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Executive Summary

This deliverable reports the methodology employed for defining the main characteristics of the
thermal energy store, considering the dynamics of charging and discharging, the overall dimensions
and the characteristics and operational features of the heat transfer fluid.

Based on these definitions, detail engineering of the thermal energy store is reported, considering the
thermal-hydraulic design of the heat transfer circuit, and the mechanical design of the vessel and
auxiliary components, with strong focus on the manufacturing of the equipment.
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Glossary of terms and abbreviations

Acronyms
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MAN
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SSF

Symbols

ITTFTONEION >
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£
p
u

Subscripts
cp

HTF

hs

i

m

0

PCM

vp

Arcelor-Mittal end-user

Application of Solar Thermal Energy to Processes
Grant Agreement

Heat Transfer Fluid

Liquid fraction

Mandrekas end-user

Phase Change Material

Solid-solid fraction

Heat transfer area of the accumulator m?
Specific heat 1/(kg-K)
Inlet diameter m
Internal energy J/kg
Darcy-Weisbach friction factor -
Irradiance W/ m?
Enthalpy l/kg
Thermal conductivity W/(m-K)
Mass in the control volume kg

Mass flow rate kg/s

Nusselt number -
Prandtl number -

Heat transfer rate W
Reynolds number -

Time step S
Temperature °C

Tube rugosity m
Density kg/m?
Dynamic viscosity kg/(m-s)

constant properties

Heat Transfer Fluid

Heat storage, acumulator
Inlet

Melting

Outlet

Phase Change Material
variable properties
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1. Introduction

The objective of this deliverable is to describe the thermal hydraulic design of the thermal energy
storage (TES) system to be employed in the ASTEP concept. The characteristics of the TES system,
which operates in transient mode, batch conditions in the shell-side, with solidification and melting
processes and coupling of conduction through the extended surface (inserts) and convection in the
tube and PCM sides, determines the necessity to formulate specific mathematical models for accurate,
fast computing of the thermal performance of the system.

These mathematical models are employed for defining the most appropriate thermal-hydraulic design
of the system, considering pressure drop and heat transfer constraints, total volume and weight of the
store and charging and discharging velocities.

The conclusions of this deliverable are fundamental for the overall purpose of WP4 and the further
construction of the TES systems to be tested at UPCT and finally installed in the industrial sites.

1.1. Mapping ASTEP Outputs

This deliverable reports the results of Task 4.1 ‘Basic design’. The relation between the contents
developed in sections 2-7 and the task as described in ASTEP’s Grant Agreement is explained in Table 1.

Table 1. Adherence to ASTEP’s GA Deliverable & Tasks Descriptions.
TASKS
Sections 2-7

Task 4.1 ‘Basic design’

This task is devoted to the definition of the
overall engineering aspects of the energy storage
system. Integration with the overall solar system
and with the end user applications (steel industry
and food sector) will be the first objective, aiming
at defining: a) heat transfer fluid (HTF),
accordingly with the SunDial Fresnel collector
design and operational conditions; b) flow rate of
HTF and expected range of inlet temperatures,
following the wide irradiance conditions in the
end users location; c) maximum energy storage
capacity.

Likewise, the concept design of the active
hydraulic circuit will be accomplished in this task.
The engineering strategy for controlling the
velocity for energy charging and discharging will
be defined, based on a variable hydraulic
resistance of the heat transfer fluid path through
the energy storage system

All the sections of the deliverable are oriented to
solving the questions proposed in Task 4.1. Some
aspects must, however, be qualified:

- Apart from the basic design, a detail
engineering description of the thermal
energy store is provided

- The active hydraulic circuit has not been
considered as a design concept intrinsic
to the TES. Instead, active operation of
the overall circuit that connects the
SunDial collector, the TES system and the
final user applications have been
implemented, as described in WP5.

DELIVERABLE

D4.1 ‘Engineering configuration of the Thermal
Energy Storage system’

The thermal-hydraulic design of the TES system
is reported including number of tubes, shell-side
inserts, heat transfer fluid and mass flow rates.

Section 2-7

The sections cover completely the original
description of the deliverable.
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1.2. Deliverable Overview and Structure

A total number of six sections are reported onwards in order to develop the contents of this
deliverable.

Section 2: Active hydraulic models. The concept employed in ASTEP for part-load operation of
the thermal energy storage units is employed.

Section 3: Analytical model. A simplified model, based on the transient, 1D heat conduction
equation, is developed in this section, aimed at its implementation in an overall coupled model
of the SunDial-TES-user application. A hydraulic model for the calculation of the head losses of
the overall thermal-hydraulic system is also reported.

Section 4: Working conditions. A brief explanation of heat transfer temperature, thermal load
and energy storage capacity for both applications are presented.

Section 5: Selection of the heat transfer fluid. A discussion for the selection of the heat transfer
fluid, and its thermo-physical properties in the range of operating conditions for both
applications is given.

