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Abstract
Parabolic Trough Collector (PTC) technology is one of the most mature

and widely deployed Concentrating Solar Thermal/Power (CST/CSP) tech-
nologies for medium- to high-temperature thermal applications. Improving
the thermal efficiency, reliability, and dispatchability of PTC plants requires
advancements at both the receiver and system levels, including effective
thermal energy storage. This thesis presents a comprehensive numerical in-
vestigation into the thermal optimisation of parabolic trough receivers and
preliminary modelling of thermochemical energy storage (TCES) systems,
addressing key heat transfer mechanisms, heat loss pathways, and system
integration challenges in CSP plants.

Following a comprehensive literature review on heat transfer enhance-
ment techniques and thermal loss mechanisms in parabolic trough receivers,
the first part of the thesis focuses on enhancing the thermal performance of
receiver tubes through internal heat transfer augmentation. Longitudinal
fins are investigated as a simple and cost-effective modification to the ab-
sorber tube. Detailed Computational Fluid Dynamics (CFD) simulations are
conducted to evaluate the influence of fin number, height, and circumferen-
tial placement under the inherently non-uniform solar heat flux distribution
characteristic of PTC receivers. A novel performance evaluation metric is
proposed to provide a more representative comparison than conventional
methods. The numerical model is validated against experimental data
from the literature. Results demonstrate that optimal configurations require
shorter fins in high heat flux regions and longer fins in low heat flux regions,
achieving up to a 45.6% enhancement in the overall Nusselt number and an
18.0% reduction in heat losses compared to smooth receivers.

The second part of the thesis investigates heat loss mechanisms in
smooth and longitudinally finned parabolic trough receivers under vary-
ing annulus vacuum levels. A coupled heat transfer model incorporating
conduction, convection, and radiation is developed to quantify the effects
of annulus pressure, ambient conditions, and heat transfer fluid inlet tem-
perature. The results reveal that total heat loss increases significantly with
rising annulus pressure and operating temperature, with conductive losses
becoming dominant as vacuum degrades, while radiative losses remain rel-
atively constant. The inclusion of longitudinal fins lowers the outer surface
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temperature of the receiver and reduces total heat loss by approximately
9%, highlighting their added benefit under non-ideal vacuum conditions.

The third part examines the thermal behaviour of evacuated linear
receivers under realistic operating scenarios, including hydrogen accumula-
tion in the annulus and external wind effects. CFD simulations over a wide
range of mass flow rates, inlet temperatures, solar irradiance levels, and
wind speeds show that hydrogen presence can increase heat losses by up to
three times compared to fully evacuated conditions, resulting in elevated
glass envelope temperatures. Increasing the mass flow rate significantly
reduces circumferential temperature gradients in the absorber tube, thereby
mitigating thermal stresses. Wind effects are found to increase convective
heat losses while simultaneously reducing glass temperatures.

The final part of the thesis presents additional work on the numeri-
cal modelling of CaO/Ca(OH)2-based thermochemical energy storage to
complement the receiver-focused investigations and address system-level
dispatchability. A high-fidelity CFD–UDF framework is developed in AN-
SYS FLUENT to simulate coupled heat transfer, mass transport, and reaction
kinetics in a packed-bed TCES reactor.

Overall, the thesis provides an integrated numerical framework for
improving receiver performance and advancing thermochemical energy
storage modelling, contributing to more efficient, reliable, and dispatchable
solar thermal power systems.
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Chapter 1

Introduction

1.1 Motivation

Due to increasing energy demand and the depletion of conventional energy
sources, concentrating solar thermal (CST) technologies have emerged as a
reliable option for generating both electricity and industrial heat [1, 2]. The
most advanced and extensively used CST technology is the parabolic trough
collector (PTC). In the PTC system, sunlight is focused onto a linear receiver
by a parabolic mirror along its focal line. A heat transfer fluid (HTF) then
circulates through the receiver, carrying the absorbed heat to a power block,
a thermal storage device, or end users. Therefore, the parabolic trough
receiver (PTR) is essential for the system’s thermal efficiency and durability
[3].

One of the main challenges associated with parabolic trough systems
is the non-uniform heat flux distribution on the receiver tube. Most of
the radiation is reflected by the parabolic mirror to the bottom of the tube,
resulting in the lower surface absorbing more heat than the upper surface.
The temperature variations along the tube circumference induce thermal
stresses, mechanical deformation, and selective degradation of the coating.
In severe conditions, these stresses can result in tube bowing, fractures in
the glass envelope, or failure of the glass-to-metal seal [4, 5].

Furthermore, prolonged operation of the HTF at high temperatures pro-
motes thermal decomposition, generating hydrogen gas that permeates the
receiver wall and enters the vacuum annulus. In the annulus, as the getter
materials (chemically reactive metallic compounds designed to absorb resid-
ual gas molecules and maintain the vacuum) gradually become saturated,
hydrogen accumulation reduces the vacuum level, causing an increase



2 Chapter 1. Introduction

in conductive and convective heat losses, sometimes by a factor of three.
This degradation reduces the receiver thermal efficiency and accelerates
long-term performance decline [6].

Operational experience from commercial PTC plants, especially the
SEGS facilities in California, has shown that receiver reliability is one of
the most significant concerns with parabolic trough technology. Price et
al. [7] reviewed field data and found multiple types of failures that keep
happening because of mechanical, thermal, and material stresses. Table 1.1
summarizes the principal types of receiver failure, their main causes, and
their associated effects. These findings highlight the need for more robust
receiver designs and improved thermal management strategies, both of
which form the central motivation for the present research on enhanced
heat transfer and vacuum stability in parabolic trough receivers.

As will be discussed in detail in Chapter 2, most previous studies have
looked at either internal heat transfer enhancements or vacuum degradation
separately, without considering how the two affect each other. In real
operating conditions, these effects happen at the same time and influence
both heat transfer and the receiver’s overall reliability. Because of this, the
goal of this thesis is to develop a detailed heat-transfer model that combines
both effects, that is, the geometry of the longitudinal fins and the quality of
the vacuum, to better understand how they interact. The primary objective
is to develop receiver designs that exhibit higher efficiency, a more uniform
temperature distribution, and consequently, improved mechanical strength,
thereby enhancing the next generation of solar thermal power systems.

The results show that using well-designed longitudinal fins, especially
asymmetric ones that match the non-uniform heat flux around the receiver,
can reduce temperature differences, enhance heat transfer, and lower heat
losses. The thesis also shows that maintaining a good vacuum around the
receiver is just as important, since hydrogen buildup, air leaks, or wind can
increase heat losses and lower efficiency. Overall, a receiver’s performance
depends on how efficiently it transfers heat inside to the HTF and how much
heat it loses to the surroundings. This work combines both aspects into one
model, helping to design receivers that are more efficient, more uniform in
temperature, and more reliable for long-term use in solar thermal plants.

—————————————————————————————-
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TABLE 1.1: Summary of Common Receiver Failures in PTC
Systems [7].

Failure Type Main Cause Effect / Result

Receiver bowing Non-uniform heat flux or low
HTF flow rate

Glass breakage,
major heat loss

Vacuum loss Seal, hydrogen permeation,
getter saturation

Increased heat loss,
reduced efficiency

Glass breakage Bowing, seal failure, or me-
chanical impact

Loss of vacuum,
3× heat loss,
tube replacement

1.2 Research Context

PTC systems are currently the most advanced and commercially viable form
of CST technology [8, 9]. They account for more than half of the world’s
installed concentrating solar power (CSP) capacity [10].

The linear receiver of a PTC (commonly called an absorber or heat
collection element) consists typically of a stainless steel tube enclosed within
an anti-reflective borosilicate glass tube (also known as a glass envelope or
glass cover). Glass-to-metal seals are installed between the outer surface of
the absorber and the glass tube to create a vacuum space in the annulus,
reducing convective heat losses and preventing oxidative degradation of
the selective steel tube coating [5]. Typically, the vacuum is maintained
at 10−2 mbar. The selective coating helps to increase the absorptance of
direct and reflected radiation and maintains a low thermal emissivity at
high operating temperatures. Even with an optimal design, the receiver
operates under extremely harsh conditions, facing intense solar flux and
large temperature swings. Over time, these stresses make it difficult for the
receiver to maintain high performance [11].

The lower part of the receiver tube receives reflected solar radiation,
causing it to become significantly hotter than the upper part, which is
exposed only to direct radiation. The nonuniform distribution of heat flux
causes a circumferential temperature difference in the receiver tube that
leads to thermal stresses, damage to the coating, and bending of the tube,
especially at low flow rate conditions. Over time, these effects lead to losses
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in efficiency and possible damage to the structure [12].
To address these issues, researchers have explored various methods

for enhancing internal heat transfer. Numerous studies have assessed the
effectiveness of passive techniques for improving convective heat transfer
between the receiver wall and the HTF. Approaches such as twisted tapes,
wire coils, and longitudinal fins have been investigated, among others
[13]. Further details are provided in Chapter 2. Longitudinal fins have
been shown to be an effective solution, offering significant enhancement
of internal heat transfer with minimal pressure loss, while being simple
and cost-effective. The configuration and positioning of the fins have a
significant influence on the temperature distribution and the receiver’s
overall thermal performance [14].

Although the internal fins greatly improve convective heat transfer
within the receiver tube, the receiver’s external thermal losses are largely
influenced by the integrity of the vacuum in the annular region. In practice,
receivers rarely achieve ideal vacuum conditions throughout their opera-
tional lifespan due to factors such as hydrogen permeation, air leakage, and
getter degradation, which progressively increase the annular pressure. As
this pressure rises, conduction and natural convection become more impor-
tant, resulting in total heat losses that can increase by more than threefold
under degraded vacuum conditions [15].

Even after implementing internal enhancements, the vacuum level in
the annular area continues to have a significant impact on the receiver’s
heat-loss performance. Several factors can contribute to increasingly severe
vacuum degradation, including hydrogen escaping from the HTF, air seep-
ing through seals, and getter fatigue. Total heat loss increases threefold
or fourfold compared to optimal vacuum conditions due to the significant
increase in conductive and convective losses. Hydrogen has the greatest
impact on the receiver’s vacuum quality due to its significantly higher heat
conductivity compared to air [16].

1.3 Identified gaps and research questions

A comprehensive and critical review of parabolic trough receivers, internal
heat transfer enhancement techniques, and thermal loss mechanisms is
presented in Chapter 2. Despite the extensive research, several aspects of
their thermal behaviour remain insufficiently understood. In particular, the
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combined influence of non-uniform solar heat flux, internal heat transfer
enhancement techniques, and external heat-loss mechanisms has not been
comprehensively addressed under realistic conditions. Based on a critical
assessment of existing work and the scope of the present PhD research, the
following principal knowledge gaps are identified.

• Most current research assumes uniform circumferential heat flux/tem-
perature distributions or symmetrical fin arrangements. This over-
looks the fact that solar flux distributions are intrinsically non-uniform
in real PTC systems.

• The effect of the position, number and height of longitudinal fins on
circumferential temperature uniformity, maximum receiver tempera-
tures and overall heat losses under non-uniform heat flux conditions
has not been thoroughly investigated.

• The combined effect of internal fins and heat loss due to vacuum
degradation and ambient conditions has not been investigated sys-
tematically.

• Most studies on evacuated PTC receiver tubes assume that the an-
nular space is completely evacuated, but in reality partial vacuum
conditions and gases such as air and hydrogen can significantly affect
heat transfer.

• There is a lack of appropriate performance metrics to effectively evalu-
ate and compare the overall thermal performance of finned (internally
enhanced tubes) and smooth receiver tubes under non-uniform heat
flux conditions.

To address these gaps, the present research is guided by the following
research questions:

1. How do the height, number, and circumferential placement of longi-
tudinal fins influence heat transfer performance, temperature distri-
bution, and pressure drop within parabolic trough receivers?

2. What are the dominant heat-transfer mechanisms associated with
fins located in different circumferential regions of the absorber tube,
and how do these mechanisms influence circumferential temperature
uniformity and hot-spot formation?
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3. How does vacuum degradation resulting from hydrogen permeation
or air leakage into the annular space affect total heat loss and thermal
behaviour in both smooth and finned receivers?

4. What is the combined impact of internal fin geometry and vacuum
degradation on the overall thermal performance and efficiency of the
receiver?

5. Can a new performance metric be developed to enable meaningful
comparison of finned and smooth receivers under non-uniform heat
flux conditions?

1.4 Contribution to the knowledge

This PhD research contributes to the understanding and optimization of
parabolic trough receivers by providing new insights into the coupled effects
of fin geometry and vacuum degradation. The main contributions can be
summarized as follows:

• Development of a three-dimensional conjugate heat-transfer model
that integrates conduction, convection, and radiation mechanisms to
represent realistic operating conditions.

• Quantitative evaluation of the influence of fin height, number, and
circumferential position on heat transfer, temperature gradients, and
pressure drop.

• Identification of the dominant heat-transfer mechanisms for fins,
showing that fins on the bottom side enhance conduction while upper
side fins promote convection.

• Demonstration that asymmetric fin configurations, with shorter fins
in the high-flux region (lower side) and longer fins in the upper re-
gion, reduce the maximum wall temperature and increase the overall
Nusselt number compared with a smooth receiver.

• Comprehensive analysis of vacuum degradation effects, showing that
hydrogen ingress can increase total heat loss by a factor of three to
four relative to a fully evacuated annulus.
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• Confirmation that the inclusion of longitudinal fins lowers the outer-
wall temperature and total heat loss even under degraded vacuum
conditions, demonstrating their dual role in improving internal and
external thermal performance.

• Development of a new performance evaluation framework that over-
comes the limitations of conventional metrics and enables meaningful
comparison of finned and smooth receiver tubes under non-uniform
heat flux.

As already mentioned, despite extensive work on internal heat-transfer
enhancement and external heat-loss mitigation, existing studies typically
analyse these mechanisms separately and under simplified assumptions that
do not reflect real plant behaviour. In practice, however, parabolic trough
receivers operate under strongly non-uniform solar flux, temperature-de-
pendent fluid properties, flow redistribution caused by fins, and progressive
vacuum degradation driven by hydrogen permeation. Moreover, these ef-
fects are coupled and simultaneously influence temperature uniformity,
internal convection, radiative and conductive losses, and long-term receiver
durability. To address this complexity, the present PhD research develops a
series of three-dimensional conjugate heat-transfer models—ranging from
periodic finned-receiver domains to full-length commercial receivers—to
capture the interactions between fin geometry, circumferential flux asymme-
try, vacuum degradation, and gas composition. This integrated modelling
approach enables a realistic understanding of receiver thermo-hydraulic
behaviour and provides a rigorous foundation for optimizing fin configu-
rations, quantifying vacuum-loss impacts, and guiding the design of next-
generation high-efficiency parabolic trough receivers.

1.5 Software packages

Specialised software tools were employed to create geometries, generate
meshes, run simulations and process the resulting data. The main software
used in this study is listed below.
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• ANSYS Workbench: It is used as the primary simulation platform,
providing an integrated environment for preparing geometry, gener-
ating meshes, setting up solvers and processing results. Versions from
2023 R1 through 2025 R2 were employed over the course of this study.

• ANSYS Meshing: This was used to generate high-quality computa-
tional meshes.

• ANSYS Fluent: It was used as the primary CFD solver to simulate
fluid flow and heat transfer. The governing equations were solved
using the finite volume method with the appropriate turbulence and
radiation models, as well as suitable discretisation schemes.

• CFD-Post: This was used for the post-processing and visualisation
of simulation results, including velocity fields, pressure contours and
temperature distributions.

• Tecplot: It was used for the advanced visualisation and analysis of
CFD results.

• Engineering Equation Solver (EES): It was used for thermodynamic
and heat transfer calculations, as well as for verifying analytical mod-
els. The built-in property database facilitates the efficient and accurate
solution of complex equations.

• REFPROP: Accurate thermophysical properties of working fluids
were obtained from the NIST Reference Fluid Thermodynamic and
Transport Properties Database, ensuring consistency between analyti-
cal and numerical calculations.

• Gnuplot: Used for plotting and analyzing numerical data. Gnuplot
facilitated the creation of high-quality 2D and 3D plots, contour maps,
and comparative visualizations of simulation and analytical results.

1.6 Publications

The main findings of this thesis have been published in the following papers:
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1.6.1 Papers for international journals

• Vinod Kumar, Stefano Savino, Carlo Nonino, On the improvement
of the thermal performance of longitudinally finned parabolic trough
solar receivers - Applied Thermal Engineering - LINK

• Vinod Kumar, Stefano Savino, Rafael Lopez-Martin, Loreto Valen-
zuela, Effect of Vacuum Degradation on Heat Losses in Parabolic
Trough Collector Receivers - Applied Thermal Engineering - (LINK)

• Vinod Kumar, Stefano Savino, Carlo Nonino, Effect of height and
position of inner rectangular longitudinal fins in parabolic trough solar
receivers - Computational Thermal Sciences: An International Journal -
LINK

1.6.2 Papers for international conferences

• Vinod Kumar, Stefano Savino, Carlo Nonino, Effect of height and
position of inner rectangular longitudinal fins in parabolic trough
solar receivers. 41st UIT International Heat Transfer Conference, Naples,
Italy 19-21 June, 2024

• Vinod Kumar, Stefano Savino, Carlo Nonino, Enhancing the thermal
efficiency of longitudinally finned parabolic trough solar receivers.
30th International Conference on Solar Power & Chemical Energy Systems
(SolarPACES), Rome, Italy 8-11 October 2024- LINK

• Vinod Kumar, Carlo Nonino, Stefano Savino, Numerical analysis of
heat losses in smooth and longitudinally finned parabolic trough re-
ceivers under various vacuum conditions. Journal of Physics: Conference
Series - Under review with minor revisions

1.7 Structure of the Thesis

This thesis is organized into seven chapters, each addressing a specific
aspect of the research carried out during the Ph.D. programme. A brief
overview of the contents of each chapter is provided in the following table.

https://doi.org/10.1016/j.applthermaleng.2025.127840
https://www.sciencedirect.com/science/article/pii/S1359431126001407
https://doi.org/10.1615/ComputThermalScien.2024055167
https://www.tib-op.org/ojs/index.php/solarpaces/article/view/2281


10 Chapter 1. Introduction

Chapter 1 Introduces Concentrated Solar Thermal systems, motiva-
tion, research context, identified gaps, research questions,
contributions, software tools, publications, and the overall
thesis structure.

Chapter 2 Provides a comprehensive literature review covering heat
transfer enhancement techniques in parabolic trough re-
ceivers, thermal loss mechanisms, and research gaps rele-
vant to receiver performance.

Chapter 3 Describes the numerical modelling of parabolic trough col-
lector receivers, including system geometry, computational
domain, governing equations, boundary conditions, mod-
elling approaches, and data processing methodology.

Chapter 4 Presents the thermal–hydraulic performance analysis of lon-
gitudinally finned receivers under non-uniform heat flux,
including flow behaviour, temperature fields, fin effects,
Nusselt numbers, pressure drop, and performance evalua-
tion criteria.

Chapter 5 Investigates the influence of vacuum degradation on heat
losses in smooth and finned receivers, analysing radiative
and conductive losses under varying annulus pressures and
atmospheric conditions.

Chapter 6 Examines the effect of hydrogen-induced vacuum degrada-
tion in commercial receivers using a detailed 3D conjugate
heat-transfer model, including temperature profiles, circum-
ferential gradients, heat-loss mechanisms, and wind effects.

Chapter 7 Presents additional work on thermochemical heat-storage
modelling that can be used for PTC systems, including reac-
tor modelling, governing equations, reaction kinetics, and
hydration/dehydration behaviour.
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Chapter 2

Literature Review

Overview

Rising energy demand, the depletion of conventional energy sources, and
climate change have major problems worldwide. At the same time, fossil
fuel power plants account for around 60% of global electricity output and
are a major source of pollution. To address this problem, researchers must
focus on long-term solutions. One effective approach is to utilize clean and
renewable energy sources. Solar thermal energy is a viable solution that can
meet rising energy demands while reducing greenhouse gas emissions and
fossil fuel consumption. Concentrating Solar Thermal (CST) is among the
most promising environmentally friendly technologies for heat and power
generation [17, 18].

There are two main types of concentrated configurations among CST
systems: point-focus and line-focus. Point-focus systems, such as solar
towers and dish-Stirling units, concentrate sunlight onto a single focal point.
This achieves very high temperatures, which are suitable for generating
electricity and advanced thermal applications. Line-focus systems, includ-
ing parabolic troughs and linear Fresnel collectors, concentrate sunlight
along a line to heat a working fluid. These systems typically operate within
medium temperature ranges, suitable for power and heat generation. The
Parabolic Trough Collector (PTC) is the most mature and commercially
viable technology among these systems and is widely used for power gener-
ation and industrial process heat [19–21]. It comprises a parabolic reflector
that concentrates solar radiation onto a receiver tube, enclosed in a glass
cover, where a Heat Transfer Fluid (HTF) absorbs thermal energy [22], as
shown in the Figure 2.1. The linear receiver of a PTC (commonly called



12 Chapter 2. Literature Review

absorber or heat collection element) [3, 20] consists typically of a stainless
steel tube enclosed within an anti-reflective borosilicate glass tube (also
known as glass envelope or glass cover). Glass-to-metal seals are installed
between the outer surface of the absorber and the glass tube to create a vac-
uum space in the annulus, reducing convective heat losses and preventing
oxidative degradation of the selective steel tube coating. Typically, the vac-
uum is maintained at 10−2 mbar. The selective coating helps to increase the
absorptance of direct and reflected radiation and maintains a low thermal
emissivity at high operating temperatures [5].

FIGURE 2.1: Parabolic trough collector system.
Source: PSA/CIEMAT.

To structure the discussion effectively, the chapter is organized into two
main literature review sections. The first section reviews research on heat
transfer enhancement techniques in PTC receivers, and the second analyzes
the different thermal loss mechanisms affecting receiver performance.
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2.1 Overview of Heat Transfer Enhancement Techniques
in PTC Receivers

The receiver tube is the main and most critical component of the PTC
system, as it is exposed to a non-uniform heat flux distribution, which may
lead to large temperature gradients at low HTF flow conditions. Various
passive enhancement methods have been proposed to improve thermal
performance and mitigate temperature gradients in PTC receivers and
extend their lifespan. Comprehensive reviews of these techniques can
be found in [13, 14, 23]. Some of the most commonly employed internal
enhancement techniques include twisted tapes, wire coils, porous media,
rings, the use of nanofluids, fins, and other heat transfer techniques [24].
A summary of the reviewed internal enhancement techniques is shown in
Figure 2.2.

2.1.1 Twisted tapes

Song et al. [25] performed a numerical analysis of the thermal performance
of a PTC receiver tube with a helical screw-tape insert and Dowtherm-A
as the HTF, as shown in Figure 2.3a. The analysis considered Reynolds
numbers between 10,000 and 75,000, as well as inlet temperatures ranging
from 373 K to 640 K. The results showed that the insert improved thermal
performance by reducing heat losses and maximum absorber temperatures
compared to a smooth receiver tube. At mass flow rates of 0.6 and 0.11
kg/s, respectively, heat losses were reduced by a factor of three and six
compared to a smooth tube. However, the pressure drop increased 23 times
in the case of the helical screw-tape insert. Mwesigye et al. [26] conducted a
numerical analysis to evaluate the impact of a wall-detached twisted tape
on the thermal efficiency of a PTC system, as shown in Figure 2.3 b. The
Reynolds numbers range varies from 10,260 to 1,353,000, with Syltherm 800
oil as the HTF and inlet temperatures of 400 K, 500 K, and 600 K. Different
twist ratios (0.5, 1, 1.5, and 2) and width ratios (0.53–0.91) were investi-
gated. The findings demonstrated that augmenting the width ratio and
diminishing the twist ratio markedly enhanced thermal performance, albeit
resulting in a moderate increase in the friction factor. The thermal perfor-
mance and friction factor increased by 1.05–2.69 times and 1.6–14.5 times,
respectively, compared to a smooth receiver tube. Also, when the twist ratio
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FIGURE 2.2: Different heat transfer enhancement techniques
used in PTC receivers.

was more than 1, using twisted tapes reduced the circumferential temper-
ature variation of the absorber tube by 4–68% and increased the thermal
efficiency by 5–10%. Liu et al. [27] conducted a numerical optimization
study in which two twisted-tape inserts were employed to improve the
thermal performance of PTC receivers in direct steam generation (DSG)
systems. The study aimed to minimize the temperature difference around
the absorber tube by optimizing the flow field under specified viscous
dissipation constraints. The results showed that generating longitudinal
vortices along the main flow direction significantly improved temperature
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(a) (b)

FIGURE 2.3: PTC receiver tube with a) helical-screw tape
[25] and b) twisted tape [26].

uniformity, reducing the temperature difference from 69 K to 42 K. Mehta
et al. [28] experimentally investigated the thermal performance enhance-
ment of a parabolic trough solar collector (PTC) using single and dual
twisted-tape inserts within the absorber tube. Experiments were conducted
at Reynolds numbers ranging from 1,000 to 9,000, with pitch-to-width ratios
y/w = 1, 1.5, 2, 2.5, 3 for single twisted tapes and y/y0 = 2, 3, 4 for dual
twisted tapes. The results indicated that the dual twisted-tape configuration
with a pitch ratio of y/y0 = 2 achieved the highest thermal enhancement,
particularly at lower flow rates (Re < 4400). Under these conditions, the
dual twisted-tape insert exhibited a 14% increase in thermal efficiency and
a 372% enhancement in the Nusselt number compared to the plain tube.
Abidi et al. [29] performed a numerical analysis to assess the thermal ef-
ficiency of a PTC receiver integrated with twisted-tape inserts containing
circular holes, as shown in Figure 2.4. This study examined three hole
diameter-to-tape width ratios (d/W = 0.5, 0.7, and 0.9) at Reynolds numbers
of 10,000, 20,000, and 30,000.
The results indicated that the integration of twisted tapes featuring circular
holes markedly improved the heat transfer rate in comparison to a smooth
absorber tube.

