 

THEMIS THERMAL STORAGE SUBSYSTEM EVALUATION 

• 



.} 

7.2 THE INLET/OUTLET SALT FLOW METHOD 
The eRulY balance of eacb storage tank can be expressed in terms of the inlet and oUllel salt 

now and of the beat loss. 

Cold taak eael"lY billoct 

The cold tank energy balance is writlen : 

E (t)- C fi~, ... .cT)(TlNc(t) - 250) + Qua (T)(T"CY (T)-250) - QOUT (T)(Tour<T)-250)'dT 
C p. . ..... p" , 'J 

'. - Pte (T)dT - f P'DC (T)(I - F)dT - f Pte, (T)dT + E (t.) (15) 
Where : ,.'. ,.' 

• QINC(t): Inlet salt now into the cold tank. measured by the no ..... meter FKHOOIMD. 

• QRECy(t): Recycling salt no ..... measured by FRSOO~MD when the three wa~-\"alve 
FRSOO9VS is in Position O. 

• QOL'TC([): Outlet salt no ..... from the cold tank measured by the no ..... meter FRSOO2MD. 

• TINC(t1.TRECy(l).Tol'Tc(!): Inlet. Recycling and Outlet salt temperatures. 

• PLc(t): Cold tank heat loss. 

• PLoc(O(l-FI: Do ..... ncomer heat loss ..... hile on the recycling mode.IF = 1 when FRSOO9\'S is 
connecting ..... ith the hot tank. F = 0 when connecting ..... ith the cold tank!. 

• PLCp: Cold pipe heat loss. The cold pipe considered here is the pipe ~onnecting' the <it~all1 
generator outlet with the cold tank inle!. 

• Ec(lo): Energy stored in the cold tank at to 

In Equation 1151 the temperatures TI~C(tI. T REn·(t). and TOL'TC(l) are mc:asured at P,,,i
tions A. D.C respectively in Figure 8. For this reason the heat loss of the downcomer and of the 
pipe connecting the steam generator ..... ith the cold tank inlet must be raken into account and are 
expressed by the 4th and the 5th tenns on the right side of Equation IS. 

Hot tank eDerg~' balance 

Similarly the hot tank energy balance is wri!len : 

• OINHlt). QOUTHlt) : Hot tank Inlet. Outlet salt now. 

- 250)J dt 

+EH (t.) (16) 

• TINH(I). TOUTH(I) . Hot tank Inlet. Outlet salt temperatures measured at positions D and B 
respectively in Figure 8. 

• PLH(t): Hot rank beat loss. 

• PLOCF: Downcomer heat loss when FRS009VS is connecting with the hot tank. 

• PLHP(t): Hot pipe beat loss. The hot pipe considered here is the pipe connecting the hot tanl; 
oUllet witb tbe steam generator inlet. 

• EH(Io): Energy slored in tbe hot tank at the initial time 10. 
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7.3 EXPERIMENTAL RESULTS 
Measurements recorded on March 6, 1985 are presented in Figures 15 to 26. 

Figure 15 shows the incoming solar power and the receiver power output. 

Figure 16 represents the receiver energy output obtained by integration of the previous re
sult. The total direct solar incoming energy on the heliostat field during this day was 71.287 MWh. 
The receiver total energy output during the same period was 43.13 MWh. leading to a daily 
heliostat-receiver averaile efficiency of 0.605. The plant was connected to the grid from 8h30'to 
l~h42'and delivered 7.054 MWhe (gross production). 

Figure 17 shows the receiver outlet temperature variation. The lower curve in this ligure is a 
signal indicating when the three-way valve FRSOO9VS is connected with the hot tank or with the 
cold tank. 

Figures 18 to 20 show the steam generator behaviour. On Figure 18 the inlet and the outlet 
salt temperature variation show the plateau and seven peaks corresponding to the flow of salt in 
the steam generator. When there is no salt flow. the temperatures are seen to decay. 

Figure 19 shows the power transferred from the salt to the steam generator. The plateau from 
8h30'to l2h42'indicated the heat power transferred for electricity production and the seven re
maining peaks represent the heat power transferred for preheating or keeping hot the steam gen
erator and the steam loop. In Figure 20. the energy transferred from the salt to the steam 
generator is represented.!t is seen that the total energy transferred to the steam generator is 34.57 
MWh. This energy can be broken down in two componeDls: the heat converted into electl'i<:ity 
31.6 MWh. and the heat used for preheating and keeping hot the steam generator and the steam 
loop 2.97 MWh. 

