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Abstract

Concentrating Solar Power (CSP) technology allows to produce high temperature thermal energy from solar radiation. The thermal
energy can be converted into electricity or it can be directly used for industrial processes. Most of the available simulation models of
CSP plants evaluate the behavior of the solar field in stationary conditions, neglecting transient thermo-fluid-dynamic effects.
Nevertheless, the study of the dynamic behavior of the solar field is a very challenging and interesting task and allows obtaining
useful information for the design and the effective management strategies of CSP plants. This paper presents a thermo-fluid-dynamic
analysis of a solar field line of the CSP plant currently under construction in Ottana, Sardinia (Italy), which uses thermal oil as heat
transfer fluid. Dynamics of the system due to solar irradiance variations have been evaluated by using an axisymmetric unsteady 2D
numerical model developed in Comsol® to evaluate the oil temperature distribution along the receiver tube for different operating
conditions. The results have been compared with those obtained with a simpler, non-stationary one-dimensional model, developed in
Matlab® environment. The comparative analysis show very similar results for the two models and demonstrate that the dynamic
effects on the temperature distribution along the solar field line are not negligible.
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1. Introduction

Concentrating Solar Power (CSP) technologies produce high temperature thermal energy converting the beam
component of solar radiation. Linear Fresnel Reflectors (LFR) are based on rows or loops of solar collectors using
almost flat linear mirrors. Currently, more than 200 MW of CSP plants based on LFR are operating or under
construction worldwide [1] but their use is extended also to direct thermal applications, e.g. industrial process heat or
solar cooling. The worldwide interest in CSP is growing, and six EU countries had already included CSP in their
National Renewable Action Plans [2]. The common element between thermal and electricity applications of
concentrating solar technologies is the solar field. To the authors’ knowledge, most of the scientific literature on the
CSP solar fields is focused on steady state conditions. Referring to power generation, this is probably due to the
frequent use of a Thermal Energy Storage (TES) section immediately downstream to the solar field, which essentially
reduces the dynamic effects due to solar irradiance variations on the global plant response. However, a deep knowledge
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of the dynamic effects that occur along the solar field is of great interest, and some studies have been already carried out
on the optimal design [3], effective control strategies and predictive management [4][5] of CSP plants considering
dynamics. When solar concentrators are used for thermal applications, a direct usage of the process heat usually occurs
and no TES section is included. In this case, the softening function of the TES section is totally absent and consequently
the dynamic effects could be relevant.

This paper presents a thermo-fluid-dynamic analysis of a solar field line of the Solar Power Plant currently under
construction in Ottana, Sardinia (Italy), which combines CSP and CPV (Concentrating Photo-Voltaic) technologies in
order to improve the dispatchability of solar power plants [6]. To evaluate different system management methods, the
availability of simple and agile simulation models are of great importance. For this reason, the aim of this paper is to
assess the reliability and applicability of a non-stationary one-dimensional model developed in Matlab® for the
simulation of the solar field through the comparison with a more sophisticated unsteady 2D numerical model developed
under Comsol®.

Nomenclature

Symbols €  turbulent dissipation rate
A area,m2 Nopt Optical efficiency

Cp specific heat at constant pressure, J/(kg'K) W dynamic viscosity, Pa-s
C  thermal capacity, J/K p  density, kg/m3

D diameter, m

h  convective heat transfer coefficient, W/(m2-K) Subscripts

k. conductive heat transfer coefficient, W/(m-K) env environment

m mass flow rate, kg/s ext external

P pressure, Pa f  fluid

q  thermal power, W int internal

S surface, m r reference

t time,s s shaft

T  temperature, °K t  tube

u  velocity, m/s T turbulent

w  shaft power, W

1.1. Characteristics of the solar field

The solar field of the Ottana power plant is composed of 6 lines of Linear Fresnel collectors, each 200-meter-long,
and connected in a central feed configuration. The solar field uses a Dowtherm®-T thermal oil as heat transfer fluid,
with a design inlet temperature of 150°C, an outlet temperature of 260°C and a rated total mass flow of 17.3 kg/s (the
design conditions are DNI 900 W/m?, air temperature 17 °C, elevation 73°, azimuth 0°). Further information about main
operating parameters and assumptions can be found in Table 1.

