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Abstract: This research introduces an innovative numerical optimisation framework to improve
the thermal efficiency of heat transfer fluids (HTFs) used in solar thermal applications, while also
minimising energy consumption required for pumping. The model evaluates the performance of
various HTFs and aids in selecting the most suitable fluid based on its properties. Unlike previous
approaches, the novelty of this model lies in the combined assessment of corrosion behavior and
heat transfer properties of fluids, recognising that system performance depends on both. By opti-
mising key parameters such as thermophysical properties, corrosion effects, Reynolds number, and
channel dimensions, the model provides a governing principle for enhancing concentrated solar
power systems. Effective optimisation significantly reduces pumping energy and improves fluid
efficiency. To validate the model, selected HTFs were simulated, demonstrating its accuracy and
applicability for various fluid types.
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1. Introduction

Heat transfer fluids, also known as thermo-fluids or HTFs, serve essential roles in solar ther-
mal applications. They are instrumental in conveying heat within solar collectors and transferring
it to heat storage tanks in solar water heating systems. Additionally, these fluids facilitate the gen-
eration of electricity by engaging in heat exchange within the power cycle, as illustrated in Fig. 1.
Given the multifaceted applications of HTFs in solar thermal systems, the selection of the appro-
priate fluid significantly impacts the overall performance of such systems [1]. When choosing a
HTF, it is crucial to take into account the following properties:

1. Coefficient of thermal expansion: refers to the fractional alteration in length (or, occasionally,
volume, if specified) of a material for each unit change in temperature.

2. Viscosity: signifies a liquid's resistance to sheer forces, which, in turn, affects its flow charac-
teristics.

3. Thermal capacity: represents a material's ability to retain and store heat.

4. Freezing point: indicates the temperature at which a liquid transitions into a solid state.

5. Boiling point: signifies the temperature at which a liquid undergoes a phase change into a
gaseous state.

6. Flash point: indicates the lowest temperature at which the vapour above a liquid can be ignited
in air.
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Figure 1. Heat transfer fluids are used to produce electricity through heat exchange with the power cycle.

For example, normal concentrating solar power applications require the HTFs to possess low
freezing points (close to room temperature) to escape freezing during night times, high operating
temperatures (> 350°C) for increasing the efficiency of the power cycle, and low vapour pressures
at high temperatures for reducing the costs of installation. In heat transfer applications, the HTFs
should possess high thermal capacity, high thermal conductivity and low viscosity. In addition,
HTFs should be non-corrosive, environmental friendly, safe, and cost-effective [2].

In the past few years, a lot of research has been conducted in the thermophysical and corrosive
properties of fluids used in solar thermal applications [3]. There are many types of fluids available
commercially but two of the most famous fluids in terms of research development are mixtures (for
example multi-component salts) and composite fluids (for example suspended micro-sized solid
particles in liquids, commonly known as nanofluids). Many researchers and scientists have made
novel developments in the area of mixtures and composite fluids which have significantly increased
the performance of solar thermal applications [4-6].

The vital roles of HTFs in solar thermal applications necessitate a careful consideration of
their properties for optimal system performance. While various HTFs are commercially available,
research has predominantly focused on mixtures and composite fluids, which show promise in en-
hancing system efficiency. However, existing HTFs often fall short of meeting all performance
criteria, highlighting the need for sustainable alternatives. This paper aims to analyse the existing
HTFs and to develop a model which can both assist in selecting the best existing HTF for particular
solar thermal applications and can also be used to develop a novel sustainable HTF by optimising
the above performance properties. Strengths of this research lie in the comprehensive analysis and
innovative model development, yet limitations may arise in the practical implementation of novel
HTFs and the validation of the proposed model against conventional fluids.

Mathematical modeling and optimisation techniques play a critical role in advancing the effi-
ciency and performance of heat transfer fluids (HTFs) in solar thermal applications. These methods
provide the framework for analysing complex thermophysical and corrosive properties of fluids,
enabling precise predictions of how these properties affect overall system performance. By using
mathematical models, researchers can simulate fluid behavior under various operating conditions,
making it possible to evaluate and compare different fluids without the need for extensive experi-
mental setups. Optimisation techniques are equally important, as they allow for the fine-tuning of
fluid parameters, such as viscosity, thermal capacity, and Reynolds number, to maximise efficiency
while minimising costs. In particular, optimisation models can help reduce pumping energy con-
sumption and enhance heat transfer efficiency, leading to more sustainable and cost-effective solar
thermal systems.

Section 2 discusses conventional HTFs. Section 3 introduces a new optimisation model. Sec-
tion 4 explores methods for optimising parameters to create sustainable fluids. Section 5 discusses
the optimisation results of the new model. Section 6 validates the model by evaluating the perfor-
mance of conventional fluids (water, air, oils, molten salts) using the model.
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2. Conventional Heat Transfer Fluids (HTFs)

The selection of a suitable fluid for solar thermal applications is influenced by various practi-
cal factors. Table 1 provides an overview of commonly used HTFs in solar thermal power plants.
A comprehensive discussion of this subject can be found in the extensive analysis conducted by
reference [7].

2.1. Air and other gases
Air is a rare HTF in large-scale solar setups. Only one commercial-scale system, the Jilich
solar tower in Germany (operational since 2009), uses atmospheric-pressure air as HTF [8, 9]. It
heats air to around 700°C, generating steam [10]. This facility serves as a research center and pro-
totype for future power plants in Southern Europe and North Africa, known for its cost-effective-
ness and efficiency due to free and readily available atmospheric air [11]. Air's low dynamic vis-
cosity (3 x 10° Pa s at 500°C) outperforms liquid HTFs like molten salts (200 x 10° Pa s for 'solar
salt' at 500°C) and liquid metals (30 x 10° Pa s for liquid Na at 500°C) in pipeline flow [11]. Despite
lower thermal conductivity than molten salts or liquid metals, air's superior flow properties benefit
efficient heat transfer [5]. Europe and Israel lead air HTF research, while molten salt HTF prevails
in the United States [12-16].

2.2. Water/steam

Single-fluid solar thermal systems like DSG parabolic troughs were developed in the 1980s
to replace oil-based tech [17]. When the HTF isn't water/steam, heat from the receiver goes to a
non-water HTF and then to water/steam. This water/steam serves as both HTF and working fluid,
streamlining the system, boosting efficiency, and cutting electricity production costs [18, 19].

Ivanpah, the world's largest solar plant since Feb 2014, exemplifies this approach. Seven
global commercial solar plants now use only water/steam: four in Spain (Puerto Errado 1, PS10,
PS20 solar towers, Puerto Errado 2), and three in California, USA (Kimberlina, Sierra sun tower,
Ivanpah). These all were built between 2007-2014 [10]. The main challenge is the limited availa-
bility of water/steam in desert regions, where these plants are mainly located due to vast land areas
and intense solar radiation [20].

