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Abstract

In order to realistically predict and optimize the actual performance of a concentrating solar power
(CSP) plant sophisticated simulation models and methods are required. This paper presents a
detailed dynamic simulation model for a Molten Salt Solar Tower (MST) system, which is capable of
simulating transient operation including detailed startup and shutdown procedures including
drainage and refill. For appropriate representation of the transient behavior of the receiver as well as
replication of local bulk and surface temperatures a discretized receiver model based on a novel
homogeneous two-phase (2P) flow modelling approach is implemented in Modelica Dymola®. This
allows for reasonable representation of the very different hydraulic and thermal properties of molten
salt versus air as well as the transition between both. This dynamic 2P receiver model is embedded in
a comprehensive one-dimensional model of a commercial scale MST system and coupled with a
transient receiver flux density distribution from raytracing based heliostat field simulation. This
enables for detailed process prediction with reasonable computational effort, while providing data
such as local salt film and wall temperatures, realistic control behavior as well as net performance of
the overall system. Besides a model description, this paper presents some results of a validation as
well as the simulation of a complete startup procedure. Finally, a study on numerical simulation
performance and grid dependencies is presented and discussed.

Keywords:

Molten salt solar tower, molten salt receiver system, dynamic simulation, two-phase modelling,
transient flux distribution, startup simulation

1 Introduction

Recently, Concentrated Solar Power (CSP) has developed from an innovative green technology to a
growing industry of mayor importance for the global energy transition. Molten Salt Solar Towers
(MST) pose the most established and commercially utilized point focusing technology, while
achieving the highest yield per occupied land area (Ahmadi et al., 2018). Still, they hold great
potential for efficiency improvements and cost reduction. Especially operational efficiency has been
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proven to be challenging, while the receiver system is the most significant cause for unavailability of
MST (Kolb, 2011). In the past, freezing has been one of the most demanding issues (Pacheco et al.,
2002), whereas today, reliability and lifetime play an increasing role. Hence, more attention to
transient behavior (local temperatures, gradients and thermal stresses) and the control systems is
needed (Mehos et al., 2020).

Basically, the most critical operational events occur during irregular flux distributions at either a very
high or at a low level. The first is obvious, the second is due to low Reynolds numbers during morning
and evening hours (Rodriguez-Sanchez et al., 2015). Operation experience from the first commercial
MST project Gemasolar led to different startup strategies, under thorough consideration of expected
DNI. For instance, in winter, startups are initiated as early as possible because of limited flux in the
morning in contrast to fast startups on summer days (Burgaleta et al., 2012). Further, performance
limitations due to cloudy conditions are reported, especially during partial shading, which cause
decreasing outlet temperatures (Garcia and Calvo, 2012). This is also confirmed by first operation
experiences from the NOOR Ill MST. In order to avoid local hotspots during volatile DNI conditions,
the molten salt receiver is operated on a semi fixed mass flow rate, resulting in heavy outlet
temperature fluctuations (Relloso, 2019).

In the light of the above, simulation models that are used for performance evaluation of MST need to
consider these operational features. However, the commercially available simulation tools usually
neglect certain details about the actual limitations of the receiver system they represent, which leads
to non-realistic overpredictions of annual yield in the range of 11 % (Relloso and Gutiérrez, 2016). For
instance, the dynamic behavior and with that the controllability of a molten salt receiver, depends on
not only the temporal but also the spatial variability of the DNI. Neglecting just this, can lead to a
yield overprediction around 2 - 4 % (Schwager et al., 2019). Furthermore, allowable flux density (AFD)
limits, which were introduced to prevent exceeding of limitations for thermal stresses and maximum
salt film temperatures, need to be considered (Vant-Hull, 2002; Sanchez-Gonzalez et al., 2020).

Current research is therefore designated to improve operational efficiency and availability
considering realistic limitations and boundary conditions, for which sophisticated software tools and
simulation models are developed. One way to control receiver temperatures is through different aim
point strategies. For instance, Belhomme et al. (2013) developed a raytracing based aim point
optimization algorithm applying an ant colony optimization metaheuristic. This was later improved
by Flesch et al. (2017) and Oberkirsch et al. (2021) reaching a performance that allows to even
optimize aiming in cloudy conditions. Meanwhile, Garcia et al. (2018) presented a model predictive
aiming control methodology combined with a Pl-controlled set point adjustment to prevent cloud
induced overshooting

Besides, several approaches have been presented to determine transient receiver flux distributions
throughout the day and also during cloud passages (Ahlbrink et al., 2012; Augsburger and Favrat,
2013; Schottl et al., 2018). With these as input data a dynamic thermal model of the receiver system
allow for further predictions about actual performance. The challenge however lies in finding an
efficient way of modelling the distributed states.

In this regard, the published absorber tube respectively receiver models range from a simple but fast
zero-dimensional steady state absorber tube model (Li et al., 2019) over a dynamic one-dimensional
models with vertical and circumferential absorber tube wall discretization (Crespi et al., 2018; Losito
et al., 2018) to high resolution FEM and CFD models (Fritsch et al., 2017; Uhlig et al., 2018; Montoya
et al., 2019). A common approach for dynamic process simulations is to discretize absorber tubes in
numerous elements along the direction of flow, but in only two elements along the circumference.
By this, Doupis et al. (2016) and Sani et al. (2018) were able to implement drainable receiver models

2



82
83
84
85
86
87
88
89

90
91
92
93
94
95
96
97
98

99
100
101
102
103
104
105
106
107
108
109

110
111
112

113

114
115
116
117
118
119
120
121
122

123
124

within a larger system model to simulate filling and draining procedures. However, they did not share
any details about the applied two-phase flow modelling, and this two-element discretization
approach does not reflect the inhomogeneous flux distribution and the resulting temperature peak
on the front tube surface. Hence, Flesch et al. (2016) proposed a similar approach but with an
addition crown (max) temperature without introducing more differential equations. This was also
adopted by R. Popp et al. (2019), who developed a non-drainable but very efficient dynamic model as
basis for a model predictive controller, which allows for controlling the outlet temperature by mass
flow adjustments while adhering to fluid film temperature and flux limits (Popp et al., 2021).