2.1.2 Wire coils

Saini et al. [30] investigated the use of a helical wire coil flow insert in
the receiver tube of a PTC to enhance its thermal performance. A three-
dimensional computational fluid dynamics (CFD) model developed in
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FIGURE 2.4: PTC receiver tube with twisted tape with circu-
lar holes [28].

ANSYS was employed to compare the thermal and exergy characteristics
of the PTC with and without the wire coil insert. The analysis considered
inlet fluid temperatures ranging from 303 K to 603 K and volumetric flow
rates between 50 and 250 L/min. Results indicated that the wire coil insert
significantly enhanced heat transfer and energy efficiency while requiring
only a minor increase in pumping power. At an inlet temperature of 303 K
and a flow rate of 50 L/min, the overall, exergy, and thermal efficiencies
improved by 2.07%, 2.1%, and 2.2%, respectively. Sahin et al. [31] examined
the thermal performance of a parabolic trough collector (PTC) receiver en-
hanced with coiled wire turbulators of different pitch distances. Using both
experimental measurements and three-dimensional CFD simulations for
Reynolds numbers ranging from 3000 to 17,000, they evaluated the influence
of wire coil inserts on heat transfer and friction characteristics. The results
showed that the Nusselt number increased by 2.28, 2.07, and 1.95 times
compared to a smooth receiver tube for coil pitches of 15, 30, and 45 mm,
respectively.
Yilmaz et al. [32] numerically analyzed the effect of wire coil inserts on the
thermal performance of a parabolic trough collector (PTC) receiver operat-
ing under non-uniform heat flux, as shown in Figure 2.5 a. A wire coil was
modelled, and realistic heat flux distributions obtained from Monte Carlo
ray tracing were applied to a CFD model with temperature-dependent fluid
properties. Wire coil inserts of triangular cross-section and varying pitches
(0.076–0.152 m) and widths (0.03–0.036 m) were examined. The inclusion of
wire coils significantly enhanced fluid mixing and disrupted the thermal
boundary layer, reducing absorber wall temperatures and improving heat
transfer by up to 183%. Thermal efficiency increased between 0.4% and 1.4%
at flow rates below 13 m³/h. These findings demonstrate that helical wire
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FIGURE 2.5: a) Wire coil insert in the receiver tube and b)
Details of insert wire [32].

coil inserts can effectively improve the thermal performance of parabolic
trough solar collectors with minimal impact on pressure drop, making them
a promising approach for enhancing solar thermal energy systems.

2.1.3 Porous media

Wang et al. [33] numerically investigated the influence of inserting metal
foam into the receiver tube of a PTC on heat transfer and thermo-hydraulic
performance. The study analyzed the effects of foam placement (top or bot-
tom) of the inner tube, geometric parameter (H = h/D, height of the metal
foam/inner tube diameter), and porosity on flow resistance, heat transfer,
and overall performance under non-uniform heat flux conditions. Results
indicated that when the metal foam was positioned at the bottom, the Nus-
selt number increased by approximately 5–10 times while the friction factor
rose by 10–20 times, yielding a performance evaluation criterion (PEC) be-
tween 1.4 and 3.2. When placed at the top, the Nusselt number improved by
10–12 times, though with a much higher friction increase (400–700 times),
and a PEC between 1.1 and 1.5. Furthermore, the maximum circumferential
temperature difference on the receiver outer surface decreased by nearly
45%, reducing thermal stress.

Ebadi et al. [34] examined the thermal and hydraulic efficiency of a PTC
receiver partially filled with metallic Raschig ring porous inserts, as shown
in Figure 2.6. The researchers used three-dimensional CFD simulations
to analyze two filling configurations, lateral and central, under realistic,
non-uniform solar flux conditions. The partially filled porous sections were
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FIGURE 2.6: Porous media in the receiver tube [34].

designed to enhance heat transfer while minimizing pressure drop, a sig-
nificant issue with fully filled porous receivers. Both configurations mixed
the fluids well and improved heat transfer through the walls. Compared to
fully filled designs, partial filling reduced the pressure drop by up to 95%,
increased energy efficiency by up to 40%, and increased exergy efficiency
by nearly 90%. These results demonstrate that partially filling porous re-
ceivers is an effective method for enhancing the thermal performance and
overall efficiency of high-temperature solar collectors while reducing flow
resistance.

Peng et al. [35] introduced a novel metal foam architecture, termed
gradient metal foam (GMF), within the receiver of PTC. An experimental
and numerical study was conducted to compare PTC outcomes with GMF,
uniform metal foam (UMF), and a transparent receiver. The GMF foam
consisted of two copper foam layers (inner and outer) with a pore density
gradient of 5 PPI and 40 PPI and porosities of 0.9 and 0.98, respectively. PTC
performance was evaluated by considering the impact of porosity and pore
density gradients on the Nusselt number, friction factor, entropy genera-
tion, and energy efficiency. SYLTHERM 800 was used as the heat transfer
fluid and exhibited a Reynolds number between 200,000 and 1,000,000. The
research indicated that the GMF enhances the PTC’s thermal performance,
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increasing the Nusselt number and Performance Evaluation Criteria by
43.7% to 812.6% and from 1.5 to 3.6, respectively. This is accompanied by a
factor of 4.2 to 16.7 increase in the friction factor compared to a transparent
receiver. Peak exergetic efficiency improved by 24.4%, and entropy gener-
ation decreased by 92.6% at a low Reynolds number of 2 × 105 with pore
densities of 40 PPI and 5 PPI and an overall porosity of 0.9. Ultimately, GMF
outperforms UMF, as evidenced by the subsequent results. Performance
assessment criteria and exergetic efficiency improved by 66.4% to 227.3%
and 12.8% to 33.3%, respectively, while entropy generation decreased by
22.4% to 60.2%. Overall, the findings demonstrated that the geometric
layout of the metal foam has a more pronounced impact on heat transfer
enhancement than porosity, and that metal foam inserts effectively improve
the thermal performance and temperature uniformity of PTC receivers.

2.1.4 Rings

Ahmed and Natarajan [36] examined the implementation of internal toroidal
rings within the receive tube of a PTC to enhance its thermal efficiency, as
shown in Figure 2.7. They numerically examined nine distinct receiver
configurations under fully developed turbulent flow conditions using the
realizable k–ϵ turbulence model with enhanced wall treatment in ANSYS
FLUENT. They methodically investigated the impact of altering the toroidal
ring diameter ratio (H) and pitch size (p) on heat transfer and fluid flow
properties across various inlet temperatures and flow rates of the heat trans-
fer fluid (HTF). The results showed that the receiver with H = 0.88 and p =
2*inner tube diameter had the greatest thermal efficiency, while the setup
with H = 0.92 and p = 2d had the greatest energy efficiency. At an input
temperature of 600 K, the thermally and energy-efficient configurations in-
creased the Nusselt number by 2.33 and 1.49 times and the total efficiency by
3.74% and 1.88%, respectively, compared to the smooth receiver tube. These
results suggest that toroidal ring inserts can significantly improve convec-
tive heat transfer and thermal efficiency in PTC receivers while maintaining
satisfactory hydraulic performance.

Ghasemi and Ranjbar [37] conducted a numerical analysis using AN-
SYS Fluent to investigate the effects of integrating porous rings into the
absorber tube of a parabolic trough collector. The study examined several
ring spacings and ring-to-receiver diameter ratios to evaluate their effect
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FIGURE 2.7: Receiver tube with toroidal rings [36].

on thermal performance. Three-dimensional simulations were performed
under steady-state circumstances using SYLTHERM 800 as the heat transfer
fluid, with Reynolds numbers ranging from 30,000 to 251,000. The results
indicated that the porous rings significantly enhanced convective heat trans-
fer; as the Reynolds number increased, the Nusselt numbers increased from
374.6 to 1766, while the smooth tube’s values rose from 229.46 to 1286.37.

2.1.5 Nanofluids

Nanofluids have also been extensively explored for heat transfer enhance-
ment in PTC receivers [38–45]. For example, Talem et al. [41] achieved a
peak thermal efficiency of 50% using Au nanoparticle-based oil nanofluids.
Panja et al. [43] reported efficiencies of 59.75% and 62.96% with Al2O3 and
CuO nanofluids, respectively. Mohan et al. [45] demonstrated that Fe3O4
nanofluids could enhance thermal efficiency by 72.9%, outperforming con-
ventional water-based systems. The combination of the two techniques
mentioned above, i.e., turbulators or extended surfaces and the use of
nanofluids, has also been investigated in the literature [46–48]. Recent
advancements have focused on the synergistic effects of optimizing the
formulation of nanofluids and the geometry of PTC receivers, as described
by Rashid et al. [49]. Their comprehensive review of studies revealed that
hybrid nanofluids (HNFs)—mixtures of two or more nanoparticles in a
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base fluid—can outperform mono nanofluids in parabolic trough collectors.
Hybrid nanofluids such as Al2O3–Cu/H2O, MWCNT–Al2O3/H2O, and
Au–Cu/engine oil can increase thermal efficiency by 22% to 35% compared
to water and, in some cases, by up to 197%. This improvement depends
on the composition of the nanoparticles and the flow regime. Rashid et
al. also stated that altering the geometry, such as by adding twisted tapes,
fins, wavy or grooved absorber tubes, and turbulators, can increase the
Nusselt number by 30–75%; however, it will also result in a slight increase
in pressure. The review emphasized that combining hybrid nanofluids
with optimized receiver geometries yields the best thermal-hydraulic per-
formance and energy/exergy efficiencies, which are usually 20–60% higher
than those of regular fluids. However, the authors pointed out major prob-
lems such as agglomeration of nanoparticles, increased pumping power
requirements, and high preparation costs. They called for more research
on eco-friendly base fluids, long-term stability studies, and cost-effective
synthesis methods to enable the use of these materials in solar thermal
plants.

Additionally, nanofluids have been examined in various solar thermal
systems, including direct absorption solar collectors (DASCs), in which the
working fluid directly absorbs incident radiation rather than relying on a
coated absorber surface. Berto et al. [50] conducted experimental research
on carbon-based nanofluids containing single-wall carbon nanohorns (SWC-
NHs) in a volumetric solar receiver and attained optical and thermal effi-
ciencies between 88% and 92%. Their study demonstrated that nanofluids
can significantly enhance the photo-thermal conversion process by facil-
itating the absorption of solar energy and the movement of heat within
the fluid. However, the study also revealed significant issues, such as ag-
glomeration, sedimentation, and deposition of nanoparticles on receiver
surfaces at higher particle concentrations. These issues negatively impacted
long-term stability. To maintain stable thermal performance, the authors
recommended optimizing nanoparticle concentration, improving synthesis
methods, and ensuring material compatibility (e.g., avoiding the use of
copper parts). These findings are particularly relevant to parabolic trough
receivers (PTRs) because stable nanofluid suspensions can significantly im-
prove convective heat transfer and thermal efficiency during continuous
high-temperature operation.
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FIGURE 2.8: Reviewed data analysis by [14] of maximum
recorded values. (a) Nu number ratio (b) Friction factor

ratio.

In conclusion, despite extensive research on various passive heat trans-
fer enhancement methods, such as twisted tapes, wire coils, rings, porous
inserts, and the use of nanofluids, significant challenges remain in opti-
mizing the thermal-hydraulic performance of parabolic trough receivers.
As quantitatively summarized by Allam et al. [14] (Fig. 2.8), porous inserts
provide the highest reported heat transfer enhancement, with a maximum
Nusselt number ratio (Nu/Nup) of 17.24. However, this improvement is
accompanied by an extremely high friction factor ratio ( f / fp = 412.62),
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indicating a severe pumping power penalty.
In contrast, longitudinal fins achieve a comparatively high maximum

Nu/Nup ratio of 9.38 while maintaining a much lower friction factor ratio
(maximum reported value of 14). This places fins among the most balanced
enhancement techniques in terms of thermal gain versus hydraulic penalty.
Twisted tapes and wire coils exhibit moderate heat transfer enhancement
but generally introduce higher friction penalties relative to fins.

These quantitative comparisons clearly illustrate the classical trade-off
between convective enhancement and pressure drop. While porous media
offer superior thermal augmentation, their excessive friction penalties limit
their practical implementation in high-temperature PTC systems. Longitu-
dinal fins, on the other hand, provide a favorable compromise, offering sig-
nificant heat transfer enhancement with comparatively moderate hydraulic
losses. This balance justifies the focus of the present thesis on optimizing
fin geometry and placement to further improve thermal performance under
realistic operating conditions.

2.1.6 Longitudinal finned in PTC Receivers

Internally finned tubes were extensively studied under the assumption of
a uniform temperature boundary condition. Just to mention a few works,
Edwards et al. [51] experimentally investigated the turbulent flow in lon-
gitudinally finned tubes and collected data on the friction factor. In the
experimental study by Jensen and Vlakancic [52], the influence of fin ge-
ometry on heat transfer and pressure drop was investigated, and new
correlations for finned tubes were developed. Liu and Jensen [53] analyzed
the effect on friction factor and Nusselt number of longitudinal fins with
rectangular, triangular, and round crest profiles, as well as helical fins.

As mentioned earlier, PTC receiver tubes are subjected to a non-uniform
heat flux, resulting in non-uniform circumferential temperatures. In con-
trast, simpler solutions such as longitudinal fins offer high thermal per-
formance with minimal pressure drop. The use of internal fins with con-
ventional heat transfer fluids has been widely investigated as a means to
enhance thermal performance in PTCs, with numerous studies reporting
significant improvements, as shown in Figure 2.9.
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FIGURE 2.9: Different finned receivers: a) [54], b) [55], c)
[56], d) [57], e) [58], and f) [59].

The use of pin fin arrays in receiver tubes was investigated by Gong et
al. [60]. Their research found that the use of pin fins increased the Nusselt
number by 9%, and the overall thermal performance by 12%. In [61], longi-
tudinal vortex generators (LVGs), like pin fins, in the bottom inner side of
the parabolic trough receiver tube were analyzed numerically. The effects of
the HTF mass flow rate, HTF inlet temperature, and different dimensions of
LVGs were examined. The conclusion was that the use of LVGs could reduce
thermal losses by between 1.35% and 12.1%. Bellos et al. [54] conducted a
numerical parametric study on internally finned receivers, as shown one of
the case in Figure 2.9a, analyzing twelve configurations with varying fin
lengths (5–20 mm) and thicknesses (2–6 mm). The optimal configuration,
i.e., fins 10 mm high and 2 mm thick, reduced the mean circumferential
temperature by 20%, increased thermal efficiency by 0.82%, and enhanced
the Nusselt number by a factor of 1.652 compared to a smooth tube. Bellos
and Tzivanidis [55] studied internal fins along with some optical techniques
(reflector shield) to enhance thermal efficiency, as shown in Figure 2.9b.
Though reflector shields decrease optical efficiency, combined internal fins
and reflector shields lead to increased thermal efficiency. This technique
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is suitable for higher operating temperature conditions, and improves the
thermal efficiency by 2.41%, and decreases the temperature difference by 23
K. The effect of longitudinal fins and sinusoidal lateral surfaces in parabolic
receiver tubes was numerically investigated by Kurşun [56], as shown in
Figure 2.9c. Syltherm oil 800 was used as HTF, with an inlet temperature
varying from 300 to 600 K and a Reynolds number range of 20,000 to 80,000.
The Nusselt number increased by 78% for sinusoidal fins and by 25% for
flat fins. By using sinusoidal fins, the temperature difference was reduced
by 48 K for the fluid inlet temperature of 500 K. In [57], a CFD analysis was
conducted using SolidWorks Flow Simulation to examine the impact of a
star fin insert (see Figure 2.9d) on the overall performance of the PTC. The
fin height varies from 15 to 30 mm, and the fin thickness ranges from 2 to
5 mm. They assessed the model based on various parameters, including
the PTC’s thermal efficiency, exergy efficiency, and overall efficiency. The
input temperature and Reynolds number were selected to range from 400 K
to 650 K and from 4,000 to 100,000, respectively, using SYLTHERM 800 as
the heat transfer fluid. The Nusselt number and heat transfer coefficient in-
creased by 60%, while heat losses decreased by 14%. However, the pressure
drop and friction factors increased by 900%. Peng et al. [58] numerically
examined the integration of semi-annular and finned metal foams into a
PTC receiver to enhance heat transfer efficiency, as shown in Figure 2.9f.
Three fin geometries—rectangular, triangular, and trapezoidal—each mea-
suring 16 mm in height, were examined, with widths of 2.4, 3.4, and 4.8
mm, respectively. The semi-annular and fin sections had a porosity of 0.5
and pore densities of 5 and 40 PPI, respectively. Using SYLTHERM 800 oil
under non-uniform heat flux conditions with Reynolds numbers ranging
from 200,000 to 1,000,000, the results showed significant improvements com-
pared to a conventional receiver. The Nusselt number increased by 256.3%
to 838.7%, exergy efficiency improved by 2.2% to 10.1%, and the friction
factor increased by 440.3% to 788.8%. Concurrently, entropy generation
decreased by 64.2% to 93.3%, and the performance criteria ranged from
2.1 to 4.6. Triangular fins demonstrated the highest overall performance
among all options, and hybrid configurations surpassed individual foam or
fin arrangements.

Liu et al. [59] conducted a numerical investigation on a novel finned
parabolic trough receiver with an inner tube (FPTR-IT) aimed at improving
thermal efficiency and enabling solar cascade heat collection, as shown in
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Figure 2.9e). The proposed design integrates straight internal fins and
an eccentric inner tube into a conventional parabolic trough receiver. The
fins enhance convective heat transfer in the lower region of the absorber
subjected to high concentrated heat flux, while the inner tube carries low-
temperature water to reduce absorber temperature in the upper directly
irradiated region and suppress negative thermal-flux phenomena. This
technique reduces the temperature gradient in the receiver and increases
the velocity gradient near the heated surface. The results show that this
design enhances the Nusselt number by 2.28 times, while the maximum
temperature drops up to 93.9 K. Laaraba and Mebarki [62] showed that fin
height plays a more significant role than the thickness. In their analysis, five
internal fins were added on the bottom side of the receiver. The analysis of
the velocity field showed that fins cause a 24.55% increase in fluid velocity
compared to the smooth receiver; however, the maximum velocity shifted
toward the upper (cold) side, which represents a drawback. The results
revealed that the thermal efficiency improved by 8.45%.

2.2 Thermal Loss Mechanisms in Receivers

The growing adoption of parabolic trough collector (PTC) technologies in
commercial solar thermal energy applications drives the need for accurate
receiver modeling to optimize thermal efficiency, minimizing heat losses,
and enhance operational reliability of this type of system.

The receiver is one of the most critical components of a PTC and is
susceptible to performance degradation and damage. Over time, helium
gas from the atmosphere could diffuse through the glass tube, increasing
heat losses by up to 20% [63]. When vacuum is lost, the receiver experiences
twice the normal heat loss. If the glass envelope is broken, the heat loss
could be 4 to 10 times greater than that of an undamaged receiver, largely
depending on wind conditions. Degradation of heat transfer fluids (HTFs)
at high temperatures generates hydrogen gas, which slowly permeates
through the absorber wall into the annular space, causing heat losses four
times higher compared to those with a good vacuum [5, 6, 64]. Receiver
failure rates were discussed in [11, 65] to understand future trends, address
operation and maintenance issues, and develop new designs with improved
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performance.

Over the past decade, extensive research has been conducted to en-
hance the performance of PTC systems, primarily by addressing heat losses
that significantly impact efficiency and sustainability. Many studies have
explored a wide range of factors, including geometrical design, receiver
coatings, vacuum pressure, HTF flow and temperature, and ambient con-
ditions such as wind velocity, to better understand and mitigate heat loss.
A comprehensive literature review on heat losses in PTC receivers can be
found in [16, 66]. In the following subsections, relevant studies are divided
into two main categories: experimental and numerical analyses.

2.2.1 Experimental analysis

In laboratory heat loss measurements, Burkholder et al. [67] conducted an
experimental study at the National Renewable Energy Laboratory (NREL)
to quantify the off-sun, steady-state thermal losses of the PTC receiver using
a electric-resistance testing apparatus. The study evaluated two commer-
cial receivers, the Solel UVAC2 and the Schott PTR70. Experiments were
conducted at absorber temperatures between 100°C and 450°C. The results
revealed that the UVAC2 and PTR70 had comparable heat losses of approxi-
mately 370 W/m at 400°C. Loreto et al. [68] examined the effects of hydrogen
infiltration into the evacuated annulus of parabolic trough solar receivers,
as shown in Figure 2.10. Utilizing the HEATREC electric-resistance heat-
ing test platform at PSA-CIEMAT, they evaluated heat losses on standard
PTR®70 Gen 2 tubes under two conditions: with an intact vacuum and fol-
lowing hydrogen doping of the annulus at approximately 1 mbar, covering
absorber temperatures ranging from 100°C to 400°C. Their findings indicate
that, in the presence of hydrogen, heat losses escalated significantly—from
approximately 211 W/m under vacuum to approximately 867 W/m at
400°C—representing an increase of up to four times. The authors ascribe
this to improved conductive heat transmission via the gas-filled annulus
(Knudsen effect) and highlight that hydrogen ingress significantly impairs
the thermal efficiency of receivers. They conclude that regulating hydrogen
production and buildup is essential for sustaining efficiency in solar trough
plants. In [69], laboratory heat loss tests were conducted on Schott’s 2008
PTR70 parabolic trough receiver at receiver surface temperatures ranging
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FIGURE 2.10: Experimental setup of receiver for heat loss
measurement [68].

from 100 °C to 500 °C. Figure 2.11 shows the heat loss that occurs in the
system. They observed that the receiver exhibited significantly lower heat
losses compared to previous receiver designs, primarily due to improve-
ments in the receiver’s selective coating. At operating temperatures around
400 °C, the measured heat loss was approximately 190 W/m, representing a
notable reduction compared to older receiver designs.

Burkholder and Kutscher [70] evaluated Solel’s UVAC3 receiver, de-
veloping heat loss correlations based on absorber and ambient tempera-
ture differences. Lei et al. [71] introduced a new test stand and method-
ology to measure overall and end losses, demonstrating that end losses
become more significant at lower operating temperatures. Marquez et
al. [72] further contributed to the experimental characterization of receiver
heat losses, focusing on the annulus region and resistance heating tech-
niques. Setien et al. [73] presented a methodology to analyse the influence
of partial vacuum pressures in the heat losses of PTC receivers, consider-
ing air as an incoming gas. Utilising infrared thermography, the approach
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FIGURE 2.11: Schematic of 1-dimensional heat loss [69].

enables noninvasive measurement of glass envelope temperatures, facili-
tating the detection of vacuum degradation. They measured a significant
increase in glass cover temperature when the vacuum is completely lost
(air pressure = 103 mbar) compared to when there is only a partial loss
(10−4 mbar < air pressure < 102 mbar), regardless of the receiver tem-
perature. Furthermore, several studies have used infrared thermography
to evaluate the performance of receivers and detect faults in PTC fields.
Caron and Röger [74] performed in-situ receiver heat-loss measurements
through transient infrared thermography, providing valuable insights into
local temperature variations and vacuum degradation. Carra et al. [75]
investigated the influence of measurement parameters on vacuum level
assessment in PTC receivers, improving the accuracy of thermographic
diagnostics. Oufadel et al. [76] integrated infrared imaging with artifi-
cial intelligence methods to estimate receiver heat losses in real operating
conditions. This concept was further developed in [77] by applying a meta-
learning framework with hypernetworks for efficient and scalable fault
detection. Likewise, Price et al. [7] conducted an early field investigation
to evaluate receiver performance and identify thermal anomalies under
practical operating conditions. Figure 2.12 shows the relationship between
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receiver thermal losses, the difference between HTF and ambient temper-
ature, and the condition of the receiver annulus. As can be seen, helium
slightly increases thermal losses in the annulus, but not nearly as much as
air or hydrogen do. The glass envelope temperature can also be determined
using the receiver model.

FIGURE 2.12: Receiver thermal losses as a function of fluid
temperature and annulus condition [7].