2.3. Thermal oils

Mineral, silicone, and synthetic oils have been tested in solar power systems as HTFs. A recent
review lists global solar thermal power stations using thermal oils as HTFs [10]. These oils have
nearly identical thermal conductivity (around 0.1 w/(m-K)). Their costs are $0.3/kg for mineral oil,
$3/kg for synthetic oil, and $5/kg for silicone oil [21]. Radco Industries Inc. developed Xceltherm
600, a paraffinic mineral oil for solar power systems. It's used at the Saguaro Solar Power Plant in
Red Rock, Arizona, USA, offering high purity and performance. These thermal oils have limited
thermal stability, maxing out at 400°C [18], which hinders their use in highly efficient, high-tem-
perature solar thermal systems. Additionally, their cost-effectiveness remains a challenge due to
their relatively high cost [21].

2.4. Organics

Organic materials serve as HTFs in solar power systems. One example is Bi-phenyl/Diphenyl
oxide, known as Therminol VVP-1, commonly used in commercial solar plants, especially in Spanish
thermal facilities. It's a eutectic blend of two stable organic compounds: Bi-phenyl (C12H10) and
Diphenyl oxide (C12H100). A recent review lists plants using this HTF [10].'Alvarado 1' in Bada-
joz, Spain, pioneered its use in 2009. Eight solar plants worldwide use Biphenyl/Diphenyl oxide,
all in Spain. Its temperature range is 12 to 393 °C [10]. Therminol and Dowtherm fluids based on
Biphenyl/Diphenyl oxide are commercially available. Therminol was used in a Mojave Desert solar
system, and Dowtherm in Nevada Solar One in Boulder City, NV. Dowtherm's viscosity and ther-
mal conductivity at 300 °C are 0.00059 Pa s and 0.01 W/(m K).

2.5. Molten-salts

Molten salts are excellent HTFs due to their exceptional thermal stability above 500 °C. They
resemble water in viscosity and vapor pressure at high temperatures [38]. Modern solar power sys-
tems often use molten-salt-based HTFs, dating back to 1984 with systems like THEMIS tower (2.5
MWe) in France and the Molten-salt Electric Experiment (1 MWe) in the United States [22]. Mol-
ten salts are advantageous for thermal energy storage. In 1996, the United States achieved a mile-
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stone with Solar Two, a 10 MWe system using molten salt for both HTF and energy storage, provid-
ing 3-hour energy storage capability. Solar Two's three-year operation was crucial for advancing
molten-salt power tower technology commercialisation [22].

As indicated in Table 1, a majority of the presently employed salts for HTFs are derived from
nitrates/nitrites, constituting a prevalent choice among various options. While these salts possess
commendable thermal properties, it is crucial to consider the thermal stability of piping and con-
tainer materials when handling salts within their specified temperature range [23].

Table 1. Thermal and physical properties of commonly used HTFs [24-26].

Heat
Name Compositions (wt.%) Melting  Stability  Viscosity Thermal capacity Cost Corrosion
point limit
(DEGREE (DEGREE (J kgt
Q) Q) (Pas) conductivity K1) ($/kg) Rate
(Wm'K (um/year  Alloy Temperature
1) unless (DEGREE
specified) (@)
0.06 (at
0.00003 (at 600
600 DEGREE Fe-Al (5.8
Air Air - - DEGREEC) C) 112t 0 7-14 g/m®  16.2 wt%) 1100
600
DEGREE Cr (1.9-9.7
Q) wt%)
0.08 (at
600
DEGREE
Water/Steam H20
0 - 0.00133 (at Q) 2.42 (at 0 1.7-3.5 In600 300
600
600 DEGREE
DEGREE Q)
Mineral oil N/A 20 300 N/A 0.1 N/A 03 N/A
Synthetic oil N/A 20 350 N/A 0.1 NA 3 NA
Silicone oil N/A 20 400 N/A 0.1 NA 5 N/A
Xceltherm 600 Paraffinic mineral oil NA 315 0.001085 (at g 2436 (at N/A N/A
300 300
DEGREE
DEGREE C) 0
Organics
0.01 (at 1.93 (at
300 300
DEGREE DEGREE
Biphenyl/Diphenyl ~ N/A 12 393 0.00059 (at ) Q) 100 N/A
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oxide

Molten-salts

300

DEGREE C)

0.55 (at 1.1 (at
400 600
DEGREE  DEGREE
0.00326 (at
Solar Salt NaNOs (60)-KNO:s (40) 220 600 Q) Q) 05 5 A36 316
300
DEGREE C)
6-15 304 570
15.9/4 316 600/680
60 321 600/680
10.4/4 347 600/680
47 Ha230 600/680
19.8/6 In625
88
217/5
94
0.00316 (at 156 (at 093 2 570
300 0.2 (at300 300
NaNOs (7)-KNOs (45)- DEGREE ~ DEGREE
_ DEGREE C)
Hitec Ca(NO): (40) 142 535 0 ) 321
0.52 (at
300
NaNOs (7)=KNOs (@5)— DEGREE
Hitec XL Ca(NOs): (48) 1200 500 0.00637 (at 145@at 11 6-10 304; 316 570
300 300
DEGREE
DEGREE C) o
NaNOs (28)=KINO5 (52)=
Na-K-Li nitrates LiNOs (20) 130 600 0.03 (at N/A 1091 11 N/A
300
DEGREE C)
ECO(32 = N=CO
LiNaK carbonates (33.4)-K2COs 400 8o0-gs0 00043 (at  \ya 1415 12 <1000 In600 900
800
345 DEGREE C) 13
0.43 (at
300
KNOs (50-80)-LiNOs (0— DEGREE
K-Li-Ca nitrates 25)- <80 500 0.004 (at ) N/A 0.6~ N/A
190
(‘a(T\Tﬂq) (10-4';) DEGREE C) 0.8
1.66 (at
500
NaNOs (14.2)-KNOs (50.5)- DEGREE
Na-K-Li nitrates/ LiNOs 99 430 N/A N/A 0 N/A  N/A
nitrites (17.5)-NaNO: (17.8)
0.654 (at
250
NaNOs (9-18)-KNOs (40— DEGREE _ 1.16.1.44
Sandia Mix 52)-LiNO> <950 500 0.005-0.007 ), (at 0.62- NJ/A
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(at 300 247
DEGREE
(13-21)-Ca(NOs): (20-27) DEGREE C) 0 0.81
1.22 (at
150
NaNOs (6)-KNOs (23)— DEGREE
Halotechnics $5-500 65 500 N/A N/A Q) N/A  N/A
CsNOs (44)-Ca(NOs): (19)
1.17 (at
400
DEGREE
Li-Na—K 400 900 N/A Q) N/A N/A 812 316L 465
fluorides/carbonates
0.79 (at
300
DEGREE
Halotechnies-SS-700 257 706 0.004 (at 0:35=04 €) 165 3161 00
500
DEGREE C)
276 Ni201

3. Optimisation Model

3.1. Previous models

For obtaining the high efficiency of solar thermal system, the selection of HTF is extremely
important, as it directly determines the thermal and thermodynamic performance of the solar col-
lector field [27]. A literature survey shows that previously the performance of HTFs was evaluated
by comparing their individual thermophysical properties [28]. However, for performance evalua-
tion of HTFs it is important to consider all the properties at once in a collective manner rather than
individually. Many models, as shown in Table 2, have been developed considering the collective
thermophysical properties to evaluate the performance of HTFs.