Section 6: Design of the heat storage unit. Detail engineering definition of the thermal energy
store unit is provided here, with specific dimensions of the components and outline of the

manufacturing and assembly process.

Section 7: Conclusions. Main conclusions achieved in the deliverable are presented.
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2. Active hydraulic models

Each end-user facility includes two heat storage units in parallel with the same HTF flow rate, coming
from the Sundial. In case a significant flow rate difference is noticed between the units (this can be
detected based on the PCM temperature evolution), a manual valve located at the inlet of each unit
will allow us to adjust the relative flow rate.

A manual valve connecting the inlet and outlet of the units allows the HTF to flow directly to the
thermal load without flowing through the heat storage units. This ensures that the remainder of the
system will be able to operate even without the heat storage units.

re==-=-=-=- | _______
|
| aadills | | pamigip
| | |
|
| | | |
| | | |
| | | |
25m | ! I ! |
| | | I
| | | I
| Jreany | | ary |
| | 1 —~ |
|- - - il - — — — = —

Fig. 1. Hydraulic connections of the heat storage system.
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3. Analytical model

The system has been modelled following a modular approach. Thus, the heat storage system has been
programmed as a block with given inputs and outputs:

Table 2. 1D Model connections.
Parameters Inputs Outputs
HTF mass flow rate (kg/s) HTF outlet temperature to the

HTF fluid .
accumulator (°C)
Apparent heat transfer HTF inlet temperature to PCM temperature distribution
coefficient on the HTF side  the accumulator (°C) at time: t
(W/(m?K))
Number of inserts in series  PCM temperature PCM volume-averaged
(-) distribution at time: t-At temperature at time: t
(°C)
Number of axial sections (-) PCM liquid fraction PCM solid fraction distribution
distribution at time: t-At (-) attime:t
PCM solid fraction PCM liquid fraction distribution

Number of radial nodes

) distribution at time: t-At (-) attime:t

Time step (s) Atmospheric temperature PCM volume-averaged liquid
(°C) fraction at time: t
Wind velocity (m/s) Tube wall temperature (°C)

Heat transferred (W)
Pressure drop (Pa)

3.1. PCM side calculations
3.1.1. Geometry simplification

Due to the vertical arrangement of the heat storage unit, all the 6 PCM cells (in one insert) are going
to have the same behaviour®. Additionally, as the main temperature gradient is produced in the radial
direction, the model would have to account for that effect. Thus, the model is one-dimensional.

The fin is assumed to be at a uniform temperature, equal to the tube wall temperature, and the
deviation from this assumption will be quantified by the fin efficiency. The heat transfer between the
fin wall and the PCM is modelled as a convective boundary condition at the PCM boundary using an
apparent convective heat transfer coefficient.

The first step to build the 1D model is to simplify the cell geometry to an oval, more easily discretizable.
The volume of PCM in the oval cell is exactly the same as that in the original insert cell.

The simplifications in the 1D model are summarized in Fig. 2.

It has not been demonstrated that the cells will all behave identically. This cannot be done using computational
methods (CFD) because of the high computational time of simulating just one half of a cell (around 2 weeks).
Thus, any instability such that in one cell starts to melt first can be only considered in the model after adjusting
overall parameters to the measurements of the whole heat storage unit tested in the laboratory (during WP6).
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* Symmetry +

Fin efficiency * Oval equivalent
b (PCM mass) |
™~ ~ /
- - -
/N NIZAN
I / I n
Q= heq A(Tyau- ) TW(I”

Fig. 2. Geometry simplification for 1D model.

3.1.2. One-dimensional heat conduction
3.1.2.1. Differential equations

The simplified geometry is discretized as depicted in the following figure:

i+1
i—1
Fig. 3. PCM cell volume discretization

The unsteady heat conduction is applied to each volume:

(1)

- . . . . : . . . :
R T G W A O R I W
.Y 2 "ood, 2 ST d,

This formulation computes the enthalpy increase [1] directly, so no equivalent specific heat is required.

The thermal conductivity, which is used to calculate the heat transfer between two adjacent nodes, is

taken as the average of the thermal conductivity calculated at the temperature of the corresponding
nodes.

3.1.2.2. Boundary conditions

For the outer node a boundary condition of convection is applied:
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1 . i i . )
H1<1 - H1<1 _ (ki + ki—l) a Ti]—1 - Ti]
At 2 o dg

Pij Vi + (1 hpem) an (TMJ/ - Tij) @)

where N is the number of nodes. The product of the fin efficiency and the apparent convective heat
transfer coefficient, (77 . hpcm), must be obtained from experimental or numerical tests.