The Archimede HCEOI12 receiver tube here considered (Fig. 1) is commercially available and its characteristics can
be found in [7]. It is composed of an internal longitudinally electric-welded austenitic stainless steel tube with lapped
external surface (thickness 2 mm). An external borosilicate glass of 3 mm thickness protects the tube and its anti-
reflective coating treatment allows a transmittance of solar radiation higher than 96.6%. The thermal emissivity of the
spectrally selective coating is about 8.5% at 400°C. Between the steel tube and the glass cylinder, a vacuum annulus is
created in order to reduce the convective heat losses. Several tubes are connected in series through special bellow
couplings to form a receiver line. Each line is supported by a rail, which allows its thermal expansion along the axis.

licate T Tenv

)

Ty

Fig. 1. Archimede HCEOI12 receiver tube and the control volume considered in 1D model.
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Table 1 - Main operating parameters and assumptions regarding the solar field.

Solar field

Collecting area, Ac 8,400 m” Cleanliness efficiency 98%

Land area 10,800 m? Oil inlet / outlet temp. 150/260 °C
Line length 200 m Thermal oil mass flow 17.3 kg/s
Thermal oil (DOWTHERM T)

Density 763 kg/m® Specific heat at constant pressure 2439.4 J/(kg-K)
Thermal conductivity 0.110 W/(m-K) Dynamic viscosity 0.5 mPa-s
Receiver Tube (AISI 304 — austenitic stainless steel)

Reference optical efficiency, Nopy,r 62% Specific heat 0.50 kJ/(kg-K)
Density 8030 kg/m® a, thermal losses coefficient (eq.(7)) 0.056 W/m*-K
Thermal conductivity 20 W/(m-K) a, thermal losses coefficient (eq.(7)) 2.13-10-4 W/m’K?

The Dowtherm®-T thermal oil has a composition based on C14 to C30 alkyl benzene derivatives. Its optimal
operating temperature range is (-10°C - 288°C) and it is designed for use in non-pressurized systems.

2. System modeling and assumptions
2.1. Non- stationary one-dimensional model
The one-dimensional mathematical model is based on the mass, momentum and energy conservation equations

applied to the control volume shown in Fig. 1. A very simplified version of the model, without dynamic effect
contributions, was previously developed by the authors [8]. The resulting energy and mass balance equations are:

%[pA (e+u72+gz)] dx+:—x[puA (e+u72+§+g2)] dx = ws + Qsun (M
2 (pA) + 2= (pud) = 0 @

In the present study, the kinetic and potential energy terms have been neglected, shaft work exchanged by the control
volume is zero, no mass accumulation occurs inside each control volume (p = const), and a constant cross section area
was considered. The model has been discretized considering three sub-systems characterized by the following thermal
state: environment T, tube T; and fluid T;. Eq. (1) applied to fluid and receiver tube is reported in Eqs. (3) and (4)

de _ . an
Cr —L=Rus (T, —T;) —m Cp 5 dx (3)
dry . . aT;
Cy d_tt = Qsun — Qioss — Rt,f (Tt - Tf) - kc,tAa_xt 4)
where R ¢is the equivalent thermal conductance between tube and fluid, which is calculated as:
Ryp= ht,f ”Dt,intdx )

The h, f convective heat transfer coefficient is obtained from the Dittus-Boelter equation, under the hypothesis of a
turbulent flow (Re = 10000), Prandtl number range (0.6 < Pr < 160), L/D = 10 and a smooth inner tube surface:

Nu = 0.023 Re8prn (6)

where n = 0.4 if T, > Ty and n = 0.3 elsewhere.

The term (455 Of €q. (4) represents the thermal losses of the receiver tube and is calculated as:
QIOSS =4 (Tt - Tenu) +a; (Tt - Tenv)z (7
where a; and a, are given by the manufacturer data sheet.

The thermal power concentrated by mirrors on the receiver tube is evaluated through the following equation:
(—.Isun = Ac DNI Nopt,r IAML ) IAMT Newn (8)

where IAM,; and IAM; are the longitudinal and transversal components of the incidence angle modifier factor and n¢pn
is the surfaces cleanliness factor. The two correction factors IAM; and IAM; considered in this study are reported in

[8].
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2.2. Non-stationary two-dimensional model

A 2D axisymmetric numerical model has been developed in the COMSOL Multiphysics platform to simulate the
solar field line. The system has been modeled considering the thermo-fluid dynamics behavior of the entire domain. The
domain was reported in Fig. 2(a) and discretized using a structured mesh Fig. 2(b) composed of 10° elements with
maximum size of 10 mm.