In the context of developing model predictive assistance for molten salt receivers, a model that
realistically represents the dynamic behavior of the whole receiver system during volatile solar
conditions and transitions between different states of operation was needed. Local temperatures
and transients in the receiver panels need to be represented appropriately to identify violations of
operational limits. This demands for an efficient modelling approach to maintain the complex
receiver model numerically manageable. The model presented by Flesch et al. (2016) poses a suitable
approach except for the two-phase (2P) flow model, which is based on a two-fluid modelling
approach. The numerical stability is insufficient for larger simulations including a whole receiver and
periphery.

Consequently, a novel 2P flow model has been developed and implemented into a comprehensive
receiver system model. This novel modeling approach incorporates a simplified homogeneous 2P
flow model, which uses half as many partial differential equations as the aforementioned two-fluid
modeling approach (three instead of six per state). Due to the resulting improvement of numerical
performance, this allowed for including not only a basic mass flow control (like state of the art
models) but a process control system that manages the whole receiver system though normal
operation as well as startup and shutdown procedures applying numerous controllers in
combination. Also, the overall model includes comprehensive periphery according to a commercial
receiver system layout. The purpose of introducing this additional complexity is to allow for realistic
transient simulations of startup and shutdown procedures in clear and cloudy conditions, thus to
minimize the gap between predicted and actual yield in MST systems.

This paper provides a detailed description of the novel 2P modeling approach, the absorber tube
model as well as basic information about the periphery and system model. This is followed by a
validation and discussion of simulation results of a typical startup procedure.

2 Modell Description
2.1 Flow Model

In general, 2P modelling can be described as a challenging task. Solving the Navier-Stokes equations
for both phases in all details is not manageable for today’s computers. Especially, “when one or both
of the phases becomes turbulent (as often happens) the magnitude of the challenge becomes truly
astronomical” (Brennen, 2005), which is why generally certain simplifications are applied to the
Navier-Stokes Equations depending on the application and the regime in which the model is being
used. This section presents simplifications suitable for a process model of a solar receiver with
vertical tubes, generally operated with a liquid and a gas phase. In this case it is justified to consider
liquid and gas phase as a separated flow, which simplifies the problem compared to disperse flow.

In this sense, ¢ is introduced as volume fraction and ¢ as mass fraction of the respective phase.
Consequently, for liquid (molten salt) and gas (air) phase this leads to
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L+ dg=1 (2.1)

and

§L+€G =1. (22)
In order to derive one from the other, the following equations apply:

SL
_ __hL
¢L - f_L_i_f_G (23)
PL  Pa
Sa

_ __Pa
¢G - f_L+€_G (24)
AL Pg

_ bLoL
bLoL + dePc

_ bcPc
dLoL + depe

with the pure substance densities p;, and pg.

3 (2.5)

e (2.6)

As usually in system modelling approaches, we will use a one-dimensional modelling approach. The
two-phase modelling approaches can be categorized by the level of detail in which the flow fields of
the two phases are resolved: In case of a two-fluid model the field variables of velocity and
temperature locally differ, which leads to six partial differential equations to be solved. Further,
closing approximations for impulse exchange and heat transfer between the phases are required
(Scheuerer and Scheuerer, 1992; Vij and Dunn, 1996; Masella et al., 1998; Bauer, 1999; Issa and
Kempf, 2003; Brennen, 2005; Akselsen, 2012; Hoffmann et al., 2014).

However, in vertical receiver tubes we can assume locally identical velocities and temperatures of
the phases and thus eliminate two differential equations. This leads to a homogeneous model, in
which the flow is treated like the flow of a single phase (Francke, 2014; van Zwieten et al., 2015). The
assumption of the identical velocity would not be valid for sections with horizontal flow, but an
accurate representation of the two-phase flow is only necessary in the vertical absorber tubes of the
receiver. All non-vertical sections in the considered system are slightly angled for drainability, so that
the separation of liquid and gas phase is still given, but the further described heat transfer modelling
is not valid in these components. However, since these pipes are insulated and electrically heat
traced, the convective heat transfer in these pipes is not relevant. Another limitation of this approach
is, that if individual tubes are filled quicker or earlier than others and molten salt would spill over
from one into another tube, it would lead to invalid results. Nevertheless, this should be avoided by
design and proper operation anyway. In an occurrence like that, the problem could be identified with
this simulation model knowing that local temperature values at this particular moment would not be
applicable.

Accordingly, our homogenous model includes three joint differential equations for conservation of
mass, momentum and energy

d d
3 (p) + F (pu) =0 (2.7)
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d d d
Apo (w) + Apu— (w) = Apg, — Aa(p) + Fy (2.8)

9 9 N
Ao (ph) + F (puhd) = Qw (2.9)

plus one additional continuity equation for the liquid phase

d d
A 7t (PrpL) + I (¢pLpLurd) = 0. (2.10)

All substance properties are determined from a mixture of the pure substance properties.

Since the time scales on which the flow adapts to pressure changes are much shorter than those of
the considered heat tranfer, the flow does not need to be simulated fully dynamically. Hence, the
time derivative and the convective term in equation (2.8) can be neglected. The momentum
equation is therefore simplified to

d
Aa(p) = §LApg, + Fy. (2.11)

With this simplification it would be unnecessary to solve the total mass balance (2.7) as it is only
relevant to resolve local velocity gradients, but it is kept for numerical purposes. The component
mass balance (2.10) is solved to get the receiver filling level and the energy equation (2.9) provides
the fluid temperature. However, in order to avoid rapid changes in (2.7) during filling, the density is
kept nearly independent from the composition (see. section 2.2). In order to account for the
different gravitational forces on liquid and gas, the mass fraction of the liquid &, has been added to
the geodetic term in equation (2.11), hence switching is off if an element is empty.