Figures 21 to 26 illustrate the behaviour of the thermal storage subsystem it>elf. 

Figure 21 shows the salt volume variation in both storage tanks. It is seen that the salt vol
ume in the hot tank is constant from 0 to 7hlO' because no salt is sent to the steam Ilenerator. 
From 7hlO' to 8h30' the salt level decrease is due to the salt flow peaks for preheating -the steam 
generator and the steam loop. From 8h30' to 1:!h42'. the salt level in the hot tank decreases pro
gressively because the receiver output is smaller than the steam generator input during the elec
tricity production phase. From 12h42'to 16h.the salt level rises again because the receiver salt 
output is sent to the hot tank. After 17h the receiver is shutdown. and no more salt is sent to the 
hot tank. The salt level remains almost constant with only some small amplitude steps correlated 
with the salt flow peaks sent to the steam generator. There are two kinds of ripples on the hot tank 
salt level trace. The first kind of ripples is correlated with the salt flow pulses to the steam gen
erator. The second kind is correlated with the direction change of the three-way valve 
FRS009VS.as indicated in Figure 17. 

The salt level in the cold tank varies obviously in the opposite way to the one in the hot tank. 
This behaviour is normal because the total amount of salt must remain conStanL 

Figure 22 shows the heat power transferred to the hot tank. This power is the sum of two 
leading terms: The receiver power output which gives a positive contribution when the valve 
FRS009VS is connecting with the hot tank and the steam generator heat power input which gives 
a negative contribution. The sum of these two contributions explains clearly the shape of the ob
served trace. 

Figure 23 represents the heat power transferred to the cold tank. The positive contributions 
ate mostly due to the receiver salt output when the valve FRS009VS is connecting with the cold 
tank in the recycling mode. The negative contributions are mainly due either to the salt volume 
decrease in the tank or to the input of cold salt at a temperature lower than 250°C coming from 
the steam genera tor. 

Figure 24 shows the variation of the stored energy in the hot tank (upper trace) and in the 
cold tank Oower trace). 

Figure 25 shows the stored energy variation in both tanks computed by the salt flow rate 
method. 

The comparison of Figures 24 and 25 shows that the traces representing the stored energy in 
the hot tank are in good agreement. 
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Nevertheless some deviation Cln be observed on the traces representinl! the stored eDerllY in 
the cold tanlr.. There are two possible explanation of this fact : the first one is fundamental. The 
salt level method gives directly the stored enerllY in the tank whereas the salt flow method gives. 
in addition. the contributions of the tank and pipinll heat losses. as shown by EqUlltions (lSI and 
(16). These losses should be e\'aluated independentl)' and corrections should be brought to the 
results shown in Fil!ure ~S. The second possible reason for the observed discrepanC) is the un· 
certainty of the measurements: the salt now measurement has an uncertainty of 4 to 5 percent. 
In addition. the salt temperature in a tank is difficult to define precisely because of the temper· 
ature Ilradients which might be responsible for a few degrees Celsius deviation from the measured 
tem pera t ure. 

Finally Figure ~6 represents the variation of the total cnerg) stored in the wh"lle thermal 
storagc subsystem (includin~ both tanks). This result is derived by the salt Iewl method. It is seen 
that at the initial time to =Oh the lotal stored energy is ~3.73 MWh. at l~h4~'there is a mlDlmum 
with a stored energy of i.~4 MWh. the stored energy then rises to a maximum \'alue of 36.6 MWh 
at 17h and finally shows a plateau of ~9.55 MWh at ~4h. The thermal storage energy balance wi!! 
be discussed in the next section. 

7.4 THERMAL STORAGE ENERGY BALANCE 
The thermal storage subsystem energy balance o\'er a period of time 1I0 .1l can be expressed 

by adding Equations (IS) and (16) of the previous section. This leads to the following expression: 

Where: 

• EU) is the total energy stored in the hot tank and in the cold tank as shown in Figure ~}: 
Enl = EH(t) ~ Eel II 

• E(to) is the initial value of Elt) at time to 

• ESRllo.1l is the energy output of the solar recei\er. This energ) is mea'ured b) difference of 
the energy now in 0 and in C of the receiver loop (Figure 8). It can be seen that: 

ESR (to' t) = Cps ([QN,r1:) (T'NK~T)~250) + Qllfcy(T) (TRECy(T)-250)-%ulH~T) ('TOU~T) 
1~ -250») dT 

• Woc(to.t) is the downcomer heat loss. which gathered two terms in Equations (15) and (16): 
. , 
Ip (T)FdT + 
''0 Loe 

• Eso(lo.t) is the salt heat delivered to the steam generator. This quantity is directly measur· 
able. by combining the salt flow measured by FRSOOIMD and the steam generator inlet and 
outlet salt temperatures measured in 8 and A. 