3.1.2.3. Enthalpy-temperature relation

Once the enthalpy increase on each node has been calculated, this must be translated into an
increment on temperature (sensible heat) or liquid fraction (latent heat), depending on the region
where the PCM is:

. . - AH . .
e Solid region: T]l. <T, = AR T]l. + l/cp ;LF]Jrl = LFJL.

i i

e Liquid region: T]l. >Ty — Ji“ = T]l. + l/cp ; L Ji“ = LFJi
J
AHL./

e Phase transition: T]l: =Tn~- T{H = T]l: ;LFJl..+1 = LFJL: + H

3.1.3. Phase Change Material properties

The PCM that is considered for the simulations is a thermal salt (see ‘Deliverable D4.3.1 — PCM
selection and characterization’). Correlations for the thermal properties can be found in Bauer et al.
(2010) [2].

Density

(k_g) B {2193 —0.6418-T(°C); T < Ty,
2112 — 0.6891-T(°C); T > T,

(3)

m3

where T, is the salt melting temperature: T,,, = 222 °C.

Thermal conductivity
wy_ (038; T<T,
k (ﬁ) - {0.457 ; T>Tpy @
Specific heat
Ji 1400; T<T,
6 ()= (5)
P \kg-K 1492; T >T,,

Latent heat

The melting enthalpy is H = 108 kJ/kg. The phase change is assumed to take place at a temperature
T,, = 222°C.

3.1.4. Time step and radial mesh analysis

Different numbers of radial nodes and time steps have been studied to analyse the sensitivity of the
model to these parameters. To compare the results, the melting times (considered to be the instant
when a liquid fraction of a 90 % is achieved) of a reference case (T, = 240 °C, T;,,; = 210 °C) are
included in the following table:
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Table 3. Melting times for different time steps and number of nodes.

of

Number

radial nodes

10
20
30
40
50

0.5s
10725 s
1136.0s
1144.0s
2376.5s

Time step

0.2s
1072.4 s
1135.6s
1143.8 s
1147.0s

_ 1891.6s

0.1s
1072.4 s
1135.6s
1143.8 s
1146.9 s
1146.4 s
1147.6 s

The cases with a deviation lower than a 1% from the most precise case (At = 0.1 s, N = 50) are
painted in green. Thus, a discretization of 20 nodes and a time step of 0.5 s seems to provide a result
good enough while keeping a low computational time.

3.1.5. Model calibration

The model parameters to be calibrated, the product (11 . hpcm), have been adjusted to match the

results provided by a preliminary 3D CFD model developed by UPCT. In the following figures, the results
given by the CFD model and the simplified model are compared.

The value (17 -h

pem)

= 300 W/(mZK) provides good results as can be seen in Fig. 4 and Fig. 5, where

the evolution of the liquid fraction and the heat wall are compared for the CFD model and the 1D
model, for both charging and discharging processes.

Liquid fraction

i — 1D Model

-——-CFD

10

20 30
Time (min)

40 50

Heat wall (W)

1400 }
— 1D Model
1200 f el
|
1000 f
i
800 f
|
\
600 F 4 |
N
400F  CNIT —
——— ‘:T:a__-——h__ﬁ;.___k__—_— -
200 b T
0 ;
o 1 2 3 4 5 6 7
Time (min)

Fig. 4. Model calibration for the melting case (T,, = 240 °C, T;;,; = 210 °C), with (n . hpcm) =

Liquid fraction

300w/ (mZK )-
I -
N 1000
\\ — 1D Model I — 1D Model
N\ Y . o (
0.8F " CFD 200 b CFD
5 I\
N g [
06} \\\ = s00f ", |
o \ I‘
RN z \N
0.4F = 5 400 T~
S T AN
Sss N
0.2 TRea 200 F = ~ o=
0 S 0
0 10 20 30 40 50 0 | 2 3 4 5

Time (min)

Time (min)

Fig. 5. Model calibration for the solidification case (T,, = 204 °C, T;,; = 234 °C), with (r] . hpcm) =
300 W/(m?K)
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3.2. HTF side calculations

The previous sections were focused on the PCM side, assuming a uniform temperature in the tube
wall. However, the tube wall temperature is a function of the tube side heat transfer coefficient and
changes along the tube length due to the cooling/heating of the HTF.

Thus, this section provides the calculations to estimate the mean temperature of the HTF along the
tube and the tube side heat transfer coefficient depending on the flow conditions.

3.2.1. HTF outlet temperature
If the tube wall temperature is known, the HTF outlet temperature can be computed as:

Jj+1 ot Jj+1 Jj+1 —hureS
THTF,O‘UI = TW - (TW - THTF,iTL) ’ exp ThHTF'Cp,HTF (6)

And the heat released/absorbed by the HTF fluid is:

; . i+1 i+1

QHTF = mHTF * Cp HTF (T;-?-TF,in - T}-IFTF,out (7)
Thus, the thermal inertia of the HTF has been neglected.

All the fluid properties are evaluated at the inlet temperature, T]H+TF i s a first estimation. The first

estimation of the outlet temperature is then used to compute the mean fluid temperature, at which

the fluid properties are revaluated. The process is repeated until the difference between consecutive
estimations of the outlet temperature is low enough:
Jj+1 j+1

T — Tyrpm| < 0.01 (8)

HTF,in,previous
3.2.2. Heat Transfer Fluid properties

Two different thermal oils have been included in the model: Therminol 55 and Therminol 59. A
subroutine has been programmed to compute the fluid properties (density, viscosity, thermal
conductivity and specific heat) as a function of the fluid temperature, based on the tabulated data
from the manufacturer.