Regarding the thermal significance of air inside the absorber tubes (with typically dI/Ar ~ 20), there
are three orders of magnitude between the absolute heat capacity of the tube wall and the air
volume inside the tube. Consequently, the influent of stagnant air on the wall temperature is
negligible.

2.2 Medium Model

In respect to the aforementioned flow model and the associated assumption that the composition
has nearly no effect on the density, the differences between volume fraction and mass fraction
disappear. Therefore, the substance properties are all defined as a function of temperature T,
pressure p and the composition ;.. The density is defined as

p =1+ @ —pret) (kLéL + K6E6) — (T — Trer) BL) Pret (2.12)

with an artificial compressibility kg, which on the one hand improves numerical stability and on the
other hand still guarantees a solution. The artificial heat capacity of the gas is adjusted so that pcp g
is in the order of magnitude of the real value of air. The isothermal compressibility of the gas poses a
trade-off between the requirement that the density should not change too much (because of the
assumption &}, = ¢1) and the numerical stability/performance, since compressible media perform
better in Dymola® than simulations of incompressible media. Furthermore, the specific enthalpy can
be described as

h = href + (T - Tref) : (Cp,L : fL + Cp,G - fG) (2.13)

As shown, the dependency on pressure is neglected. The temperature rise due to adiabatic throttling
is usually less than 1K in such a system, which justifies this approximation. This also implies that
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u = h. Moreover, since the specific heat capacity of the molten salt actually varies by only 1.5%
between 290 °C to 565 °C, it is considered constant. Finally, the physical properties are modelled as
follows:

A =0.443 + 0.00019

sz.e (2.14)

for the thermal conductivity A and
p=10"3%-[22714+6 - (-0.12+60 - (2.281-107* + 6 - (—1.474) - 1077))] (2.15)

for the dynamic viscosity u using 8 = (T — 273.15 K) as the temperature value in °C. In Table 1 the
assumed values for the mentioned properties are listed.

Table 1. Assumed properties for homogenous pseudo mixture aligning with literature (Zavoico, 2001)

Reference density Pref | 1,949.44 m3/kg
Reference enthalpy hrer | 104,929)/kg
Specific heat capacity of liquid Cpr | 1,516.53J/(kgK)

Artificial specific heat capacity of gas | ¢, g | 1J/(kgK)

Isothermal compressibility of liquid Kk | 1:10"°1/Pa
Isothermal compressibility of gas kg | 1:1071/Pa

Thermal expansion coefficient Br | 3.262468683-10*1/K

2.3 Absorber Tube Model

2.3.1 Tube wall
The transient heat conduction in a cylindrical body can be described by this partial differential
equation (Verein Deutscher Ingenieure, 2013):

ﬂ@_T_li( 8T)+162T 0°T

— - - 2.16
A ot ror\ ar rza(p2+622 (2.18)

with cylinder coordinates r, ¢ and z. Analogue to the modelling approach previously used by Flesch
et al. (2016), the absorber tube wall is discretized into a flexible number of elements in the direction
of flow, which are circumferentially discretized into a front and a back shell as well as. The radial
discretization is represented by three temperatures (compare Fig. 1). The outer and inner surface
temperature Tg ; and Ty ; are determined by the respective boundary conditions. The core
temperature T ; is defined by a time differential considering the heat capacity of the wall. Based on
this and equation (2.16) the core temperature T ; can be derived from

dTc, To,; — Tc,j T . —T .
V'DCi:ﬂAzlu_ﬂAzl Cj Lj
dc di (2.17)
A (TFBJ' TCJ) cj+1— Tc;j Te,j —Tcj-1
+A - Ag - 1-— do AN
FB e p Q Az Q s

with the volume of the discrete half shell of element j (vertical discretization)

2 2
=1.M.AZ (2.18)

and the contact area between front and back shell
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Fig. 1. Discrete temperatures of a tube shell element

Moreover, the boundary conditions for the outer surface temperatures of the front shell T g ; follow
as

. . . Tro, — Trc,j
Qabs,j - Qrad,j (TO,j) - Qconv,j (TF,O,j) =m-Az-1- —do' (2.20)
In (d_)
C
whereas the corresponding equation for the back shell can be set to zero, considering that heat
losses through the backside of the tube can be neglected due to adequate insulation. For the inner

surface (film) temperature, the following equation applies for both, front and back shell:

T-Az-A- TCJ—dCTI] = Qfuia,; (T}
()

In order to further simplify the tube wall model, the heat flow rates in the tube wall are compared
with each other. Based on typical temperature gradients the dominant heat flow, which is the one in
radial direction through the front shell, lies in the order of 10*W, while the thermal conduction in
(vertical) flow direction is approximately 102 W and can consequently be neglected. The heat flow
between front and back shell reaches approximately 10? W at normal operation and is therefore less
significant as well. However, when the empty tubes are preheated (during startup) the flux density is
much lower and the convective heat flow into the fluid (air) nearly zero so that the front-to-back
heat flow becomes dominant (essential mechanism for preheating the whole tube). Besides, the
designated temperature sensors are installed on the backside of the absorber tubes. In this case the
vertical gradients are even smaller than during normal operation, so that the vertical heat flow is still
insignificant. Consequently, equation (2.17) is reduced to

(2.21)

0Tk j Tro,j — Trc,j Tec,j — Tryj A (Tesj — Tec,)
‘/ijpTzn'AZ'A'—do_ﬂ'AZ'l'—do+ FB'E'? (2.22)
ndc ng.
c c

for the front shell and
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1

for the back shell, while applying the same boundary conditions as above.