Heat losses are directly proportional to the temperature of the glass.
Under a given ambient condition, the glass temperature depends on the
heat transfer mechanisms in the annulus. As vacuum pressure increases,
conduction and natural convection heat transfer in the annulus also increase.
Additionally, if gases with higher thermal conductivity than air - such as
hydrogen, which has seven times the thermal conductivity of air - enter
the annulus, they further enhance conduction and convection, resulting
in an increased glass temperature. Hence, vacuum loss, by any means,
can be detected using temperature sensors, as shown in [78]. Glatzmaier
[79] developed and tested a hydrogen measurement and extraction process
at the Nevada Solar One (NSO) PTC solar power plant. An integrated
sensor/separator system was installed to simultaneously measure hydrogen
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partial pressure and extract hydrogen from the headspace gas in the HTF
expansion vessels. This system, based on a palladium/silver membrane
design, allowed real-time monitoring of hydrogen levels without intrusive
modifications to the plant. The technology was jointly developed by NREL
and Acciona Energy and was then installed at full-scale at NSO.

2.2.2 Numerical studies

One of the first one-dimensional thermal models of PTC receivers was
developed by Forristall [80]. He set up a heat transfer model using Engi-
neering Equation Solver (EES) to simulate the thermal behavior of PTC
receivers, incorporating detailed thermodynamic and optical properties.
Padilla et al. [81] conducted a one-dimensional numerical analysis of re-
ceiver heat transfer, validating their model with experimental data from
Sandia National Laboratories. Kalogirou [82] presented a comprehensive
thermal model that accounted for conduction, convection, and radiation
losses, implemented in EES and validated against existing collector perfor-
mance. Wu et al. [83] performed a three-dimensional transient simulation
using CFD and Monte Carlo ray-tracing, revealing detailed temperature
distributions and the impact of fluid velocity on thermal gradients. Guo et
al. [84] examined the thermal and exergy efficiencies of a parabolic trough
solar receiver using first- and second-law thermodynamic analyses. Their
research revealed that convective heat loss from the glass cover primarily
causes thermal loss, while exergy destruction is primarily caused by losses
at the receiver end. The researchers determined an ideal mass flow rate
that maximizes exergy efficiency and observed that thermal and exergy
efficiencies exhibit inverse patterns under different operating conditions.
Their findings showed that optical heat losses considerably surpass those
of the receiver, especially at high sun angles, highlighting the importance
of improving optical performance. The authors concluded that selecting
suitable assessment criteria — whether thermal or exergy efficiency — is
essential for optimizing the design and operational parameters of parabolic
trough solar systems. Lei et al. [85] conducted a comprehensive 2-D numer-
ical investigation of conduction and radiation heat losses in the vacuum
annulus of parabolic trough receivers, as shown in Figure 2.13. They em-
ployed the Direct Simulation Monte Carlo (DSMC) method to simulate
rarefied gas dynamics. The researchers examined the impact of annulus
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FIGURE 2.13: Heat transfer model of the receiver and heat
transfer model of the vacuum annulus [85].

pressure, gas composition, absorber temperature, and annulus shape on
overall heat loss. Their findings revealed that conduction heat loss increases
as the vacuum deteriorates. Hydrogen and helium were identified as the
most significant gases due to their high diffusivity and thermal conductivity.
The study showed that, at pressures under 1 Pa, total heat loss is primarily
radiative. However, at higher pressures (over 100 Pa), conduction domi-
nates, increasing total heat loss by up to five times. Furthermore, it was
found that reducing the emittance of the selective coating while maintaining
a larger annulus gap can considerably minimize heat loss, particularly in
cases of partial vacuum failure.

2.3 Summary of Literature and Research Gaps

Longitudinal fins have demonstrated strong potential for thermal enhance-
ment of PTC receivers. Previous studies have demonstrated the influence
of geometric parameters, such as fin height, width, and number, on the
thermal performance of PTC receivers. However, these investigations have
primarily considered fins with the same height, symmetrically distributed
along the receiver circumference. Nevertheless, most studies have focused



2.3. Summary of Literature and Research Gaps 33

on geometric parameters such as height and width, with limited attention
to fin placement. Given the non-uniform heat flux distribution around
the receiver circumference, fin positioning could significantly influence
thermal gradients. This aspect remains underexplored. Bellos et al. [86]
conducted one of the few studies addressing this issue, showing through
multi-objective optimization that placing three fins on the lower half of the
receiver yielded the highest efficiency gain (0.51%), whereas fins on the
upper half had a negligible impact.

This thesis introduces and systematically evaluates a novel configuration
involving asymmetrically distributed longitudinal fins, varying in both
height and position, tailored to the circumferential non-uniform heat flux
distribution. To address an additional research gap, this work examines
the distinct heat transfer mechanisms associated with fins located on the
upper and lower halves of the receiver tube, which are predominantly
exposed to direct and reflected solar radiation, respectively. Finally, a
new performance evaluation criterion is proposed, based on the external
surface temperature of the receiver tube, in contrast to the internal surface
temperature commonly used in existing literature.

As is evident from the literature, heat losses in PTC receivers depend
directly on absorber and glass tube temperatures, ambient and geometri-
cal parameters, receiver emissivity, annulus vacuum pressure, and HTF
inlet temperature, and indirectly on HTF mass flow rate [16, 87]. Extensive
research has been conducted on thermal performance under various condi-
tions, and many studies have focused primarily on theoretical models or
laboratory experiments using a constant receiver tube temperature without
considering HTF flow rate or real operating conditions. In a PTC solar
field, receiver tubes are subjected to non-uniform heat flux, and very few
studies examine the thermal performance under real operating conditions.
Although previous studies have examined receiver heat losses, most have
either treated the annulus region in isolation or assumed ideal conditions,
ignoring the presence of hydrogen and the effects of outdoor winds.

The main outcome of this PhD research will be a detailed CFD-based
thermal analysis of a PTC receiver, considering realistic scenarios involving
a vacuum atmosphere at different pressures in the annulus space between
the absorber and the glass tube. While the baseline simulations will be
conducted under no-wind conditions to isolate the effects of internal flow
and annulus properties, the influence of wind-induced forced convection
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on the external glass envelope will also be investigated. By capturing the
coupled effects of conduction, convection, and radiation heat transfer under
these conditions, the model will offer an accurate prediction of heat losses
and thermal behavior of the receiver. The results not only will deepen the
understanding of thermal performance in degraded vacuum conditions but
will also provide practical insights for PTC field operators.
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Chapter 3

Numerical Modelling of the
PTC Receiver

This chapter describes the numerical modelling and computational tech-
niques used to simulate the thermo-hydraulic performance of a PTC receiver
system. It outlines the procedures for creating a three-dimensional (3D)
computational fluid dynamics (CFD) model to predict the flow dynam-
ics, temperature distribution, and thermal efficiency of the receiver under
realistic conditions.

3.1 1D and 3D numerical approaches

A PTC receiver’s performance can be analyzed using analytical, experi-
mental, or numerical methods. Analytical models are typically based on
one-dimensional energy balance equations, which provide an approximate
estimate of the receiver’s performance. Although these models are compu-
tationally efficient, they often oversimplify complex physical phenomena,
such as non-uniform solar flux distribution, radiative losses, and convective
heat transfer between the receiver tube and glass envelope.

Although experimental investigations are precise and realistic, they are
often limited by high costs, lengthy testing periods, and environmental
uncertainties. In contrast, numerical modelling using computational fluid
dynamics (CFD) offers a versatile, economical, and thorough approach to
understanding the coupled effects of flow, heat transfer, and radiation in
PTC systems.

Depending on the complexity and objectives of the study, researchers
employ different levels of numerical modelling:
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3.1.1 One-dimensional models

One-dimensional (1D) numerical models are simplified representations that
assume uniform properties along the circumference of the receiver and
evaluate the energy balance along its length. These models are widely
used to estimate collector efficiency, heat loss, and temperature distribution
while maintaining a balance between computational simplicity and physical
accuracy.

Forristall [80] developed a significant 1D heat transfer model for parabolic
trough receivers at NREL using the Engineering Equation Solver (EES) soft-
ware. The model included detailed energy balances for the absorber, the
glass envelope and the annulus, and accounted for all three main mech-
anisms of heat transfer: conduction, convection and radiation. Empirical
correlations for Nusselt numbers and friction factors were used to make
accurate predictions of thermal performance, which were then checked
against the LS-2 test results from Sandia National Laboratories. Padilla
et al. [81] improved upon this methodology by numerically solving the
steady-state energy and mass balance equations for several axial segments
of the receiver. Their one-dimensional model accounted for the radiative
heat transfer between the absorber and glass surfaces. The model also
examined alternative annulus conditions, including air and vacuum. The
model’s results were in good agreement with the experimental data, demon-
strating its usefulness for design and optimization studies of parabolic
trough systems. Kalogirou [82] developed a one-dimensional, steady-state,
numerical model of a PTC receiver using the EES software, as shown in
Figure 3.1. This model applies energy balance equations across the re-
ceiver’s cross-section, demonstrating how heat transfer occurs through a
network of thermal resistances. Newton’s law of cooling governs internal
convection; Fourier’s law governs conduction through the receiver and
glass walls; and Stefan–Boltzmann’s law governs radiative exchange. The
Gnielinski correlation was used for turbulent flow inside the receiver, the
Raithby and Holland correlation for natural convection in the annulus, and
the Churchill–Chu and Zhukauskas correlations for external convection
under natural and forced conditions. The model calculates the Nusselt,
Rayleigh, and Prandtl numbers to determine the heat transfer coefficients.
Zaverskyet al. [88] developed a 1D transient finite-volume Modelica model
for systems that operate with molten salt as the heat transfer fluid. This
model can dynamically simulate thermal transients in the receiver and
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heat transfer fluid, making it ideal for system-level simulations and control
studies. Cheng et al. [89] created a one-dimensional, non-uniform thermal

FIGURE 3.1: Collector receiver model; nomenclature and
thermal resistance network for the cross-section of the re-

ceiver [82].

model of a parabolic trough solar receiver. They achieved this by splitting
the receiver into two linear halves (one irradiated and one non-irradiated)
and two inactive ends. This model captures local changes in solar flux and
heat transport. It uses temperature-dependent properties and the correct
correlations for different flow regimes, including energy balances for con-
duction, convection, and radiation. Written in Fortran and solved iteratively,
the model is computationally faster than complicated three-dimensional
CFD models. The model was tested against data from the LS-2 collector
at Sandia National Laboratories and performed well in both on-sun and
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off-sun conditions.

Despite their usefulness and computational efficiency, one-dimensional
thermal models have intrinsic limitations. They usually assume that the
temperature, heat flux, and thermophysical properties are uniform across
the receiver’s perimeter. However, this assumption does not accurately
represent the actual non-uniform distribution of solar radiation. The bottom
section of the receiver facing the mirror receives substantially more solar
radiation than the top section. This results in asymmetric temperature
distributions and uneven heat transfer, which one-dimensional models
cannot adequately represent. While this simplification yields modest errors
for small-scale collectors or average performance estimations, it limits the
model’s ability to depict local heat effects and complex flow dynamics.

3.1.2 Three-dimensional models

Three-dimensional (3D) conjugate CFD models represent the most compre-
hensive numerical approach for investigating the thermal and hydraulic
behaviour of parabolic trough collector (PTC) receivers. Unlike reduced-
order models, 3D CFD can explicitly take into account: (i) the non-uniform
circumferential distribution of solar heat flux; (ii) temperature asymme-
tries and local hot-spot formation; (iii) secondary flow structures induced
by asymmetric heating or internal enhancement devices; and (iv) coupled
radiative, conductive, and convective heat losses through the annulus, par-
ticularly under degraded vacuum conditions or in the presence of hydrogen
or other gases.

Three-dimensional CFD modelling is essential for accurately capturing
the complex flow and heat-transfer mechanisms induced by enhanced re-
ceiver geometries such as twisted tapes, wire coils, fins, and porous inserts.
Previous studies [25, 26, 33, 54, 58] have shown that these configurations
generate inherently three-dimensional swirling and multidirectional vortical
structures, leading to enhanced mixing, turbulence intensification, and re-
duced circumferential temperature non-uniformity. The thermal–hydraulic
performance was found to be strongly dependent on geometric parameters,
flow conditions, and circumferential effects, which cannot be resolved using
lower-dimensional models. Consequently, 3D conjugate simulations are
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required to properly account for non-uniform solar flux, wall conduction,
and localized heat-transfer enhancement.

In the present PhD work, a three-dimensional conjugate CFD model is
therefore adopted to accurately evaluate the thermo-hydraulic behaviour
of the receiver under realistic operating conditions. The analysis focuses
exclusively on the receiver component rather than the complete parabolic
trough system, enabling a detailed investigation of: (i) non-uniform circum-
ferential solar flux; (ii) fin-enhanced internal heat transfer; and (iii) heat-loss
mechanisms associated with vacuum degradation and hydrogen ingress.

3.1.3 Computational Domain and Modelling Strategy

This thesis focuses solely on the computational domain of the receiver
assembly in order to analyze the thermo-hydraulic behavior of the receiver
tube rather than the PTC system’s overall optical performance.

This domain generally includes the HTF flow zone, the solid receiver
tube, the annular space, the glass envelope, and the external air region.

3.1.4 Periodic versus Full-Length Computational Domains

In three-dimensional CFD modelling of PTC receivers, two types of com-
putational domains are commonly used: (i) full-length receiver domains
and (ii) axially periodic segments. The choice between these approaches
depends not only on whether the internal geometry repeats along the ax-
ial direction, but more fundamentally on whether the hydrodynamic and
thermal fields can be considered fully developed.

Periodic domains based on fully developed flow. A periodic compu-
tational domain may be used when the flow and thermal fields reach an
axially fully developed state. In such cases, only a representative axial slice
of the receiver needs to be modeled, with periodic boundary conditions
enforcing equality of velocity, turbulence quantities, and non-dimensional
temperature between the inlet and outlet of the periodic domain.

Periodic modelling is appropriate when:

• the receiver geometry is axially uniform (smooth tube or uniformly
finned tube),
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• the HTF thermophysical properties are independent of temperature,

• the solar heat flux is uniform in the axial direction, and

• the region of interest is sufficiently far from the inlet and outlet so that
entrance effects and end losses are negligible.

This approach has been used in only a limited number of studies in the
CFD literature, including:

• Mwesigye et al. [26] applied periodic boundaries to model a single
twisted-tape pitch after demonstrating that the velocity and temper-
ature fields become periodically fully developed downstream of the
entrance region.

• Cheng et al. [89] employed a periodic approach to analyse the influence
of longitudinal vortex generators (LVGs) once hydrodynamic and
thermal development was established beyond the initial development
zone.

• Yilmaz et al. [32] used a periodic slice for wire-coil inserts, justified by
the observation that the swirling secondary flow becomes repetitive
along the axial direction once full development is reached.

Although periodic domains are often associated with repeating insert
geometries, the essential criterion is the establishment of fully developed
behaviour, which may also occur in smooth receivers or receivers with
uniform axial fin arrangements. Periodic modelling enables high-resolution
simulations of complex internal flow structures while significantly reducing
computational cost.

Full-length receiver modelling. A full-length computational domain is
required when the flow and temperature fields do not reach a fully devel-
oped state or when axial variations are important. This includes situations
where:

• inlet hydrodynamic and thermal development affect performance,

• axial variation of solar flux, HTF properties, or geometry exists,

• end losses are significant,



3.2. Receiver Physical Configuration 41

• non-periodic fin or insert geometries are used.

For example, full-length modelling is necessary in studies focusing on
circumferentially non-uniform solar flux distributions or on global heat-loss
characterisation of smooth receivers, as these phenomena generate axial
temperature gradients that cannot be reproduced using periodic conditions.

3.2 Receiver Physical Configuration

This thesis focuses on the numerical analysis of a standard receiver tube de-
signed for PTCs with a parabola aperture width of 5.76 m (LS-3 PTC design)
[3], which consists of a stainless-steel receiver tube, a sealed annulus region,
a surrounding glass envelope, and the flowing HTF. No optical modelling
is conducted; instead, the incoming solar energy is imposed directly as a
prescribed non-uniform circumferential heat flux on the outer surface of the
receiver tube. This heat-flux profile is pre-computed outside the CFD model
using the optical characteristics of the LS-3 collector [33]. Although no ray-
tracing or optical simulation is performed within the numerical domain, the
applied flux distribution already incorporates the main optical parameters
of the system—including mirror reflectivity, glass transmittance, absorber
absorptance, and the local concentration ratio (LCR). These parameters
were used to generate a realistic circumferential flux pattern that represents
the LS-3 irradiance distribution, ensuring that the thermal model receives
physically meaningful solar heat flux without directly simulating the optical
field. This approach allows the modelling effort to focus entirely on the
receiver’s coupled conduction, convection, and radiation processes. The
same LS-3 receiver design is used in Chapters 4, 5, and 6, with the axial
domain length and annulus behaviour adjusted according to the objectives
of each specific study.

The receiver tube is fabricated from stainless steel (AISI 316/321) and
has an inner diameter of 66 mm and an outer diameter of 70 mm. The
external surface of the receiver tube is coated with a selective coating whose
emissivity increases with temperature. Although optical reflection and
absorption are not simulated, this temperature-dependent emissivity is es-
sential for accurately predicting radiative heat losses. The axial length of the
receiver model differs across chapters. In Chapter 4 and Chapter 5, where
the focus is on cross-sectional thermal behaviour, fin-induced enhancement,
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and local heat-loss mechanisms, a short periodic domain of one tube di-
ameter ( 70 mm) is used. Preliminary tests confirmed that the solution is
independent of the length of the analysed periodic domain. This periodic
configuration allows the study of a thermally fully developed region of the
receiver at substantially reduced computational cost. In contrast, Chapter 6
models the full receiver length of 4.06 m, which is required to capture axial
variations in HTF temperature, fluid properties, annulus heat transfer, and
environmental heat losses.

The glass envelope surrounding the receiver tube has an inner diameter
of roughly 109–114 mm and an outer diameter of 115–120 mm. The glass
envelope subsequently loses heat to the ambient air by natural or forced
convection and by long-wave radiation. The thermal behaviour of the glass,
especially its outer-surface temperature, is highly sensitive to conditions in
the annulus and becomes an important indicator of receiver performance.

The annulus between the receiver tube and the glass envelope is a crucial
region in determining the overall thermal resistance of the receiver. Under
ideal conditions, the annulus is evacuated to approximately 10−2 mbar,
eliminating convection and rendering gas conduction negligible, such that
radiation becomes the dominant heat-transfer mechanism across the gap.
In Chapter 4, the annulus is assumed to be at atmospheric pressure, and a
single value of air thermal conductivity is assigned, since the relative effect
of fins on heat transfer is essentially the same at both low and high annulus
pressures, allowing fin performance to be evaluated independently of annu-
lus conditions. In Chapter 5, air in the annulus is considered over a range of
pressures from near-vacuum to atmospheric conditions and modeled using
an effective thermal conductivity approach. Over time, hydrogen generated
from HTF degradation can permeate through the receiver tube wall and
accumulate in the annulus; due to hydrogen’s exceptionally high thermal
conductivity, heat transfer across the annulus increases significantly, and
at elevated partial pressures, buoyancy-driven laminar natural convection
may also occur. For these reasons, Chapter 6 models both a vacuum an-
nulus and a hydrogen-contaminated annulus (1 mbar) as fully active fluid
domains.

Inside the receiver tube, the HTF transports absorbed thermal energy
downstream. The HTF selection differs across chapters. Chapter 4 and
Chapter 5 use Syltherm-800 with constant thermophysical properties eval-
uated at a representative temperature, enabling the isolation of geometric
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and local thermal effects in the periodic domain. Chapter 6 uses Therminol
VP-1 with full temperature-dependent properties to capture realistic axial
variations in convective heat transfer and fluid behaviour along the 4.06 m
receiver.

Finally, the external ambient environment interacts thermally with the
outer surface of the glass envelope through convection and long-wave
radiation. In Chapters 4 and 5, only forced convection (the effect of wind)
is considered, while in Chapter 6, both forced and natural convection (no
wind) is considered to evaluate their effect on glass temperature and total
heat loss.

Overall, the receiver assembly—comprising the receiver tube, annulus,
glass envelope, HTF domain, and external environment—is modelled in
full three-dimensional detail. The axial domain length is selected according
to chapter objectives: periodic ( 70 mm) in Chapter 4 and Chapter 5, and
full length (4.06 m) in Chapter 6. This provides a consistent physical basis
for all the numerical analyses presented in the thesis. Further details and
discussions are provided in the respective chapters.

3.3 Numerical Modelling

The numerical simulations conducted in Chapters 4, 5, and 6 are based
on a three-dimensional, steady-state conjugate heat-transfer framework
implemented in ANSYS Fluent. In this formulation, convection within the
heat-transfer fluid (HTF) and optionally in the annulus, heat conduction
inside the solid components of the receiver tube and glass envelope, and
radiative heat exchange across the annular space are solved simultaneously.
The governing equations for all fluid domains consist of the incompress-
ible, steady Reynolds-Averaged Navier–Stokes (RANS) equations. The
continuity equation is expressed as

∂(ρui)

∂xi
= 0 (3.1)



44 Chapter 3. Numerical Modelling of the PTC Receiver

while the momentum equation for the HTF is

∂
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∂xi
+

∂

∂xj

[
(µ + µt)

(
∂ui

∂xj
+

∂uj

∂xi

)

− 2
3
(µ + µt)

∂uk

∂xk
δij −

2
3
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]
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(3.2)

and the corresponding energy equation is

∂

∂xj
(ρcpujT) =

∂

∂xj

[(
λ + cp

µt

σh,t

)
∂T
∂xj

]
(3.3)

The source term Si differs among the chapters. In Chapters 4 and 5, the
annulus is treated using an effective thermal-conductivity model, and no
natural-convection forces arise; therefore, Si = 0. In contrast, Chapter 6
includes buoyancy-driven laminar natural convection within a hydrogen-
filled annulus, and the gravitational body-force term Si = ρgi is added
to the momentum equation. Thus, buoyancy effects appear only in Chap-
ter 6 and are absent in Chapters 4 and 5. The flow in the HTF is fully
turbulent. Both the k–ϵ turbulence model with enhanced wall treatment
and the k–ω turbulence model were initially tested for the geometries of
interest at medium-to-high Reynolds numbers. The differences between
the two models in terms of receiver outer surface temperature and pressure
gradient were found to be negligible. Based on numerical stability and
predictive accuracy, the k–ω turbulence model was selected. In particular,
the Shear Stress Transport (SST) formulation was adopted due to its im-
proved near-wall resolution and widespread validation for similar receiver
configurations reported in the literature [90–95].

The SST model solves transport equations for the turbulent kinetic
energy k and specific dissipation rate ω, given by

∂(ρk)
∂xi

=
∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk − Yk + Gb (3.4)

∂(ρω)

∂xi
=

∂

∂xj

(
Γω

∂ω

∂xj

)
+ Gω − Yω + Gωb (3.5)



3.3. Numerical Modelling 45

The buoyancy-related production terms Gb and Gωb are activated only when
buoyancy forces are present (Chapter 6) and are disabled in Chapters 4 and
5.

Heat conduction in the solid receiver tube, glass envelope, and annular
space (if only conduction is concerned, like in Chapters 4 and 5) is governed
by the steady conduction equation

∂

∂xj

(
λ

∂T
∂xj

)
= 0 (3.6)

The annulus is treated differently depending on the study objectives.
In Chapters 4 and 5, the annulus contains still air but is solved through
an effective thermal conductivity. In Chapter 4, only a single value of
effective thermal conductivity is considered at atmospheric pressure. In
Chapter 5, the effective thermal conductivity is evaluated over a range
from full vacuum to atmospheric pressure. Therefore, only conduction is
considered in the model.The Navier–Stokes equations are therefore disabled,
and only radiative heat exchange and conduction are solved. Chapter 5
additionally considers non-vacuum conditions using an effective thermal-
conductivity model to represent free-molecular conduction at low pressures
and combined conduction–convection behavior at higher pressures. In
Chapter 6, two annulus atmospheres are modelled: (i) a vacuum state in
which only the energy equation and radiative exchange are solved, and (ii) a
hydrogen-filled annulus at 1 mbar, where laminar natural convection occurs.
For the hydrogen case, the full laminar momentum and energy equations
are solved, including buoyancy forces, and the continuum assumption is
validated by a Knudsen number of the order of 10−3.

Radiative heat transfer between the receiver tube and the glass envelope
is included in all simulations through the Surface-to-Surface (S2S) radiation
model [61, 83, 96], with temperature-dependent emissivity applied to the
receiver’s selective coating.

The numerical solution strategy is identical across all chapters: a coupled
pressure–velocity algorithm is employed, second-order upwind discretisa-
tion is applied to all transport equations, and simulations are continued
until all residuals fall below 10−6. This modelling framework ensures con-
sistency while allowing the physics specific to each chapter—fins, annulus
pressure, hydrogen ingress, and full-length thermal development—to be
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represented accurately.