Table 2. Previous models developed considering the collective thermophysical properties

Developer Model Reference
pO'BCg'33kO'67 [29]
Mouromtseff Nggr = 0
2.28
pZc [30]
Bonilla N = HTZ
p v3 Re3 [31]
Murakami and Miki¢ Nt = 73 07
1? Df
DZC%,'leB [32]
Andrej Nggr = it

Mouromtseff utilised the Dittus-Boelter correlation to evaluate the combined effects of fluid
properties on the convective heat transfer coefficient of internal turbulent flow represented in the
form of system efficiency Ngg [29]. The Dittus-Boelter correlation, which relates the Nusselt num-
ber to the Reynolds and Prandtl numbers, allowed for the assessment of heat transfer performance
under turbulent conditions by accounting for key fluid properties such as thermal conductivity,
viscosity, and specific heat. However, this approach primarily focused on fluid characteristics in
the radial direction, while omitting considerations related to axial flow behavior or pumping power
requirements.



7 of 32

In contrast, Bonilla proposed an alternative model for calculating system efficiency Ngg by
comparing the required pumping power needed to maintain a specified temperature difference be-
tween the inlet and outlet of the carrier fluid [30]. However, Bonilla’s model had its own limita-
tions, as it neglected the radial direction entirely and only considered fluid characteristics along the
axial flow direction.

Subsequently, Murakami and Miki¢ optimised the efficiency Ngg Of heat sinks by minimis-
ing the pumping power and assuming the same temperature difference between the wall outlet and
fluid inlet [31]. However, despite these advancements, their model still exhibited a critical limita-
tion: it overlooked the fluid pumping power requirements, which are essential for practical appli-
cations.

Recently, Andrej modified Murakami and Miki¢’s model by addressing all the above effects
[32]. They introduced dimensionless pumping and thermal loads and showed important relation-
ships among the parameters to optimise heat sink designs considering the axial and radial heat flow
as well as the pumping power requirement. However, Andrej ignored the corrosive, environmental
friendly, safe, and cost-effective properties of HTFs [33]. Here, the methodology suggested by An-
drej is employed to develop a new optimisation model for evaluating the performance of conven-
tional solar thermal HTFs.

3.2. New optimisation model

Fig. 2 shows a schematic of a solar thermal panel with ‘n’ number of solar collector tubes.
Each solar collector tube can be represented as a single channel of diameter D and length L. It is
assumed that the heat flux is uniform throughout the length of the tube. The temperature gradient
inside the solid walls of the tube is ignored, and is only considered inside the fluid.
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Figure 2. shows a schematic of a solar thermal panel with ‘n’ number of solar collector tubes.
Each solar collector tube is represented as a single channel with specific dimensions (diameter D
and length L). Tw,out indicates the outlet wall temperature, while Tt,n and Tr,out represent the inlet
and outlet temperatures of the heat transfer fluid (HTF), respectively.

Following assumptions are made concerning the fluid flow in the channel:
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Assumptions:

a) Constant (or uniform) heat flux input at the channel wall

b) thermally/hydrodynamically fully developed flow;

¢) constant fluid properties;

d) incompressible flow;

e) steady state;

f) no gravity effect;

g) no surface roughness on the channel wall;

h) no viscous heat generation

i) heat flux g, tube length L, and the maximum temperature difference between the tube wall and
fluid inlet (AT ) are fixed.

These assumptions collectively create a framework for simplified yet accurate modeling of fluid
behavior and heat transfer in solar thermal systems. While certain assumptions may introduce minor de-
viations from reality, their necessity lies in reducing computational complexity while maintaining practical
relevance.

3.2.1. Heat transfer induced by temperature gradient equations

With the stated assumptions (a to i), new equations have been derived. It can be seen from assump-
tion (a) that since constant (or uniform) heat flux input at the channel wall has been assumed, therefore,
the heat flux q'' at the channel wall is expressed as [34],

n Q
Q"= 1)

Where p represents the perimeter of a channel; L is the length of a channel; n is the total number of
channels and Q is total heat dissipation from a heat source.

The heat flux q"’ is used to calculate the rise in temperature of the fluid flowing through a channel
of thickness h which is expressed as [35],

n

Teout — Tgin = (Tw,out - Tf.in) - (Tw.out - Tf,out) = AT - qT (2)

The symbols T,, and T; refer to the temperature at the surface of the channel wall and the average
temperature of the fluid in that location, respectively. Consequently, T,, — T signifies the temperature
difference between the channel wall and the fluid at that point. AT represents the maximum temperature
difference, which is defined as Ty, oy¢ — Trin. In the context of solar thermal collector tubes, the stability
of the HTF and the properties of the selective coating impose a limitation on the value of Ty, 5¢.

The bulk velocity of the fluid inside the tube follows the law of conservation of energy as [36],
q"aLp = pVACp(Tf,out - Tf,in) (3)

where V and p represent the average bulk velocity of the fluid and the perimeter of the tube, respec-
tively; p is the density of the fluid; A is the cross-sectional area of the flow channel; c; is the specific heat
capacity of the fluid at constant pressure; L is the length of the channel; a is the correction factor for the
case when the heat flux is applied to a fraction of the perimeter.

The pumping power of fluid is normalised by the amount of heat transferred to the fluid per time as
[37],

(4)

Where f stands for the internal friction factor [27], Y is used to represent the dimensionless pumping
load, while A and D are used to indicate a dimensionless thermal load and a dimensionless hydraulic
diameter, respectively. The significance of A can be understood as the degree of heat removal demand: A
higher value of A indicates a greater need for pumping work to meet a specified thermal constraint, k¢ is
the thermal conductivity of the fluid; AT,,., is the maximum temperature difference across a certain
length of the fluid channel and AP represents the pressure drop [37]. Where,
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__ oV
B ke ATmax L2
= s )
KfATmax S
= D
D=-
L
2 2
_ pv4 Re
AP =T

Where, AP is the pressure drop across a length of the fluid flow channelS is represents a character-
istic cross-sectional area; D denotes a non-dimensional or normalized diameter; D represents the actual
diameter of a flow channel; f is the Darcy-Weisbach friction factor, which is a dimensionless number that
represents the friction losses in the fluid flow due to the viscosity of the fluid.