Crown temperatures

The above described approach for the receiver tubes only considers two average temperatures (front
and back) along the circumference of the absorber tube. In reality the nearly parallel radiation from
the heliostat field is perpendicular to the tube surface only at the crown, whereas the incident angle
and therefore the local flux density decreases towards the sides. As a result, the temperature
distribution in the front element is highly inhomogeneous. The calculated mean temperature cannot
reflect this circumferential profile and is only valid for the energy balance of each element. In terms
of operational limits, the maximum temperatures at the pipe crown are of special interest. Instead of
increasing the number of circumferential discrete elements, which would drastically increase the
complexity and therefore compromise the computational performance of the model, a different
approach is implemented posing only a few additional algebraic equations.

Recently, Flesch et al. (Flesch et al., 2017) proposed the following: since at the crown of the absorber
tube the temperature gradient T /d¢ ~ 0 due to symmetry, the circumferential heat flow in this
point is neglected, resulting in two algebraic equations for the associated outer and inner surface
temperatures T, o j and T¢, | j. However, the circumferential heat flow actually correlates to

02T /d¢?, which is less than zero and can be significant — especially at low mass flow rates.

Therefore, an improved approach is based on an infinitely small (in circumferential direction) sub-
element at the crown of the tube as shown in Fig. 2. Its radial and axial extend is the same as the
discrete half shell element of the tube model. A steady state energy balance for this segment is
described as

0= Teroj— Tercj  Tercj— Terj N 2Ar 0°T (2.2
- 2 2.24
T RCI

with three additional temperatures T¢, g j, Tcrc,j and Tey j at the crown.
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Fig. 2. Infinitely small tube wall element with crown temperatures

In addition to equation (2.24), the outer surface boundary condition is

Teroj— Tercy d
A= (d_o)‘“'c" =57+ (dhs, = draa (Tero,) = déonv,(Tero,)) (225)
dc

and the absorbed flux density (area specific heat flow rate)
Gabsj = @ dflux,j (2.26)

without any view factor, since this infinitely small segment only sees the ambient. Accordingly, the
radiation losses are determined by

I 4
Qrad,j = €0 (TCr,O,j - Too4) (2.27)
and convective heat losses by

qgonv,j = Qconv,0 ° (Tcr,o,j - Too)- (2.28)

Moreover, the inner surface boundary condition follows

TCI‘,C,j - TCI‘,I,j dl 7
W == " dfluid j (Terr,j» Tfuid,j) (2.29)

d

A

applying the same convective heat transfer coefficient acqny 1 j a@s in equation (2.38).

Lastly, there is the unknown 02T /0¢? in equation (2.24). To avoid introducing more differential
equations, an approximation for T (¢) is required. Since the tube is irradiated only perpendicular to
the crown, the temperature profile is symmetric with a maximum point in the center (¢ = 0) and
progressive slopes to the edges. So, a parabola seems appropriate as a functional approach:

2¢ 2
Trc,j (@) = Tere + (Trsj — Terc,j) (7) (2.30)

9
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=
0>

8
= (Tes,j — Terc,j) = 0.81 - (Trp j — Terc,j) (2.31)
»=0

Alternatively, with a cosine approach the factor 0.81 would be 1.0 instead, resulting in a greater
circumferential heat flow, hence lower crown temperature. This means, the parabola function serves
a more conservative approach. Finally, the equations (2.24), (2.25) and (2.29) pose an equation
system, from which the three crown temperatures can be determined, while the number of
differential equations is kept low. The error by assuming a steady state energy balance in (2.24)
should be negligible, since the dynamics are well represented in the finite element model of the half
shell. It would only be necessary to make this equation transient, if the aforementioned
circumferential temperature profile would significantly change during operation. This is not
expected, since it only depends on a fixed geometry.

2.3.2 Internal radiation

In addition to thermal conduction in the tube wall, radiation exchange in the empty elements
between the front and the back shell is considered. In the following, the inner surface area of the
tube shell is labelled A; and the projected area A,. The front shell is indexed F, the back shell B.
Accordingly, the surface brightness of the front shell inner surfaces is

Ar-GF = €Ay G g + PAIPrSF - GF + pAPELF - 4B (2.32)

with the emitted radiation €4y - 4 ; = €4 - 0T¢, the reflection of the self-irradiation pA;®Pp_r - GF
and the reflection of the radiation coming from the back shell pA;®g_ - g5 . In this context the view
factors can be derived as follows

(pF—>dAI = (Dd—ﬂ:Ad , (pd—>F =1- (pd—>d =1 (233)
Aq

S>@¢p 4 =—=—=@Pp g = Pp, 2.34

Foa == = Peon BF (2.34)

Ppop =1 — Ppp. (2.35)

Combining equation (2.32) with an analogue equation for the back shell concludes to

11 (1 - ,0¢F—>F)5 ' C‘Il,:‘!,O' + p¢F—>B‘9 ' qg,c

q (2.36)
F (1 - pProp)? — (pPp_p)?
Based on this, the net radiative heat exchange between front and back follows
. (1 — pPr_p)e — pPp_pe
A =A(p_) 'II_'II =A - I! _-II
Qrad FB 1Pr-B(4F — g8 I(qF,O' 4B,c (1 — p®pap)? — (pPpop) 037

— 4 4

= AIEO'(TF,I - TB,I) m
1'[ i

In addition, this radiative heat flow rate is set to zero when the tube is filled with molten salt. Even

though the transmissivity of molten salt is greater than zero, this radiative head exchange is then
insignificant in comparison to the convective heat transfer between shell and fluid.

