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ABSTRACT

Thermal storage with molten salt is considered to be an important subsystem for solar thermal
power plants due to the fluctuation of sunshine over time. A molten salt thermal storage tank, in
which the fluid is stratified in temperature with hot in the upper and cold in the lower level due
to the density difference of the fluids. Generally porous media are used to fill the tank in order to
reduce the inventory of the molten salt and manage the mixing between the hot and cold molten
salt, so as to form a stable layer of thermocline. However, in the flow of molten salt, either the
hot fluid displaces the cold one or vice versa, phenomena of viscous fingering and/or channeling
are likely to occur, which may disturb the stability of the thermocline, resulting in an over
widened temperature transitional zone. In this study no porous media is used. The cold and the
hot fluid zone are in direct contact. In this work is studied the analysis of the flow when cold
molten salt displaces hot molten. Special attention is given to the thermocline region. Numerical
simulation is presented where are find to be useful for the process analysis, for the scale-up of
the thermal storage system and to evaluate the system reliability for industrial plants.
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1. INTRODUCTION

Thermal energy storage (TES) has been proved an important sub-system for the solar energy
generation systems (SEGS) where its performance is considerably increased. This additional step
distinguishes the solar thermal power plants from the conventional fossil fuel thermal power
plants. A well designed, operated and managed molten salt TES system for SEGS achieves
several goals:

- To release energy for electricity generation after sunset for several hours to meet the power
consumption peak without the fossil fuel backup, and make the SEGS more independent of the
weather fluctuations over time, increasing the efficient annual usage of sunlight.

- To improve the system performance and economic index, such as reduce the levelized
electricity cost.

Two types of TES system, in which molten salt was used as the heat transfer fluid (HTF) and
also served as the energy storage medium (ESM), have been investigated at ENEA for large
scale SEGS application. One of them is the so called two-tank molten salt thermal storage [1-6].
This system was also successfully used for parabolic trough solar plants. Though the two-tank
TES system was found to substantially benefit the performance of the SEGS plant and made it
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operate much more economically. In order to reduce costs, the single-tank molten salt TES, was
chosen to be investigated. A single tank TES used thermocline to separate the hot and cold
fluids. It was estimated that the single tank TES system can save 25-30% of investment cost
compared to a two-tank storage system [7-8].

A critical aspect that determines the performance of a single-tank TES is the thermocline
thickness and its stability. Energy stored in the tank with molten salt may not be fully retrieved in
the discharging phase. Mixing of the hot and cold molten salt fluids broadens the thickness of the
thermocline and reduces the useful amount of the hot fluid, with which the discharging molten
salt must be above a certain temperature to generate superheated steam. Discharge efficiency, 7,
characterizedin the single-tank performance is [9]:

n = output energy / total energy stored in the tank

Thermal energy delivered at temperatures greater than a certain value is qualified as useful
energy. Different authors found that the discharge efficiency varies depending on the height of
the tank and the molten salt flow.

On the other hand, the thermocline thickness in the mixing zone of the hot and cold molten salt is
a measure of the charge/discharge efficiency in the single-tank TES system. Mixing or de-
stratification of the two HTFs always results in entropy generation, in other words, the internal
exergy loss of the TES system. Therefore, exergy loss can be used as a measure of the ability of
the TES. The stratification efficiency, €, can be written as [10]:

¢ = (Exergy loss of fully mixing - actual Exergy loss) / Exergy loss of fully mixing

€ = 0 represents a fully mixing state and € = 1 represents an ideal stratification of the two HTFs
with different temperatures. There are several factors promoting or degrading stratification [11-
12]. The primary driving force for stratification is the density difference or actually the relative
density difference. The density of molten salt (Hitec XL) is 2118 kg/m® at 190 °C and 1943
kg/m? at 450 °C, this leads to an absolute density difference of 175 kg/m? or a relative difference
of 9,17% . The turbulence and associated mixing in the tank is the primary cause for the
degradation of the stratification. A thermocline tank requires thus a well-designed diffuser at the
inlet that dissipates the kinetic energy. However, with increasing density differences the ratio
between buoyancy and inertia forces becomes more beneficial and the cold fluid entersin the hot
storage during a discharging process drop down to bottom, resulting in mixing reduction. The
convective mixing currents which occur at the walls are caused by the heat loss and the higher
conductivity occurring at the walls which have a much higher impact than the heat loss itself.
The fluid cools down at the wall and the higher density leads to a downward flow until the fluid
reaches either the fluid with the same density or the bottom of the tank. This causes a
compensating flow in the center of the tank to replace the displaced fluid. The mixing of hot and
cold fluid layers, the associated entropy generation and exergy loss has much higher impact on
the performance than the pure heat loss. Due to the higher temperature difference to the ambient
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and the resulting heat loss, the temperature difference between bulk fluid and boundary layer,
that is the driving force for the buoyancy current, is much higher for molten salt systems.
However, the size of commercial-scale molten salt tanks is reducing the impact of this effect
since the shell-area-to-volume-ratio is decreasing with increasing diameters.Those results in the
ratio reduction of the wall boundary layer compared to the total tank volume much smaller. In
this work a constructive modification inside the tank was studied by computational fluid
dynamics (CFD) simulationswhere first comparison between experimental results and
CFDsimulation are presented [13].