The physical time of the simulations using COMSOL Multiphysics platform was 2590 s, while the duration of the
simulation (real time) on a ASUS workstation with 17 Quad-Core CPU and 16 GB memory was 3600 s. No appreciable
differences in the results were observed using finer meshes and shorter time steps.

(a) (b)

f
0.04
0.037
HIF
0.07 Outlet
- Middle Axis section _\
P
0
199.9 200

10

Fig. 2.Domains of the 2D model (a) and particular of the mesh adopted (b).

The axial temperature evolution of the HTF over the time was evaluated along the dash-dot red line shown in Fig. 2,
which represents the axisymmetric line of the domain. The temperature evolution at solar field outlet was evaluated at
the intersection point between the red dash-dot and the red dotted line of Fig. 2(a), representing the central point of the
outlet section.

Reynolds-Averaged Navier-Stokes (RANS) equations based on k-¢ turbulence model were used to solve the flows
through the solar receiver. Continuity eq. (9) and momentum (eq. 10) equations are coupled with two additional
transport equations involving the turbulent kinetic energy, k (eq. (11)), and the turbulent dissipation rate, € (eq. (12)).
The turbulent viscosity is defined by eq. (13):

aaitf +V - (prwy) =0 )

Pf%}ch pr(up - V)up =7~ [_Pfl + (r = bry) (Vuf + (V“f)T) - E(W - “Tf) (V-up)l - gpfkl] 10
Pf%“‘ﬂf(uf'v)k:V'<(#f+%)7k>+Pk_Pff an
pr ot o Ve =7 <(l‘f + %) VS) + Carich = Cﬂpf% (12
try = prG >

where e, = (et_xet_yet_z) is the unit tangent vector to the pipe axis,lis the mixing length, C,, C;y, Cp, 0y, 0, are
dimensionless model constants [9] [10], and k is the turbulence kinetic energy.

The production term P, which represents the rate at which kinetic energy is transferred from the mean flow to the
turbulence, is given by eq. (14):

T\ 2 2\ 2
In order to simulate the heat transfer that occurs in the entire domain, the energy equation (15) was used:
oT
pC”E +pCpu-VT = V- (kVT) + qeony (15)

To simulate the heat solar power, the boundary condition in the outer wall of the solar receiver was assumed as a net
heat flux (Gsun — Gioss)/St = —n* (—K.VT) where S is the total area of this boundary. The heat transfer inside the tube
is characterized by conduction while the heat transfer between the tube and the HTF occurs both via conduction and
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convection. The energy equation (eq.(15)) applied to the HTF is solved using the velocities calculated from egs. (9) and
(10), in order to evaluate the interactions between fluid dynamics and heat transfer phenomena. The specific thermal
power q.onp takes into account the convective heat transfer between fluid and internal wall of the receiver.

3. Results

The comparison between the two developed models has been carried out with reference to three different operating
conditions of the solar field:
a) the warm-up phase, obtained simplifying the increasing power coming from the sun after sunshine with ramps of
different duration;
b) the full operation transients, applying different steps and pulses of the sun power;
¢) the shut-down phase, realized through a ramp with a negative slope (Fig. 3).

1000

800 ~ |— Real
— Modelled

1
0 4 8 12 16 20 24
Time, h

Fig. 3. Real and modelled trend of DNI.

3.1. Warm-up phase

This phase occurs immediately after sunshine, and it was modeled through different ramps of power coming from the
sun (Qqu,). Two, three and four-hour long Qg,, ramps have been considered, starting from zero and up to the design
power (Qgun, desien =~ 720 kW), obtained with a DNI value of 900 W/m?, an air temperature of 17 °C, an elevation of 73°
and an azimuth of 0°. The HTF flows from the cold tank (T=150°C), with a constant mass flow of 0.5 kg/s (about 17%
of the nominal mass flow value) and without recirculation through the solar field. The HTF and tube temperatures were
initially set equal to the environment temperature (17°C).