• WsoP(lo,t) is the beat loss of the steam generator piping. i.e. of the hot pipe and of tbe <'old 
pipe connecting tbe steam generator with the hot tank and with the cold tank. This heat loss 
is expressed by : 

.1 
\ ItHP (t)dT 

o 

.f 

\~cp (T)dt + 

There is no available direct measurement of this quantity. 

• WTS(lo,t) is the total heat loss of the thermal storage tanks : 
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This quantity is known according to the heat loss measurements described in Sections S 
and 6. 

In order to validate the above evaluation of the thennal storage subsystem enerlY bIIlance. 
the different tenns of Equations (17) are now estimated on the basis of the experimental data of 
March 6. 1985. The results are presented in Table 7-1. 

The results listed in the upper pan of Table 7-1 show that tbe energ) balance of the tbennal 
storage subsystem is satisfactorily understood within the uncenainty of tbe measurements. 

Nevenheless. this uncenainty is too large to allow a significant evaluation or the heat loss 
total by using the expression: 

Heat loss total - ESR(O,t) - ESC(O,t) + E(O) - E(t) 

Indeed the error on each term of this equation is of the same order as the heat los.' total. 
Therefore. this heat loss is evaluated separately in the lower pan of Table 7-1. by using inde
pendent measurements or calculations. 

TABLE 7-1 

THERMAL STORAGE SUBSYSTEM ENERGY BALANCE AFTER MARCH 6. 85 
EXPERIMENTAL DATA 

EDergy Term Symbol to =011 1,-2411 
Stored energy in the cold tank Eelt) I. 0.84 
Stored energy in tbe bot lank EHIt) :!:!.73 2H.71 
Total stored energy En) 23.73 29.55 
Receiver output 
(measured between C and 0 in Figure 8) ESRIO.t) o. 43.13 
Heat transferred to tbe steam generator ESG(O.t) O. 34.57 
Heat loss total(based on measurements) WooO.t) ... W SGP(Io.ll 

ESR(O.t)-EsG(O.I) - E(O)-EII) - WTS(O.t) O. 2.74 

Heat 1055 evaluadoD 
HOI tank 4OO·C (43kW) WLH(O.t) O. 1.032 
Cold tank 250·C (l5.2kW) Wc(O.t) o. 0.365 
Heat storage subsystem total WTS(O.t) O. 1:397 
Downcomer 2SO·C (20 kW) o. 0.230 

4OO·C (34kW) O. 0.430 
Downcomer total WOO°.t) O. 0.660 
Steam generator piping 

Hot pipe 4OO·C (3kW) O. 0.038 
Hot pipe 2SO'C (1,2kW) o. 0.012 

Cold pipe 2SO·C (0.8I7kW) o. 0.020 
Steam Generator piping total WSGp(O,t) O. 0.070 
Heat loss total(evaluated) WTS(O,t) + W OC<0,I) O. 2.127 

+ WSGPfo.tl 
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8.0 THERMAL STORAGE SUBSYSTEM 
EFFICIENCY 

In this section the thermal storage subsystem efficienc~ is evaluated with the following as
sumptions: 

The thermal storage subsystem is charged and discharged once a day at full capacity. 
The temperature of the hot tank is 450'C and the temperature of the cold tank is 250'C. 

Under these conditions. the main contributions to the thermal storage heat loss over 24ltours 
are: 

Hot tank heat loss (55kWI 
Cold tank heat loss (l5.~kW) 
Hot pipe (Hot tank 'Steam Generator)heat loss 
Cold pipe (Steam generator Cold tank)heatloss 
Total thermal storage heat loss over ~4 hours 

1320 
365 

70 
20 

1775 

kWh 
kWh 
kWh 
kWh 
kWh 

The thermal storage efficiency for a daily 40.000 kWh charge- discharge cycle is then: 

n = I - 1775/40000 = 95.5% 
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9.0 ENERGY USED TO ACTIVATE THE 
THERMAL STORAGE SUBSYSTEM 

This section presents an evaluation of the heat investment necessary for acti\'ating the ther· 
mal storage subsystem. The plant will be assumed to be in a steady state regime at design pa· 
rameters: the thermal storage subsystem will be considered empty but activated. i.e. preheated to 
the design temperature. 