2. MATERIAL AND METHODS

The prototype tank, represented in Figure 1, contains one spiral heat exchangers. The top
exchanger allows the discharging phase where heating up of a cold oil sent to the user.

Figure 1.Experimental setup

In the scheme of Figure2 it is possible to observe the lift channel connecting (adiabatically) the
top to the bottom of the tank.
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Figure 2.Heat exchanger and channel

The heat exchangers, visible in Figure 3, are composed by a series of coil connected in
parallel with the oil flowing on the tube sides and the molten salts (MS) on the shell side.

Figure 3.Picture of the spiral heat exchangers

The geometry is summarized in the table 1:
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Table 1: Geometry of heat exchanger and tank
coil number 5
L coil 4,72 m
De caoil 0,009525 m
S coil 0,00124 m
A 0,706 m?
H tank 1,9m
D tank 0,784 m
V tank 0,9 m?

A complete test is characterized by an initial heating phase of the salt and a subsequent
discharging phase. Itis possible to have the two phases at the same time in order to keep a
constant temperature distribution of the salt inside the tank.

In the discharging phase, the cold oil enters from the top of the tank and flows inside the tube
where the discharging heat exchanger cools the hot molten salts conveyed from the top of the
tank into the shell of the heat exchanger. The cooled molten salts start a natural circulation inside
the duct arriving at the bottom of the tank, while the heated oil exits from the heat exchanger at
the top of the tank. The experimental apparatus devoted to verify the correct operation of the
storage system in its discharging phases, represented in Figure 4.
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Figure 4.P&I of the discharging circuit

In the experimental apparatus are included a flow meter and two thermocouples to measure the
oil flow rate and the temperature (to and from the TS tank). These two measurers allow us to
calculate the thermal power transferred to the oil. A temperature sensor controls the velocity of
the air fin cooler to cool down the oil returning to the tank. Ten thermocouples are integrated
inside the tank presented in Figure 5 giving the ability to analyze the axial temperature
distribution and the thermocline trend during the discharge phases.

—
e o o 4

1710 mm

Al0 .—4'—‘L

Figure 5.Thermocouples in the tank

The circuit has been filled with the oil and the tank with the salt and some preliminary tests have
been carried out to verify the correct working of the pilot plant (starts from the loading and
melting phase and the variation of oil mass flow rates to verify the actual presence of the
thermocline). When the system become stable, after about an hour, sacks (25 kg) of calcium
nitrate, potassium nitrate and sodium nitrate are loaded into the pilot plant to get the composition
of the ternary salt of this study. The solid salt was melted and heated to 290 ° C, Figure 6, by an
immersed electric resistance which was then removed. In the following tests, the temperatures
measured by end thermocouples (the first at the bottom and the last at the top) are not considered
because those thermocouples are affected by fluctuations influenced with boundary fluid
dynamics of the molten salts.
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Figure 6. Temperature in the tank

The discharging tests have the duration of 15-25 minute and an oil mass flow rate set in the range
300-1000 kg/h. The cold oil flows inside the spiral heat exchanger at the temperature of 180 °C
and then it sets on a temperature between 245 °C and 250 °C. The hot molten salts inside the
tank has an initial average temperature of 290 °C and reaches the average temperature of 280 °C
by heating the oil flowing through the exchanger. The oil used is Dowtherm Q.

3. RESULT AND DISCUSSION
3.1 Experimental results

In discharge phase the thermal energy stored in the molten salt is transferred through the heat
exchanger to the cold oil. The cold oil (420 kg/h) enters from above, through a pipe that flows in
the central part and feeds the 5 coil of the exchanger connected in parallel. The hot oil is cooled
to 180 ° C in the air heater. In the Figure 7 is showed the oil temperature.
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Figure 7.0il temperature

The hot salt enters the upper part and passes through the coils, crossed against the oil, yields
heat, cooling and triggering a circulation that carries the salt through the discharge channel in the

lower part of the tank, Figure 8.