Substituting eq. 3 and 5 in eq. 2 gives
1=224F, (6)

Where Nu represents the Nusselt number; Fy is the normalised temperature rise of the fluids (T¢ ¢ —
Tein) /AT given as [36]:

FN = "o (7)

With the eq. 1, 2, and 3, the Reynolds number Re can be expressed using dimensionless groups as,

Re= V=i A= ®)
Ny

Km
B Where Ky, in eq. 8 is the mass transfer coefficie_nt [38]; v is the kinematic viscosity of the fluid;
A is the ratio of channel area A to heat sink area S. Both A and A are specified in this optimisation scheme.

In the context of fully developed turbulent flow within a smooth circular channel, the provided
equations for the friction factor denoted as 'f' and the Nusselt number represented as 'Nu' have been vali-
dated as precise over a broad spectrum of Reynolds numbers [39].

f=0.184 Re 02 9)

In general, the Nusselt number can be written as [38],

"= (10)

3.2.2. Mass transfer driven corrosion equations

In high-temperature solar power systems, HTFs like molten salt cause corrosion in receivers and
heat exchangers, impacting efficiency and system lifespan. Managing high-temperature corrosion is vital
for prolonged system life, better heat transfer, and economic viability [40].

A corrosion model considers factors like fluid flow and selective oxidation in alloys when in contact
with HTFs [41]. This model predicts corrosion rates and potentials by combining the reaction mechanism
with computational fluid dynamics (CFD). CFD simulations assess flow patterns driven by natural con-
vection in the channel, analysing dimensionless engineering parameters like the Nusselt number (Nu) and
Grashof number (Gr,,). These parameters help estimate mass transfer coefficients and boundary layer
thickness, crucial for corrosion rates. The model suggests that selective oxidation in the channel is influ-
enced by mass transfer, and could be further aggravated in solar power systems with forced convection.
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Dimensionless analysis correlates temperature-induced heat transfer and mass transfer-driven cor-
rosion[42]. Mass transfer plays a role similar to heat transfer, but the governing equations for heat and
mass transfer have distinct coefficients [43, 44].

g(poo—po)L3
Gl'm = W (11)
Sc=—+ 12
¢ PDsalt ( )
_ _KmL _ 0.25
Sh = = 0.62(Sc Gry,) (13)
DGB,Salt

In the context of dimensionless analysis applied to free convection, Gr,represents the relationship
between the buoyancy force and the viscous force acting on the fluid during natural convection [45]. In
the realm of natural convection, Gr,, assumes a role similar to that of Re in forced convection, where Re
signifies the ratio of inertial force to viscous force experienced by the fluid. Similarly, the Sc number
denotes the ratio of viscous momentum to the diffusion of species, similar to how the Pr number operates.
Additionally, the Sh number stands as the ratio of mass transfer coefficients, comparable to the Nu number
for heat transfer.

In the context of correlating heat transfer to mass transfer-driven corrosion, other essential dimen-
sionless parameters include Ky in eg. 10 and eq.13 where Ky, effects the N, in heat transfer equations
which further effects the normalised temperature rise of the fluids F (in eq. 7) and pumping power P (in

eq. 4).

3.2.3. Corrosion model equations

To create a corrosion model, integration involved incorporating a diffusion-limited corrosion mech-
anism identified through electrochemical analyses and SEM/EDS investigations of the Fe-Ni-Cr alloy [46,
47]. The SEM/EDS images presented in Fig. 3 illustrate the consequences of exposing the Fe-Ni-Cr alloy
to a Molten Salt Heat Transfer Fluid, specifically MgCl, - KCl, at a temperature of 850 °C for a duration
of 100 hours. These images reveal a depletion of chromium (Cr) on the surface as well as along grain
boundaries. It is worth noting that other research studies have also documented selective chromium oxi-
dation along grain boundaries [48-51].

The corrosion model, which has been developed as part of this study, incorporates the self-diffusion
of chromium (Cr) within bulk alloys, allowing it to migrate towards the surface along with grain bounda-
ries, followed by subsequent Cr oxidation reactions. To address the lack of published data on Cr diffusion
in Haynes 230 and Cr?* and Cr®* diffusions in MgCl»-KCl, self and grain boundary diffusion coefficients
for Cr in Ni plate and Fe®* in MgCl,-KCl were utilised [48-51], as well as Cr?* and Cr3* complexes in KCI-
NaCl.

The Arrhenius fits and Hart equation were employed to ascertain the pre-exponential factor and
activation energy associated with lattice and grain boundary diffusions [46, 52].

Dy = A, exp [— %] (14)

Where, Da represents the diffusivity or the diffusion coefficient of species AAA in a medium; E is
the activation energy, R is the universal gas constant; T: This is the absolute temperature, A is the pre-
exponential factor.

The subsequent initiation reactions, as well as the reduction reaction step in the propagation process,
are presumed and employed in the model [53].
Initiation reactions

Oxidation reaction: Cr3Ce + 69CI- — 23CrCls + 6C + 69e” (15)

Reduction reaction: 34.5MgCl. + 34.5H,0 : 69e — 34.5H, + 34.5MgO + 69CI-  (16)
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Propagation (alloy and salts)

Oxidation reaction: Cr + 2CI" — CrCl, + 2¢° (16)

Reduction reaction: 2CrCl; + 2e* — 2CrCl, + 2CI a7

Disproportionation (Crucible)

Oxidation reaction:; 2CrCl, + 2CI" — 2CrCls + 2e (18)

Reduction reaction: Ni + CrCl, + 2e- — NiCr + 2CI’ (20)

Figure 3. The top image shows a single solar collector tube represented as a single channel. The
inner boundary of the channel shows the corrosion with the fluid flowing inside the channel. The
lower image shows the microscopic image of high-temperature corrosion.

The Cr oxidation reaction was primarily selected (with a weight percentage of 22.08%) for our
model predictions, given the lower Mn (0.52 wt%) content in the Fe-Ni-Cr alloy [54]. Additionally, it's
worth noting that Cr,3Cs represents the primary type of chromium carbides that form in Fe-Ni-Cr alloys.
In cases where concentration gradients in the solution are negligible, the solute species (Ni) flux can be

expressed as [55]:

Ni = —Zjyj FciVCIJ + VG (19)
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Where, zi is the charge number of species i; u; represents the mobility of species I; V@ represents
the gradient of the potential ®@; vci refers to an additional velocity term for species i, related to convection.
Also, the current density (i) in an electrolyte solution (1) is due to the flux of charged species and can be
written [56]:

i = FX zN; (20)

Substitution of eq. 21 into eq.22 yields

i] = —01V<D1 (21)

Where o) = F? ¥; z?u;c; is the conductivity of the electrolyte. The sum of the convective fluxes for
the charged species in eq. 21 is also zero due to electro-neutrality. The electro-neutrality states that the
electrolyte (solution) is electricity neutral due to the repairing force resulting from the separation of charge
[57].