Fig. 4(a) shows the fluid temperature at the SF outlet over the time, for the three cases of 2, 3 and 4-hour-long ramps
of Qqu. For each case, the evolution of the temperature at the outlet of the SF over the time can be virtually subdivided
in three parts. The first part (with the lowest slope rate) shows the little increase of the temperature at the outlet of the
SF mainly caused by the temperature difference between fluid and tube, which is heated by the available sun radiation.
In fact, during the first 10-15 minutes, the contribution of the mass transport term of eq. (3) significantly affects only the
positions immediately downstream of the duct inlet, due to the great distance between the inlet and outlet tube sections.
During the second very sloped part of each curve, the influence of the mass transport term at the outlet section of the SF
is stronger. Finally, during the third and last part of the warm-up curve, the temperature trend slope is again reduced, for
the smaller temperature gradient between adjacent sections. Different durations are required for the entire warm-up
process up to 260°C, in accordance with the DNI ramps: with a ramp of two hours, the outlet design temperature is
reached approximately after 40 minutes, with a three-hour long ramp more than 50 minutes are required and with a
four-hour long ramp the warm-up process takes more than one hour.

Fig. 4(b) shows the progressive evolution of the temperature distribution along the solar field line, for the case of the
2-hour long ramp. Comparison of the right sections of the 5 minutes and 10 minutes curves highlights the negligible
contribution of the mass transport term of eq. (3) at the farthest segments of the duct, at these moments. It’s interesting
to notice that, even after the second inflection point of Fig. 4(a), the temperature distribution shown in Fig. 4(b) is not
linear during transient, but it becomes linear only at equilibrium. The comparison between the results of the two
simulation models gives very close curves, with little differences only around the first inflection point of Fig. 4(a) (as
highlighted in the sub-graphs) and around the second inflection point of Fig. 4(b).

1171



1172

Luca Migliari et al. / Energy Procedia 101 (2016) 1167 — 1174

(a) (b)
260 260 .
240 ; = 1D model 240 - Tf, design L- -
2D model — | — 1D model L -

220 220 |— 2D model -

200 — 200 — P T T(t=30min)
£ 180 200 180 7
£ 160 o S 0D
g 160 — 100 g 1= T,(t=20min)
3 140 s g 140
S 120 20 25 g 120 —
5 100 Shramp oo S 100
5 L
O 80— 150 80 —

r 7 Ti(t=5min)
60 100 60
50 40 —
40 — - 4 T,(t=10min)
15 20 25 20
20 —‘ I I I I I I I I I I
10 20 30 40 50 60 70 0 20 40 60 80 100 120 140 160 180 200
Time, min

Line length, m

Fig. 4. Outlet temperature of the SF(a) and temperature distribution along the SF line for the case of 2-hour long ramp (b).

3.2. Full-operation transients

Since concentrating solar technologies use only the direct component of the global irradiance (DNI), during the solar
field operating phase the clouds’ passage over the mirrors causes frequent variations of the receiver tube available
power. These variations can be sudden or gradual and brief or long-lasting: in fact the DNI can widely vary its value
even down to zero in few seconds. For this reason, the two models’ responses to Qg,, steps and rectangular pulses of
different amplitude and duration are shown and described in the present paragraph.
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Fig. 5. Fluid temperature at the outlet of the SF(a) and temperature distribution along the SF line for the case of final DNI=50%(b).

Fig. 5(a) shows the system responses when a Qy,, step occurs: the Qg,, amplitude suddenly decreases by 25%, 50%,
75% and 100%, starting from the nominal conditions. As it can be seen, the two developed models lead to very similar
results. Each step in Qy,, determines a new equilibrium condition of the system after approximately 6 minutes of the
step occurrence, and the final equilibrium temperature depends on the final Qy,, amplitude. For a final Q,, amplitude of
25%, the outlet final temperature is about 175°C, while for a final Qg,, amplitude of 50% the value is slightly above
200°C and for a final Qg,, of 75% the HTF temperature is around 225°C. If the final Qy,, is zero, as shown, the HTF
thermal exchanges are only represented by heat losses, so the final equilibrium temperature is a little below the inlet
temperature of 150°C. The temperature distribution along the line and its evolution over time can be seen in Fig. 5(b).
T¢ (t=0) shows the initial equilibrium condition: the temperature distribution along the line can be represented by a
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straight line. One minute after the step occurrence the slope is reduced and an inflection point occurs. The inflection
point moves along the line until a new equilibrium condition is reached and the temperature distribution returns to be
linear.