3.3.1 Boundary conditions

The boundary conditions used in this thesis follow a consistent structure
across Chapters 4, 5, and 6, with modifications applied depending on
whether a periodic domain (Chapter 4 and Chapter 5) or a full-length
receiver (Chapter 6) is simulated. A schematic representation of the bound-
ary conditions and the characteristics of the domains on a cross-section of
the receiver can be seen in Figure 3.2, and the complete boundary-condition
framework is defined as follows:

• Inlet and outlet of the HTF in the receiver

– Chapters 4 and 5: Periodic boundary conditions are imposed for
momentum, energy, and turbulence equations [97], representing
a thermally fully developed flow within a short computational
domain equal to one outer tube diameter. Chapter 4 uses mass
flow rates in the range 0.4043–1.213 kg/s with a bulk temperature
of 600 K, whereas Chapter 5 employs a mass flow rate of 1.75 kg/s
and bulk temperatures of 500 K, 600 K, and 700 K.

– Chapter 6: A physical inlet–outlet configuration is applied. Inlet
conditions prescribe a constant mass flow rate (ṁ) and temper-
ature (Tin), with mass flow rates of 3, 4, 5, and 6 kg/s and inlet
temperatures ranging from 290 °C to 390 °C (in 20 °C increments).
The outlet uses a pressure outlet boundary condition.

• Receiver tube walls

– Inner wall (all chapters): Coupled thermal boundary condition
with no-slip velocity and conjugate heat transfer between HTF
and solid tube.

– Outer wall (all chapters): Coupled thermal boundary condition.
The non-uniform heat flux (LS-3 profile, see Figure 4.4(d) for a
qualitative distribution) is applied via ANSYS Fluent’s Thin-Wall
model using a user-defined expression (UDE) [98]. The heat
flux is expressed as the product of the direct normal irradiance



3.3. Numerical Modelling 47

(DNI) and a function of the local concentration ratio (LCR) [33],
as illustrated in Figure 4.4(c).
For Chapters 4 and 5, a single value of DNI = 1000 W/m2 is used.
In Chapter 6, two different irradiance levels are analysed, namely
DNI = 850 W/m2 and DNI = 1000 W/m2, to investigate the
impact of varying solar input on receiver thermal behaviour.
The LCR distribution was adopted from the optical simulation
of the LS-3 collector performed by Wang et al. [33], who used a
Monte Carlo Ray Tracing (MCRT) model validated for the DISS
project. Their model accounted for mirror reflectance (≈ 0.94),
glass transmittance (≈ 0.96), and receiver absorptance (≈ 0.96),
reproducing the realistic non-uniform flux distribution along the
receiver circumference. In this study, the normalized LCR profile
from that work is directly imposed through the relation

q′′(α) = LCR(α)× DNI (3.7)

which provides a physically consistent and computationally effi-
cient representation of the LS-3 flux pattern.
The radiative exchange with the glass cover inner wall is ac-
counted for using the Surface-to-Surface (S2S) radiation model
[96, 99]. For Chapters 4 and 5, the emissivity of the receiver’s
outer wall, denoted by εr, is modeled as a temperature-dependent
function of the outer surface temperature Tro [100]:

εr = 0.05599 + 1.039 × 10−4 Tro + 2.249 × 10−7 T−2
ro (3.8)

For Chapter 6, the outer surface of the receiver tube is coated
with a material whose emissivity varies with temperature, as
shown in Eq. 6.2.

• Annulus and solid Domain ends

– Adiabatic walls (zero heat flux) at both ends of the annulus,
receiver tube, and glass cover [15].

• Glass cover walls
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– Inner wall (all chapters): Coupled thermal boundary condition
between the solid glass and annulus. Radiative exchange with
the receiver tube is included via S2S. The glass emissivity is taken
as ϵg = 0.86.

– Outer wall (all chapters): Mixed convection–radiation boundary
condition. The emissivity of the glass cover, ϵg, is 0.86. The
ambient temperature, Tamb, is 298 K (for Chapters 4 and 6) and
288 K, 298 K, and 308 K (for Chapter 5). The sky temperature,
Tsky, is 8 K lower than the ambient temperature.
In Chapters 4 and 5, only forced convection (the effect of wind)
is considered, while in Chapter 6, both forced and natural con-
vection (no wind) are considered.
The following correlation is used for the natural convection (with-
out wind) heat transfer coefficient hw [101]

hw =
(

0.48 Ra0.25
Dgo

) λa

Dgo
(3.9)

where λa is the air thermal conductivity at ambient temperature
and RaDgo is the Rayleigh number for air based on the glass cover
outer diameter and calculated as

RaDgo = gβa∆T
D3

goρ2cp,a

µaλa
(3.10)

where βa is the thermal expansion coefficient, ∆T is the temper-
ature difference between the ambient temperature Tamb and the
glass cover temperature Tgo, and ρa, cp,a, µa are the air thermal
properties at ambient temperature.
Instead, the following correlation was used for the forced con-
vection (with wind) heat transfer coefficient h f [59]

h f = 4 u0.58
w D−0.42

go (3.11)

where uw is wind speed. For Chapter 4, uw is 2.5 m/s; for Chap-
ter 5, uw is 2.5 and 4.5 m/s; and for Chapter 6, uw is 5 and 10 m/s.
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FIGURE 3.2: Schematic representation of the computational
domains and applied boundary conditions for the receiver

cross-section.

3.3.2 Processing of numerical data

In this thesis, the numerical data obtained from the CFD simulations are
processed using a consistent set of definitions for all quantities of interest.
The simulations provide the HTF bulk temperatures, receiver and glass
wall temperatures, pressure drop or pressure gradient, and the total heat
transfer rate. These results form the basis for evaluating flow characteristics,
heat-transfer performance, and thermal losses.

As a common practice in literature [32, 54, 56], the Reynolds number is
defined conventionally without considering the fins, if any, i.e. using the
absorber inner diameter Dri,

Re =
4 ṁ

π Dri µ f
(3.12)
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The Darcy friction factor is evaluated from the pressure loss,

f =
(∆p/L)Dri

ρu2
in/2

(3.13)

where L is the computational length, equal to one tube diameter in Chap-
ters 4 and 5, and the full receiver length in Chapter 6.

The energy balance equation for the receiver can be written in terms of
losses as

Qloss = Qtot − Qu = Qrad + Qcond (3.14)

where Qtot is the total heat flux imposed on the outer surface of the
receiver tube. The useful heat Qu is the part of Qtot that is transferred
through the receiver and delivered to the heat transfer fluid (HTF). The
remaining heat, defined as the total heat loss Qloss, is therefore equal to the
difference between the total heat flux and the useful heat transferred to the
HTF. The heat losses consist of radiative losses Qrad and conductive losses
Qcond.

The average inner convective heat transfer coefficient is calculated, in
accordance with the prevailing approach proposed in the existing literature
[55, 56, 59, 62, 86], as

hi =
Qu

Ari (Tri − Tb)
(3.15)

where Ari is the area of the inner actual surface of the receiver, Tb is the
average fluid temperature within the computational domain computed as
the mean of the inlet and outlet temperatures, and Tri is the average tem-
perature on the inner actual surface of the receiver. It should be noted that
Ari represents the actual inner surface area of the receiver, i.e., the contact
area between the heat transfer fluid and the solid material of the receiver.
This heat transfer area also includes any extended surfaces provided by
internal fins, when present. Therefore, the definition accounts for fins in
the sense that the total heat exchange area includes the additional extended
surface. However, the fin efficiency, defined as the ratio between the heat
flow transferred through the fin and the maximum heat flow that would
be transferred by an isothermal fin at the same temperature as its base, is
not included in the definition of hi. The use of the classical fin efficiency
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concept is difficult to justify in this context, since the heat flux is not uni-
form. As a result, the temperature at the base of the fins varies significantly
depending on their circumferential position. For this reason, the effect of
thermal conduction within the fins, i.e., their efficiency, is incorporated into
the overall heat transfer coefficient defined below.

In real applications, the main focus is on the overall performance of
the receiver. Since thermal losses, which reduce the useful heat load Qu,
depend on the outer temperature of the receiver Tro, a novel approach is
proposed in this work by defining the average heat transfer coefficient ho
referred to the outer surface of the receiver tube

ho =
Qu

Aro (Tro − Tb)
(3.16)

where Aro is the outer surface area, and Tro is the average temperature on
the outer surface of the receiver. It must be pointed out that ho should be
regarded as an equivalent convection coefficient since it also includes the
effects of the solid wall and, if any, the fins on the overall thermal resistance.
From a theoretical perspective, this approach is similar to the one used to
define the overall heat transfer coefficient in heat exchangers [102].

Accordingly, the inner Nusselt number Nui is defined as

Nui =
hiDri

λ f
(3.17)

while the overall Nusselt number Nuo is defined as

Nuo =
hoDro

λ f
(3.18)

where, λ f is the thermal conductivity of the fluid.
Different solutions can be compared using a performance evaluation

criterion PEC for equal pumping power [103], calculated with both inner
and overall Nusselt numbers

PECi =
(Nui/Nui,0)

( f / f0)
1/3 (3.19)

PECo =
(Nuo/Nuo,0)

( f / f0)
1/3 (3.20)
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where Nui,0 and Nuo,0 represent the inner and overall Nusselt number of
smooth tubes, while f and f0 represent the friction factors for the finned
tubes and smooth tubes, respectively.

As will be shown later in Chapter 4, the proposed ho, Nuo and PECo are
found to be a more appropriate basis for performance evaluation due to the
non-uniform temperature distribution on the receiver circumference.

Finally, another key parameter is the maximum circumferential temper-
ature difference at the absorber outer wall, ∆Tmax, which is calculated as
follows

∆Tmax = Tro,max − Tro,min (3.21)

where Tro, max and Tro, min are the maximum and minimum outer wall tem-
peratures, respectively.

This unified post–processing framework ensures that the numerical
results from both the periodic finned-receiver study (Chapter 4) and the
full-length receiver analysis (Chapter 6) are interpreted consistently while
preserving the distinctions required by their differing physical objectives.
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Chapter 4

Thermal Performance of
Longitudinally Finned
Receivers

In this chapter, longitudinal fins were examined as a simple and cost-
effective method for augmenting heat transfer within the receiver tube
of the PTC system. However, due to the inherently non-uniform heat flux
distribution along the receiver circumference, the positioning of these fins
significantly influences thermal performance, but this aspect has not been
thoroughly explored in the literature. This chapter systematically investi-
gates the effects of the location, as well as height and number of fins, and
clarifies the distinct roles of fins positioned on the different halves of the
receiver tube. Furthermore, a novel performance evaluation metric was
proposed, offering a more representative basis for comparison than the
conventional approach commonly adopted in the literature.

More specifically, computational fluid dynamics simulations are em-
ployed to assess the thermal performance of receivers equipped with
rectangular-profile fins across a range of Reynolds numbers from 20, 000
to 60, 000. The numerical model was validated against experimental data
from the literature. Results from configurations with 2, 4, 6, and 8 fins
reveal that optimal thermal management was achieved by placing shorter
fins in regions of higher heat flux and longer fins in areas of lower heat
flux. The most effective configuration yields a 45.6% enhancement in the
overall Nusselt number and an 18.0% reduction in heat losses compared to
a smooth receiver. These findings offer valuable insights for the design of
more efficient parabolic trough receivers, contributing to improved thermal
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performance and reduced risk of tube deformation and failure in linear
collectors.

4.1 System description

Figure 4.1 presents a cross-sectional schematic of a parabolic trough solar
collector (PTC), which comprises a parabolic reflective surface and an ab-
sorber tube positioned along its focal line. To enhance heat transfer to the
heat transfer fluid (HTF) and improve the system’s reliability, longitudinal
fins are incorporated into the receiver tube. In this chapter, a numerical
investigation is conducted on the receiver tube configuration of the well-
established Luz System Three (LS-3) PTC system [104, 105]. As illustrated
in Fig. 4.2(a), the receiver tube has an inner diameter Dri of 66 mm and an
outer diameter Dro of 70 mm. The surrounding glass envelope features an
inner diameter Dgi of 109 mm and an outer diameter Dgo of 115 mm.

The non-uniform distribution of heat flux across the PTR induces a
circumferential temperature gradient. Specifically, the lower half of the re-
ceiver is subjected to concentrated solar radiation reflected by the parabolic

FIGURE 4.1: Cross-section of a parabolic trough collector
with inner fins.
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FIGURE 4.2: Parabolic Trough Receiver geometry: (a)
smooth tube, (b) tube with equal length fins, and (c) tube
with fins of different heights in the upper and lower half.

mirror, resulting in significantly higher heat flux, whereas the upper half
is exposed only to direct solar radiation. The primary objective of this
chapter is to numerically assess the influence of internal longitudinal fins
within the PTR tube on mitigating thermal gradients and enhancing overall
thermal performance. As the fins may be unevenly distributed around the
circumference of the tube, the exact position of each fin can be identified
by the fin angle α, defined as in Fig. 4.2(b). Three different fin heights will
be investigated and will be referred to as medium (H), shorter (Hs) and
longer (Hl), as shown in Fig. 4.2(b) and (c). Only fins of identical thickness
t = 3 mm are subjected to analysis, as the fin height plays a more significant
role than its thickness [62].

Table 4.1 provides a comprehensive overview of the geometrical param-
eters (number of fins N, fin heights H, Hs and Hl , and the list of fin angles α)
for all the fifteen configurations analyzed. The corresponding cross-sections
are illustrated in Fig. 4.3.

The rationale for selecting the investigated configurations is discussed
in detail later in the chapter. As illustrated, five primary receiver configura-
tions were numerically analyzed: a smooth tube (used as the reference case),
and tubes equipped with two, four, six, and eight internal longitudinal fins.
To gain deeper insight into the thermal behavior of the fins located in the
upper (cooler) and lower (hotter) regions of the receiver, and to mitigate the
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TABLE 4.1: Geometrical parameters of all configurations
analyzed. The fin thickness t is always equal to 3 mm.

Case N H
(mm)

Hs
(mm)

Hl
(mm)

α
(◦)

Smooth − − − − −
2FCase1 2 10 − − −45, 45
2FCase2 2 10 − − −135, 135
4FCase1 4 10 − − −90, 0, 90, 180
4FCase2 4 10 − − −135,−45, 45, 135
4FCase3 4 − 5 15 −135,−45, 45, 135
4FCase4 4 − 5 15 −135,−45, 45, 135
6FCase1 6 10 − − −120,−60, 0, 60, 120, 180
6FCase2 6 10 − − −150,−90,−30, 30, 90, 150
6FCase3 6 10 − − −150,−90,−45, 45, 90, 150
6FCase4 6 − 5 15 −150,−90,−45, 45, 90, 150
8FCase1 8 10 − − −157.5,−112.5,−67.5,−22.5,

22.5, 67.5, 112.5, 157.5
8FCase2 8 10 − − −135,−90,−45, 0, 45, 90, 135, 180
8FCase3 8 − 5 15 −135,−90,−45, 0, 45, 90, 135, 180
8FCase4 8 − 5 15 −135,−90,−45, 0, 45, 90, 135, 180

formation of thermal hot spots, several sub-configurations were defined for
each fin count. Each configuration, except the smooth tube, is designated
using the nomenclature ’N FCase n’, where N represents the number of fins
and n is the number of sub-cases that differ in fin position and height. In the
case of the two-fin configuration, 2FCase1 and 2FCase2 feature fins of the
same height H but on the lower or upper half of the tube, respectively. For
the four-fin configuration, 4FCase1 and 4FCase2 have a uniform distribution
of fins around the circumference of the tube, yet with a different alignment
with respect to the vertical direction. 4FCase3 and 4FCase4 feature fins of
different heights on the lower and upper halves of the tube. For 4FCase3
the fins are longer (height Hl) on the bottom and shorter (height Hs) on
the top, and vice versa for 4FCase4. The fin distributions in cases 6FCase2
and 8FCase2 are obtained by rotating those of cases 6FCase1 and 8FCase1,
respectively. In case 6FCase3, the fins on the bottom side have a slightly
different angle than in case 6FCase2. Cases 6FCase4, 8FCase3, and 8FCase4
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FIGURE 4.3: Cross-sectional geometries of all analyzed re-
ceiver configurations.

all feature longer fins on the top and shorter ones on the bottom. 8FCase3
and 8FCase4 only differ in the number of long and short fins: five short and
three long for 8FCase3 and three short and five long for 8FCase4.

Sytherm 800 oil, stainless steel, air, and Pyrex are the HTF, receiver tube,
annular space, and glass cover material, respectively. The thermophysical
properties of these materials are listed in Table 4.2, where density ρ, specific
heat cp, thermal conductivity λ, and viscosity µ are provided. In this chapter,
the temperature dependence of the HTF properties is not taken into account
to focus the analysis on the effect of fin position and size without the
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influence of other parameters. The thermophysical properties of Syltherm
800 oil are estimated at a temperature of 600 K, based on available literature
data [56]. Only conduction in the annular space is considered, using the
thermal conductivity of air at an atmospheric condition [80].

TABLE 4.2: Thermophysical properties of HTF, receiver tube,
annular space, and glass cover materials.

Material ρ (kg/m3) cp (J/kg K) λ (W/m K) µ f (Pa s)
Syltherm oil 640 2133 0.0773 0.00039
Stainless steel 8030 502.48 24.92
Air 0.02551
Pyrex 2230 900 1.2

In practical applications, PTR tubes are typically of considerable length.
After a short distance from the entrance, the flow reaches a fully developed
state, wherein the velocity and dimensionless temperature fields no longer
change. Therefore, to limit the numerical effort, the computational domain
can be limited to a very small portion of the tube, as shown in Fig. 4.4(a),
with length L provided that periodic inlet-outlet boundary conditions [32,
61] are applied at the ends of the fluid. In this chapter, L is assumed to be
equal to the outer diameter of the receiver tube Dro, as depicted in Fig. 4.4(a)
where only the solid domains, i.e., receiver tube and glass cover, are shown.
The periodic boundary conditions are shown in Fig. 4.4(b).

It is important to acknowledge that, under real operating conditions,
parameters such as direct normal irradiance (DNI), wind speed, and ambi-
ent temperature exhibit significant diurnal and seasonal variability, which
can influence both thermal performance and heat losses. In this chapter,
however, a steady-state approach is adopted, with constant values for these
parameters selected based on previous analyses [54–56, 106]. This assump-
tion allows for the isolation of the effects of fin geometry and positioning
on the thermal behavior of the receiver. Despite this simplification, the find-
ings retain general applicability: configurations that demonstrate superior
performance under the assumed conditions are expected to maintain their
relative advantage across a range of environmental scenarios.



4.2. Numerical approach 59

FIGURE 4.4: (a) Solid parts of the computational domain,
(b) periodic inlet-outlet, (c) local concentration ratio, and
(d) qualitative distribution of the heat flux imposed on the
outer wall of the receiver (red: maximum heat flux; blue:

minimum heat flux).

4.2 Numerical approach

A detailed description of the governing equations, turbulence modelling,
numerical schemes, and radiation treatment adopted in this work is pro-
vided in Chapter 3. The present section therefore summarizes and focuses
on the specific modelling choices relevant to the analyses presented in this
chapter.
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The numerical investigation is carried out using the commercial CFD
software ANSYS Fluent 2025R1 [107]. The analysis involves the solution of a
coupled conjugate heat-transfer problem, including forced convection in the
heat transfer fluid, heat conduction within the solid subdomains (namely
the steel receiver tube and the glass cover), and combined conduction and
radiation heat transfer between the facing surfaces in the annular space. The
thermophysical properties are assigned according to the specific subdomain
in which the governing transport equations are solved.

The flow of the heat transfer fluid is assumed to be steady-state, fully de-
veloped, and fully turbulent. Syltherm 800 is modelled as an incompressible
and Newtonian fluid with constant thermophysical properties evaluated at
the representative operating temperature. Turbulence effects are accounted
for using a Reynolds-averaged formulation of the governing equations.

All simulations are performed under fully turbulent flow conditions,
and the k–ω turbulence model in its Stress Transport (SST) formulation was
selected.

Although the annular space between the receiver tube and the glass
cover is treated as a fluid region, it is assumed to contain still air but solved
through effective thermal conductivity. Consequently, fluid motion in this
region is neglected, and a zero-velocity field is imposed. Heat transfer
within the annulus and within the solid subdomains is therefore governed
by heat conduction, while radiative heat exchange between the receiver
outer surface and the inner surface of the glass cover is modelled using the
Surface-to-Surface (S2S) radiation approach.

Pressure–velocity coupling is handled using the coupled solution scheme,
and second-order upwind discretization is employed for all transport equa-
tions. The numerical simulations are considered converged when the resid-
uals of all solved equations are reduced below 10−6.

4.2.1 Grid independence and model validation

To ensure the reliability of the results, a mesh independence test has been
first carried out to select the appropriate grid structure and size. Then, to
prove the reliability of the CFD model, the numerical results have been
compared with literature data.
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Grid independence test

Five hexahedral conformal meshes have been created for the case with
eight identical fins (8FCase2) using the Ansys meshing tool. The number
of elements in each mesh has been progressively increased and is equal,
from the coarsest to the finest mesh, to 29,330, 55,644, 119,616, 245,950, and
544,284, respectively. The receiver outer wall average temperature Tro and
the pressure gradient ∆p/L are then computed for each mesh at the highest
Reynolds number as shown in Fig. 4.5(a). The solution is deemed to be
mesh-independent when the maximum variation in the aforementioned
parameters is less than 0.1%. For this reason, the final mesh used for the
simulations is the one with 245,950 elements.

The quality of the mesh was assessed using standard metrics. With
an average cell skewness of 0.26 and an average orthogonality quality of
0.87, the mesh meets the requirements for accurate CFD simulations. For
the largest values of the Reynolds number Re = 60, 000 investigated, the
maximum value of the dimensionless distance from the wall y+ was 1.39,
while the average value was 1.01, which is consistent with the adopted
turbulence model.

The 2D mesh on a generic cross-section of the computational domain
being used to generate the 3D mesh by axial sweep is shown in Fig. 4.5(b).
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60, 000 and (b) detail of the final mesh on a generic cross-

section of the computational domain.
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The mesh for the HTF subdomain is colored red, while that for the annular
space is colored blue. The meshes for the solid regions, i.e., the receiver tube
and the glass cover, are colored black. Similar grid resolutions have been
used for the cases where the fin number is different.

The simulations were performed in parallel mode using 8 CPU cores
(12th Gen Intel® Core™ i7-12700, 2.10 GHz). A representative steady-state
case required 629 s (≈ 0.175 h) of wall-clock time, corresponding to approxi-
mately 1.4 core-hours. These results indicate that the proposed approach is
computationally efficient and suitable for parametric studies.

Numerical model validation

The numerical model has been validated with respect to both smooth and
finned receivers. First, the following correlations are used to validate the
friction factor and the Nusselt number for a smooth tube

• Blasius correlation [108]

f = 0.3164Re−0.25 (4.1)

• Gnielinski correlation [109]

Nu =

(
f
8

)
(Re − 1000)Pr

1 + 12.7
(

f
8

)0.5 (
Pr

2
3 − 1

) (4.2)

The comparison between the numerical results and the correlation data
is shown in Fig. 4.6(a) for the friction factor f0 and in Fig. 4.6(b) for the
Nusselt number Nui,0. The agreement is very good and the mean devia-
tion for the friction factor and Nusselt number is equal to 0.1% and 1.6%,
respectively.

Subsequently, the numerical results obtained for the longitudinally
finned receiver configurations were validated through comparison with
the experimental data reported by Jensen and Vlakancic [52]. Their model,
primarily focused on small and thin fins with equal height, provides a well-
validated basis for evaluating pressure drop and heat transfer in tubes with
internal fins in the case of uniform heat flux. The comparison of the friction
factor f and Nusselt number Nui for the eight equal fin height receiver
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FIGURE 4.6: Validation of numerical results: (a) friction
factor for the smooth receiver, (b) Nusselt number for the
smooth receiver, (c) friction factor for the finned receiver
8FCase2, and (d) Nusselt number for the finned receiver

8FCase2.

geometry corresponding to that of case 8FCase2 is shown in Fig. 4.6(c) and
(d), respectively. The numerical results concerning the solar parabolic re-
ceiver with internal fins align closely with those predicted by the theoretical
framework of [52], with an average deviations of 4.3% for the friction factor
and 5.0% for the Nusselt number, well within the correlation accuracy, thus
proving the reliability of the adopted physical and numerical models.

Finally, the full numerical model including the effect of the glass cover,
has been validated with the experimental data from Burkholder and Kutscher
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[69] for a smooth 2008 PTR70 parabolic trough receiver. The numerical re-
sults in terms of heat loss per unit length of the receiver agree well with
the experimental ones, with an average deviation of 6.2%, as shown in
Fig. 4.7. This comparison provides additional confidence in the real-world
applicability of the model.
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FIGURE 4.7: Validation of numerical results: heat loss per
unit length of the receiver Qloss for different HTF inlet tem-

peratures Tb,in.

4.3 Results and discussion

The fifteen receiver geometries illustrated in Fig. 4.3 are subjected to nu-
merical analysis over a range of Reynolds numbers from 20, 000 to 60, 000.
The results are presented in the following subsections and are categorized
into qualitative and quantitative analyses. The qualitative analysis includes
velocity and temperature contour plots, as well as temperature distributions
on the external surfaces of both the receiver and the glass envelope. The
quantitative analysis encompasses key performance indicators such as max-
imum surface temperatures, friction factor, Nusselt number, performance
evaluation criteria, and heat losses.