ZZiCi =0 (22)

From the law of the conservation of mass and energy along with eq. 21 and eq. 22,

V.N;=0 (23)

Substituting eq. 23 in eq. 26 results in the Laplace equation representing the potential [58]. Recent
studies [59, 60] have demonstrated the practicality of employing the Laplace equation to simulate the
distribution of steady-state current and potential in the context of corrosion under conditions of a thin
electrolyte [61].

qu)l = 0 (25)

The Tafel equation is used to explain the electrochemical kinetics of the corrosion [61].

iloc,m = (i) io.m €Xp (é) (26)
N=&, — & —Eeggm 27)

Also, the metal-salt boundary interface sets the [61]
i1 =%m iloc,m (28)

For the cathodic species (see eq. 18), the Tafel expression corrected by the concentration term is
used, which set the local current density to [61]

. C . n
Lioc,cathode = — (_) lo,cathode exp(g) (29)

Cref
The transport of chromium (Cr) within the bulk alloy, across grain boundaries, and via the diffusion
and convection of cathodic species (Cr3*) is considered by employing eq. 25 to calculate the species flux
and adhering to the principle of mass conservation [62].
Ni = V(¢ — DVCi (30)

On the metallic surface adjacent to the grain boundary, the anodic and cathodic species' flux is
coupled to the Cr oxidation current density, assuming a boundary condition of limited current:

n. N = Jloscr 11::;,@ = —Kum(Cs — Cpui) = —Km(0 — Cpui) (32)
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Where n is the normal vector, S is the surface, s is the stoichiometry number.

The local mass transfer coefficient, denoted as Ky, was determined using egs. 10 and 13. This co-
efficient takes into account the fluid properties in close proximity to the sample during the calculation
process. To anticipate the corrosion products of alloys in molten salts and assess the oxidation and reduc-
tion reactions potentially occurring at the alloy surface, the minimisation of Gibbs energy, as outlined in
reference [63], was employed. Furthermore, thermodynamic modeling was utilised to predict the eutectic
temperature of salt systems. This prediction was based on the Gibbs energies associated with the fusion of
individual salts and the mixing of constituent binary systems, as detailed in reference [63]. To illustrate,
the Gibbs energy of formation (AG°) for the reaction aA + bB = cC was computed at various temperatures
in accordance with eq. 35. Subsequently, the standard reduction potentials (E°) at different temperatures
were derived using the fundamental relationship between AG® and the electrochemical potential at equi-
librium, denoted as E° (as shown in eq. 36) [62, 64].

(555) = [ =57) - 2(50%), + 2 () (33)
AG® = —nFE° (34)
E= E°—%ln]’[aiSi (35)

3.2.4. Pumping power required
Substituting eqg. 5-9 into eq. 4 gives:

o yAZ4 1
Pri6 FQ*(1-Fy)3

(36)

As per assumption (i) the heat flux q’’, tube length L and the maximum temperature difference
between the tube wall and fluid inlet (AT ) are fixed, the normalised pumping power is determined by the
properties of the fluid and the Reynolds number Re (in eg. 8). To clarify the effect of fluid properties on
the normalised pumping power without introducing complexity associated with the Reynolds number, the
normalised temperature rise (Fn) is solved by initially solving eq. 21, 22, 23, and 34 for the mass transfer
coefficient (Km). Subsequently, by substituting this value into equation 7, the result is obtained:

4aQLnN

By = Re.pt cpChuikkfATmax S (37)
By substituting eq. 39 into eq. 38, the normalised pumping power can be described as:
1.4 2.4
P e e :
p2-0c11,-6k1-8 AT3:4, < 4aQLN >0.4 <1 _ 4aQLN >3
Re.p CpcbulkkaTmax S Re.p CpcbulkkaTmax S J
(38)

The performance of HTFs N is determined by the combination of fluid properties in the first
braces and corrosive properties and Reynolds number Re in the second braces. Since the normalised pump-
ing power needs to be minimised, the new optimisation model of solar thermal HTFs becomes:
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p2.0CI1).6k1.8 1
N =
Eff pl4 ( 4aQLN )0.4(1 4aQLN )3
Re.H cpChulkkrATmax S Re.p cpChylkkfATmax S
\ J \ :
Y f
Thermophysical Corrosive
properties properties (39)

4. Development of a New Sustainable HTF by Using Novel Optimisation Model

This section presents an optimisation study of solar power system. Specifically, a method has been
presented for determining the optimum values of the thermophysical parameters of HTF, corrosion pa-
rameters of HTF, flow rate of HTF, channel diameter, and number of channels for minimum pumping
power or minimum pressure drop. For optimisation, the newly developed optimisation model in section 3
(eg. 41) has been used. The optimised parameters are represented without dimensions. The calculated
outcomes in both the laminar and turbulent regimes reveal several significant connections among these
parameters. Herein, a criterion for selecting the HTF for use in a solar power system is introduced.

The aim of this research is to establish an optimisation technique aimed at reducing the energy
required for pumping or pressure drop in response to a solar power system. To date, several studies have
been conducted concerning the optimisation of HTFs [65-67]. In all of these investigations, thermal re-
sistance has been selected as the parameter to be minimised, while specifying the pressure drop or pumping
power. In this section, the term "minimised parameter” denotes a parameter that the optimisation process
seeks to minimise.

4.1. Optimisation of Thermophysical and Corrosive properties of HTF

The development of HTF is essential to the feasibility and efficiency of solar thermal power plants,
as it determines the pumping power and power load of the collector field. In this chapter, the performance
of HTFs was determined by a combination of thermophysical and corrosive properties rather than by each
of the individual properties. In section 3, a new optimisation equation for pumping power was derived:

P.l 4 qll 2.4 1 o4
p20ckok}S [ [ATHA, < 4aQLN )0-4 ( 1 4aQLN )3
Re. L ¢pCpuikkeATmax S Re. 1 ¢, ChuikeATimax S ]

(40)

The new optimisation equation combines the effects of the thermal storage capacity of the fluid, the
convective heat transfer from the walls to the fluid, corrosive properties, and the hydraulic performance
characterised by the pumping power. For optimisation of thermophysical and corrosive parameters, eq. 42
was based on the assumption of forced turbulent convection inside a uniformly heated collector tube. In
this case, in order to optimise the thermophysical and corrosive properties of HTF, the Reynolds number
Re (set according to turbulent regime) and the hydraulic diameter D of the flow channel and its dimensions
like length L and correction factor S have been assumed to be constant.