During real operating conditions of a solar field, Qy,, variations in the range of 10-30% are very frequent and they
can be modeled through rectangular pulses. Fig. 6 (a-f) show the system responses to Qg,, pulses of different amplitude
and durations operating at the nominal mass flow rate condition. This operating condition has been considered in order
to determine a threshold level for the regulation action of the circulating pumps: in fact, if the Q,, variation causes
negligible variations of the outlet temperature, the oil mass flow can be maintained constant. Fig. 6 (a), (b), (c) show
system responses to pulses starting at t=0 and having the same duration (t=60s) but different amplitudes (Qgyn¢= 0.9
Qsunii > Qsunt= 0.8 Quuni » Qsuns= 0.7 Quuni). Fig. 6 (d), (e), (f) show responses to pulses starting at t=0 and having a
longer duration (t=90s) and amplitudes of Qgynr= 0.9 Qguni » Qsun.r= 0.8 Qguni » Qsunt= 0.7 Qun i correspondingly.
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Fig. 6. Outlet temperature of the SF: system responses to pulses. (a) Qsunr= 0.9 Qqun,i » t=608; (b) Qsunt= 0.8 Qqun,i » t=605; (¢) Qqun.t= 0.7 Quunsi , t=60s;
(d) Qaunr= 0.9 Quaun,i » t=908; (€) Qsuns= 0.8 Quuni » t=908; (£) Quunt= 0.7 Qqun,i » t=90s.

Results of Fig. 6 demonstrate that the temperature drop increases with the increase of both amplitude and duration of
the pulse. A 10% decrease of the solar power input lasting up to 90s (Fig. 6 (a) and (d)), causes temperature drops in the
range of 5°C. In the case of a deeper Qy,, decrease (20%), Fig. 6(b) and (e) show that the temperature fall can be almost
doubled (10°C), in the case of 90s pulse, with respect to the aforementioned cases. The case of a 30% Q,, reduction is
reported in Fig. 6(b) and (e) and gives a maximum temperature drop of about 15°C. Fig. 6 also demonstrates that the

results obtained through the 1D and 2D models are very close and similar, especially during the temperature decreasing
phase.

3.3. Shut-down phase

The shut-down phase is the operating condition of the solar field during the final daily time, which occurs before
sunset and has been modeled trough a Qg,, negative ramp, which starts from Qun, design down to zero in 2 hours, at the
nominal mass flow rate. Fig. 7(a) shows the solar field outlet temperature over time. The outlet temperature linearly
decreases and with the considered input power Qg,,, the minimal temperature of 150°C is reached after two hours.
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Fig. 7. Outlet temperature of the SF(a) and temperature distribution along the SF line for the shut-down phase(b)

4. Conclusions

The present work investigated the dynamic responses of a solar field line of the CSP section of the Ottana Solar
Power Plant. Furthermore, a comparison between a non-stationary one-dimensional model and a non-stationary two
dimensional model has been carried out. Three operating phases of the solar field line have been studied: warm-up, full
operation transients and shut-down phases. Depending on the time evolution of the solar power, the warm-up process up
to nominal conditions can last up to more than 1 hour, and the temperature distribution along the line evolves with some
inflection points that gradually disappear. The full operation transients have been modeled through steps and pulses of
different amplitude and duration. The most important conclusion of this phase analysis is that a time period of about 5-6
minutes after the step/pulse occurrence is necessary to restore new equilibrium conditions. The shut-down phase
analysis allows knowing the system response to a decreasing ramp of incoming solar power. The two models lead to
very similar dynamic responses for all three operating phases. For this reason, the simplified one-dimensional model
can be confidently used for control and management purposes.

The results discussed in this paper will be experimentally validated once the construction of the Ottana Solar Hybrid
Power Plant will be completed. Thereafter, since the effectiveness of the simplified one-dimensional model has been
assessed by the present study, this simulation model can be reliably used to evaluate and compare different energy
management strategies of the CSP system.
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