3.2.3. Tube side heat transfer coefficient

The instantaneous tube side heat transfer coefficient in the heat storage unit? is calculated using the
following expressions for the Nusselt number, depending on the flow regime [3-5]:

Nu., = 3.66; Re < 2300 (9)
(g)(Re—moo) Pr N\2/3 y
Nuew = 0027 790" (Pre-1)’ 1+ (Z) ] Re = 4000 (10)
Nu,, = (1 — a) Nu(Re = 2300) + a Nu(Re = 4000); 2300 < Re < 4000 (11)
Re-2300
where: ¢ = ————
4000-2300

2 The importance of a precise calculation of the tube-side heat transfer coefficient will depend on its relative
weight when compared to the PCM-side heat transfer coefficient, i.e., which is the governing resistance.
However, this estimation is not easy because the PCM cannot be really assumed as a fluid at a uniform
temperature, in fact, it will be solid during the charging cycles.

For the sake of a rough estimation, the PCM-side apparent heat transfer coefficient was taken as 300 W/(m?K)
and the convective coefficient is 1500 W/(m?-K) for Therminol 59 at 200 °C (see Table 7 for more values). Thus,
in spite of the relative low value of the tube-side thermal resistance, it was decided to calculate it in the most
precise way to avoid more uncertainties in the calculations because it can vary a lot depending on the flow
velocity and temperature.
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All the fluid properties are evaluated at the mean fluid temperature between the inlet and outlet of
the accumulator. To account for the temperature dependent fluid properties the following expression
[6] is used:

A\
Naty, = Nug, (TW) (12)

where the exponent depends on the flow regime? and the heat transfer direction:

(—0.11, Re < 2300; (uy, /1) > 1 (cooling)
-0.11, Re < 2300; (4, /1) < 1 (heating)
—0.25, Re > 2300; (uy, /1) > 1 (cooling)
-0.11, Re > 2300; (u,,/1) <1 (heating)

The heat transfer coefficient is derived from the Nusselt number:

n=

k Nuy,
D

hyrr = (13)
3.2.4. Pressure drop

The instantaneous pressure drop in the heat storage system is calculated using the following
expressions depending on the flow regime [3,7]:

64
f., ==, Re< 2300 (14)
L= 20l0g| L2+ 2L ), Re> 2300 (15)
\/f_cp 37 Re fo

To account for the variable properties:

Fon=For ()" (16)

u
0.50, Re < 2300; (u,, /1) > 1 (cooling)
0.58, Re < 2300; (uy, /1) < 1 (heating)
0.25, Re > 2300; (u,,/u) > 1 (cooling)
0.25, Re = 2300; (i, /1) <1 (heating)
The pressure drop is derived from the previous Darcy-Weisbach friction factor:

pu? L

Ap = fva D (17)

Where u is the mean velocity of the HTF flow.

3.3. Problem coupling

The problem requires an iterative scheme to be solved. The tube wall temperature is taken as the
variable to be calculated in order to ensure the energy balance. A simple scheme is used:

1. The heat absorbed/released by the PCM side (QPCM) and HTF side (QHTF) is calculated for the
maximum, T, 4., and minimum, T, ,...,, feasible wall temperatures.

2. The difference between these two heats is calculated, (QPCM - QHTF)max and (QPCM -

QHTF)min'

3 The heat storage unit will be designed to operate under fully turbulent flow conditions. However, the modelling
of the laminar flow regime is interesting to determine the procedure during cold/medium temperature start-
ups, to ensure that the limit pressure drop is not exceeded and to estimate the evolution of the PCM
temperature.
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3. The wall temperature to achieve the heat balance, i.e., (QPCM - QHTF) = 0, is estimated by

interpolating in the set of points [T, a0, » T minl [(QPCM - QHTF)max , (QPCM - QHTF)mm]
The new value of the wall temperature is used and (QPCM - QHTF) calculated.

5. The convergence criterion is checked, i.e., if the difference in the heat calculated on the sides
of the PCM and the HTF fulfills the condition: |(QHTF - QPCM)/QPCM . 100| <1

6. If the criterion is satisfied, the algorithm finishes. If it is not, the new pair of values is added to

the set of known points, [T, ] [(QPCM - QHTF)], and the process restarts at step number 4.

3.4. Axial discretization

While the model does not account for the axial heat conduction, it is expectable that the HTF
temperature variation along the tubes could have a relevant effect on the PCM temperature
distribution from the inlet to the outlet, and, consequently, on the heat transferred.