2.3.3 Heat transfer into the fluid
In order to complete equation (2.21), the heat transfer from an absorber tube half shell element into
the fluid is modelled as

10
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T[dI

Qnuidj (T1;) = dconvy Az (Tt — Taia,j) (2.38)

with the convective heat transfer coefficient derived from

Aconv,l,j dI

A (2.39)

NuI,j =

For the Nusselt number two different correlations for laminar and turbulent flow are implemented
based on general correlations for a constant heat flux boundary (Verein Deutscher Ingenieure, 2013).
The modified laminar Nusselt number follows

1
3 3 3 3y /3
Nujam j = ((Nu1 ) + 1+ (Nug;—1)" + (Nug,;)” + (Nugy,) ) (2.40)
with

Nu; = 4.364 (2.41)

dI /3
Nuyj =1302-|Rej Pry —| . (2.42)

)

1

Y, dp\ 2 (2.43)
Nuz j = 0462 - Pr."* | Re; ol IS
J

In Addition, Nugy; ; accounts for increased heat transfer during filling right below the rising liquid

surface due to radial fluid flow (in the not yet developed flow). Based on the results from Flesch et al.
(Flesch et al., 2016) it is modelled as follows

0,434

Nufill,j = 0.822- (Re] PT} A_ZI*) f (244)

where Az* represents the distance between the aforementioned liquid surface and the center of the
element j. However, this approach is only valid under constant flow rate. In case of turbulent flow,
the Nusselt number conventionally follows

2
£:/8) Re; Pr; AL
Nulgur,j = Ei/8) R 2] | 1+3 <Z—I> (2.45)
1+127 [¢/8(Pr"2 - 1) J
with
& = (1.8 log(Re;) — 1.5) . (2.46)

In the range Re; = 2300 ... 10000 the model performs a smooth transition between Nu,p, ; and

N uturb, j*

2.3.4 Heat input and losses
The absorbed heat flow Q'abs,j in equation (2.20) is calculated according to

Qabs,j =a- dO : AZ : qf,],ux' (247)

11
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The projected surface area of a tube serves as the effective area, since the incidence of the
concentrated solar flux can be assumed as nearly parallel. This accounts for the reduction of the flux
density on the edge of the tube due to the cosine effect.

For calculating radiative heat losses, the radiative heat exchange between adjacent tubes need to be
considered. The corresponding view factor can be determined from (Verein Deutscher Ingenieure,
2013):

(2 + _) —4— (2 + d_> — 2 arccos , (2.48)
(o)

which for thin walled tubes (s < d,) is approximately ®@g_,,q; = 1 — % Assuming that the
temperature differences between adjacent tubes are small and the absorptivity high, only the
radiation into the ambient needs to be considered with the corresponding view factor

2
¢O—>oo =1- ¢0—>ad]’ = ; (249)

Consequently, the radiative heat loss of a tube element can be modelled as
Qraaj(Tro,j) =do Az e0(Tio; — Tet)- (2.50)
Moreover, the convective losses can be determined by
Qconv,j(Tr0,7) = do * Az dcony,0 (Troj — Too)- (2.51)

pplying the real surface area 2 doAz would significantly overestimate the convective losses, due to
Appl th I surf > do

a cavity effect in the corner between two adjacent tubes. In this sense, an appropriate @¢ony
correlation for cross flow cylinders (Verein Deutscher Ingenieure, 2013) can be used.

Generally, for high temperature solar receivers convective losses are significantly lower than
radiative losses. However, in the lower temperature range, especially during startup, convection is
more relevant.

2.4 Receiver Panel Model

Based on the above described absorber tube model, a receiver panel model has been developed
according to a typical external molten salt receiver design. Similar to the frequently discussed Solar
Two design, one panel is comprised of a bottom and a top header connected to a bundle of adjacent
absorber tubes. Accordingly, a dynamic model of a receiver panel is implemented as depicted in Fig.
3. The central component represents the irradiated portion of the absorber tubes, whereas the
connected pipe components account for non-radiated parts of the tubes. Assuming that adjacent
tubes in parallel flow have similar states (at the same height), the model can calculate a reduced
number of tubes per panel to enhance the computational performance. Independently from that the
discretization in flow direction is adjustable as well. The components that connect the absorber tube
assembly to the headers are called multipliers and convert the flow, as to ensure the mass flow rates
in the headers and therefore the inlet and outlet of the panel correspond to the real number of
absorber tubes. The header model poses a lumped volume model with a temperature-controlled
heat tracing considering thermal capacities and resistances of header wall and insulation.
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Fig. 3. Diagram view of the receiver panel model in Dymola®

2.5 Drainable Receiver Model

The receiver design considered in this work originates from General Electric (GE) and relates to the
one presented by ALSTOM (Das et al., 2015). Similar to other commercial designs, this receiver is
subdivided into two independently operated parallel flow paths. The presented model, which is
visualized in Fig. 4, comprises all components that exist for each flow path separately. The top left
corner shows the inlet, which is connected to the inlet vessel of the receiver system. From there the
salt flows through the main control valve and then either through an isolation valve to the receiver
panels or down into the main drain line, which acts as a fill, drain or bypass line.
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Fig. 4. Diagram view of the receiver flow path model in Dymola®

The main (serpentine) flow of the flow path, located in the middle, is realized by three downwards
and three upwards passes each consisting of multiple panels in parallel. Since the number of panels
per pass in the GE design is classified, these data have been falsified in this illustration. Furthermore,
panels in one pass are jointed together by top and bottom manifolds, which also act as
interconnecting piping between two passes. These manifolds are modelled in the same way as the
aforementioned headers. It is worth mentioning, that they both, header and manifold models,
consider the non-diffusive transport of composition, i.e. salt only exits the top connectors if the
volume is almost completely filled and air only exits the bottom connectors if the volume is nearly
empty. This is important to accurately determine flood and drainage durations. Finally, the top right
corner indicates the outlet of the serpentine flow with another isolation valve.