In this situation all the salt is in the cold tank at the reference temperature of ~50·('. TIle hOI 
tank is at the design temperature of 450·C and is empty of salt. The available energy from the 
thermal storage subsystem is obviously zero. but there is an appreciable amount of heat used to 
preheat the salt and the two tanks up to their operating temperature. The evaluation of the heat 
investment for activating the thermal storage subsystem is presented in Table 9.1. 

The total amount of heat for activation is estimated to 676O~ kWh and represents about R.; 
hours of operation of the solar receiver at the design power. 

Most of this heat (91.8%) is used for melting and preheating the salt up to 250·('. 

TABLE 9·1 

HEAT USED FOR ACTIVATION OF THE THERMAL STORAGE S{;BSYSTEM 

Mass Specific Heat Temperature Heat l'secI For 
(kg) (kWh/kg°C) (0C) Acthiltlon (kWh) 

Hot tank 
Vessel 40000 I.5xlO-I 450 2702 
Pumps 3000 I.5xlO-I 450 202 
Insulation 12000 ::.3XIO-I 450·33 650 

Cold tank 
Vessel 40000 1.5 x 10-1 ~50 1500 
Pumps 3000 I.5xlO-l 250 112 

Insulation 12000 2.3x1O-l 250·25 345 
Solid State 3.72xlO-l 20-140 23972 (Sc'ud) 

Salt 537000 melting 140 12487 (melting) 
Liquid State 4.34x 10-1 140-250 25637 (liquid) 

Total heat invested for activation of the thermal storage subsystem: 67605 kWh 
Heat invested for melting and preheating the salt up to 250·C : 62096 kWh (91.8% of total). 
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10.0 INFRARED THERMOGRAPHY OF 
THE THERMAL STORAGE TANKS 

The two thermal storage tanks and the piping wert inspected for heat loss h} infrared 
thermography in January 1984. 

The equipment used was an InfraRed AGA Camera type 782. The J.R image, were tape reo 
corded and then analyzed with a magnetoscope. 

The conclusions of this inspection are the following: 

• Cold storage tank (FKHOOIBA) 

• Average external temperature of the heat insulator: 28'C. 
•. Ambiant air temperature: ·21 'C. 
• No hot zone detected. 
• Normal behaviour of the insulation. 

• Hot storage tank (FKHOO2BA) 

• Average external temperature of the insulation: 27'C. 
• Ambiant air temperature: 21 'C. 
• No hot zone detected. 
• Normal behaviour of the insulation. 

• Salt pumps FRSOOIPO and FRSOO2PO 

• Ambiant air temperature: 25'C. 
• Average temperature of pump housing: 30 to 35'C. 
• Hot zones detected at connecting flanges. Measured temperature: 60'C. 

Improvement of the insulation at the hot zones was recommended . 
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11.0 MAINTENANCE EXPERIENCE 

The general behaviour of the thermal storage subsystem during the past two years WK, very 
satisfactory. 

Nevertheless several maintenance interventions were necessary in order to keel' the salt 1.,01' 
in service. Most of the failures were due to components interfacing the thermal storage Subsystem 
with the receiver subsystem or with the steam generator. 

The salt component failures can be summarized as follows: 

Salt pumps 

Many interventions are recorded for salt pump maintenance : 

• Bearing inspection of FRSOO I PO 
• Pump motor air filter cleaning FRSOOIPO.FRS002PO 
• Pump motor brushes control FRSOOlPO.FRSOO2PO 
• Salt solidification in the check valve of FRSOO2PO 
• Salt leak at the flange gasket of FRSOO2PO 
• Bearing repair of FRSOOIPO 
• Bearing lubrication failure on FRSOO2PO. The failure was due to the breaking of a lubri

cating salt pipe. 
• Salt pump binding (FRSOO2PO) 
• Bearing problems on FRSOO2PO : breaking of connecting flange. lower bearing. shaft fas

tening. 
• Bearing problem on FRSOOI PO 
• Upper shaft broken on FRSOO2PO 

Salt piping 

• Heat bridges at various places of the downcomer causing cold sections and salt plugging. 
• Pressurized water leak causing a deterioration of the insulation and therefore a cold section 

in the salt pipe connecting the steam generator to the cold storage tank. This resulted in the 
formation of a salt plug. 