4.3. Results and discussion 65

4.3.1 Velocity and temperature contours

The heat transfer performance depends on both the velocity and tempera-
ture fields in the receiver. Figure 4.8 displays a three-dimensional visualiza-
tion of the HTF axial velocity field at the middle section of the computational
domain for all geometries, evaluated at the intermediate mass flow rate
ṁ = 0.8086 kg/s corresponding to Re = 40, 000. The axis of the tube is
shown in black with a dash-dotted line. As can be seen, the axial veloc-
ity distribution for the smooth receiver is axisymmetric, and the velocity
goes from zero at the wall to the maximum values at the center of the
cross-section. For all other geometries, the velocity profile exhibits inden-
tations corresponding to the fins and, since the cross-section decreases as
the number of fins increases, the maximum velocity at the center of the
tube increases. For a symmetrical distribution of fins of equal length (cases
4FCase1, 4FCase2, 6FCase1, 6FCase2, 6FCase3, 8FCase1, and 8FCase2), the
point of maximum velocity is always located at the center of the cross-
section. If the fins are placed (case 2FCase1) or are longer (case 4FCase3) on
the lower half of the tube, the point of maximum velocity moves away from
the axis in the upward direction, while if the fins are placed (case 2FCase2)
or are longer (cases 4FCase4, 6FCase4, 8FCase3, and 8FCase4) on the upper
half of the tube, the point of maximum velocity moves away from the axis in
the downwards direction. As shown in Fig. 4.8, the configuration 8FCase4
exhibits both the highest axial velocity magnitude among all cross-sections
and the most pronounced downward displacement of the velocity peak,
indicating a significant influence of fin geometry and placement on flow
distribution. The temperature contours and some axial velocity iso-profiles
at the middle section of the computational domain are presented in Fig. 4.9
for all cases and Re = 40, 000. The annular zone and the glass cover are
not shown in the figure to improve clarity. As can be observed, the number
and location of fins have a significant impact on the flow field, which in
turn affects the temperatures within the HTF and receiver tube. The highest
temperature values are observed in the lower half of the receiver, which is
subjected to the most intense heat flux, as shown in Fig. 4.4(d). To gain a
deeper understanding of the distinct heat transfer mechanisms associated
with the fins located on the upper and lower halves of the receiver tube, it
is instructive to examine the simplified case involving two fins. Although
this configuration holds limited practical relevance, it provides valuable
physical insight into the underlying thermal behavior of the system. The
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FIGURE 4.8: Axial velocity contours on the middle section
of the computational domain for all receiver geometries and

Re = 40, 000.
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FIGURE 4.9: Temperature contours and velocity iso-lines
on the middle section of the computational domain for all

receiver geometries and Re = 40, 000.
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fins on the lower half (see case 2FCase1) exhibit large temperature gradients,
suggesting a high conductive heat transfer, which helps reduce local hot
spots in the receiver. On the contrary, the fins on the upper half (see case
2FCase2) have temperatures that are very close to that of the surrounding
fluid, implying a very low heat flux and, therefore, a negligible local thermal
effect. As previously observed in Fig. 4.8, the presence of longer fins on the
upper half of the receiver tube redirects the high-velocity region of the heat
transfer fluid flow toward the lower half. This redistribution enhances local
convective heat transfer on the lower side, which is subjected to a higher
heat flux. In essence, while the fins on the upper half of the receiver have
minimal thermal impact, they play a crucial role in promoting convective
transport by steering the bulk fluid toward the thermally stressed region,
as illustrated by the axial velocity contours in Fig. 4.9. By strategically
combining and balancing these effects, overall heat transfer performance
can be significantly improved. This is demonstrated in configurations fea-
turing more than two fins, specifically, cases 4FCase4, 6FCase4, 8FCase3,
and 8FCase4, where the use of longer fins on the upper half and shorter
fins on the lower half not only mitigates local hot spots but also reduces
circumferential temperature non-uniformity along the receiver wall. Finally,
for a symmetrical distribution of equal length fins (cases 4FCase1, 4FCase2,
6FCase1, 6FCase2, 6FCase3, 8FCase1, and 8FCase2), it can be seen that plac-
ing the fins at α = ±45◦ (cases 4FCase2, 6FCase3, and 8FCase2), i.e., close to
the angular position of the maximum heat flux values, reduces maximum
temperatures.

4.3.2 Comparisons between the smooth receiver and cases 2FCase2
and 4FCase2

The following subsection provides a quantitative analysis to support the
qualitative observations discussed previously. Table 4.3 reports the average
temperatures of the finned inner surface Tri and of the outer surface Tro of
the receiver for three Reynolds numbers and three receiver configurations:
the smooth tube (reference), 2FCase2 (two fins on the upper half), and
4FCase2 (i.e., 2FCase2 with two additional symmetric fins on the lower
half). The left portion of the table presents temperatures calculated over the
lower half of the receiver, where approximately 92% of the total heat load is
concentrated due to the imposed non-uniform heat flux distribution shown
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in Fig. 4.4(c), while the right portion shows values averaged over the entire
receiver surface.

TABLE 4.3: Average temperatures on the finned inner sur-
face Tri and outer surface Tro of the receiver for config-
urations Smooth, 2FCase2 and 4FCase2, three different
Reynolds numbers and for the lower half (left side) or the

entire (right side) receiver.

lower half entire receiver
Tri (K)] Tro (K) Tri (K) Tro (K)

Re = 20, 000 Smooth 778.03 780.47 694.77 696.07
2FCase2 771.32 773.97 674.07 690.98
4FCase2 747.43 760.10 674.64 682.91

Re = 40, 000 Smooth 707.72 710.33 654.97 656.33
2FCase2 703.72 706.50 642.73 653.67
4FCase2 687.74 699.92 642.90 650.00

Re = 60, 000 Smooth 677.95 680.63 638.99 640.37
2FCase2 675.26 678.10 630.33 638.67
4FCase2 663.39 674.67 630.49 636.77

Since the heat flux imposed on the outer surface of the receiver has the
same non-uniform distribution across all cases, a lower surface temperature
(either inner or outer) indicates a higher local heat transfer coefficient, as
defined by equations (3.15) and (3.16). As shown in the left portion of Table
4.3, 2FCase2 exhibits lower surface temperatures on the lower half compared
to the smooth tube, implying enhanced local convective heat transfer. This
supports the earlier qualitative conclusion that, although fins on the upper
half have limited direct thermal impact, they effectively redirect the high-
velocity HTF region toward the lower half, thereby improving heat transfer
where it is most needed. A comparison between 2FCase2 and 4FCase2
further highlights the benefit of adding fins to the lower half. The additional
fins in 4FCase2, positioned in the region of highest heat flux, exhibit large
temperature gradients and lead to higher local heat transfer coefficients, as
evidenced in Table 4.3 by the further reduction in both Tri and Tro on the
lower half.

The right-hand side of Table 4.3 provides insight into why the average
outer surface heat transfer coefficient, ho, introduced in Subsection ??, is a
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more appropriate metric for evaluating overall receiver performance. While
the average inner surface temperature Tri is nearly identical for 2FCase2
and 4FCase2, suggesting similar internal convective performance, this can
be misleading. The true indicator of thermal efficiency is the outer surface
temperature, which governs thermal losses. As will be further demonstrated
in Subsection 6.3.4, 4FCase2 consistently exhibits lower Tro values across all
Reynolds numbers, confirming reduced thermal losses. This underscores
the importance of using the overall heat transfer coefficient ho and the
corresponding Nusselt number Nuo as the primary performance indicators.

4.3.3 Temperature profiles and maximum temperatures

As previously discussed, the non-uniform heat flux distribution induces
circumferential temperature gradients in both the receiver tube and the
surrounding glass envelope. These gradients can lead to increased thermal
losses, structural deformation of the receiver, potential damage to the glass
cover, and a reduction in its operational lifespan. Figure 4.10 illustrates the
temperature profiles at the outer surface of the receiver and the glass cover,
evaluated at the mid-plane of the computational domain for a Reynolds
number of 40, 000. The smooth tube configuration, included as a reference
in all plots (black curve), consistently exhibits higher surface temperatures
compared to finned configurations. In Figures Fig. 4.10(a) and Fig. 4.10(b),
distinct valleys in the temperature profiles correspond to the locations of
the fins, indicating enhanced local heat transfer. This feature is not ob-
served on the outer surface of the glass cover, as shown in Fig. 4.10(c) and
Fig. 4.10(d). As the number of fins increases, the circumferential temperature
variation decreases significantly for both the receiver and the glass enve-
lope. Notably, Figures 4.10(a) and 4.10(b) demonstrate that 2FCase1, with
fins positioned on the lower (high-flux) half of the receiver, outperforms
2FCase2, where fins are placed on the upper (cooler) half. Nevertheless,
2FCase2 still achieves lower surface temperatures than the smooth tube,
confirming the beneficial effect of fins even when placed on the cold side.
Configurations featuring asymmetric fin heights, such as 4FCase4, 6FCase4,
8FCase3, and 8FCase4, not only reduce peak temperatures but also improve
circumferential temperature uniformity. These findings are consistent with
the observations presented in Subsection 6.3.1, reinforcing the importance
of strategic fin placement.
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FIGURE 4.10: Circumferential temperature distributions for
all receiver geometries and Re = 40, 000: (a), (b) receiver

outer wall; (c), (d) glass-cover outer wall.

The maximum temperature Tmax on the outer wall of the receiver is
reported in Fig. 4.11 as a function of the Reynolds number. As illustrated
in the results, the maximum temperature within the receiver decreases
with increasing Reynolds number and with the addition of internal fins.
Across all configurations and Reynolds numbers analyzed, finned receivers
exhibit a reduction in maximum temperature ranging from 5.6 K to 36.2 K
compared to the smooth tube case. This substantial decrease is particularly
promising, as it contributes to mitigating the risk of thermal deformation
in the receiver tube, thereby enhancing structural integrity and operational
reliability in practical applications.
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FIGURE 4.11: Maximum temperature Tmax on the outer wall
of the receiver versus Reynolds number.

4.3.4 Performance parameters

The effect of inner longitudinal fins in PTR tubes on pressure drop and heat
transfer is illustrated in Fig. 4.12, where the friction factor f and the Nusselt
number Nu are reported as a function of the Reynolds number.
The addition of fins always leads to an increase in the friction factor, as can
be seen in Fig. 4.12(a) and (b). The increment in the friction factor, compared
to the smooth receiver, remains nearly constant at each Reynolds number.
It should be noted that in some pairs of cases, the friction factor is exactly
the same since the receiver tube is merely rotated around its axes and the
thermophysical properties are kept constant (see, for example, 4FCase3 and
4FCase4 or 6FCase1 and 6FCase2).

As discussed in Subsection 3.3.2, heat transfer is evaluated not only in
terms of the inner Nusselt number Nui, as is commonly reported in the liter-
ature, but also with reference to the overall Nusselt number Nuo. Both Nui
and Nuo exhibit an increasing trend with rising Reynolds number and fin
count, as illustrated in Fig.4.12 (c)-(f). In the specific case of configurations
with two fins, Figure 4.12 (c) shows that Nui is markedly higher for config-
uration 2FCase2 (fins located on the cold side) compared to 2FCase1 (fins
on the hot side), which behaves similarly to a smooth tube. However, this
apparent enhancement in 2FCase2 is misleading, as it primarily results from
the fins being at a temperature nearly equal to that of the surrounding fluid,
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FIGURE 4.12: Variation of f , Nui, and Nuo with Re for all
the cases considered.
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as previously discussed. This effect results in a significantly reduced area-
weighted average temperature Tri on the inner surface of the receiver, which
in turn leads to increased values of the convective heat transfer coefficient
hi and the inner Nusselt number Nui, as defined in Equations (3.15) and
(3.17). However, given that the overall thermal performance of the receiver
is primarily influenced by thermal losses from its external surface, the over-
all Nusselt number Nuo is a more appropriate metric for evaluation. This
parameter inherently accounts for the thermal effect of the fins. As already
mentioned in Subsection 3.3.2, the classical definition of fin efficiency is of
limited usefulness in the present context, where the heat flux is not uniform.
To support this statement, the thermal efficiency of the fins was evaluated
for two configurations: 2FCase1 (fins located on the hot/lower side) and
2FCase2 (fins located on the cold/upper side) for an intermediate value
of Re = 40,000. This was achieved by performing numerical simulations
in which only the thermal conductivity of the fins was artificially set to a
very high value (2000 W/mK), effectively approximating infinite conduc-
tivity. This approach allowed the estimation of the heat flux exchanged by
an isothermal fin, while maintaining a non-uniform receiver temperature
consistent with the actual heat flux distribution. The fin efficiency was then
calculated as the ratio between the heat flow exchanged with the real fin
conductivity and that obtained in the infinite-conductivity case. The result-
ing efficiencies were 80.2% for 2FCase1 (fins on the hot side) and 78.7% for
2FCase2 (fins on the cold side). These two values are very similar, which is
not surprising. In both configurations, the fins have identical geometry and
material properties, and the flow field around them is the same, since the
simulations neglect gravity effects and temperature-dependent properties.
However, the overall thermal impact of the fins differs significantly between
the two cases. As already observed for 2FCase2, the temperature of the
fins, and consequently the temperature at their base, is very close to that
of the surrounding fluid. Therefore, their contribution to heat transfer is
negligible, despite their thermal efficiency being comparable to that of the
fins in 2FCase1. In contrast, in 2FCase1 the fins operate at a much higher
temperature relative to the surrounding fluid, leading to a substantially
greater thermal effect.

As illustrated in Fig. 4.12(e), configurations 2FCase1 and 2FCase2 exhibit
similar behavior in terms of Nuo, and both demonstrate superior perfor-
mance compared to the smooth tube. These findings support the conclusion
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that, under conditions of non-uniform heat flux and asymmetric fin distri-
bution, performance assessment should be based on the overall Nusselt
number, as proposed in this chapter, rather than solely on the inner Nusselt
number, as is commonly done in the literature. Regarding fin length, Figure
Fig. 4.12(e) shows that configuration 4FCase4, featuring shorter fins on the
lower half and longer fins on the upper half of the receiver, outperforms
4FCase3, which has the opposite fin arrangement, despite both configura-
tions exhibiting the same friction factor. This improvement can be attributed
to the increased thermal efficiency resulting from shorter fins on the hot
side, which outweighs the corresponding reduction in heat exchange area.
Additionally, longer fins on the cold side promote the displacement of the
high-velocity zone of the heat transfer fluid flow toward the hot region,
further enhancing thermal performance. Consistent trends are observed in
Figs. 4.12(e) and (f), where the highest overall Nusselt numbers are associ-
ated with configurations featuring shorter fins on the lower half and longer
fins on the upper half. Specifically, for configurations 4FCase4, 6FCase4,
and 8FCase4, the average enhancements in Nuo are 15.4%, 27.7%, and 38.6%,
respectively.

Although the addition of fins enhances the Nusselt number, it also leads
to an increase in the friction factor and, consequently, in the required pump-
ing power. To account for both thermal and hydraulic performance, two
performance evaluation criteria are considered: PECi, based on the inner
Nusselt number and defined by Equation (3.19), as shown in Fig. 4.13(a)
and (b), and PECo, based on the overall Nusselt number and defined by
Equation (3.20), as shown in Fig. 4.13(c) and (d). These two metrics can
yield significantly different assessments of performance, as exemplified by
the previously considered two-fin example. From Fig. 4.13(a), it is evident
that the configuration with fins on the cold side (2FCase2) substantially
outperforms the configuration with fins on the hot side (2FCase1), a re-
sult attributable to the higher inner Nusselt number arising from a lower
area-weighted average temperature, as previously discussed. As shown
in Fig. 4.13(c), configuration 2FCase1 generally yields the best overall per-
formance, with the exception of the highest Reynolds number considered.
Given that the primary focus is on the overall thermal performance of the
receiver, and considering that thermal losses are governed by the tempera-
ture of the external surface, the performance evaluation should be based
on PECo. In contrast, reliance on the internal criterion PECi may lead to
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misleading conclusions. Finally, while PECi remains relatively constant
across the range of Reynolds numbers, PECo exhibits a decreasing trend as
the Reynolds number increases.

One possible explanation for these trends lies in the Reynolds analogy,
which suggests a proportional relationship between heat transfer and fric-
tion factor in internal flows. This analogy appears to hold for the inner
Nusselt number Nui, and the friction factor f , both of which exhibit simi-
lar dependence on the Reynolds number Re. However, when evaluating
overall performance, where the effect of fin efficiency is incorporated into
the overall Nusselt number Nuo, this relationship no longer holds, and the
behavior of Nuo with respect to Re changes. For large-scale solar thermal
applications, this implies that at a constant pumping power, the relative
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advantage of finned receivers over smooth ones diminishes as the mass
flow rate, and thus the Reynolds number, increases.

At low Reynolds numbers, the values of the external performance eval-
uation criterion PECo exceed unity, reaching a maximum of 1.14 for config-
uration 8FCase4. However, as the Reynolds number increases, PECo values
progressively decline and eventually fall below 1. Despite this reduction,
configurations such as 4FCase4, 6FCase4, and 8FCase4 still offer significant
advantages, including lower peak temperatures within the receiver and, as
will be demonstrated in the following subsections, reduced thermal losses.

4.3.5 Heat losses

Heat losses Qloss negatively impact the thermal performance of parabolic
trough receiver (PTR) tubes by reducing the net radiative heat transfer to
the heat transfer fluid (HTF). Maintaining a high-quality vacuum in the
annular space between the absorber tube and the glass envelope is essential
to minimize these losses. However, in the presence of air infiltration, as
assumed in this chapter and described in Section 3.3, heat losses occur due
to both radiation and conduction through the air in the annulus. Under the
boundary conditions considered, conductive losses are estimated to be ap-
proximately one-sixth of the radiative losses. The total heat loss is ultimately
dissipated to the ambient environment via forced convection and radiation
from the outer surface of the glass envelope. Table 4.4 presents the heat
losses per unit length for both smooth and finned receiver configurations
across a range of Reynolds numbers.

As the Reynolds number increases from 20, 000 to 60, 000, heat losses
decrease for all configurations, primarily due to the reduction in the temper-
atures of both the absorber tube and the glass envelope. At a fixed Reynolds
number, finned receivers consistently exhibit lower heat losses compared
to the smooth tube, with greater reductions observed as the number of
fins increases. Among the finned configurations, those with longer fins
on the upper half and shorter fins on the lower half of the receiver (i.e.,
4FCase4, 6FCase4, and 8FCase4) demonstrate superior overall performance,
as discussed in previous sections. The most significant reductions in heat
loss are observed at the lowest Reynolds number, with decreases of 9.3%,
14.0%, and 18.0% for 4FCase4, 6FCase4, and 8FCase4, respectively, relative
to the smooth tube configuration.
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TABLE 4.4: Heat losses per unit length Qloss [W/m] for
smooth and finned receiver tubes at different Reynolds num-

bers.

Case | Re → 20, 000 30, 000 40, 000 50, 000 60, 000
Smooth 830.3 671.1 593.6 548.3 518.1
2FCase1 777.0 642.4 576.5 537.3 511.3
2FCase2 800.8 653.6 581.4 539.2 511.1
4FCase1 763.3 634.5 570.5 532.5 507.0
4FCase2 748.7 624.7 563.6 527.3 503.0
4FCase3 759.4 634.9 572.7 535.3 510.2
4FCase4 753.1 623.8 560.5 523.5 499.0
6FCase1 721.2 608.7 552.9 519.6 497.2
6FCase2 727.4 613.4 556.7 52.7 499.8
6FCase3 725.6 611.4 554.9 521.1 498.5
6FCase4 713.9 600.9 545.2 512.2 490.1
8FCase1 698.6 595.7 544.5 513.8 493.0
8FCase2 701.3 597.7 546.2 515.2 494.2
8FCase3 701.3 591.7 538.1 506.4 485.3
8FCase4 681.7 580.9 531.0 501.3 481.3

4.4 Conclusions

This chapter presents a comprehensive numerical investigation of a parabolic
trough solar receiver tube equipped with longitudinal fins, focusing on the
effects of varying the position, number, and length of the fins. The key
novelties of this work, in comparison to previous studies in the field, are
summarized as follows:

• The novel concept of asymmetrically distributed fins, both in terms
of height and circumferential position, is introduced to enhance the
thermal performance of the receiver under non-uniform heat flux
conditions.

• The distinct heat transfer mechanisms associated with fins located
on the upper (high heat flux) and lower (low heat flux) halves of
the receiver tube are analyzed in detail, highlighting their different
contributions to overall performance.
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• A novel approach to evaluating the overall performance of finned
receiver tubes subjected to non-uniform heat flux is proposed. This
method proves more effective in identifying the best fin configurations
than the common approach found in the literature.

The major findings of this chapter can be summarized as follows:

• To minimize peak temperatures and circumferential temperature gra-
dients in both the absorber tube and the glass envelope, it is recom-
mended to place fins in regions subject to higher local heat fluxes.

• Fins located on the lower half of the receiver, where the heat flux
is higher, enhance conductive heat transfer. Conversely, fins on the
upper (colder) half of the receiver promote the displacement of the
high-velocity region of the HTF flow toward the lower half, thereby
increasing local convective heat transfer. By strategically combining
these effects, i.e., using longer fins on the upper half and shorter fins
on the lower half, both conductive and convective heat transfer can
be effectively enhanced.

• For the best-performing configurations, i.e., 4FCase4, 6FCase4, and
8FCase4, the maximum improvements in the overall Nusselt number
relative to the smooth tube case were 17.6%, 33.0%, and 45.6%, respec-
tively. The corresponding peak values of the external performance
evaluation criterion were 1.03, 1.08, and 1.14.

• Compared to the smooth tube, the maximum reductions in peak
temperature were 20.8 K, 27.7 K, and 36.2 K for 4FCase4, 6FCase4,
and 8FCase4, respectively. Additionally, the maximum reductions
in heat loss for these configurations were 9.3%, 14.0%, and 18.0%,
respectively.

Longitudinal fins represent a simple, cost-effective, and easily manufac-
turable solution that can be readily implemented in practical parabolic
trough receivers. As demonstrated in this chapter, when fins are strategi-
cally positioned and dimensioned, particularly with varying lengths on
the upper and lower halves of the receiver, they can significantly enhance
thermal performance. The findings presented herein offer valuable insights
for improving the efficiency of parabolic trough receivers, thereby reducing
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the risk of structural deformation and contributing to the extension of the
operational lifespan of linear solar collector systems.
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Chapter 5

Effect of Vacuum Level on Heat
Losses in Smooth and Finned
Parabolic Trough Receivers

This chapter presents a comprehensive numerical analysis of heat loss in
smooth and longitudinally finned Parabolic Trough Receiver (PTR) tubes
under different vacuum levels. The finned receiver configuration examined
in this chapter aligns with the optimal design outlined in Chapter 4, named
as 8FCase3. This design has been shown to enhance internal heat transfer,
reduce the circumferential temperature difference, and minimise heat losses.
The coupled heat transfer model described in Chapter 3 was employed to
investigate the effects of different vacuum levels and different atmospheric
conditions on total heat loss for different inlet bulk temperatures Tb,in (500
K, 600 K, and 700 K). An effective thermal-conductivity model for air in
the annular region, spanning full vacuum to atmospheric conditions, was
used in the analysis. The results show that heat loss increases significantly
with higher annulus pressure and heat transfer fluid inlet temperature.
Although radiation loss remains roughly constant, conduction loss increases
dramatically. Using longitudinal fins reduces the temperature of the receiver
and the temperature of the glass cover, and lowers overall heat loss by 9%.
This study focuses on the importance of controlling the vacuum level and
PTR design in solar thermal concentrator systems (CSTs) to improve thermal
performance and reduce operating costs.
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5.1 System description and identification of heat losses

This chapter represents an extension of the analysis presented in Chap-
ter 4, focusing specifically on the influence of vacuum level on the thermal
losses of parabolic trough receivers. While Chapter 4 addressed internal
heat-transfer enhancement using optimized longitudinal fin configurations
under non-uniform solar flux, the present chapter investigates how dif-
ferent vacuum conditions in the annular space affect the overall heat-loss
behaviour of both smooth and finned receivers.

The schematics of the smooth and longitudinally finned PTRs investi-
gated in this chapter are shown in Figure 5.1 (a) and (b), respectively. The
inner diameter of the receiver tube Dri is 66 mm, while its outer diameter
Dro is 70 mm; the inner diameter of the glass cover Dgi is 109 mm, while its
outer diameter Dgo is 115 mm. The receiver is made of steel, the glass cover
material is Pyrex and the heat transfer fluid is the commercial Syltherm
800. The thermophysical properties of these materials are listed in Table
5.1, where ρ is density, cp is specific heat, λ is thermal conductivity and µ is
viscosity.

Heat transfer in the PTR occurs as the total solar radiation Qtot reaches
the outer surface of the receiver tube, passing through the glass cover and
the annular region. The useful fraction of heat Qu is then transferred by
conduction in the receiver tube and finally by convection to the heat transfer
fluid. Heat losses, equal to Qloss = Qtot − Qu, are the sum of radiation heat
loss Qloss,rad and conduction heat loss Qloss,cond in the annular space between

(a) (b)

FIGURE 5.1: Different receiver tubes: smooth (a) and finned
(8FCase3) (b).
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TABLE 5.1: Thermophysical properties of HTF, receiver tube,
and glass cover.