Assuming the heat flux (g"), tube length (L), and the maximum temperature difference between the
tube wall and fluid inlet (ATmax) are fixed, the normalised pumping power is determined by the properties
of the fluid and the Reynolds number. To explain the effect of fluid properties on the normalised pumping
power without introducing complexity associated with the Reynolds number, the optimisation of the nor-
malised temperature rise (Fn) in eq. 7 is performed:
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be seen from eq. 42 that P is a function of only thermophysical properties: .

il 1
m(ip%«l-pN)s) =0 (41)

Substitution of optimised F(= 2/17) into eq. 42 gives

I’11.4 [ qH 2.4 1
pZ.Ocllj.Gk}.B AT?ﬁ‘gx ( N >0.4<1 N )3
HcpChulk K cpChulk

F o« [ L0.4-

(42)

At first, a procedure for optimisation based on minimum pumping power P,,;,, is presented. It can
1.4

N

S7ockea and corrosive prop-

erty: flux N, because other parameters in eq. 42 are either constant or specified. The optimum value of
thermophysical parameters: p or p,,, Which gives the minimum value of P (or P,,;) can be found from

the solution to ® _ 0:
ou

N

Hopt = —Cpcbu]k (43)
Substituting eq. 45 in to eq. 44 and solving gives,
N
Popt = Erncoo (44)
Substituting eq. 45 and 46 in to eq. 44 and eq. 7 and upon solving it gives,
_ Ky Chu
cpopt == (45)
Substituting eq. 45, 46, 47 in eq. 4 and eq. 44 and solving it gives,
1
ATmax \2
Ko = (Ta) (46)
Substituting eq. 45 to 48 into eq. 44, and solving it gives,
1
ﬁmin = v NQE T (47)
Km C2 1kCp ATmax2
Substituting eq. 48 in to eq. 5 for obtaining AP,
1
—_ ",3N2072
APopt — L‘lzl (48)

VKM Cf1kCp ATmax?

Table 3. Optimised results for Thermophysical and Corrosive properties of HTF

Optimisation for pumping power P,;, | Optimisation for pressure drop AP,,;,
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1 1
= v3N2Q2 _ q'v3N2Q2
Pin = 1 AP pin = T

Kmt CBukCp ATmax? Km C2uiCp ATimax2
— q”v3N2Q% _ V3N2Q%
APOpt == l Popt = 1
VKt C2uncCp ATmax? Kyt CRuiiCp ATmay?
N 2N
Hopt =

Hopt =
CpcbulkATmalx

CpcbulkATmax

N
Popt = 3~ A
opt v3 KM CbulkATmax

2N
popt B v3 KM CbulkATmax

2 2
C _ KM CbulkATmax
Popt - N2

NZ
C =
P 2 2
ot Ky CfukATmax

1
2

1
AT, AT, z
o= (52 = ()

In this case, the specified parameters consist of AT, Cpuix @nd the minimised parameter is de-
noted as P (red in Table 3), and the optimised parameters include y, p, ¢, and k;. The approach used to
minimise pressure drop follows the same procedure as that for minimising pumping power. The outcomes
for this scenario are presented in Table 3, along with the results from the minimisation of pumping power.
A thorough examination of Table 3 provides us with valuable insights into the fundamental distinctions
between optimising for P,,;,and AP,,;, the aim is to minimise pumping power, the optimisation process
leads to smaller values for N and v to reduce the flow rate, although at the expense of increased pressure
drop, resulting in a lower Reynolds number (Re). In contrast, when the goal is to minimise pressure drop,
the method results in relatively larger values for N and v, aimed at reducing pressure drop even if it leads
to higher pumping work. It is worth noting that the pumping power P is significantly influenced by
p and c,, Which characterise the fluid's heat storage capacity.

4.2. Optimisation of Reynolds number and Hydraulic diameter of a channel

The optimisation model, discussed in section 3 is used for optimising the pumping power and pres-
sure drop for constant thermophysical and corrosive properties of the fluid. For optimising pumping power
and pressure drop, the optimisation focuses on Reynolds number (Re) and hydraulic diameter of a channel,
while keeping HTF properties constant. The term constant thermophysical and corrosive properties of HTF
means that the HTF is constant i.e. in this case it is water at 40°C therefore all the thermophysical param-
eters associated with dimensionless pumping load Y are assumed to be constants i.e. fluid density v, fluid
viscosity p, fluid thermal conductivity Ky, maximum temperature difference b/w wall and fluid AT max.

4.2.1. Laminar Regime

The investigation was conducted for the initial optimisation of power required for pumping and the
reduction in pressure drop when employing circular channels in a laminar flow condition. Assuming a
state of "fully developed flow" from a hydrodynamic perspective, the equation for the friction factor (f) in
eq. 9 is provided as follows:

_ 64 _ 6tucpx  AD?
f= Re AD Ky (A 4Nu) (49)

and the Nusselt number in eq. 10 is constant (Nu = 4.363) for constant heat flux.

Initially, an optimisation procedure is introduced, centered on minimising the required pumping
energy. By substituting egs. 8 and 42 into eg. 4, the dimensionless pumping energy can be represented as
follows.
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= _ 324% A
P=—F—5 (50)
Prop2(Aix,)

Now P is a function of only D? because other parameters are either constant or specified. The op-
timum value of D (or D,p,,) which gives the minimum value of P (or P,) can be found from the solution

oP i
tOE—O.
1

Dope = (522)° 1)

By substituting eq. 44 into eq. 8, an optimal Reynolds number is derived to minimise pumping

power.
1
Reope = 1/ Pr (3";“)2

(52)

The minimum value of the pumping power is obtained by substituting eq. 44 into eq. 43.

= 54A3
1Dmin =7 3 (53)

2 —2
PrNuA

The pressure drop at the optimum ccﬂjition is found by substituting eq. 42, 44, and 45 in AP in eq.
5, where AP has been normalised first to AP

Eopt = (54)

In this instance, the specified parameters comprise A and A, with the parameter to minimise being
P (red in Table 4), and the parameters to optimise being D and Re. The approach for reducing pressure
drop follows the same steps as minimising pumping power. The findings for this particular scenario can
be found in Table 4, alongside the outcomes for minimising pumping power. A thorough examination of
Table 4 provides insight into the fundamental distinctions between optimising for P,,;, and AP,,;,,. When
striving to minimise pumping power, the optimisation process results in smaller values for D to decrease
the flow rate, although at the expense of higher pressure drop, consequently leading to lower Re. Con-
versely, when the goal is to minimise pressure drop, the method yields relatively larger values for D to
reduce pressure drop, even though this requires increased pumping work, ultimately resulting in higher
Re.