• Salt piping sliding support binding. thus inhibiting normal thermal expansion of the riser and 
of the downcomer. 

• Leakage problems at various points of the salt loop. Generally the leaks appeared at the 
flange gaskets of piping and salt valves connections. 

Fire problems 

Hot salt leaks on electric cables started fires that destroyed the cable coverings. Similar 
problems occured with wooden objects and other organic materials. 

Trace beatiDg 

• Trace heating pressurized water leaks under the salt pipe insulation were resposible for insu
lation degradation and salt pipes cold sections format 

• Flanges and pipe supports were also responsible for heat bridges and salt pipes cold sections 
formation. 

Salt Oowrlte measuremeDIll 

Two types of salt flow rate measurements were used: 

• The Venturi nozzle system which delivered excellent reliable measurements. 
• The ultrasonic tlowmeters which several times delivered suspicious indications and needed 

periodical verifications. 

LesIons lelmed 
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From the above list of problems some recommendations can be expressed for future projects 
using salt technology : 

Salt PIImps 

• Special attention should be given to the design of the bearings and of the supports. to avoid 
vibrations. lubrication problems and shaft breakage. 

• It seems imponant to provide a small salt flow rate capability either for hot shutdowns or 
receiver operation at low energy input. The present lower limit at 20% of the design flowrate 
is too high. 

S.lt piping 

• Salt leaks could be avoided by rejecting the principle of flanges and gaskets at pipe, anu 
valves connections. Welded sealings are more reliable and preferred. 

• Heat bridges and cold salt pipes sections can be avoided by a special design of the pipe sup
ports. by suppression of flanges. by improving the heat insulation at the salt valves and othcr 
singularities in the salt loop. 

• Special care should be taken with the trace heating systems. Hot spots can appear with elec
tric trace heating as a result of nonuniform electric heating element distribution along a salt 
tube. Electric contacts of the heating elements with the pipes can also create shon circuits 
and hot spots that can melt the elements and (or) corrode a hole in the salt pipes.Pre,suril.ed 
water leaks were responsible for insulation degradation. Again the elimination of flanges and 
gaskets will reduce the leak probability. Welded seals are always preferred. 

• Dismountable insulation design is recommended for allowing simpler and faster maintenance 
interventions. 

• Service platforms are very desirable everywhere maintenance operation might be required. 
An example is at the top of the thermal storage tanks for allowing salt pump inspections. 

• It is possible to avoid salt fires and electric cable-covering destruction by an al'propriatt' de
sign of the plant. The salt piping should never be placed close to the electric wires·path. If 
some crossing points are necessary. the electric cable should be above and not below the salt 
components. 
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12.0 CORROSION 

The problems of salt stability and corrosion resistance of circuit materials in the THEMIS 
power plant have been discussed by Spiteri in reference '7 !. The types of steel selected for the salt 
equipment of the plant appear to be appropriate and no evidence of serious corrosion problems 
was reponed by the THEMIS operation and maintenance team during the past two years. 

The types of steel used in THEMIS equipments are the following: 

Equipment Working temperature Type of steel 

Hot storage tank 450°C ISCD-2-05 
FRSOO2BA (AISI 4023-03MO) 
Cold storage tank 250°C carbon steel 
FRSOOIBA (A42CP) 
Riser 250°C O.5Cr-O.5MO 
Downcomer 450°C O,5Cr-O.5MO 
Receiver tubes 500°C Z3CND 17-1:: 

(316-L.18-IOMOI 
Receiver headers 450°C' carbon steel 

( 15D3-15M03) 

When salt plugs occured accidentally. salt pipes sections were cut otT and anal~zed. No 
measurable corrosion etTect was observed on these test pieces. 

The only serious corrosion problem was due to an error of the electric trace heating 8'· 
rangement on some vents and drain tubes of the solar receiver. The heating elements formed loops 
causing hot spots where enhanced salt corrosion caused holes in the tubes. Consequently salt 
leaks occured in the receiver. 