In order to determine the optimum number of axial sectors to be modelled, the whole storage unit (it
includes 305 inserts) is divided into a different number of axial sectors, from 1 to 8. It is important to
remark that these sectors do not represent physically separated modules, they are just a discretization
of the storage unit to approximate the effect of the temperature variation along the tube.

The table includes the melting time (LF > 0.9) and the liquid fraction obtained for these cases:

Table 4. Study of the effect of the number of axial sectors on the melting time.

Number of axial sectors Melting time (min) LF
[LF>0.9] [time=60 min]
1 97.68 0.5539
p 99.47 0.6143
4 95.20 0.6105
6 95.42 0.6175
8 95.24 0.6157

As can be seen, a number of axial sections equals to 6 provides a deviation lower than a 1% in
comparison to the most accurate case (8 sections).

3.5. Future developments

Some developments that are considered to be implemented once experimental results for the whole
heat storage unit are available are:

e Effect of the spacings between inserts (horizontally or vertically).

o Effect of imperfections of inserts contact with the pipes (contact resistance) after loading the
screws.

e Influence of the HTF thermal inertia in the accumulator.

e Influence of the materials thermal inertia (steel tubes, aluminium inserts, insulation, air
chamber, etc.).

e Heat transfer between adjacent cells. The current model assumes that there is no heat transfer
between adjacent PCM inserts.
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4. Working conditions

The working conditions are those obtained from the overall simulations performed for WP5:

e HTF flow rate in heat storage unit. A velocity of 1 m/s is selected to reduce the fouling in the
system. This leads to a flow rate of 0.52 kg/s approx. (for a pipe DN 20 SCH 40).
e Heat storage inlet temperature:
o When the storage unit is cold the HTF is heated by the Sundial until the point when it
exceeds the average temperature of the storage.
o Storage unit in operating conditions, inlet temperature between 200 and 240 °C
during charging. During discharging, between 180 and 235 °C, approximately.
e Heat storage unit outlet temperature:
o MAN
»=  Factory off: minimum of 190 °C
»=  Factory on: minimum of 205 °C

=  When possible: minimum of 220 °C
*  When not possible because the storage is not loaded: minimum of 205 °C
e Thermalload:
o MAN
»= Boiler: 8 kWth
= Chiller: 6 kWth

=  HX1 (always on T>205 °C): 7 kWth
= HX2 (only when T>220 °C): 7 kWth
e Heat storage capacity: the capacity was estimated to require 2000 kg of salts per end-user
(around 57 kWh). This calculation has been refined during the design (section 5) to
accommodate the design to commercial sizes (mainly upper flange, and consequently the
shell) and the number of inserts that can be manufactured. The final inventory of salts per end-
user is 2200 kg, around 62 kWh (neglecting the sensible heat).
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5. Selection of the Heat Transfer Fluid

The working temperature range is in the range 200 - 250 °C. This temperature range leads to organic
thermal oils as a widely-used solution. However, many aspects must be considered in addition to the
temperature to select the best heat transfer fluid.

Table 5 summarizes relevant characteristics of well-known thermal oils from the Therminol and
Dowtherm families. The viscosity is given for a typical atmospheric temperature, a typical operating
condition and at the lowest registered in the end users locations (lasi, Romania, -17 °C and Corinth,
Greece, -1 °C).

The cost per kilogram included has been obtained from suppliers located in Spain and the shipping
costs are included, except for Dowtherm A and Q (cost from UK company without shipping costs to
Cartagena, Spain).

Table 5. Caption of Table 2. Placed at the top of the Table.

Boiling
Freeze point-
_2 o (-] 2 (-] 2 o
Oil Cost u(-20°C) k(0°C) k(20°C) k(230°C) point maximum
(€/kg) (mPa-s) (mPa-s) (mPa-s) (mPa-s) °C) temp.
(°C)
Therminol SP 410 756 143 41.60 0.574 -28 351-290
(55)
Therminol = ¢ 46.1 14.4 6.28 0.317 -56 93-250
ADX-10 ) ) ) ) )
The;’;'m' 9.4 53.3 15.3 6.86 0.383 .49 289-315
Dowtherm A 14.8 - - 5.00 0.33 12 257 - 400
Dowtherm Q 14.8 16.1 7.56 4.00 0.26 -35 270-330

Therminol ADX-10 keeps a low viscosity for the working range, but the low boiling point implies that
the system should be pressurized at around 4 bar, increasing the cost of the equipment to be used. In
addition, the maximum recommended is too close to the values that can be reached.

Dowtherm A can operate in the working range and with an appropriate viscosity at atmospheric
temperature, but it has a relatively high freeze point. This could mean a potential freezing during part
of the year. Additionally, the cost is high.

Dowtherm Q shows optimal properties, but the cost is significantly higher than that of Therminol 59
(50 %), which has acceptable properties.

Therminol SP (equivalent to 55 when supplied in the US) has the lowest cost. However, the oil has a
high viscosity at a typical atmospheric temperature, p (20 °C) = 41.60 mPa-s, leading to a poor
pumpability during the startups. This viscosity increase (higher pressure drop) implies that additional
measurements should be considered after a stop of the facility during several hours.