To serve the purpose of simulating startup and shutdown procedures, this flow path model also
includes drain and vent periphery. During flooding the aforementioned main drain line guides the
molten salt to the bottom manifold through drain valves, while the displaced air in the receiver exits
through four vent valves on top of the upper manifolds. In the bottom right corner, the main drain
valve leads to the downcomer line of the receiver system.

All valves that are implemented in this model consider individual actuation speed and leakage.
Especially, the large size isolation valves actuate significantly slower and thus affect control
performance during transitions. The leakage of valves is not considered as realistic representation of
the physical components but it improves the numeric stability and performance of the simulation
model, due to the avoidance of zero mass flow rates. However, these leakages might cause
undesired results, since they allow molten salt to flow into the empty manifolds and receiver panels
before any drain valves are open. To counteract this premature filling of the receiver, mass flow
sources and sinks are connected to the lower manifolds, which create a slight flush current of air
between manifold and drain valve. Since it flows opposite direction and is greater than the leakage
flow, this prevents any liquid from rising into the manifold. Furthermore, during drainage with
pressurized air, it is possible that small amounts of air leak from the empty panels through the
isolation into the main drain line creating unnecessary difficulties for the solver. For this reason,
there is also a slight flush current of molten salt opposing the air leakage. These flush currents are in
the order of approx. 0.5 % of nominal flow and have no significant impact on the relevant simulation
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results of the receiver system, but increase the numerical stability and performance of the simulation
model.

The intercept flux density distribution on the receiver surface is given to the model in an array, which
corresponds to the number of discrete elements in vertical direction and along the circumference of
the cylindrical receiver. These flux density arrays are obtained from the raytracing software STRAL
(Belhnomme et al., 2009; Ahlbrink et al., 2012) and transmitted to the Dymola® Simulation either
through the co-simulation tool TISC or by a pre-processed input file (compare (Flesch et al., 2018)).
By linear interpolation between time steps, the physical model is simulated with a continuously
changing flux density array instead of stepwise changes.

2.6 Top Level Model — Receiver system, Thermal Storage and Process Control

System
Basic background information about typical commercial receiver designs is provided in the available
literature (Zavoico, 2001; Kolb, 2011; Das et al., 2015; Rodriguez-Sanchez et al., 2015) as well as
about the operation of such a system (Pacheco et al., 2002; Burgaleta et al., 2012; Relloso and Garcia,
2015; Relloso and Gutiérrez, 2016). Accordingly, Fig. 5 illustrates the top-level simulation model, in
which the above described receiver model is embedded for two-phase simulations. It includes the
entire receiver system and the thermal storage system. It is designed for nominal 650 MW, receiver
output and nominal storage temperatures of 290 °C respectively 565 °C.
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Fig. 5. Top level diagram view of the dynamic simulation model

Starting at the cold storage tank, the molten salt is fed by the receiver pumps up through the riser
into the pressurized inlet vessel. From there the flow splits up into the two flow paths (compare Fig.
4) and exists through the top outlet ports into the non-pressurized outlet vessel during normal
operation or through the drain ports directly into the downcomer during transitions. After the
downcomer, the molten salt can either flow into the hot storage tank or being recycled into the cold
storage tank. The heliostat field is represented by a component, which acts as an interface to the
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raytracing software STRAL and controls normal or preheat flux depending on the active operation
mode.

The process control system (PCS) includes all control units running the system. For instance, the inlet
vessel level is controlled by the speed of the pumps and its ullage pressure is maintained by venting
or pressurizing the vessel with compressed air via two control valves on the top. The outlet vessel
level, on the other hand, is controlled by adjusting a control valve at the lower end of the
downcomer. Moreover, the two parallel receiver mass flow rates are controlled by designated flow
path controllers. In order to achieve constant outlet temperatures, each flow path controller applies
a clear-sky mass flow controller or a feedback and feedforward loop combination as used at the Solar
Two molten test plant (Pacheco et al., 2002). Lastly, the flow selection station decides into which
storage tank the down coming mass flow runs depending on the measured temperature. Since the
steam generator (SG) return flow can affect the molten salt temperature in the cold tank and
therefore the receiver performance, two prescribed mass flow boundaries represent the molten salt
exchange with the SG considering a constant return temperature.

Furthermore, the PCS includes a state-machine-based algorithm (using the StateGraph2 library) to
conduct transitions between different operating modes, which are set by the human operator. This
human operator is supposed to represent the typical behavior of a real operator and changes set
values for operating modes based on measurement signals from the bus system and a predefined
protocol.

3 Validation

Since the main novelty of the presented simulation model lies in the two-phase modelling approach
and the crown temperature approximation, the following validation highlights these features for a
single absorber tube. For better comparability, this validation references to the same CFD simulation
data as Flesch et al. (2016) and Losito et al. (2018). First, local tube wall temperatures are examined
in a steady state simulation. For this purpose, both simulations were conducted with the same
homogeneous solar flux (related to aperture area, not tube surface) and the same mass flow rate
inside the tubes. As a result, Fig. 6 shows the circumferential temperature profile at three different
heights of the absorber tube. For both, CFD and Dymola, the resulting temperatures on the inner
(black) and outer (green) surface of the absorber tube wall are plotted along the circumference. On
the back shell (90° to 180 °), the CFD data show a nearly even temperature distribution, which agrees
with the Dymola model. At the front shell, the CFD data reveal a great temperature difference
between the edges (£90°) and the crown (0 °C) of approx. 55K on the inner and 80 K on the outer
surface, which confirms that only one mean temperature for the front shell element alone is not
sufficient. However, the crown temperatures, which the Dymola model determines as described in
section 2.3.1 meet the CFD results with 4 to 5 K overestimation and therefore hold as a slightly
conservative approximation.
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Fig. 6. Circumferential tube wall temperature distribution at three different heights in the Dymola model versus
the CFD model