In order to prevent salt degradation. a nitrogen cover was permanently maintened o"er the 
salt level in the thermal storage tanks. This precaution. combined with the salt temperature limi· 
tation below 450°C had the positive consequence that no observable salt degradation occured in 
the past two years. This is confirmed by periodic salt freezing tests which showed no appreciable 
variation of the salt solidification temperature since the beginrting of the plant experimentation. 
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13.0 CONCLUSIONS 

One of the major technical options of the THEMIS project was the choice of the molten salt 
technology. This choice was motived by the wish to achieve a plant equipped with a high per
formance thermal storage subsystem. 

After three years of plant operation. several conclusions can be drawn out. 

The molten salt thermal storage concept has proved an efficient. practicaL relatively reliable. 
and economical solution. 

13.1 EFFICIENT 
• A hot tank storage temperature of 4l5'C has been currently tested without any problem. No 

evidence of any limitation preventing operation at a salt temperature of 450'C. has been 
observed until now. Though not yet demonstrated. the operation of this thermal storage at 
450'C seems achievable. At this high temperature leveL this thermal storage concept can be 
used in connection with a high efficiency steam conversion cycle. 

• The heat losses of the thermal storage tanks and piping are reasonabl~ low. leading to a 
thermal storage efficiency of 95% for a daily complete charge discharge mode. 

• Overnight the hot tank temperature decay doesn't exceed 3'e l2h when half full. with a ;;alt 
temperature of 330'C. The temperature decay is of 18'C l~h when 5°u filled at 305'C. The 
temperature decay would be of 2.6'CI2h when full at 450'C. 

13.2 PRACTICAL 
This thermal storage concept has proved the possibility of a complete decoupling between sun 

shining and electricity production. This results in a high degree of adaptability to a large variety 
of meteorological and electricity production conditions. 

This type of thermal storage if connected with a molten salt receiver. enables the use of low 
solar nux. which means the possibility of energy collection early at sunrise and late at sunset. 

On the other side. this storage allows electricity production at any time. by day or by night 
according to the demand. 

In addition this thermal storage proved a very practical heat source for the auxiliary needs 
of the plant. 

13.3 RELIABLE 
During the three years of operation. no storage outage stopped the plant. Nevertheless severdl 

maintenance problems show that a real research and development effort should be undertaken in 
order to develop optimized and longer life components such as salt pumps. bearings. valves. gas
kets and trace heating equipment. The significant ageing of the salt pumps after three years jus
tifies the choice of duplicating this crucial equipment in order to guarantee its availability. It also 
points out the need to take a special care in the choice of these components for an eventual next 
project. 

Moreover. for the whole salt loop, including the trace heating equipment. the THEM IS ex
perience shows that a great attention should be given to the component specification and to the 
quality control at each level from the component fabrication to the onsite assembly. This is a 
fundamental key to the project success. 
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13.4 ECONOMICS 
For a 200·C temperature variation (2SO·C/4SO·C). the salt enthalpy change is of 314 kJ/kg 

(0.087 kWh/kg). In the case of THEMIS the salt cost was S.3 F.F 'kg or S 0.67 per kg in 1984 
currency. This cost would likely be less for larger quantities. 

The cost of salt was thus of 61 F.F or S 7.6 per kWh of thermal storage capacit). 

The whole storage system (storage tanks. salt. hot pumps. piping. valves. heat insulator. trace 
heating) with a cost of 14.6 MF.F or MS 1.8 (1984 currency) represents only 4.9% of the total 
plant cost. 

In addition it should be pointed out that no major problems have been identified that would 
limit the extrapolation of the molten salt technology to larger thermal storage systems. Very large 
salt tanks. typically 10000 m3 or more. seem feasible. with internal insulation and membrane 
walls. The scaling laws are favorable to larger thermal storage systems from the poilll of vie'" of 
both energy efficiency and economics. 

Finally it can be noted that the molten salt technology for thermal storage application mighl 
be interesting 10 be used in connection with alternate heat transfer fluids. There are. for Instance. 
arguments for considering high performance heal transfer fluids such as sodium in the receiver 
loop. The obvious interest in this solution would justify some research and development effort on 
the compatibility of these fluids in heat exchangers. 
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APPENDIX A. HOT TANK COOL-DOWN 
EXPERIMENTS. 

Records of measurements of November 16.1984 and 
January 11,1985 

There are more available records from these series of experiments. For more information. please 
contact the authors at Ecole Centrale. 
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