Domain ρ cp λ µ
(kg/m3) (J/kg·K) (W/m·K) (Pa·s)

Stainless steel 8030 502.48 24.92
Pyrex 2230 900 1.2
Syltherm oil (Tb,in=500 K) 747.2 1962 0.0961 8.4e-4
Syltherm oil (Tb,in=600 K) 640 2133 0.0773 3.9e-4
Syltherm oil (Tb,in=700 K) 640 2133 0.0773 3.9e-4

the receiver tube and the glass cover. Heat losses are then transferred to
the environment by conduction through the glass cover and finally by
convection and radiation, as illustrated in Figure 5.2.

 

 

 

 
    

                       

           

    

    

    

         
     

       
       

    

   
 

   
 

FIGURE 5.2: Schematic of heat losses in the PTR.

As mentioned above, heat losses Qloss are largely dependent on the
heat transfer phenomena taking place in the annular space between the
receiver tube and the glass cover. The annular space is typically evacuated
to 0.0001 torr (0.0133 Pa). At this vacuum level, heat losses are mainly due to
radiation, while conduction heat loss is negligible. However, as the pressure
in the annular space increases, the heat loss due to molecular conduction
Qloss,cond increases significantly and natural convection can also arise, while
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the radiation loss Qloss,rad remains almost constant. The energy balance
equation for the receiver can be written as

Qloss = Qtot − Qu = Qloss,rad + Qloss,cond (5.1)

5.2 Numerical Analysis

A detailed description of the governing equations, turbulence modelling,
numerical schemes, and radiation treatment adopted in this work is pro-
vided in Chapter 3. The present section therefore, summarizes and focuses
on the specific modelling choices relevant to the analyses presented in this
chapter, where the numerical investigation of a parabolic trough receiver
was carried out using ANSYS Fluent 2025R1. In real PTSC systems, the PTR
tubes are very long as they are welded in series to absorb solar energy and
achieve the required temperature. In this work, to save computational time,
only a small portion of the system of length L equal to Dro was investigated
by imposing periodic inlet-outlet boundary conditions. The heat transfer
fluid, Syltherm 800, was assumed to be incompressible and Newtonian with
constant thermophysical properties, as discussed in the previous section.
The second-order upwind scheme was adopted for the discretisation of
the governing equations and the SST k − ω model was employed as the
HTF flow is fully turbulent. The numerical solution employs a coupled
pressure-velocity scheme. The annular space between the receiver tube
and the glass cover was considered as a fluid domain, although it still con-
tains air (zero velocity) at low pressure. The heat transfer in this region,
due to conduction and convection, was taken into account by an effective
conductivity, as explained in the following subsection. Finally, radiative
heat transfer between the receiver tube and the glass cover was modelled
using the Surface-to-Surface (S2S) radiation approach. The simulations were
considered to have reached convergence when the residuals were less than
10−6.

5.2.1 Effective thermal conductivity model

A simple but effective method of avoiding the need to calculate the flow
field in the annular region of the PTR filled with air or other gases at
different pressures is to impose a zero velocity field, thereby solving a
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simple conduction problem, and defining an equivalent or effective thermal
conductivity ke f f that includes both the effects of conduction and, if relevant,
natural convection. The present study considers air in the annulus at various
pressures ranging from 0.001 torr to 760 torr (i.e. from 0.00013 kPa to 100
kPa). The model for calculating effective thermal conductivity, based on gas
type and pressure, was implemented in the Engineering Equation Solver
(EES) software [110].

If the pressure is lower than 1 torr (≃ 0.1 kPa), the effective thermal
conductivity is defined as [111]

ke f f =
Dro · hro,gi · ln

(
Dgi
Dro

)
2

(5.2)

where hro,gi is the heat transfer coefficient by free molecular convection at
Tro,gi = (Tro+Tgi)/2 which is defined as

hro,gi =
kstd

Dro
2 ln

(
Dgi
Dro

)
+ b · λ ·

(
Dro
Dgi

+ 1
) (5.3)

In the above equation, kstd is the thermal conductivity of air at room tem-
perature, b is an interaction coefficient and λ is the mean-free-path of a
molecule calculated as follows

λ =
2.331 ∗ E(−20) · (Tro,gi + T0)

P · δ2 (5.4)

where P is the pressure in the annulus and δ is the molecular diameter.
If the pressure in the annular space is greater than 1 torr (≃ 0.1 kPa), the

effective thermal conductivity includes the effects of both conduction and
natural convection and is defined as [112]

ke f f = 0.386 · k
(

Pr
0.861 + Pr

) 1
4

· Ra
1
4
c (5.5)

where k is the molecular thermal conductivity at Tro,gi. Both the Prandtl
number Pr and the Rayleigh number Rac of the annular cavity depend on
the pressure through density.
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5.2.2 Validation

The hexahedral conformal meshes used throughout the computational do-
main for smooth and finned receivers share the same characteristics as those
used in Chapter 2. As the glass cover and the vacuum annulus are also
considered in this study, a new mesh independence test has been performed.
The number of elements in each mesh has been increased by 50% compared
to the previous one. The receiver’s mean outer surface temperature and the
pressure gradient were monitored. The solution was considered to be mesh-
independent when the maximum variation in the above parameters was
less than 0.1%. The final meshes used for the simulations consist of 165,740
and 236,310 elements for the smooth and the finned receiver, respectively.

The heat loss data, including the effect of the vacuum cavity, were
validated here for different pressures in the annulus cavity against those
reported by Forristal [80] for a parabolic trough receiver with the follow-
ing operative conditions: HTF temperature of 350◦C, volumetric flow rate
of 140 gpm, DNI equal to 950 W/m2, wind speed of 1 m/s, and ambient
temperature of 35◦C. The numerical results agree well with those obtained
using the Forristal model, as shown in Figure 5.3. The mean deviation for
the heat loss per unit length is equal to 4.7%. Slightly higher differences
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FIGURE 5.3: Validation of heat loss data for different annu-
lus pressures.
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were observed at very low annulus pressures. It should be noted that the
present study is based on a multidimensional CFD model developed in
ANSYS Fluent, whereas the Forristall model is a one-dimensional analytical
formulation. Under near-vacuum conditions, heat transfer becomes domi-
nated by radiation and rarefied gas conduction, making the predicted losses
sensitive to the modelling approach. However, heat losses at full vacuum
are significantly lower overall, so the slightly larger relative difference does
not have a substantial practical impact. At higher pressures, the heat losses
increase considerably, but the discrepancy between the two models becomes
much smaller.

5.3 Results and discussion

The two receiver geometries in Figure 5.1 (a) and (b) were numerically
analysed in the hypothesis of air in the vacuum region at pressures ranging
from 0.00013 kPa to 100 kPa.

The temperature distributions at the middle section of the computa-
tional domain of the receiver for different inlet bulk temperatures Tb,in and
annular space pressures are shown in Figure 5.4. For a given Tb,in, at a
lower vacuum region pressure only radiation loss occurs and the glass
temperature is lower compared to that at a higher annulus pressure, where
the effective conductivity becomes larger. As can be seen, adding fins re-
duces the receiver outer surface temperature Tro, further reducing the glass
temperature. Glass and receiver tube temperatures are obviously higher at
higher Tb,in.

Figure 5.5 shows the receiver and glass cover outer surface tempera-
tures at Tb,in = 600 K. It is observed that as pressure increases, the receiver’s
outer surface temperature decreases very little, but the glass temperature
increases much more at higher pressure. Since it depends on effective ther-
mal conductivity, as pressure increases, the effective thermal conductivity
increases, which increases heat conduction between the receiver’s outer
surface and the glass cover.

Figure 5.6 shows the fraction of radiation and conduction heat losses in
the annulus for different pressures and for two values of the HTF upstream
mean bulk temperature Tb,in = 500, 600 K, and 700 K. The figure refers to a
smooth tube; however, almost similar results are obtained for the finned case.
At lower vacuum pressures, radiation is dominant, and conduction heat
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P = 0.00013 kPa 1.3 kPa 100 kPa (a)

P = 0.00013 kPa 1.3 kPa 100 kPa (b)

P = 0.00013 kPa 1.3 kPa 100 kPa (c)

FIGURE 5.4: Temperature contours for different annulus
pressures: (a) Tb,in = 500 K, (b) Tb,in = 600 K, and (c) Tb,in =

700 K.
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FIGURE 5.5: Receiver and glass cover outer surface temper-
ature (Tin = 600 K).

loss is almost negligible. As the pressure increases, the fraction of radiation
heat loss decreases and, due to the effect of higher effective conductivity,
the fraction of conduction heat loss increases. As expected, as Tb,in increases,
the fraction of radiation heat loss increases due to the higher temperature of
the receiver tube, and the fraction of conduction heat loss decreases.
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FIGURE 5.6: Fraction of radiation and conduction heat
losses in the annulus for different pressures.

Total heat loss Qloss, radiation heat loss Qloss,rad, and conduction heat loss
Qloss,cond per unit length of receiver are presented in Figure 5.7 for smooth
and finned tubes and at different vacuum pressures and bulk upstream
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FIGURE 5.7: Heat loss per unit length for different pressures:
(a) Tb,in = 500 K, (b) Tb,in = 600 K, and Tb,in = 700 K.

temperatures Tb,in. For a given HTF bulk upstream temperature, as the
annulus pressure increases, the heat loss due to molecular conduction and
natural convection increases significantly, while the radiation loss remains
almost constant. As expected, heat loss increases with increasing HTF
upstream temperature. The addition of fins (red dashed lines in Figure 5.7)
reduces the total heat loss, but this effect is mainly due to the reduction in
radiation loss, while conduction loss remains almost the same. The average
reduction in total heat loss for the finned receiver compared to the smooth
one is 9%, 5.2%, and 3 .2% for Tb,in = 500 K, 600 K, and 700 K, respectively.

Finally, Tables 5.2 and 5.3 show the effect of different atmospheric con-
ditions (ambient temperature Tamb equal to 288 K and 308 K, wind speed
vw equal to 2.5 m/s and 4.5 m/s) on heat losses and glass/receiver outer
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surface temperatures under various vacuum conditions for smooth and
finned receivers, respectively, at Tb,in = 500 K.

TABLE 5.2: Heat loss per unit length and glass/receiver
outer surface temperatures for smooth receiver at different

atmospheric conditions.

vw Tamb P Qloss Qloss,rad Tro Tgo
(m/s) (K) (kPa) (W/m) (W/m) (K) (K)

2.5 288 0.00013 185.9 185.7 545.8 309.3
1.3 256.4 182.4 545.2 316.9
100 420.0 173.3 543.8 335.9

2.5 298 0.00013 183.4 183.3 545.8 318.3
1.3 251.3 179.9 545.2 325.5
100 408.9 170.9 543.9 343.4

2.5 308 0.00013 180.7 180.7 545.9 327.3
1.3 246.0 177.3 545.3 334.0
100 397.6 168.1 544.0 350.9

4.5 288 0.00013 187.0 187.0 545.8 304.5
1.3 260.0 184.3 545.2 310.7
100 433.6 176.1 543.7 326.7

4.5 298 0.00013 184.7 184.7 545.8 313.8
1.3 254.9 181.7 545.2 319.7
100 421.7 173.7 543.8 334.8

4.5 308 0.00013 182.0 182.0 545.8 323.2
1.3 249.4 179.0 545.3 328.6
100 409.9 171.0 543.9 342.9

Results indicate that for a given wind speed, heat loss is higher at lower
ambient temperatures, and for a given ambient temperature, heat loss
increases with increasing wind speed. The effect of ambient temperature is
slightly higher than that of wind speed, but both are smaller than that of
pressure in the annular region. Comparing Tables 5.2 and 5.3 it can again be
concluded that finned receiver tubes can effectively reduce heat losses.
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TABLE 5.3: Heat loss per unit length and glass/receiver
outer surface temperatures for finned receiver (8FCase3) at

different atmospheric conditions.

vw Tamb P Qloss Qloss,rad Tro Tgo
(m/s) (K) (kPa) (W/m) (W/m) (K) (K)

2.5 288 0.00013 167.0 167.0 536.2 307.0
1.3 236.0 164.0 535.7 314.4
100 395.6 156.0 534.5 333.1

2.5 298 0.00013 164.7 164.6 536.2 316.1
1.3 231.0 161.6 535.7 323.1
100 384.4 153.6 534.6 340.6

2.5 308 0.00013 162.0 162.0 536.3 325.2
1.3 225.7 159.0 535.8 331.7
100 373.0 151.0 534.7 348.2

4.5 288 0.00013 168.0 168.0 536.2 302.7
1.3 239.3 165.6 535.7 308.7
100 408.3 158.6 534.5 324.4

4.5 298 0.00013 165.7 165.7 536.2 312.1
1.3 234.1 163.1 535.7 317.7

101.325 396.4 156.3 534.5 332.5
4.5 308 0.00013 163.1 163.1 536.2 321.5

1.3 228.9 160.6 535.8 326.8
100 384.4 153.7 534.6 340.7

5.4 Conclusions

The study described in this chapter investigates the effect of annular re-
gion pressure, inlet heat transfer fluid bulk temperature, and atmospheric
conditions on heat loss in the parabolic trough receiver. The results show
that conduction heat loss is very small at lower vacuum pressures, with
radiation being the dominant phenomenon. However, as the pressure in
the annular space increases, the proportion of radiation heat loss to total
heat loss decreases due to the significant conduction heat loss. Heat loss
with air in the annular region at atmospheric pressure is almost double that
at full vacuum. The addition of fins successfully reduces the outer surface
temperature of the receiver, minimising mainly radiation loss. The total heat
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loss is reduced by 9% in comparison with the smooth receiver. It was also
observed that atmospheric conditions also play a role, as heat loss increases
with wind speed and lower ambient temperatures.
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Chapter 6

Effect of Vacuum Degradation
on Heat Losses in Parabolic
Trough Collector Receivers

In this chapter, the thermal performance of linear evacuated receivers de-
signed for parabolic trough collector (PTC) systems was investigated under
varying operating conditions. A parametric thermal analysis was performed
for a stainless steel receiver tube with Therminol® VP-1 as the heat trans-
fer fluid. This fluid can produce low-boiling-point compounds, including
hydrogen, which permeate through the absorber wall into the evacuated
annulus between the absorber and the glass envelope of the receivers. Two
annulus conditions were evaluated: a fully evacuated state (10−2 mbar) and
hydrogen-filled environment (1 mbar). Additionally, the impact of wind
speeds (5 and 10 m/s) on key performance parameters was assessed under
two extreme operating conditions. Key metrics included temperature and
velocity profiles, circumferential temperature gradients, convective heat
transfer coefficients, and heat losses. Simulations covered mass flow rates
of 3-6 kg/s (in 1 kg/s increments), inlet temperatures from 290 °C to 390 °C
(in 20 °C steps), and direct normal irradiance levels of 850 and 1000 W/m2.
Results revealed how these annulus conditions and wind effects influence
thermal performance. Hydrogen presence increased heat losses by up to 3
times compared to the evacuated case, with glass temperatures peaking at
142.5 °C. Increasing the mass flow rate from 3 to 6 kg/s reduced the absorber
tube’s maximum circumferential temperature difference from 39.4 °C to
23.5 °C, with different annulus conditions showing diminished impact on
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this parameter at higher flow rates. Heat losses increased under windy con-
ditions, whereas the glass temperature decreased significantly, especially
for the hydrogen-filled annulus.

6.1 Problem Description and Model Setup

In the previous chapters, the thermal performance of PTC receivers was
analysed by progressively incorporating increasing levels of physical re-
alism. Chapter 4 focused on internal heat transfer enhancement using
longitudinal fins under circumferentially non-uniform heat flux, employ-
ing periodic computational domains to identify optimal fin configurations.
Chapter 5 subsequently investigated the influence of vacuum degradation
on heat losses in both smooth and finned receivers, analysing radiative and
conductive mechanisms over a wide range of annulus pressures.

Although the analyses in Chapter 5 provided fundamental insight into
the effect of vacuum degradation, the use of periodic receiver sections and
uniform axial conditions does not allow the investigation of several key
phenomena observed in real solar thermal plants. In particular, axial temper-
ature variations, buoyancy-driven gas motion in the annulus, wind–receiver
interaction, and hydrogen-specific thermal effects cannot be adequately cap-
tured using simplified or periodic models. To overcome these limitations,
the present extends the previous work to a full-length commercial receiver
operating under realistic conditions.

This chapter investigates the effect of hydrogen-induced vacuum degra-
dation on the thermal behaviour and heat losses of a parabolic trough
receiver with a total length of 4.06 m. Hydrogen is considered explicitly
as the annulus gas, as it is the dominant species responsible for vacuum
degradation in operating plants due to thermal decomposition of the HTF
and subsequent permeation through the absorber tube wall. As the getter
materials become saturated, hydrogen accumulation leads to a progressive
loss of vacuum quality, significantly enhancing conductive and convective
heat transfer across the annulus.

The three-dimensional conjugate heat-transfer numerical model de-
scribed in Chapter 3 was to simulate the coupled heat-transfer mechanisms
governing receiver performance, simultaneously accounting for:
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• turbulent forced convection of the HTF inside the absorber tube,

• heat conduction through the absorber tube and the glass envelope,

• radiative heat transfer across the annular gap,

• gas conduction and natural convection within the annulus under
hydrogen-filled conditions,

• external convective heat losses influenced by wind speed.

A schematic representation of the parabolic trough receiver geometry,
including the absorber tube, annular region, and glass envelope, together
with the principal heat-transfer paths considered in the model, is shown in
Figure 6.1, and detailed parameters of the receiver tube model are provided
in Table 6.1. The computational domain corresponds to a full-scale com-
mercial receiver, allowing the evaluation of axial temperature development
along the absorber and glass envelope.

The non-uniform circumferential heat-flux distribution imposed on the
outer surface of the absorber tube is illustrated in Figure 6.2. As shown, the
lower half of the receiver is subjected to significantly higher heat flux due
to reflected solar radiation from the parabolic mirror, while the upper half
receives primarily direct solar irradiation. This realistic flux distribution is
essential for accurately predicting circumferential temperature gradients
and their interaction with vacuum degradation effects.

Two annulus conditions are analysed:

1. an ideal vacuum condition, representing a fully functional receiver in
which radiative heat transfer dominates across the annulus, and

2. a hydrogen-filled annulus, representing degraded vacuum conditions in
which gas conduction and natural convection contribute significantly
to total heat losses.

By combining full-length geometry, hydrogen-specific thermophysical
properties, and realistic boundary conditions, this modelling framework
enables a comprehensive assessment of axial and circumferential thermal
behaviour, receiver heat losses, and the interaction between vacuum degra-
dation and external environmental effects under operating conditions rep-
resentative of commercial parabolic trough power plants.
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FIGURE 6.1: Schematic of a solar receiver for a parabolic
trough collector.
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FIGURE 6.2: (a) Cross section of a receiver tube, (b) receiver
tube with qualitative heat flux distribution, and (c) heat flux

profile.

Commercial PTC solar power plants widely use a eutectic mixture of
biphenyl and diphenyl oxide as the heat transfer fluid due to the favorable
thermodynamic properties of this synthetic thermal oil. The main materials
relevant for the study and their thermophysical properties are discussed in
the following subsection.
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TABLE 6.1: Solar receiver tube model: main geometrical
parameters and operating conditions.

Parameter & Value
Inner diameter of the receiver tube, Dri (m) 0.066
Outer diameter of the receiver tube, Dro (m) 0.070
Inner diameter of the glass cover, Dgi (m) 0.114
Outer diameter of the glass cover, Dgo (m) 0.120
Length, L (m) 4.06
Inlet HTF temperature, Tin (°C) 290, 310, 330, 350, 370, 390
Mass flow rate, ṁ (kg/s) 3, 4, 5, 6
Direct normal irradiance, DNI (W/m2) 850, 1000

6.1.1 Material properties

Receiver

The absorber tube of commercial receivers for PTCs is generally made
of stainless steel (grades 316 or 321), which is commonly used in PTC
receivers due to its corrosion resistance, mechanical strength, durability,
and excellent performance across a wide temperature range. Furthermore,
it serves as a chemically and thermally stable substrate for the deposition of
selective coatings, which are essential for enhancing the optical efficiency of
these solar receivers. The temperature-dependent thermal conductivity of
stainless steel λr can be evaluated as [113]:

λr = 0.0153 · Tr + 14.775 (6.1)

where Tr is the absorber tube temperature in K.
The outer surface of the absorber tube is coated with a material that has

a temperature-dependent emissivity given by [113]:

ϵro = 0.062 + 2 · 10−7 · (Tro − 273.15)2 (6.2)

The glass envelope surrounding the absorber tube is made of borosilicate
glass, with a thermal conductivity λg of 1.2 W m−1 K−1 and an emissivity
ϵg of 0.86.
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Annulus material

To model the atmosphere in the annulus space between the absorber tube
and the glass tube, two different scenarios are considered in the study:
vacuum and low-pressure atmosphere with hydrogen. For hydrogen in
the annular space, the density was based on the ideal gas law, and other
properties were calculated using the kinetic theory model [114] provided
by the CFD software used, i.e. ANSYS Fluent, to analyze conduction and
natural convection effects.

Heat Transfer Fluid (HTF)

Therminol® VP-1 was used as the HTF circulating through the receiver tube,
as it is widely used in the majority of operating CSP plants worldwide, with
an installed capacity exceeding 4.5 to 5 GWe [115]. It is a commercially avail-
able eutectic mixture of diphenyl oxide and biphenyl, commonly employed
in PTC solar power plants, and is marketed under several trade names,
including Dowtherm® A, Therminol® VP-1, etc [116, 117]. It operates effec-
tively up to 400 °C [118].

Due to its low viscosity over the liquid-phase range, it enables efficient
heat transfer. However, in environments where ambient temperatures
drop below 12 °C, heat tracing is recommended to prevent solidification.
The fluid remains thermally stable under normal operating conditions,
but overheating may result in the formation of solid deposits on heating
exchange surfaces. Additionally, degradation products -such as hydrogen
and other low boilers-may accumulate in the vapor phase over time as
the fluid ages, even under normal operating conditions. Therefore, proper
circulation rates and control of pressure and temperature are essential. The
temperature-dependent thermo-physical properties of Therminol® VP-1 are
provided in the manufacturer’s datasheets [119]. In this study, piecewise
polynomials expressions are employed to model these properties for use in
simulations and thermal analysis [113].

For the temperature range 285.15 K ≤ T ≤ 698.15 K, the following
expressions are considered for the specific heat capacity cp, f (in J kg−1K−1),
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density ρ f (kg m−3), and thermal conductivity λ f (W m−1 K−1) of the HTF:

cp, f = 2.125 · 103 − 11.017 · T + 0.049862 · T2

− 7.7663 · 10−5 · T3 + 4.394 · 10−8 · T4 (6.3)

ρ f = 1.4386 · 103 − 1.8711 · T + 2.737 · 10−3 · T2

− 2.3793 · 10−6 · T3 (6.4)

λ f = 0.14644 + 2.0353 · 10−5 · T − 1.9367 · 10−7 · T2

+ 1.0614 · 10−11 · T3 (6.5)

Additionally, for the temperature range 373.15 K ≤ T ≤ 698.15 K, the
following expression is valid for the dynamic viscosity µ f (mPa · s) of the
HTF:

µ f = 23.165 − 0.1476 · T + 3.617 · 10−4 · T2

− 3.9844 · 10−7 · T3 + 1.6543 · 10−10 · T4
(6.6)

6.2 Numerical solution method

A detailed description of the governing equations, turbulence modelling,
numerical schemes, and radiation treatment adopted in this work is pro-
vided in Chapter 3. The present section therefore, summarizes and focuses
on the specific modelling choices relevant to the receiver configurations and
annular conditions analysed in this chapter. In this study, ANSYS Fluent
2025R1 [98] is employed to perform three-dimensional, steady-state numeri-
cal simulations of heat transfer and fluid flow in a parabolic trough receiver.
The analysis considers fully developed, incompressible turbulent flow of the
heat transfer fluid inside a smooth circular receiver tube. Therminol® VP-1
is used as the working fluid, with temperature-dependent thermophysical
properties to accurately capture high-temperature operating conditions.

Turbulence effects in the receiver tube are modelled using the Shear
Stress Transport (SST) k–ω model, which provides improved near-wall
resolution and reliable prediction of adverse pressure-gradient flows.
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The governing transport equations in the annular region between the
absorber tube and the glass cover depend on the residual gas composition
and pressure. Under high-vacuum conditions, heat transfer in the annulus
is dominated by radiation, while conductive and convective contributions
become negligible due to the very low gas density. As the annulus pressure
increases, conduction and buoyancy-driven convection may contribute to
heat transfer. In the present study, two annular atmosphere conditions are
analysed: a low-pressure vacuum condition of 10−2 mbar and a hydrogen-
filled annulus at a pressure of 1 mbar.