Furthermore, the two-phase modelling is validated with CFD simulations of the single absorber tube
being filled with a constant mass flow rate after it has been preheated under constant solar flux and
has reached a steady state. Even though this homogeneous model consists of significantly less
differential equations than the two fluid model by Flesch et al. (Flesch et al., 2016), it still provides a
well representation of the hydraulic and thermal behavior during filling. In Fig. 7 we can observe the
course of the molten salt level and the inlet pressure, which results from the geostatic pressure and
friction in the filled elements. The graphs of the CFD and Dymola® simulations are hardly
distinguishable and deviate by less than 0.2 %.
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Fig. 7. Course of molten salt level and inlet pressure during filling

Finally, for a validation of the effect of the changing convective heat transfer from the tube wall into
the fluid (air and molten salt) during filling (compare section 2.3.3) Fig. 8 depicts the front and
backside wall temperatures during a filling simulation at two different heights. It confirms that this
homogeneous 2P model represents the transient filling behavior of the preheated absorber tube
quite well. The most significant deviation lies in the temperature difference between tube front and
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back site. The higher local flux density at the crown causes the temperature to decrease towards the
edges and therefore to be lower on the backside than on the front side, even though the backside is
considered adiabatic. Since the Dymola® model only simulates two circumferential elements (front
and back) it does not consider this circumferential flux gradient within the front shell element.
Hence, in the Dymola® simulation the front and back site temperature are equal until the filling
starts. A difference between front and back site temperature develops as soon as convection starts
inside the tube. Then the heat flow from the back shell into the fluid causes a front-to-back
temperature difference, which seems to converge to the same level as in the CFD model, as the
trends in Fig. 8 indicate.
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Fig. 8. Wall temperature trends during filling at two different heights

4 Simulation Results

4.1 Startup Simulation

The following section discusses the simulation results of two different startup scenarios focusing on
the west oriented receiver flow path. Both scenarios are set on March 21 at -28.298 ° latitude. In
scenario 1 the simulation starts at 06:00 (solar time) and the startup begins as soon as sufficient
irradiation is available (here after approx. 5 min simulation time). First, the preheat flux densities rise
due to increasing sun elevation (compare Fig. 9). The preheat controller continuously determines a
floating set point for the flux density on each panel to maintain the desired temperature ramp of
approx. 20 K/min. As soon as the available flux density exceeds this set point (after approx. 8.5 min
simulation time), the flux density is then limited by the field control system. Consequently, the tube
wall temperatures rise gradually as it can be observed in Fig. 10 for six exemplary panels. The back
wall temperatures are taken as the measurement signals for the control system. As soon as they all
exceed the set point of 290 °C, the preheat flux is ramped down to maintain this temperature (at
around 22 min simulation time).

In order to prevent tube damage due to high thermal stresses, the transitions between states of
operation need to be appropriately smooth to ensure moderate local and temporal gradients in the
absorber tubes as well as the welded joints to the headers. The highest temperature transients
(temporal gradients) occur on the outer surface on the front side of the radiated absorber tubes. A
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479 look at Fig. 11 reveals that during preheat these transients reach up to approx. 0.7 K/s with a

480 distinctive peak at the same time, when the flux reaches the aforementioned set point for the first
481  time (at around 8.5 min simulation time). In contrast, the header wall experiences a nearly constant
482  temperature rise due to the well-controlled electrical heating.

50
——Panel 1
——Panel 2
40 4| ——Panel 3
E —Panel 4
E ——Panel 5
%, 30 1| ——Panel 6
2 ——Panel 7
(%2}
c ——Panel 8
g2 1| Panel 9
:3 ——Panel 10
L
10 A m
0 T I‘ T T T T
0 5 10 15 20 25
Simulation time [min]
483
484 Fig. 9. Flux density trends during preheat and flood
300
OU
e Panel 1 back
% Panel 4 back
g Panel 7 back
= 200 Panel 10 back
£ Panel 13 back
g Panel 16 back
o Panel 1 front
= Panel 4 front
3 100 Panel 7 front
o)
E Panel 10 front
Panel 13 front
Panel 16 front
Header
0 T T T T T
0 5 10 15 20 25
Simulation time [min]
485
486 Fig. 10. Temperature trends during preheat in absorber front and back shell elements as well as header wall

19



487
488

489
490
491
492
493
494

495

496
497

498
499
500
501
502

’
4 \ \,
O, 5 T /' l/ \\ \\

e
——e

——————— T front Panel 1
——————— T front Panel 17
—— T_back Panel 1
— T _back Panel 17

— T headerWall Panel 1
‘1 T T T T T
0 5 10 15 20 25

Simulation time [min]

s

VNP BEp S
e g
<
N,

<<

=

_0'5 -

Temperature transients [K/s]
o
/

Fig. 11. Temperature transients during startup

After successfully preheating the receiver flood is initialized, recognizable by sudden changes in mass
flow rates in Fig. 12 and a peak in temperature transients in Fig. 11 (at approx. 23 min simulation
time). The receiver inlet flow is stepped up and thereafter the flow is changed from bypass flow to
flood as recognizable by the drain valve mass flow rate (dashed line). This must be compensated by
the pumps and the downcomer control valve to maintain acceptable levels, which explains the large
variation.