In order to compare the two potential HTFs in more detail, Therminol SP (55) and 59, the pressure
drop in the heat storage unit at a temperature ranging from the lowest registered value and the
maximum working temperature is shown in Table 6. The pressure drop for Therminol SP (55) is 46.11
bar at the lowest registered temperature in Romania (T= - 20 °C), for AMTP. For MAN (Greece), the
pressure drop at the lowest registered temperature, T= 0 °C, the pressure drop is 3.31 bar, still high
for the design. Thus, the use of Therminol SP (55) would require a more powerful pump and a higher
resistance for the thermal circuit.
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Table 6. Pressure drop for Therminol 55 (SP) and 59. Fluid velocity 1 m/s

Temperature m

(°C) p (kg/m3) H (Pa-s) Re f (kg/s) | AP (bar)

-20 899 0.756 25 2.541 0.3167 | 46.11

0 885 0.143 131 0.488 0.3118 8.76

20 872 0.0416 444 0.144 0.3072 2.59

50 852 0.0111 1626 0.039 0.3002 0.73

TH-55 100 818 0.00288 6016 0.037 0.2882 0.67
150 784 0.00129 12872 0.031 0.2762 0.54

200 748 0.000749 | 21152 0.028 0.2635 0.47

220 734 0.000625 | 24874 0.027 0.2586 0.45

250 711 0.000488 | 30859 0.026 0.2505 0.42

300 672 0.000334 | 42614 0.025 0.2368 0.38

Temperature m

(°C) p (kg/m3) U (Pa-s) Re f (kg/s) | AP (bar)

-20 1003 0.0533 399 0.1606 | 0.3534 3.31

0 989 0.0153 1369 0.0467 | 0.3484 0.99

20 974 0.00669 3084 0.0453 | 0.3432 0.95

50 953 0.00308 6553 0.0366 | 0.3358 0.76

TH-59 100 916 0.00132 14698 | 0.0303 | 0.3227 0.61
150 878 0.00074 25130 | 0.0274 | 0.3093 0.54

200 839 0.000477 | 37254 | 0.0257 | 0.2956 0.49

220 823 0.000411 | 42412 0.0252 | 0.2900 0.47

250 799 0.000335 | 50516 | 0.0247 | 0.2815 0.45

300 755 0.000251 | 63709 | 0.0240 | 0.2660 0.41

In addition, the heat transfer coefficient for both Therminol SP (55) and 59 is calculated for a HTF
velocity of 1 m/s in the heat storage unit. As can be seen, Therminol 59 provides a better convective
heat transfer for the expected range of temperatures. This can be especially important during start-
ups when the heat storage unit is cold. The transition to a turbulent flow is reached by Therminol 59
at moderate temperatures, 20 °C, in comparison to Therminol SP (55), 100 °C.

As a conclusion, Therminol 59 is considered as the most appropriate HTF for both applications because
of its properties (mainly low viscosity) at low and moderate temperatures.
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Table 7. Heat transfer coefficient for Therminol 55 (SP) and 59. Fluid velocity 1 m/s

Temperature (°C) p (kg/m?3) u (Pa-s) Re h (W/(m?K))
-20 899 0.756 25 23
0 885 0.143 131 23
20 872 0.0416 444 22
TH-55 50 852 0.0111 1626 22
100 818 0.00288 6016 551
150 784 0.00129 12872 883
200 748 0.000749 21152 1134
250 711 0.000488 30859 1340
Temperature (°C) p (kg/m?3) u (Pa-s) Re h (W/(m?K))
-20 1003 0.0533 399 21
0 989 0.0153 1369 21
20 974 0.00669 3084 195
TH-59 50 953 0.00308 6553 579
100 916 0.00132 14698 946
150 878 0.00074 25130 1250
200 839 0.000477 37254 1487
250 799 0.000335 50516 1670
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6. Design of the Heat Storage System

6.1. Material selection

A literature review has been performed to find the most suitable material for the heat storage unit.
Stainless steel was found to be the more studied material and, consequently, was selected.

The following table collects the data from several studies focused on the corrosion of stainless steel
316L. For all the studies the corrosion rates are acceptable for the application.

Table 8. Corrosion studies of nitrate salts and AISI 316 stainless steel

Type Temperature Impurities Authors Metal lost (time)

Thermal Cycling 100 - 565 °C 0.82 % wt chlorides Bradshaw (2001) [8] 11 um (125 days)
Immersion 600 °C 0.1% wt chlorides Trent et al. (2016) [9] 4.5 um (125 days)

Immersion 570°C 0.76 % wt chlorides Goods and Bradshaw 6-15 um (1 year)
(2003) [10]

6.2. Basic design

Atubular heat exchanger has been designed with a vertical arrangement to ensure a better initial filling
of PCM and promote natural convection during the charging process. This arrangement is commonly
found in the open literature [11]. The HTF, Therminol 59, flows on the tube side, while the shell side
stores around 1 tonne of salts with a melting point of 222 °C.