Hot salt

Cold salt

Figure 8.Discharge phase
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Figure 9 shows the temperatures along the tank as a function of time.
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Figure 9. Temperature vs time in the tank

Figure 10 shows the temperatures along theheight of the tank.
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Figure 10.Temperature along the tank

Hereby, having available temperature and flow rate of the oil in the circuit of the heat
exchangers, it has been possible to validate a model of the Shell & Tube type heat exchangers
with the helicoidal heat exchanger installed inside the TES. The natural circulation inside the
TES allowed us to measure an exchanged thermal power and a stationary oil flow rate. The
temperature profile in the tank is detected nearby 9 thermocouples. Temperatures are detected

every minute.

Applying the energy balances for oil and salt it was possible check the molten salt mass flow

involved, Figure 11.

Q =F*U*A*ATmi (¢D)

where:

Q = heat exchanged [W]

F = corrective factor

U = global heat exchange coefficient[W/m?*K]
A = heat exchange surface[m?]

ATmi = logarithmic mean temperature difference[K]
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Figure 11.Power and molten salt flow
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The global heat exchange coefficient has the contribution of the thermal resistance of the films of
the individual fluids (oil and salt) and the conductive part that affects the material (interposed
between the two fluids) of which the exchanger is formed. Out of these definitions, with the
usage of the experimental results, it is possible to calculate the heat transfer coefficient of the
salt.

Validation is performed and the exchange coefficient Ucis calculated compared with the
measurable value Ud (estimated from the energy balance) as in the classic Kern design
algorithm.

In (1) the corrective factor F often appears which, based on the actual heat exchange profile
reduces the logarithmic mean temperature difference (LMTD); it is estimated on the basis of the
cross-flow model with the value of 0,97. In the calculation of the LMTD, the measurements in
time of the temperature of the bottom salts (thermocouple A9) and of the head detected on the
thermocouple A2 were used.

The shell side exchange coefficients, ho, and tube side hio, are estimated from the reports for the
Nusselt number calculation, Nu. The thermal exchange equations in forced convection depend on
the physical properties of the fluids and on the volumetric flow of the salts inside the coils (heat
exchanged with the oil).In the Table 2 is summarized the results (medium value) of the discharge
phase.

Table 2:Results discharge

test Q [kW] ms [ka/s] | ho [W/M?K] | hio ud Uc
W/m?K] | [WimPK] | [W/m?K]
Discharge 18 15 498 1698 392 401

3.2 CFD simulation

A simplified geometry is considered in order to study the heat transfer and the fluid flow
problem as 2D, axisymmetric. Only a half 2D geometric modelling is considered in the
study, where the problem is symetric. The modelling includes the tank, the discharging
helicoidal heat exchanger and the 3 1/2 inches pipeneeded to transfer the cold molten salts
from the top, at the exit of the heat exchanger, to the bottom zone of the tank. The main
objective of the numerical simulation is to investigate the time-evolution of bulk MS
stratification during discharge.

The Cad module included in the software Ansys14.5® is used to build the geometry, while for the

grid the automatic meshing module has been used. The computational domain is discretized into
finite volumes. The total number of cells is approximately 115000 with an average orthogonal
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quality equal to 0,986. The tank has a 0,784 m diameter and is about 2 m high. Figure 12 shows
the considered geometry and one of the used computational grid.

Figure 12.The geometry and the grid
The mixture of salts isHitec XL has the following properties:

Cp(T)= 1544,18 — 0,326 *T [J/Kg*K],

p(T)=2240,05 — 0,8226*T [Kg/m"]

K (T) = 0,005*T+0,4 [W/m*K]

w (T) = exp [-10,71 + 2895,76/(T+273,15-60,36)] [Pa*s]

At the beginning of the discharging process, it is assumed that the tank is filled with MS at a
temperature of 292 °C with a zero velocity throughout the domain. No-Slip condition is
considered for all the walls.

A zero heat flux boundary condition is assigned to all walls except the discharge exchanger walls
where a user-defined function (UDF, ie. a “C” routine) is implemented with the aim of
considering the change of the heat flux with wall temperature. A UDF is used to calculate the
molecular viscosity of the MS. Different simulations were carried out to inspect the dependence

www.ijaeb.org Page 267




International Journal of Agriculture, Environment and Bioresearch
Vol. 3, No. 04; 2018
ISSN: 2456-8643

of the results from different grid densities and time intervals. The computations are performed
using the CFD module FLUENT [14].