For the vacuum case, the annular region is modelled by solving only the
energy equation, with fluid flow effects neglected. For the hydrogen-filled
annulus, buoyancy-induced natural convection is taken into account. Since
the Rayleigh number remains below 1.0× 108, the flow in the closed annulus
is modelled as laminar, and turbulence modelling is disabled in this domain
[61]. Under the operating conditions investigated, the Knudsen number
based on the annular gap thickness is of the order of 10−3, confirming the
validity of the continuum hypothesis.

Radiative heat transfer between the outer surface of the receiver tube and
the inner surface of the glass cover is modelled using the Surface-to-Surface
(S2S) radiation approach. This model allows the evaluation of radiative
exchange between diffuse-grey surfaces and is appropriate for evacuated
and low-pressure annular conditions [61, 96].

Heat conduction is solved within the solid domains, namely the stain-
less steel receiver tube and the borosilicate glass cover. Thermophysical
properties are assigned according to the specific material of each domain. In
the annular region, where the flow is laminar or suppressed, all turbulence-
related terms are omitted.

Pressure–velocity coupling is handled using a coupled solution algo-
rithm, and second-order upwind schemes are employed for the discretiza-
tion of the governing transport equations. The numerical simulations are
considered converged when the residuals of all solved variables fall below
1 × 10−6.
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6.2.1 Grid independence analysis and model validation

Grid independence analysis

To ensure numerical accuracy, five hexahedral meshes with increasing re-
finement (coarse, with 895,230 elements, to fine, with 3,093,000 elements),
were generated using the ANSYS Meshing tool. The meshes were evaluated
at one of the operational conditions: inlet temperature Tin = 390 °C and
maximum mass flow rate ṁ = 6 kg/s. The height of the first element on
the inner wall of the HTF domain was kept constant across all meshes at
9.8 µm. For the maximum flow rate investigated, this ensured maximum
and average dimensionless wall distances y+ of 3.4 and 2.3, respectively,
both consistent with the adopted turbulence model. As shown in Figure
6.3 (a), both key global output parameters (e.g., pressure drop ∆P and av-
erage temperature on the outer glass surface Tgo,avg) and a local parameter
(e.g., maximum temperature on the outer receiver surface Tro,max) showed
negligible variation beyond Mesh 4. The maximum temperature on the
external surface of the glass was also monitored to assess mesh adequacy
for estimating radiative exchange. Similar monotonic behaviors, like those
shown in Figure 6.3 and not reported here for brevity, were observed for
other global and local parameters, such as HTF outer temperature, aver-
age temperature on the outer receiver surface, and maximum outer glass
surface temperature, with variations between Mesh 4 and Mesh 5 smaller
than 0.08%. Consequently, Mesh 4, which contains 2.61 million elements,
was selected as the optimal balance between computational cost and result
accuracy. A detailed cross-sectional view of Mesh 4 is provided in Figure
6.3 (b). In the final mesh, the growth rate in the HTF region between the
wall and the channel core, where a uniform size mesh was applied, was set
to a low value of 1.08 to capture flow structures even away from the wall
accurately. The simulations were performed in parallel mode using 8 CPU
cores (12th Gen Intel® Core™ i7-12700, 2.10 GHz). A representative steady-
state case required 2941 s (≈ 0.82 h) of wall-clock time, corresponding to
approximately 6.5 core-hours. These results indicate that the proposed
approach is computationally efficient and suitable for parametric studies.

Subsequent validation of the Mesh 4 results against experimental and
analytical data is presented in Section 6.2.1.
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Plataforma Solar de Almería (PSA) [121] and the Forristall EES model [80]
were used for comparison. Figure 6.6 shows the variation of heat loss (Qloss)
and glass cover temperature (Tgo) with receiver inner wall temperature
under hydrogen conditions. The mean deviation for heat loss was 11.2%
with respect to the PSA data and 9.7% with respect to the Forristall model.
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For the glass temperature, the mean deviation was 15.5% with respect to
the PSA data and 6.7 % with respect to the Forristall model. These results
confirm that the developed CFD model provides a reliable prediction of
the receiver’s thermal performance even under non-vacuum (hydrogen)
conditions.
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It is worth noting that the slightly higher deviation observed for the
hydrogen-filled annulus compared to the vacuum case can be attributed to
the complex and dynamic behavior of hydrogen within the annulus. Unlike
vacuum conditions, where heat transfer is dominated by radiation, the
presence of hydrogen introduces additional convective and conductive heat
transfer mechanisms that are highly sensitive to local pressure, temperature,
and gas composition. Furthermore, unsteady hydrogen flow within the
glass envelope may occur due to the gradual release or re-absorption of
hydrogen by the getter materials, which are affected by the instantaneous
getter temperature and hydrogen pressure. These factors make it more
challenging to reach a steady-state condition experimentally, contributing
to the observed discrepancies. Despite these complexities, the CFD model
successfully reproduces the overall heat-loss trends, demonstrating good
predictive capability under hydrogen-filled operating conditions.
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6.3 Results and discussion

The numerical results are presented and discussed below. First, the HTF, ab-
sorber, and glass cover temperatures, velocity contours, and velocity vectors
are shown under the defined operating conditions. Next, the temperature
profiles of the absorber and glass tubes are presented. Finally, the heat losses
for both conditions of the receiver tube — vacuum and hydrogen in the
annulus — are discussed.

6.3.1 Temperature, velocity contours, and velocity vectors

Figure 6.7 presents detailed temperature contours at the outlet cross-section
of the receiver for mass flow rates of 3 and 6 kg/s under two different
annulus conditions: (a) vacuum and (b) hydrogen-filled. The contours
illustrate both the temperature distribution inside the absorber tube and the
corresponding thermal response of the glass envelope, each displayed with
its own temperature scale. These temperature ranges provide important
insight into the thermal behavior of the receiver and the degree of heat loss
occurring through the annulus.

In a vacuum (Figure 6.7a), the glass envelope remains relatively cold,
with temperatures ranging from around 342.1 K to 349.5 K. This small tem-
perature range indicates that minimal heat is transferred from the absorber
tube to the glass surface. This is what we would expect when the annular
gap is evacuated, as this cuts off conductive and convective heat transfer
mechanisms. The temperature of the glass along the edge changes only
slightly. The lower part of the glass envelope is somewhat warmer because
it radiates heat to the hotter absorber surface below. The absorber tube,
on the other hand, remains much hotter, with temperatures reaching over
690 K depending on the mass flow rate. These high absorber temperatures
demonstrate the effectiveness of the receiver when a proper vacuum is
maintained.

On the other hand, the temperature profile of the hydrogen-filled annu-
lus (Figure 6.7b) is very different. The temperature of the glass envelope
is now between 411.2 K and 423.1 K, a significant increase compared to
the vacuum scenario. This is due to the greater thermal conductivity of
hydrogen and conductive and convective heat transmission across the an-
nulus. Consequently, more heat flux reaches the glass envelope, causing
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FIGURE 6.7: Temperature contours at the outlet of the ab-
sorber tube for Tin = 390 °C and DNI = 850 W/m2: (a)

vacuum in the annulus; (b) hydrogen in the annulus.

it to become extremely warm. The temperature range of the glass is also
wider than in the vacuum scenario. This means that the circumferential gra-
dients are stronger, as the hydrogen-filled annulus moves due to buoyancy.
This behaviour demonstrates that the annulus is less effective at insulating,
resulting in the receiver losing more heat.

The influence of mass flow rate is present in both annulus conditions
but is less dominant than the effect of the annular medium itself. At a mass
flow rate of 3 kg/s, the absorber tube temperature is higher, which enhances
radiative exchange with the glass envelope. Increasing the flow rate to
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6 kg/s cools the absorber tube by improving convective heat transfer to the
HTF, thereby slightly reducing the glass-envelope temperature within each
respective temperature scale. Nevertheless, the magnitude of this change
is small compared to the temperature rise caused by hydrogen infiltration.
Even at the higher mass flow rate, the glass temperature in the hydrogen
case remains significantly above that of the vacuum case.

Overall, the temperature ranges shown in Figure 6.7 make it clear that
the thermal performance of the receiver is greatly affected by the conditions
of the annulus gas. In the vacuum case, radiative heat loss is probably
the most important mechanism of heat transfer because the glass temper-
atures are low (342–349 K). This enables the absorber to maintain higher
temperatures, thereby improving the system’s performance. Conversely,
the substantially higher glass temperatures (411–423 K) in the hydrogen-
filled annulus indicate degraded insulation quality, resulting in increased
heat losses and lower absorber temperatures. These findings emphasise the
importance of maintaining vacuum integrity to optimise receiver efficiency,
minimise thermal losses and reduce unnecessary thermal loading on the
glass envelope.

The velocity contours at the outlet of the absorber tube for Tin = 390 °C
and DNI = 850 W/m2 are shown in Figure 6.8, for mass flow rates of 3, 4,
5, and 6 kg/s. Only the results for hydrogen in the annulus are presented,
as internal fluid flow in the absorber tube (represented by the velocity
contours) is almost identical for both the vacuum and hydrogen annulus
conditions.

This chapter analysed only one position of the receiver tube, with the
concentrated heat flux impinging on the receiver from below (the parabola
facing the zenith). The direction of gravity is also indicated in the fig-
ures. In addition to forced convection, natural convection arises due to the
temperature-dependent properties of the HTF. At lower mass flow rates,
the fluid velocity is reduced, and the maximum velocity (indicated by a
white cross symbol) is observed away from the center of the tube, as shown
in Figure 6.8. This behavior is attributed to the combined influence of natu-
ral convection effects and weaker turbulent forces on the velocity profile.
As the mass flow rate increases, turbulent forces become more dominant,
causing the location of the maximum velocity to shift towards the center of
the tube.

Figure 6.9 shows the velocity vectors of hydrogen in the closed annulus



110 Chapter 6. Effect of Vacuum Degradation on Heat Losses

m 3 kg/s g 4 kg/s

x

y

5 kg/s 6 kg/s

FIGURE 6.8: Velocity contours at the outlet of the absorber
tube for Tin = 390 °C and DNI = 850 W/m2.

between the outer surface of the absorber tube and the inner surface of the
glass envelope, at both lower and higher inlet temperatures of the HTF,
for ṁ = 3 kg/s and DNI = 850 W/m2 in the x-y plane. The flow pattern
in the annular space appears mostly symmetric, with one vortex rotating
counterclockwise on the left and another rotating clockwise on the right.
This buoyancy-driven flow occurs because the outer surface of the absorber
tube is hot while the inner surface of the glass envelope is cold. As a result,
hydrogen rises along the hot outer surface and descends along the cold
inner surface. As expected, the natural convection is more intense for the
higher HTF inlet temperature Tin.



6.3. Results and discussion 111

ÓÓ g
x

y

V [m/s]

Tin = 290 °C 390 °C

FIGURE 6.9: Velocity vectors in the annulus space filled with
hydrogen at a pressure of 1 mbar (cross-section at the end of
the receiver tube), with ṁ = 3 kg/s and DNI = 850 W/m2.

6.3.2 Temperature profile of absorber and glass envelope outer
surfaces

Figure 6.10 presents the circumferential temperature distribution on the
right half of the absorber surface (180◦ ≤ θ ≤ 360◦) and the correspond-
ing outer surface of the glass tube at Tin = 390 °C and DNI = 850 W/m²,
for annulus conditions of vacuum (10−2 mbar) and hydrogen (1 mbar) at
z = 3.86 m, i.e. a cross-section close to the receiver outlet. Under vacuum, the
absorber surface maintains slightly higher temperatures due to negligible
convective heat losses, while the presence of hydrogen slightly reduces the
surface temperature due to higher conductive and convective heat transfer.
On the glass tube side, hydrogen raises the outer surface temperature to
approximately 142 °C, compared to 74°C under vacuum, as a result of in-
creased heat transfer via conduction and convection. This increase in the
glass envelope temperature in the presence of hydrogen not only increases
heat loss but may also induce high stresses in the glass-to-metal seals of the
receiver tube, which could ultimately lead to receiver failure. The average
outer surface temperatures of the absorber and glass tubes at varying inlet
HTF temperatures and mass flow rates, for both vacuum and hydrogen
annulus conditions, are presented in Table 6.2.
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FIGURE 6.10: Temperature profiles on the outer surfaces of
the absorber tube (a) and glass envelope (b) at Tin = 390°C

and DNI = 850 W/m2.

6.3.3 Maximum circumferential temperature difference on the
absorber tube surface (∆Tmax)

Due to the non-uniform heat flux distribution on the absorber tube, cir-
cumferential temperature variations occur along the absorber’s periphery.
Under normal operating conditions, the maximum allowable temperature
difference across the cross-section of the tube should not exceed 50 °C
approximately [33].

A low mass flow rate of HTF significantly increases the circumferential
temperature difference, leading to potential absorber tube deflection or
other failures. Therefore, controlling circumferential temperature gradients
of the absorber tube surface is essential in the design and evaluation of
a receiver. Table 6.3 presents the circumferential temperature differences,
∆Tmax, in a receiver tube under vacuum and hydrogen annulus conditions
for various mass flow rates, inlet temperatures, and DNI values (850 and
1000 W/m2). The results indicate, as expected, that ∆Tmax decreases with
increasing mass flow rate and inlet temperature. For example, at 3 kg/s
and Tin = 290 °C, the maximum ∆Tmax reaches 39.4 °C, with vacuum, and
39.1 °C, with hydrogen, at DNI = 1000 W/m2. However, at 6 kg/s, ∆Tmax
drops to 23.5 °C and 23.3 °C, respectively, highlighting the effectiveness of
this higher flow rate in increasing the heat transfer rate in the absorber tube
wall and, then, in minimizing thermal gradients. These mass flow rates
range, as mentioned before, represent working conditions that are typically
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TABLE 6.3: Maximum circumferential temperature differ-
ences in the absorber tube.

ṁ Tin Vacuum Hydrogen
(kg/s) (°C) 850 1000 850 1000

(W/m2) (W/m2) (W/m2) (W/m2)
∆Tmax ∆Tmax ∆Tmax ∆Tmax
(°C) (°C) (°C) (°C)

3 290 33.7 39.4 33.4 39.1
310 33.0 38.6 32.8 38.3
330 32.3 37.8 32.1 37.5
350 31.7 37.0 31.5 36.8
370 31.1 36.3 31.0 36.2
390 30.7 35.9 30.6 35.7

4 290 28.6 33.5 28.3 33.2
310 27.9 32.8 27.7 32.5
330 27.3 32.1 27.2 31.9
350 26.8 31.4 26.6 31.2
370 26.3 30.8 26.1 30.7
390 25.9 30.4 25.7 30.2

5 290 24.9 29.2 24.7 29.0
310 24.3 28.6 24.1 28.3
330 23.8 27.9 23.6 27.7
350 23.3 27.3 23.1 27.1
370 22.8 26.8 22.6 26.6
390 22.4 26.4 22.3 26.2

6 290 22.2 26.0 22.0 25.8
310 21.6 25.5 21.5 25.3
330 21.2 24.9 21.0 24.7
350 20.7 24.4 20.6 24.2
370 20.3 23.9 20.2 23.7
390 20.0 23.5 19.8 23.3

set in the operation of solar power plants with PTCs and thermal oil as HTF.
The convective heat transfer coefficient, hcoef, at the inner wall of the

absorber tube, as shown in Table 6.4, shows a clear increasing trend with
both mass flow rate and inlet temperature across all tested conditions. At a
constant direct normal irradiance (DNI), increasing the flow rate from 3 to
6 kg/s results in a significant rise in hcoef. For instance, at Tin = 290 °C and
DNI = 850 W/(m2 · K), hcoef increases from 1848.3 to 3206.2 W/(m2 · K).



6.3. Results and discussion 115

TABLE 6.4: Convective heat transfer coefficient (hcoe f ).

ṁ Tin Vacuum Hydrogen
(kg/s) (°C) 850 1000 850 1000

(W/m2) (W/m2) (W/m2) (W/m2)
hcoe f hcoe f hcoe f hcoe f

(W/m2K) (W/m2K) (W/m2K) (W/m2K)
3 290 1848.3 1856.8 1847.6 1856.3

310 1888.4 1897.1 1887.7 1896.6
330 1928.8 1937.8 1928.1 1937.2
350 1969.2 1978.1 1968.4 1977.6
370 2006.0 2014.6 2005.2 2014.1
390 2030.9 2038.4 2030.0 2037.9

4 290 2299.8 2304.5 2299.2 2304.0
310 2354.3 2358.9 2353.7 2358.3
330 2408.9 2413.5 2408.3 2412.9
350 2463.5 2468.0 2462.8 2467.3
370 2514.0 2517.9 2513.3 2517.1
390 2550.3 2552.7 2549.4 2551.9

5 290 2755.1 2758.1 2754.8 2757.8
310 2824.1 2826.9 2823.7 2826.5
330 2893.0 2895.6 2892.6 2895.2
350 2961.8 2964.1 2961.4 2963.7
370 3025.9 3027.4 3025.4 3027.0
390 3073.4 3073.4 3072.9 3073.0

6 290 3206.2 3208.6 3206.1 3208.4
310 3289.2 3291.2 3289.0 3291.1
330 3371.8 3373.6 3371.6 3373.4
350 3454.2 3455.7 3454.1 3455.5
370 3531.4 3532.1 3531.2 3531.9
390 3589.7 3588.9 3589.5 3588.7

Similarly, at a fixed flow rate (e.g., 5 kg/s), raising the inlet temperature
from 290 °C to 390 °C increases hcoe f from 2755.1 to 3073.4 W/(m2 · K). This
enhancement is attributed to improved convective heat transfer resulting
from higher Reynolds numbers and reduced viscosity of Therminol® VP-
1 at elevated temperatures. Additionally, the difference in hcoef between
vacuum (10−2 mbar) and hydrogen (1 mbar) annulus conditions remains
negligible (typically < 1 W/(m2 · K) ) across all scenarios, indicating that
internal convection dominates heat transfer within the absorber tube.
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6.3.4 Heat losses

A significant difference in thermal behavior is observed between vacuum
and hydrogen annulus conditions, primarily due to the presence (hydrogen)
or absence (vacuum) of convective heat transfer in the annulus space be-
tween the absorber tube and the glass envelope. Heat losses for both cases,
provided in Table 6.5 together with the ratio H2/Vac between hydrogen and
vacuum conditions results, highlight this distinction.

Under vacuum annulus condition, heat losses are significantly lower
due elimination of convection, leaving radiation as the dominant loss mech-
anism. In contrast, introducing hydrogen at 1 mbar enables convective
heat transfer, substantially increasing total heat losses. For example, at
a mass flow rate of 3 kg/s, an inlet temperature of Tin = 390 °C, and
DNI = 1000 W/m2, total heat loss rises from 230.9 W/m (vacuum) to
723.2 W/m (hydrogen), highlighting the critical need to maintain high-
vacuum conditions.

Heat losses also increase with inlet temperature across all cases due to
higher absorber surface temperatures. Under vacuum, radiation dominates,
as evidenced by the rise in Qloss from 100.3 W/m at 290 °C to 226.7 W/m
at 390 °C (DNI = 850 W/m2, ṁ = 3 kg/s). Conversely, increasing the mass
flow rate slightly reduces heat loss by moderating absorber temperatures.
For instance, Qloss decreases from 226.7 W/m at 3 kg/s to 218.2 W/m at
6 kg/s under identical conditions.

Under vacuum, radiation accounts for nearly all heat loss, as confirmed
by the near equivalence of total and radiative losses. With hydrogen in the
annulus space, however, convection contributes more prominently, slightly
reducing radiation’s relative share.

6.3.5 Influence of Wind Speed and Operational Envelope

To capture the combined influence of solar input, operating temperature,
and flow rate, two representative extreme conditions were further analyzed,
considering the effect of the wind speed:

• a low DNI, lower inlet temperature, and higher mass flow rate case
(DNI = 850 W/m2, Tin = 290 ◦C, ṁ = 6 kg/s), and

• a high DNI, higher inlet temperature, and lower mass flow rate case
(DNI = 1000 W/m2, Tin = 390 ◦C, ṁ = 3 kg/s).
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ṁ
T i

n
V

ac
uu

m
H

yd
ro

ge
n

V
ac

uu
m

H
yd

ro
ge

n
(k

g/
s)

(◦
C

)
Q

lo
s s

(W
/m

)
Q

lo
s s

(W
/m

)
Q

ra
d

(W
/m

)
Q

ra
d

(W
/m

)
85

0
10

00
85

0
10

00
85

0
10

00
85

0
10

00
(W

/
m

2 )
(W

/
m

2 )
(W

/
m

2 )
(W

/
m

2 )
(W

/
m

2 )
(W

/
m

2 )
(W

/
m

2 )
(W

/
m

2 )
3

29
0

10
0.

3
10

2.
7

44
2.

6
44

9.
7

10
0.

3
10

2.
6

88
.5

90
.9

31
0

11
9.

2
12

1.
8

48
9.

9
49

7.
4

11
9.

1
12

1.
7

10
5.

7
10

8.
4

33
0

14
0.

8
14

3.
8

54
0.

4
54

8.
3

14
0.

7
14

3.
7

12
5.

5
12

8.
6

35
0

16
5.

7
16

9.
0

59
4.

3
60

2.
6

16
5.

5
16

8.
8

14
8.

3
15

1.
8

37
0

19
4.

2
19

7.
9

65
1.

9
66

0.
7

19
3.

9
19

7.
6

17
4.

5
17

8.
4

39
0

22
6.

7
23

0.
9

71
3.

8
72

3.
2

22
6.

4
23

0.
6

20
4.

5
20

8.
9

4
29

0
98

.0
99

.9
43

7.
1

44
3.

2
98

.0
99

.9
86

.6
88

.6
31

0
11

6.
6

11
8.

7
48

4.
2

49
0.

6
11

6.
5

11
8.

6
10

3.
5

10
5.

8
33

0
13

7.
9

14
0.

4
53

4.
5

54
1.

2
13

7.
8

14
0.

2
12

3.
1

12
5.

6
35

0
16

2.
5

16
5.

2
58

8.
2

59
5.

3
16

2.
2

16
5.

0
14

5.
6

14
8.

5
37

0
19

0.
5

19
3.

6
64

5.
6

65
3.

1
19

0.
3

19
3.

3
17

1.
5

17
4.

7
39

0
22

2.
7

22
6.

1
70

7.
2

71
5.

2
22

2.
3

22
5.

7
20

1.
2

20
4.

8
5

29
0

96
.5

98
.1

43
3.

5
43

8.
8

96
.5

98
.1

85
.3

87
.0

31
0

11
4.

9
11

6.
7

48
0.

5
48

6.
1

11
4.

8
11

6.
6

10
2.

1
10

4.
0

33
0

13
6.

0
13

8.
1

53
0.

6
53

6.
5

13
5.

9
13

7.
9

12
1.

5
12

3.
7

35
0

16
0.

3
16

2.
6

58
4.

1
59

0.
4

16
0.

1
16

2.
4

14
3.

8
14

6.
3

37
0

18
8.

2
19

0.
8

64
1.

4
64

8.
0

18
7.

9
19

0.
5

16
9.

5
17

2.
3

39
0

22
0.

1
22

2.
9

70
2.

8
70

9.
9

21
9.

7
22

2.
6

19
9.

0
20

2.
1

6
29

0
95

.4
96

.9
43

0.
9

43
5.

7
95

.4
96

.8
84

.4
85

.9
31

0
11

3.
7

11
5.

3
47

7.
8

48
2.

9
11

3.
6

11
5.

2
10

1.
1

10
2.

8
33

0
13

4.
7

13
6.

5
52

7.
9

53
3.

2
13

4.
5

13
6.

3
12

0.
4

12
2.

3
35

0
15

8.
9

16
0.

9
58

1.
3

58
7.

0
15

8.
6

16
0.

6
14

2.
6

14
4.

8
37

0
18

6.
6

18
8.

8
63

8.
5

64
4.

5
18

6.
2

18
8.

5
16

8.
1

17
0.

6
39

0
21

8.
2

22
0.

8
69

9.
8

70
6.

2
21

7.
8

22
0.

3
19

7.
5

20
0.

3



118 Chapter 6. Effect of Vacuum Degradation on Heat Losses

These two points effectively bound the practical operational envelope of the
parabolic-trough receiver and enable evaluation of wind effects under both
mild and severe thermal loading conditions.
The wind-sensitivity analysis was performed for wind speeds of 0, 5, and
10 m s−1 under both vacuum and hydrogen annulus conditions. The exter-
nal convective coefficient was modified according to Eq. (3.11), and total
losses were recalculated for extreme operating conditions. The results, sum-
marized in Table 5, show that increasing wind speed slightly increases the
total heat loss but markedly reduces the glass temperature. This behaviour
is more pronounced for hydrogen, where convective coupling in the annular
gap is stronger. For example, under hydrogen at DNI = 1000 W/m2, Tgo,avg
decreases from 142.5 °C (no wind) to 70.7 °C (wind speed equal to 10 m s−1),
while the total linear loss rises from 723 to 851 W/m, which corresponds
to an increase of 18%. In contrast, for the vacuum cases, the increase in
thermal loss between the no-wind and 10 m/s wind scenarios was less than
4%. Although the increase in Qloss represents a minor efficiency penalty, the
significant reduction in Tgo is beneficial for receiver durability and thermal
safety. From this perspective, the assumption of no wind in this work can
be considered as conservative.