The tubes are connected in a serpentine configuration, instead of the more common parallel
configuration, because it allows to keep a high enough fluid velocity (uyrr = le) to avoid severe
fouling. Fouling could cause a greater resistance to heat flow, leading to a decrease in efficiency.
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The tubes are made of AISI 316L stainless steel with dimensions 25.4 x 2.11 mm. The tubes are
seamless to avoid potential corrosion by contact between the welding material and PCM at high
temperatures. There will be a total of 61 tubes, 1.1 m long each, per storage unit.

Each tube will have 5 inserts allocated vertically. Inserts are finned elements with Y shape of 20 cm in
length that increase heat transfer surface to achieve a greater heat transfer. Tubes of 6 m long will be
bent with a bend radius of 50 mm.

1220

25,4

Fig. 7. Finned elements allocated vertically in bent tube

There will be a 7 mm gap between the inserts as it is shown in the following figure to make the
assembly easier. In addition, this increases the amount of PCM that can be stored for the same number
of inserts. There are a total of 305 inserts per accumulator unit.

The following figure shows the HTF inlet through the central tube (from below) and the outlet after
flowing along all the tubes following a spiral pattern. In this way, we leave the upper flange free to lift
it without difficulties and be able to fill up the accumulator with the PCM. We also simplify both the
connection to the circuit and the assembly of the insulation.
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Fig. 9. View from below of the heat storage unit

The inner diameter of the shell is 90.95 cm, defined by the upper flange. It is very important to keep
an air chamber at the top to allow the air expansion as well as the PCM expansion without exceeding
the design pressure. According to the calculations of the maximum air pressure, pressure air goes from
0 barg at 20 °Cto 1.38 barg at 240 °C (operating temperature), which is below the design pressure (1.5
barg).

"Il

Fig. 10. Volume variation of the air chamber at the top of the heat storage

For the temperature measurements, five hollow bars are placed at different radial positions. Each one
of these bars includes 3 thermocouples equally distributed along the vertical direction. The
measurements (around 15 temperatures) are used to provide an estimation of the average PCM
temperature and liquid fraction.

Fig. 11. PCM temperature measurement

The general parameters of the heat storage unit are summarised in the following table:
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Table 9. Heat storage unit characteristics.

Number of inserts 305
Number of tubes 61
Number of inserts (complete) per layer 61
Number of insert layers 5

Shell inner diameter 909.5 mm
Approximate height 1907 mm
Total volume of PCM (liquid at 222 °C) 566 dm?
Approximate total PCM weight 1109 kg

Heat storage unit (empty and without 1061 kg
insulation)

6.3. Assembly process
The following steps show how to carry out the assembly process to get the final heat storage unit.
Step 1. Bent U-tube

30 long tubes of 6 meters will be bent with a bent radius of 50 mm. We will get 30 bent tube that are
equivalent to 60 tubes.

Fig. 12. Bent tube

An additional unbent tube without fluid passage will be added to distribute the ‘extra’ PCM due to the
distribution of inlet and outlet tubes at the bottom.
Step 2. Insert introduction

The inserts are introduced into the bent tubes layer by layer. Each bent tube contains 10 inserts, that
is, 5 pieces in line in each tube. The task will be carried out at the UPCT with the assistance of PWR.
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V)
Fig. 13. Introduction of inserts in tubes

Step 3. Drilled sheet

A tubular plate is drilled with a total of 60 holes of diameter equal to the outer diameter of the tubes
with a distance between centers of 100 mm, where the tubes will be introduced.

b
T | -
g &
& &
v
& & \
©
& & \ g
t | o
R, €T 3|
& B & [°
& & o
& &
& &
& &
4 &
& &
& -
of
=l
S|

Fig. 14. Drilled tubular plate

Step 4. Tube assembly and tube expansion

Each pair of tubes (with the inserts allocated) will be introduced into the tubular plate. To obtain a
stiffness assembly, the tubes will be expanded and, if necessary, they will be welded on the external

face of the tubular plate.

Fig. 15. Tube assembly in tubular plate
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Step 5. U curves welded

To obtain the serpentine tube, U elbows of 50 mm radius will be welded at the lower ends on the
external face of the tubular plate as shown in the figure. In this way, we are avoiding any possible
corrosion due to the contact of the weld with the PCM. The last tube will not be connected so that
inlet and outlet tubes of the accumulator are both at the bottom.

- me a0 & e o

!

Fig. 16. Welding of U elbows

Step 6. Insertion in the shell and the support system

The assembly is introduced into the shell, and the tubular plate is welded to the body of the shell
leaving some space at the top, an air chamber remains that will not be filled by salts.

One side of the shell is perforated to allow the connection of a relief valve (to release the heated air in
case it exceeds the limit pressure of 1.5 bar).