A second-order implicit scheme is used for time discretization, second-order upwind for
momentum and energy discretization with weighted body forced for pressure discretization.
Pressure—velocity coupling is implemented through the PISO algorithm. Iterations at each time
step are terminated when the dimensionless residuals for all flow equations drop below 10* and
energy residual drops below 107.Considering the properties of the fluid and the geometry of the
tank the Raylegh number is lower than 10° so the flow in the tank is considered laminar.The
analysis is carried out considering a total heat transfer rate of 18 kW in the discharge exchanger
at the beginning of the simulation. The total simulated time is 47,4 minute.Throughout the
simulation, it is noted that, already after about 20 minute the temperature in the upper part of the
tank, at the inlet of the discharge exchanger, begins to decrease. This condition is well described
in Figure 13 where the temperature contour after 22 minute from the beginning of the transient is
shown.
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Figure 13.The temperatures contour after 22 minutes

It is possible to notice in detail that the maximum temperature difference between the entrance
and the exit of the heat exchanger is about 30 °C.

In addition, graphs with the temperature propagation along the tank (positioned section line as in
the Figure 8) Figure 14 and Figure 15, to make a comparison with the similar experimental
curves in Figure 9 and Figure 10.
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Figure 14. Temperatures vs time in the tank
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Figure 15.Temperature along the tank

The simulation, as the experimental tests, shows a lowering of the salt temperature smaller than
the expected value.

Further on, in order to obtain lower temperatures at the exit of the exchanger and therefore a
longer discharge time it was decided to perform a second simulation with a modified geometry
of the tank.
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The diameter and the length of the central tube have been modified; the diameter reduced to 0,02
m, the length increased to 1,69 m. Moreover, in order to improve the flow and therefore the heat
exchange of the coils in the upper part of the exchanger, the entrance wall has been tilted.

The second simulation is carried out for a total time of 3 hours and 10 minute. In this case the
simulation starts with an initial salt temperature equal to 300 ° C but with the same exchange
power (18 kW) considered in the first simulation. In Figure 1 is presented the new geometry
used for the simulation.

Figure 16.Geometry used in the second simulation

As in the first simulation it was obtained the temperature contour at 22 min to make a
comparison with the real geometry.

Figure 17 shows the temperature maps after 22 min and at the end of the simulation (3 h and 10
min).
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Figure 17.Temperature contours at 22 min (left) and at 3 h 10 minwith a detail of the exchanger
zone(right)

In this case the max temperature difference between the inlet and the exit of the heat exchanger
is about 80 ° C.The different behavior of the salt flow can be observed also in Figure 18 where
the map of the velocities in the exchanger zone, for both simulations, are shown.
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Figure 18.Velocity vectors map in the heat exchanger zone

Consider the output section of the heat exchanger, the average value (surface integral) of the
radial velocity has been calculated where a valueof Vy = -0,0153 m/s has been found in the first
simulation and a value ofVy = -0,002675 m/s in the modified second simulation geometry.

This remarkable difference justifies the greater temperature difference in the exchanger which is
obtained in the case of the modified geometry.

The length of the thermocline regionis a measure of the thermal stratification inside the tank; the
quality of the energy stored in the tank decreases as this length increases (poor stratification)
[15].

Figure 19compares the different heights of the heat-exchange zone at the same minute(22th)for
the first simulation (left) and for the second simulation (right).

270
1950 1742 1613 1473 1337 1201 1046 906 753 600 473 329
Tank height [mm]

Figure 19.Different heights of the thermocline at the same minute (22) for the first simulation
(left) and for the second simulation (right).

As it can be observed in Figure 19, in the second simulation the height of thermocline region is
only about 0,2 m.

4. CONCLUSION

The first stratification results have been obtained with the oil loop and single-tank storage
prototype patented and built in ENEA. The first tests have been performed with lower
temperature differences. The total temperature change in the tank takes place in only 15 minute
where the absolute temperature difference is 16 °C. Even though, the stratification process is
very good, it can be observed that the thermocline is increasing in the discharge process
whichcould be related to elevate molten salt flow in the heat exchanger. The study of the correct
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geometry and therefore the flow rate of the molten salt inside the heat exchanger are
fundamental.

Within the CFD study this compromise was found. With the modified geometry the temperature
difference between the entrance and the exit of the heat exchanger is about 80 °C instead of 30
°C obtained in the original geometry. It was found that the thermocline region is much narrower
and ultimately the complete discharge of the tank takes more than 3 hours compared to the 15
minute of the original geometry.
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