Table 4. Optimised results for laminar regime

Optimisation for pumping power P,,;, Optimisation for pressure drop Em,-n
_ 54A3 — 32A?
min =3, APpin = ———=
PrNuA PrNuA
_ 362 — 64A3
APy = —— opt =7,
PrNuA PrNuA
1
_ % 5 2ANu\2
i (A
Dopt = — o A
3A
1 1
3ANu\2 2ANu\2
Reopt=1/Pr( = ) Reopt=2/Pr( = )
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4.2.2. Turbulent Regime
For the case of fully developed turbulent flow in a smooth circular channel, the following formulae
for the friction factor and Nusselt number are accurate for a wide range of Re.

f=(0.790InRe — 1.64) 2 10* < Re < 5x10° (55)

and,

£
Nu = (g)(Re—iOOZO)Pr
1+12.7(§)7<P3r—1>

By substituting eq. 48 into eq. 49, the Nu can be expressed as a function of only Re because the
properties of the HTF are assumed constant.

3000 < Re < 10%,Pr > 0.5) (56)

Eqg. 8 can be solved for as,

= (57)

= _ (2Nu )2 4NuA 2Nu
RePr A RePr

Since both A and A have been specified and Pr is constant, D can be expressed as a function of Re
only by substituting eq. 48 into eq. 49. Further, because both P and AP are functions of f, D, and Re [see
eg. 4 and eq. 5], they can be expressed in terms of by substituting eq. 48 and eq. 50 into them.

As both A and A have been defined, and P, remains constant, D can be formulated solely as a func-
tion of Re by replacing eq. 48 with eq. 49. Additionally, since both P and AP are dependent on f, D, and
Re (as seen in eq. 4 and eq. 5), they can be expressed in relation to them by substituting eq. 48 and eq. 50
into these expressions.

a
2

%

As for the case of minimisation of the pumping power, the P,,;, is obtained from =0,or

Sl

3_Re OF e B _, (58)

2 F '9Re D ‘dRe

Here F = 0.79In Re-1.64. This equation can be readily solved numerically for Re,,.. Once Re,,;
is obtained, one can obtain D,,, fromeq. 50, P,,;, fromeq. 4, and AP,,, from eq. 5.
Alternatively, in the context of optimising for minimal pressure drop, AP,;, can be achieved by
: H aﬁmin .
solving the equatlonW = 0, where:
Re OF 3Re aD

1R 98 _3Re D _ (59)

F "0Re 2D "dRe

In this case, after this equation is solved for Re,p, one can obtain ﬁopt from eq. 50, AP,,;,, from
eq. 5, Py fromeq. 4.

5. Results and Discussion

5.1. Results of Thermophysical and Corrosive properties of HTF
With the optimisation scheme introduced in the previous sections, several important relationships
among the parameters will be presented. Fig. 4 shows the trends for various thermophysical and corrosive
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parameters such as P,;,,, Eopt, Popt: Hopts Cp kfopt versus AT. In the figure, the optimisation of
parameters u, p, c,, and ks result in the minimisation of the pumper power Pin and pressure drop
Eopt. These parameters are represented by their respective trends in the fig. 4. The trends for the Py,
and @opt show that the pumping power and pressure drop are minimised due to optimisation of param-
eters pope, Mopt: D opt” kfopt' It is worth noting that the pumping power P,,;, pressure drop AP, are

significantly influenced by the reduction of fluid density p,,;, and increase in specific heat capacity
- due to optimsation. Further the optimisation of thermal conductivity Koy and dynamic viscosity popt

reduces the pumping power and pressure drop.

1020

20 40 60 80
AT

Figure 4. Figure showing P,,;,, Eopt, Popt: Mopt: kfopt versus AT.

C
Popt’

5.2. Results of Reynolds number and Hydraulic diameter of a channel

By implementing the optimisation plan outlined in Section 4, significant connections among the
parameters were unveiled. In the subsequent sections, water is utilised as the HTF at a temperature of 40
°C, with A held constant at 0.3. All calculations and results pertain to the scenario of minimising pumping
power unless explicitly specified otherwise.

5.2.1. Laminar Regime

Fig. 5 illustrates the correlation between Re (Reynolds number) and A (a dimensionless parameter)
for laminar flow conditions. The Reynolds number range chosen for this analysis is 0 < Re < 2300. Within
this figure, solid lines depict the relationship between Re and the average pumping power (P) at different
values of A, namely, 10%,10°,10°,107,108, and 10°, arranged from bottom to top, respectively. A dot-
ted line represents the locus of Re,p, (the optimum Reynolds number) versus Pin (the minimum aver-
age pumping power). It is evident that as A increases, both P and Re,p: also, increase. This graphical
representation clearly demonstrates the presence of an optimal Reynolds number that minimises the re-
quired pumping power.

Moving on to Fig. 6, it presents the dependency of key parameters, namely Py,;,, D, (Optimum
hydraulic diameter), and Eopt (optimum pressure drop), on the thermal load A. In this figure, only A
values that result in 0 < Re,,e <2300 are considered. The A values leading to Re,p, = 2300 are excluded
from this analysis since, in such cases, P exhibits a continuous decrease with increasing Reynolds number.
It can be seen that as A increases, Ppin, APopr, Nopt, Regpy increase while Dy, decreases. The increase
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in P, and Eopt clearly indicates the pumping power and pressure drop are directly influenced by ther-
mal load A.

5.2.2. Turbulent Regime

In Fig. 7, the correlation between Re and P can be observed, which resembles Fig. 5. The solid
lines in the graph represent Re versus P at A values of 10%,10%,10°,107, 108, and 10°, arranged from
bottom to top. Meanwhile, the dotted line represents the locus of Re,p, versus P;,. Inthis scenario, Reop
maintains a constant value of 3000, which is the lower boundary of Re, when A remains relatively low.
As A increases, there is a clear indication in figure that both the average pumping power P, and the
optimum Reynolds number Re,, also experience an increase.

Fig. 8 is similar to Fig. 6, but it pertains to the turbulent regime. Only A values resulting in 3000 <
Re,pe < 10°are considered. Once Re,,, reaches 108, the calculation ceases. In contrast to the laminar

case, each line exhibits a variation in its gradient. Fig. 9 shows the comparison of A versus P,,;, relation
between laminar flow and turbulent flow when A = 0:3 and the working fluid is water at 40 °C. As A
rises, there is a noticeable increase in P,,;,, Eopt, Nopt» Regpt, accompanied by a decrease in ﬁopt. This
observed escalation in P,,;, and Eopt distinctly signifies the direct impact of thermal load A on both
pumping power and pressure drop.