The bottom is closed by a blind flange welded to the shell.

The following figure shows the “path” followed by the tubes in the shell (bottom view). It should be
noticed that the bolts displayed corresponds to the upper flange.

As can be seen, the inlet and outlet of the HTF go through the bottom blind flange.

600
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500
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Fig. 17. Distribution and path of tubes
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To avoid U elbows from being uncovered, a lower metal sheet (not shown in the Figures) will be added
to make the thermal insulation installation easier. In addition, the supporting legs are welded to the
shell. The support displayed here is not final, it must allow the transport by means of a pallet truck.

1907
1792 1

1591

406
300

PATA REGULABLE M20

Fig. 18. Heat storage unit with support

Step 7. Upper flange
The unit is sealed at the top by a bolted blind flange with expanded graphite gasket to allow periodic
opening of the equipment (filling with PCM). The upper blind flange is perforated to allow the
connection of the temperature probes.
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Fig. 19. Upper blind flange

6.4. Thermal insulation

This subsection is focused on developing the tools to a proper estimation of the heat losses that should
be minimized. A simple model is developed to have a rough estimation of the losses that can be
expected in WP6.

The first tests in WP6, with measurements under more controlled conditions, will allow us to refine
the model for the losses to accomplish a more precise design for the heat storage insulation. In WP6,
more alternatives will be analyzed to optimize the system considering the different restrictions, with
special attention to the scalability of the heat storage system.

6.4.1. Thermal model

A thermal resistance model is developed for each wall as shown in the following figure:

e 1:Topsurface
e 2:lateral surface
e 3: Bottom surface

/—D=919.5 mm

Tint, 1 Tl T2 T3 T4 Text,2

L=1400 mm Reon1 R

Fig. 20. Thermal resistance model
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The heat is transferred through different layers, starting from the PCM inside temperature Tj,; 1 (we
are assuming uniform temperature of 222 °C because the unit will work around the melting
temperature in normal conditions) until outside temperature T,y ,. The outside temperature is taken

from weather conditions data of lasi and Corinth (ArcelorMittal and Mandrekas end-users,
respectively).

The heat losses through a wall are given by:

Tint,l - Text,z

Qloss = (18)

Rtotal
Rtotal = Rconv,l + Rcond,l + Rcond,z + Rcond,3 + Rconv,2+rad (19)

Where R;,tq1 is the total thermal resistance that groups the different resistances involved in the
model. The inner convective thermal resistance is obtained from thermal transfer coefficient (h;)
knowing wind velocity as well as the surface temperature. Conductive thermal resistance is
determined by using the thermal conductivity (A;) and thickness of the corresponding layer. The inner
convective thermal resistance is neglected.

Table 10. Thermal resistance equations [3]

Convective thermal resistance Convective thermal resistance

r2
Lateral Surface 1 In (ﬁ)
2nLh LA
Top/ Bottom Surface i Clayer
hA kA

6.4.2. Example of application

For the sake of a better understanding and to provide an initial estimation for the thermal insulation
to be used in WP6, the model is applied to determine the potential heat losses for both end-users
applications. The weather conditions (wind velocity and temperature) for a typical year for one end-
user is shown in the following figure:

Temperature (°C)

Wind velocity (m/s)

Day

Fig. 21. Weather conditions, Corinth

Rockwool insulation is considered as a preliminary option, due to its low conductivity, flexibility and
low cost. The results for the average heat losses (during one year) for both end-users are plotted in
Fig. 23 as a function of the insulation thickness. A can be seen, a thickness of 40 cm is enough to reduce
average heat losses below 0.6 kW for the whole heat storage system. For a thicker insulation, heat
losses hardly change while material costs are proportionally increased.
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Fig. 22. Heat losses as a function of insulation thickness

The following figure shows the basic design of the thermal insulation. The rockwool insulation will be
in jackets so it can be removed and refitted easily for transport.

(a) (b)
Fig. 23. (a) Dimensions of the insulation compared to the heat storage unit. (b) Example of
removable insulation
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7. Conclusions
The outputs of this deliverable are:
1. The elaboration of a mathematical model for the simulation of the charging and discharging
cycles in the thermal energy store, to be employed in Task 4.4 and whose results will be

reported in D4.4.

2. The definition of Therminol 59 as heat transfer oil for both applications as well as for the
testing activities in WP6.

3. The definition of a unique design of thermal energy store for both applications, whose
dimensions, thermal hydraulic design, mechanical components and manufacturing and

assembly process are duly described in the report.

4. A preliminary insulation is selected for WP6. Rockwool is employed as insulation material with
a thickness of 40 cm.

Regarding the overall project goals, this deliverable has contributed to:

=  Sub-Objective 3: Application of Thermal Energy Storage to the ASTEP Concept, concerning the
definition of the hybrid thermal energy storage system.

=  Sub-Objective 4: Combined ASTEP Specification Design, concerning the elaboration of
computationally-efficient mathematical models for the simulation of the TES system.
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