Reciever pumps

Receiver flow path 1

——————— Single drainvalve

Normalized mass flow rate [-]

Downcomer
I
0 T T T T
20 25 30 35 40 45

Simulation time [min]
Fig. 12. Mass flow rates in the receiver system during flood

After flooding is completed (at approx. 23.5 min simulation time), the ramp-up procedure is
simulated as a linear transition between preheat flux distribution and operational flux distribution,
i.e. from a semi homogeneous to a more focused flux. As a result, Fig. 13 shows a smooth
temperature transition up to the nominal set value. The flux ramp is configured so that the
temperature transients lie in the same range as during preheat. The small peaks that can be noticed

20



503 in Fig. 14 at 32.5 and 37.5 min are caused by rapid changes of the aim point configuration every five
504 minutes, which would be smoother in real operation.
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511 In summary, until the outlet temperature exceeds the threshold for feeding into the hot storage

512  tank, this early startup takes approx. 39 min, of which 5 min account for waiting until sunrise and can
513  therefore be minimized to the response time of the pumps.
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In comparison, figure Fig. 15 shows the quick startup in scenario 2 initiating at noon. Due to the
higher flux availability, the solar preheat takes 9 min less than in scenario 1, with higher initial
temperature transients but still within 1 K/s range. Also, the (filled) temperature ramp-up takes 3 min
less due to the higher mass flow rate and therefore a quicker thermal responsiveness of the receiver.
Accordingly, the startup duration is 31 min, around 21 % shorter than in scenario 1.
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Fig. 15. Temperature trends during startup at high flux

4.2 Simulation Performance

Thanks to the simplified homogeneous 2P flow modelling approach and in contrast to the former
two-fluid modelling approach, this novel 2P receiver tube model offers sufficient numerical stability
to allow for transient simulations of the entire receiver system in the two-phase regime. Extensive
model optimization on all levels led to satisfactory computing times as well. As illustrated in Fig. 1,
the computing time for the above presented validation case of flooding a preheated single receiver
tube, in which the preheating takes 3000s and the flooding 43.3 s simulation time, varies over
several orders of magnitude depending on the chosen level of discretization. These tests were
carried out on a 2.3 GHz IntelXeon® processor without multithreading but with sparse solver
activation in Dymola. As expected, the computing time for the preheating sequence is significantly
shorter and increases almost linearly with the number of discrete elements. In contrast, the
computational effort for the relatively short filling sequence is much higher and scales approx. by the
power of 1.9.
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Fig. 16. Required computing time for single tube filling simulation in dependence of chosen discretization

Furthermore, Fig. 17 reveals grid dependencies of the most relevant variables. With only 10 vertical
elements, the peak value of the wall temperature transients caused by a sudden change in solar flux
is underestimated by more than 18 % and this deviation decreases quickly with higher discretization.
But the corresponding bulk temperature transient, which affects especially the downstream
components (e.g. headers, outlet vessel), does not show any significant grid dependency. Regarding
actual temperatures values the discretization has only a minor effect. The maximum of the molten
salt film temperatures in the tube deviates at most by 1.3 K and the outlet temperature by 0.5K in
the investigated range from 10 to 640 vertical elements.
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Fig. 17. Grid dependencies of wall temperature transients during filling and film temperatures at normal mass
flow

In simulations of the entire system (as in section 2.6) usually a relatively low discretization is chosen
to counteract for the added complexity. Fig. 18 shows the computing performance of the startup
scenario from section 4.1 with one flow path and 6 vertical tube elements. The total 45 min startup
simulation only takes 16.5 min, but as indicated by the red graph, most of the calculation time is
spent solving the flood sequence. The cause for this lies in the dynamic integration solver, which on
one hand can simulate very efficiently with quite large time intervals (here up to 152s), but on the
other hand, when transients are high, the solver needs to decrease the time step size drastically in
order to keep integration errors within the prescribed tolerance. As depicted by the green dots in Fig.
23
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18, the dynamics during receiver flooding cause the step size of simulation time to drop down into
the nanosecond scale. Consequently, the relative CPU time, i.e. computing time per simulation time
step, peaks at up to 21, but decreases to almost zero in times with slacker transients. In total, the
computation of the startup takes about 37 % of the simulation time.
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Fig. 18. Numerical performance during startup simulation, i.e. integrator step size, total CPU time consumption,
relative CPU time per simulation time and a corresponding moving average (over 60s)

5 Conclusion and Outlook

A novel modelling approach for transient simulation of a molten salt receiver system has been
developed and presented. For an appropriate representation of locally distributed dynamic effects
during transitions, while maintaining manageable computing time, a simplified homogeneous two-
phase model has been developed and successfully validated for absorber tubes and internal piping.
The composed receiver model represents detailed flow characteristics as well as local temperature
distributions during normal operation and transitions. Combined with simpler models for peripheral
components, the entire receiver system of an MST including thermal storage as well as all necessary
local controllers and a process control system is implemented in Modelica Dymola®. Coupling with
the raytracing tool STRAL enables simulation with transient flux density distributions.

The validation shows good alignment with results from high resolution CFD simulations in steady
state operation as well as in transient tube filling, despite the simplified approach of the
homogeneous model compared to the previous two-fluid model. However, the two-fluid model was
numerically unstable making it useless for simulating multiple receiver panels. The homogeneous
modelling approach made it possible to simulate the whole receiver combined with periphery and a
process control system in reasonable time. This enables overall system simulation of the entire
startup procedure obtaining results on how the implemented control system is able to keep
temperature transients within allowable limits and startup durations depending on different ambient
conditions. The simulation of a 45 min long startup procedure takes approx. 16.5 min achieving a
computing time to simulation time ratio of 37 %. However, the flooding itself causes most of the
computational effort, where this ratio shortly rises above 200 %.

Ongoing research focuses on daily simulations in cloudy conditions with drainage and refill
maneuvers in respect to the corresponding net yield and how this can be optimized by operational
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decisions. The presented simulation model serves as a basis for simplified / specialized process
prediction models for an operating assistance system. This shall support the operator’s decision
making by showing precise predictions based on fast models and algorithms in order to increase
availability and actual yield in daily operation.
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