104

10%

10° ! ! '
10 100 500 1000
Re

Figure 5. The solid lines represent Re versus P at A = 102, 10 10¢, 10°, 10% and 10. The dotted
line denotes a locus of the Regp, versus P,
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Figure 6. Figure showing P,,;,, Eopt, Nopt: Reopt, Dopeversus A in case of laminar flow (Re <
2300): A = 0:3 and work fluid is water at 40°C.

1030

A =101
10%

1020 AN

10° P -7 REOpt
M
4 8
1018 /L
: | | [}
10° 104 10° 10°
Re

Figure 7. Relationship between Re and for turbulent flow (3000 < Re < 10 ) with = 10*?, 10",
109, 10°, 108, 107 from bottom to top, respectively. The dotted line denotes a locus of Reop: Versus P,.
A =0:3 and the working fluid is water at 40 °C.
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10? 10 A 108 108

Figure 8. Figure showing Ppn, APopt, Nopt, Reopt, Dope VErsus A in case of turbulent flow
(3000 < Re < 10%): A = 0:3 and work fluid is water at 40°C.

Turbu’lént
10 20 -

| |
102 104 108 108
A

Figure 9. Comparison of A versus P,,;, relation between laminar flow and turbulent flow: A =
0:3 and working fluid is water at 40 °C.

6. Validation of New Optimisation Model

In order to validate the accuracy of the developed optimisation model, selected HTFs (shown in
Table 5 from the previous Section 2) were used to simulate their properties through the newly developed
optimisation model presented in Section 3. The observed trends in pumping power minimisation, as related
to the optimization of parameters such as density, specific heat capacity, thermal conductivity, and dy-
namic viscosity, align with findings from Vivel et al [68], Paul et al [69] .

Table 5. Conventional and potential HTFs for solar collector fields.
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Heat Transfer Fluid
Synthetic Therminol® VP-1
Oils
Mineral Caloria HT 43
Hitec®,
Nitrates Hitec® Solar Salt
Molten salts
Chlorides MgCI2-KClI
Fluorides LiF-NaF-KF (FLiNaK)
Mercury
Other liquids
Water
Water vapor (30 - 100 bar)
Pressurised gases
Air (30-100 bar)
Fig.10

shows the
thermophysical properties and the pumping power efficiency Nes of the various HTFs listed in Table 5.
These fluids have been selected to analyse their performance by using a new optimisation model. Volu-
metric heat capacity (Fig. 10a), thermal conductivity (Fig. 10b), and dynamic viscosity (Fig. 10c) corrosion
rate (Fig. 10d) values are shown, and the combined effects of these properties (Fig. 10e) are evaluated
using the new optimisation model discussed in previous section 3.

In the evaluation of HTFs, synthetic oil outperforms mineral oil due to its higher thermal conduc-
tivity (fig. 10c) and lower viscosity (fig. 10a). However, Therminol® VP-1, commonly used, limits effi-
ciency due to its low thermal breakdown temperature. Molten salts, like Hitec® Solar Salt, excel with
higher pumping power efficiency, outperforming oils, and even fluoride salts at very high temperatures
(fig. 10e). Yet, their high freezing point necessitates costly freeze protection measures. Water and water
vapour offer promise for solar thermal plants and have been successfully employed in the DISS project.
Gases, like air, boast low viscosity and cost but may increase piping expenses with elevated pressure.

Operating temperature significantly impacts fluid performance. Liquids benefit from higher tem-
peratures due to reduced viscosity (fig. 10a), while gases experience diminishing efficiency as tempera-
ture rises (fig. 10b). Elevated outlet temperatures boost power cycle efficiency, but thermal stability and
coating limitations set constraints. Selective coatings rated up to ~450°C could expand possibilities.

Safety and reliability are critical considerations. Flammable fluids demand fire protection, exem-
plified by the SEGS plant switch from mineral to synthetic oil. Mercury, though efficient, is toxic and
not recommended. Molten salt systems require corrosion-resistant materials at high temperatures (fig.
10d). Careful fluid selection is essential for safe and dependable solar plant operation.
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Figure 10. Thermophysical properties and pumping power efficiency of HTFs: (a) volumetric heat
capacity, (b) dynamic viscosity, (c) thermal conductivity, (d) Corrosion rate, () pumping power effi-
ciency new optimisation model P1 = Psat (T) and Pg = 30 — 100 bar.

7. Conclusions

In this study, an innovative numerical optimisation framework is developed to enhance the ther-
mal efficiency of thermo-fluids while minimising pumping energy consumption in concentrated solar
power systems. The model integrates both thermophysical and corrosive modeling of heat transfer fluids
(HTFs), acknowledging the crucial role of fluid properties and corrosive behavior in fluid performance.
By optimising parameters such as thermophysical properties, Reynolds number, and channel dimensions,
the model establishes a governing principle for optimising concentrated solar power systems.

The results demonstrate significant improvements in pumping power and pressure drop through
optimisation strategies, particularly by minimising fluid density and maximising specific heat capacity.
Furthermore, the study reveals the presence of optimal Reynolds numbers that minimise pumping power
under both laminar and turbulent flow conditions.

Validation of the optimisation model was conducted using selected HTFs, with results indicating
superior performance of synthetic oils and molten salts in terms of pumping power efficiency. However,
considerations such as thermal stability, freezing point, safety, and reliability play crucial roles in the
selection of HTFs for solar thermal applications.

Overall, this research provides valuable insights into the optimisation of thermo-fluid systems in
concentrated solar power, paving the way for more efficient and sustainable solar energy utilisation. Fu-
ture studies could further explore the application of the developed optimisation framework in practical
solar thermal systems and investigate additional factors influencing fluid performance and system effi-
ciency.

Appendix
Nomenclature

A area(m?)

Ck  coefficient of k enhancement (WmK1)

C, specific heat capacity at constant pressure (Jkg*K?)
C, coefficient of u enhancement (kgm™s™ or Pa s)

d particle diameter (nm)

D diameter (m)

E heat transfer enhancement factor

F Froude number g gravitational acceleration (ms)
G  Total mass flux through a tube (kgm2s?)

h heat transfer coefficient (Wm2K-1),

=
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permeability (m?)

thermal conductivity (WmK-1)
length (m)

mass flux (kgm-2s™)

two-phase flow pressure drop multiplier
Nusselt number

Species Flux (or N)

perimeter (m)

pressure (Pa)

Prandtl number

heat flux (Wm2)

radius (m)

Reynolds number

heat transfer correction factor
temperature (K)

velocity (ms™?)

averaged bulk velocity (ms™)
kinematic viscosity (mz2/s)
dimensionless thermal load
volume fraction of solid phase
density (kgm®)

angle (°)

tilt angle (°)

dynamic viscosity (kgm-1s)
thermal diffusivity (m2s™?)

vapor quality

dimensionless pumping load

in Minimum average pumping power
AP, pressure drop at the optimum condition

3Srrx~Xx

ZZ
c
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