TABLE 6.6: (Qloss) and (Tgo,avg) under different wind speeds,
DNI, and flow rates.

DNI uw Tin ṁ Tgo,avg (◦C) Qloss (W/m)

(W/m2) (m/s) (◦C) (kg/s) Vacuum Hydrogen Vacuum Hydrogen

850 0 290 6 46.1 104.7 95.4 430.9

5 31.6 62.5 98.6 500.3

10 29.7 52.7 98.9 515.5

1000 0 390 3 72.8 142.5 230.9 723.2

5 42.5 86.2 237.1 824.6

10 37.4 70.7 237.8 850.5
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6.4 Conclusions

The study described in this chapter presents a comprehensive numerical
investigation of the heat transfer and thermal behavior in parabolic trough
receivers under realistic operating conditions. The analysis compares vac-
uum and low-pressure hydrogen environments in the annulus space be-
tween the absorber and glass envelope of the receivers. Parametric analysis
across mass flow rates (3-6 kg/s), inlet fluid temperatures (290-390 °C),
and DNI levels (850-1000 W/m2) demonstrates the system’s sensitivity
to these variables. Increasing the mass flow rate from 3 kg/s to 6 kg/s
reduces the maximum circumferential temperature difference of the ab-
sorber surface (∆Tmax) by 40.4%, from 39.4 °C to 23.5 °C (at Tin = 290 °C
and DNI = 1000 W/m2). Similarly, higher inlet temperatures enhance
absorber’s temperature distribution uniformity, further lowering ∆Tmax.

Temperature contours and velocity profiles reveal that higher mass flow
rates lower receiver temperatures and centralize flow patterns due to domi-
nant turbulent forces. Additionally, hydrogen in the annulus slightly lowers
absorber surface temperatures while increasing glass envelope temperatures
by up to 142 °C through convective and conductive heat transfer.

Heat loss analysis shows hydrogen in the annulus increases thermal
losses by 3 times compared to vacuum conditions. For instance, at ṁ = 3 kg/s
and Tin = 390 °C, heat loss rises from 230.9 W/m (vacuum) to 723.2 W/m
(hydrogen). These results emphasize the necessity of maintaining high-
vacuum conditions to minimize energy dissipation.

Wind-speed analysis further revealed that external flow effects slightly
increased total heat losses (up to 18%) while substantially lowering glass
envelope temperatures, particularly under hydrogen conditions.

The numerical insights derived in this work enable two practical appli-
cations: (a) optimization of mass flow rates and temperature thresholds in
commercial PTC plants; and (b) accurate prediction of thermal performance
variations in solar fields using thermal oils, particularly during hydrogen
permeation events.
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Chapter 7

Additional Work: Numerical
Modelling of Solar
Thermochemical Heat Storage

The global shift toward sustainable energy necessitates the increased utiliza-
tion of renewable energy sources, such as solar power, to mitigate climate
change and stabilize energy supply. However, the intrinsic characteristics
of solar energy, including its intermittent and fluctuating nature, pose major
technical and economic obstacles to its widespread commercial use. The
rapid global adoption of solar thermal plants has increased the need for
large-scale, effective thermal energy storage (TES) systems.

This chapter details the additional research conducted during a three-
month mobility visit, focusing on the numerical modeling of the CaO and
Ca(OH)2 thermochemical energy storage (TCES) system using ANSYS Flu-
ent. Although the primary focus of this PhD work is the thermal per-
formance and optimisation of parabolic trough receivers, thermal energy
storage is an equally essential component of modern CSP systems. Efficient
storage enables continuous operation, smooths solar intermittency, and
significantly enhances the overall performance and dispatchability of PTC
plants. For this reason, the study of a reactor-scale TCES system provides
an important complementary contribution to the broader objectives of the
thesis. The goal of the present work was to develop, implement, and assess
a high-fidelity CFD framework capable of simulating the coupled processes
of heat transfer, mass transport, and reaction kinetics associated with hy-
dration and dehydration in a reactive packed-bed reactor. User-defined
functions (UDFs) were created to integrate experimentally validated kinetic
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expressions, including the two-regime dehydration behaviour described by
Schaube et al. [122, 123], directly into the ANSYS Fluent environment. The
model predictions were compared with benchmark experimental data and
showed strong agreement in terms of temperature rise, reaction progression,
and distinctive features such as hotspot formation and cooling fronts. The
validated CFD–UDF framework establishes a solid basis for future work on
the integration of TCES units into PTC systems.

7.1 Introduction

Thermal storage is essential for ensuring dispatchability and extending
energy output beyond daylight hours in CST/CSP plants, like those with
parabolic trough collector systems. Despite having reached commercial
maturity, traditional thermal energy storage techniques, such as molten
salt sensible heat storage, have intrinsic drawbacks, including relatively
low energy density, long-term heat losses, and upper working temperature
restrictions imposed by fluid stability. Thermochemical energy storage
(TCES) is a class of technologies that uses reversible chemical reactions to
store heat in chemical bonds. TCES has gained attention as global energy
systems strive for greater efficiency and deeper integration of renewable
sources.

The CaO/Ca(OH)2 combination is one of the most promising TCES
possibilities for mid-temperature storage relevant to parabolic trough appli-
cations. This reversible reaction:

Ca(OH)2 (s) ⇀↽ CaO (s) + H2O (g)

has a favorable equilibrium curve in the 400–550°C region and a high reac-
tion enthalpy of around 100–110 kJ/mol. It also has remarkable material
advantages, such as abundance, non-toxicity, and affordability. Solar heat
breaks down calcium hydroxide into calcium oxide and steam during de-
hydration (charging phase; heat is absorbed in the endothermic reaction),
and the steam and calcium oxide then react to produce heat at regulated
temperatures during hydration (discharging phase: heat is released in the
exothermic reaction). The reaction’s intrinsic temperature buffering makes
stable outlet temperatures possible during discharging, which is highly
sought after for thermal power blocks and parabolic trough power cycles.
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7.1.1 Historical development and early CSP integration

In earlier work, Ervin [124] conducted a comprehensive study on TCES:
a thorough analysis of reversible oxide-hydroxide reactions, such as the
CaO/Ca(OH)2 cycle, as a potential source of large-scale solar heat stor-
age. In this work, the basic benefits that continue to drive current research
were delineated: (i) high theoretical energy density, (ii) loss-free long-term
storage at room temperature, (iii) capacity to transport charged and dis-
charged reactants, and (iv) suitability for high temperatures necessary for
effective power cycles. This work emphasized two important points. First,
CaO/Ca(OH)2 exhibits favorable thermodynamics. Second, it has a compar-
atively benign materials profile relative to other thermochemical candidates.
These characteristics make it especially attractive for solar heat storage
applications. Although the study primarily focused on general material
behavior and early experimental programs, it identified CaO/Ca(OH)2 as
a promising option for solar-driven storage systems decades before they
matured.

Over a decade later, a significant milestone was reached when Brown et
al. [125] conducted the first comprehensive analysis of integrating
CaO/Ca(OH)2 storage with a commercial parabolic trough plant, specifi-
cally the SEGS facility in California. Their theoretical model demonstrated
that the CaO/Ca(OH)2 cycle could transfer thermal energy from day to
night by performing the dehydration reaction during peak sunlight hours
and producing steam through hydration when sunlight was unavailable.
This system could sustain stable temperatures for the Rankine cycle boiler
and reduce the need for fossil fuel backup. This work is widely considered
the first rigorous techno-economic study of CaO/Ca(OH)2 storage in a real
CSP context. This study was based directly on the thermochemical ideas
put forward in earlier foundational work, such as that of [124].

TCES research reached a key turning point thanks to precise kinetic and
thermodynamic characterization and controlled trials at the reactor scale.
Schaube et al. [126] studied high-temperature gas-solid interactions for CSP
and said that CaO/Ca(OH)2 was one of the best storage combinations
because of its high energy density and good thermodynamic operating
window. Their further kinetic investigation yielded commonly utilized
equilibrium expressions, reaction enthalpies, and two-regime dehydration
kinetics — characterized by chemical control at low conversion, succeeded
by diffusion limitation as a CaO product layer develops. These kinetic
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principles became the usual input for reactor-scale simulations and, more
crucially, the basis for the UDF formulas used in modern CFD models.

To assess these kinetics under authentic reactor conditions, Schaube et
al. [122, 123] conducted a series of direct-contact packed-bed experiments,
as shown in the Figure 7.1, achieving finely resolved temperature measure-
ments throughout the bed that identified critical phenomena, including
hydration-induced hotspots, dehydration-induced cooling near the inlet,
and the advancement of reaction fronts. Their modeling equivalent con-
firmed reactor-scale simulations with these experiments and showed that
accurately modeling steam transport, heat transfer, and surface kinetics was
necessary to forecast conversion and temperature profiles. These studies
continue to represent the most common approaches for validating new
TCES reactor numerical models.

FIGURE 7.1: Reactor with isolation, reactor/reaction cham-
ber, position of thermocouples in the powder bed [122].

As the field progressed, pilot-scale demonstrations validated that the
reaction mechanisms identified in laboratory research scaled consistently to
kW-level reactors. Linder et al. [127] built a kW-scale CaO/Ca(OH)2 reactor
and tested the numerical predictions against real data. They showed that
the heat penetration, steam distribution problems, and stable multi-cycle
operation were all possible under controlled boundary conditions. Around
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the same time, Yan and Zhao [128] conducted experiments on hydration in
fixed beds and measured how strongly reactivity depended on steam par-
tial pressure, initial bed temperature, and material conditioning. They also
recorded the impacts of hotspot development and cycle degradation. Fur-
ther research examined various metal oxide cycles, including Co3O4/CoO.
Singh et al. [129] used computational fluid dynamics (CFD) modelling tech-
niques similar to those now used for calcium-based thermal energy storage
systems. This confirmed the effectiveness of multi-physics reactor models
for solid–gas thermochemical systems.

Research on the evolution of porosity demonstrated that permeability
significantly affects steam transport and that assuming constant porosity
can lead to substantial modeling inaccuracies — reaching nearly 20% in
certain instances — underscoring the necessity of precise characterization
of porous media. Furthermore, sophisticated heat-transfer augmentation
methods, such as metal foams and vapor channels, have been demonstrated
to increase discharge rates by up to six times. This shows that structural
engineering is necessary to overcome the naturally low thermal conductivity
of Ca-based materials. Multi-layered reactor designs showed even better
temperature uniformity and vapor distribution, which made the reaction
move more evenly and higher overall conversion

Reactors were becoming more complex in their design. Luo et al. [130]
studied fin layouts and showed that the shape, spacing, and surface area
of fins had a big effect on thermal spreading and discharge performance.
This means that there are clear ways to improve future reactor designs.
At a fundamental level, first-principles of reaction kinetics simulations
conducted by Cai and Li [131] clarified dehydration mechanisms at the
atomic scale and offered mechanistic explanations for empirical kinetic
observations, uncovering diffusion barriers and reaction pathways pertinent
to enhancing kinetic models employed in reactor simulations.

The latest ideas go beyond only reactor design to include full system inte-
gration. Sun et al. [132] suggested a dual-reaction TCES cascade that lowers
the amount of entropy produced and raises the exergy efficiency, as shown
in the Figure 7.2. This opens up new possibilities for how CaO/Ca(OH)2 sys-
tems could be built in the future. Yan et al. [133] presented a fully integrated
CSP–TCES configuration that merges a parabolic trough collector with an
advanced thermochemical reactor, as shown in the Figure 7.3. They demon-
strated through dynamic simulations that optimizing collector geometry,



126 Chapter 7. Numerical Modelling of Solar Thermochemical Storage

steam delivery, and reactor thermodynamics can significantly enhance daily
conversion and energy output. At the same time, other system-level and
techno-economic modeling studies have examined the economic and design
trade-offs of TCES integration in CSP plants [134, 135], further supporting
the potential of thermochemical energy storage to enhance the performance
of next-generation solar thermal power plants.

FIGURE 7.2: Structure and exothermic flow of shell-and-
tube thermochemical heat storage reactor: (a) 3D structure

and (b) top view [132].

The latest research on CaO/Ca(OH)2 thermochemical energy storage
shows that accurate prediction of reactor behavior requires models capable
of capturing the strong coupling between reaction kinetics, steam trans-
port, porous-media flow resistance, and the highly non-uniform tempera-
ture fields that arise during hydration and dehydration. Studies such as
[122, 123, 127, 128, 130] consistently demonstrate these interactions. To-
gether, these works show that high-fidelity simulations incorporating vali-
dated kinetic laws, multicomponent diffusion, and reaction-enthalpy cou-
pling are essential for reproducing key features in packed-bed reactors,
including hydration-induced hotspots, endothermic cooling fronts, and
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FIGURE 7.3: Schematic diagram of the parabolic trough
solar thermal storage system [133].

moving reaction fronts. Based on these requirements, the modeling frame-
work developed in this study incorporates two-regime kinetic expressions
[123] into ANSYS Fluent via custom UDFs, allowing local thermochemical
rates, species concentrations, and the evolving thermal field to be directly
coupled. The CFD–UDF model accurately captures the transient reaction
behavior of the reactor when compared with the fixed-bed experiments of
[123]. Grounded in experimental data, this approach provides a robust basis
for evaluating CaO/Ca(OH)2 storage under CSP-relevant conditions and
establishes the necessary link between TCES reactor dynamics and parabolic
trough receiver performance within the broader scope of the study.

The next step in this work will be to adapt the validated CFD-UDF
modelling method for use in simulating an indirect TCES reactor, which
forms part of PTC CSP plants. As previously mentioned, most PTC systems
use heat transfer fluids (HTFs), such as synthetic oils or molten salts, to
transfer thermal energy to the reactor via an external heat exchanger. This
approach contrasts markedly with the direct-exchange fixed-bed configura-
tions commonly examined in laboratory-scale studies. This adds another
level of difficulty. In addition to the intrinsic reaction-transport interactions
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already identified in CaO/Ca(OH)2 systems, the thermal coupling between
the HTF loop and the reactive packed bed must be determined. Subsequent
research will integrate the simulation framework to include conjugate heat
transfer between the HTF channels and the reactive solid domain. This will
facilitate the prediction of the effects of HTF temperature, flow rate and
heat exchanger geometry on hydration and dehydration rates, thermal front
propagation and overall reactor efficiency. Integrating these effects into a
single CFD environment will enable the model to evaluate the effectiveness
of indirect TCES reactors under real PTC operating conditions and establish
a clearer correlation between thermochemical behaviour at the component
level and overall plant operation.

In parallel, it will also be important to consider PTC plants that oper-
ate in direct steam generation (DSG) mode, as noted by Brown et al. [125],
where the collector field produces steam directly. A direct TCES reactor
is a good option for these systems as it can connect directly to the steam
cycle, eliminating the need for an intermediate HTF loop. However, fu-
ture simulations must consider how these reactors are more susceptible
to variations in steam-side pressure, flow distribution and high-pressure
operating conditions, as these can significantly impact reaction uniformity
and system performance. Incorporating both indirect (HTF-based) and
direct (DSG-based) configurations into the modelling process will enable
to fully evaluate TCES integration pathways for PTC plants and develop
improved reactor designs for the next generation of CSP systems.

The main objectives of this work are

• Develop a numerical model to simulate Ca(OH)2-CaO reaction dy-
namics using ANSYS Fluent.

• Implement UDFs in ANSYS Fluent for both hydration and dehydra-
tion kinetics.

• Validate the simulation results with available experimental data from
the literature [122].

• To extend the validated numerical framework toward future applica-
tion in solar-thermal energy systems, particularly the integration of
TCES reactors within the parabolic trough collector system configura-
tions.
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7.2 Physical Model

The physical system investigated in this work is a laboratory-scale fixed-bed
reactor designed to examine the reversible CaO/Ca(OH)2 thermochemical
energy-storage cycle. The reactor is a vertically oriented cylindrical vessel
uniformly packed with Ca(OH)2 during dehydration and CaO during hy-
dration. The simulated configuration replicates the geometry and operating
conditions reported in the benchmark experiments of Schaube et al. [123]
and encompasses additional parameters collected during the research mo-
bility period, ensuring full consistency between the CFD domain and the
experimental reactor.

The reactor has an internal height of 61 mm and an internal diameter of
55 mm. Owing to the cylindrical symmetry and uniform packing, the reactor
is modelled numerically as a two-dimensional axisymmetric domain, as
shown in Figure 7.4, which captures all essential radial and axial gradients
while reducing computational cost relative to a full 3D model.

The packed bed is treated as a homogeneous porous medium with
constant porosity and permeability. The solid phase remains stationary
while the gas phase flows through the pore network. A mixture of nitrogen
(carrier gas) and water vapour enters at the top of the reactor and exits at
the bottom. Two operating modes are simulated:

• Hydration (discharging): 3.8 Nl/min N2 and 120 g/h H2O at 300 ◦C
(exothermic).

• Dehydration (charging): 14.7 Nl/min N2 and 10 g/h H2O at 500 ◦C
(endothermic).

In both cases, the outlet pressure is maintained at 2 barg, consistent
with the experimental setup. Seven thermocouples positioned along the
reactor height provide reference temperature data for validation. Inside
the bed, the gas interacts with the solid through the highly exothermic
hydration reaction and the strongly endothermic dehydration reaction,
leading to moving thermal fronts, hotspots, and cooling regions. These
physical features define the behaviour of the CaO/Ca(OH)2 system and
form the basis for the mathematical and numerical models that follow.
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(a) (b)

FIGURE 7.4: (a) 3D domain of the reactor; and (b) 2D ax-
isymmetric domain of the reactor.

7.2.1 Numerical Model

The packed-bed reactor was simulated in ANSYS Fluent 2025 R1 using a
transient CFD model with chemical reaction implemented via UDFs. The
computational domain corresponds to the two-dimensional axisymmetric
representation of the cylindrical reactor described in the previous subsec-
tion. A structured mesh with fine resolution was generated over the entire
computational domain to resolve temperature and species concentration
fields adequately; the final grid is shown in Figure 7.5.

The fluid region was defined as a single porous zone with the mixture
material (N2–H2O–CaO–Ca(OH)2) assigned to the fluid phase and calcium-
oxide-solid specified as the solid material in the porous-zone settings. The
equilibrium thermal model was used, so that a single energy equation
is solved for the combined gas–solid temperature. The porous medium
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resistance was specified through an effective permeability and a surface-to-
volume ratio of 1708.92 m−1, consistent with the particle size and packing
conditions of the experimental bed.

The gas phase consisted of a multicomponent mixture of nitrogen (inert
carrier gas) and water vapour (reactive species). The species transport
model was activated to solve individual conservation equations for H2O
and N2. Nitrogen was treated as chemically inert, while water vapour
participated in the hydration and dehydration reactions. The local steam
partial pressure required for the kinetic model was calculated from the local
mass fraction of H2O and the operating pressure.

The reaction kinetics implemented via User-Defined Functions intro-
duced source terms into the governing equations. Specifically, steam con-
sumption or release was applied to the H2O species equation, while the
reaction enthalpy was incorporated as a volumetric heat source term in
the energy equation, ensuring full coupling between mass transfer, heat
transfer, and chemical reaction.

A pressure-based, transient solver was employed. The governing equa-
tions for mass, momentum, energy, and species transport were discretised
using a second-order upwind scheme for spatial terms and a first-order
implicit scheme for temporal terms. Pressure-velocity coupling was han-
dled using the SIMPLE algorithm. Typical time-step sizes were in the range
of 0.01–0.1 s; smaller time steps were adopted during the early stages of
the reactions to accurately capture the rapid temperature changes. At each
time step, the solution was considered converged when the scaled residuals
fell below 10−6 for the continuity, momentum, and energy equations, and
when monitored temperatures at selected points varied negligibly between
subsequent iterations.

The reversible CaO/Ca(OH)2 reaction was activated in the porous zone
by enabling the Reaction option and linking the corresponding UDFs.

7.2.2 Governing Equations

The CaO/Ca(OH)2 packed–bed reactor is modeled as a two–dimensional
heterogeneous continuum. Gas and solid phases are treated as interpene-
trating continua, and mass, momentum, species, and energy equations are
solved for each phase. The bed porosity ε is assumed to be constant at 0.6.
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FIGURE 7.5: Meshing of the reactor.

Mass Balances

Solid phase

∂ [(1 − ε)ρs]

∂t
= (1 − ε) qR (7.1)

where ε is the bed porosity (−), ρs is the solid phase density (kg m−3), t
is time (s), and qR is the volumetric reaction rate (kg H2O m−3 s−1).

Gas phase

∂(ερg)

∂t
+∇ · (ρgv) = −(1 − ε) qR (7.2)
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where ρg is the gas phase density (kg m−3) and v is the superficial gas
velocity vector (m s−1).

Water vapor species balance

ερg
∂YH2O

∂t
+ ρgv · ∇YH2O −∇ ·

(
ρgD∇YH2O

)
= −(1−YH2O)(1− ε) qR (7.3)

where YH2O is the mass fraction of water vapor (−) and D is the effective
binary diffusion coefficient of H2O in N2 (m2 s−1).

Momentum Balance

Because the Reynolds number in the porous bed is small (Rep < 1), Darcy’s
law is used:

∇P = −µg

K
v (7.4)

where P is the gas pressure (Pa), µg is the dynamic viscosity of the gas phase
(Pa s), and K is the permeability of the packed bed (m2).

Energy Balances

Solid phase

(1 − ε)ρscps
∂Ts

∂t
= α∗(Tg − Ts)−∇ · [−(1 − ε)λs∇Ts]

+(1 − ε)qR
(
∆hR − cp,H2O(Ts − Tg)

) (7.5)

where cps is the specific heat capacity of the solid (J kg−1 K−1), Ts and Tg
are the solid and gas temperatures (K), α∗ is the volumetric heat transfer coef-
ficient (W m−3 K−1), λs is the thermal conductivity of the solid (W m−1 K−1),
∆hR is the reaction enthalpy (J kg−1 H2O), and cp,H2O is the specific heat
capacity of water vapor (J kg−1 K−1).

Gas phase

ερgcpg
∂Tg

∂t
+ ρgcpgv ·∇Tg = α∗(Ts −Tg)+

(
ε

∂P
∂t

+ v · ∇P
)
−∇·

(
−ελg∇Tg

)
(7.6)
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where cpg is the specific heat capacity of the gas phase (J kg−1 K−1) and
λg is the gas thermal conductivity (W m−1 K−1).

Reactor wall

ρstcp,st
∂Tw

∂t
= −∇ · (−λst∇Tw) . (7.7)

where ρst is the wall density (kg m−3), cp,st is the wall heat capacity
(J kg−1 K−1), Tw is the wall temperature (K), and λst is the wall thermal
conductivity (W m−1 K−1).

Effective Thermal Conductivity

The effective conductivity of the porous bed is estimated as follows:

λe = ελg + (1 − ε)λs = (1 −
√

1 − ε)λgas + (1 − ε)λs. (7.8)

where λe is the effective thermal conductivity of the porous bed (W m−1 K−1).

7.2.3 Reaction kinetics implemented via user-defined functions

To accurately reproduce the experimentally validated kinetic behaviour of
both processes, the reaction rates were implemented in ANSYS Fluent using
user-defined functions (UDFs), as seen in Appendix A. This approach allows
the local reaction rate to depend on temperature, steam partial pressure, and
solid conversion, a feature not available with the standard ANSYS Fluent
reaction models.

Equilibrium vapour pressure

The equilibrium partial pressure of water vapour over the CaO/Ca(OH)2
system is evaluated according to the correlation proposed by Schaube et al.:

Peq(T) = 105 exp
(
−12845

T
+ 16.508

)
(7.9)

where T is the local solid temperature in kelvin.
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Local steam partial pressure

Assuming ideal gas behaviour, the local partial pressure of water vapour is
calculated as:

PH2O =
ρ YH2O

MH2O
R T (7.10)

where ρ is the gas density, YH2O is the mass fraction of water vapour, MH2O
is the molar mass of water, and R is the universal gas constant.

Hydration kinetics

The hydration reaction proceeds when the local steam partial pressure
exceeds the equilibrium pressure:

PH2O > Peq (7.11)

The pressure driving force is defined as:

hP =

(
PH2O

Peq
− 1

)np

np = 0.83 (7.12)

The solid conversion X is defined as the reacted fraction of CaO. The
morphology-based conversion function adopted is:

g(X) = 3(1 − X) [− ln(1 − X)]2/3 (7.13)

The temperature-dependent reaction rate constant follows an Arrhenius
expression:

k(T) = ηr A0 exp
(
− Ea

RT

)
(7.14)

where A0 = 1.3945 × 104 s−1, Ea = 8.95 × 104 J mol−1, and ηr are particle
efficiency factors.

The local conversion rate is thus expressed as:

dX
dt

= k(T) g(X) hP (7.15)
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The corresponding surface molar reaction rate supplied to the solver is:

rhyd =
dX
dt

Z0 ρsite (7.16)

Dehydration kinetics

The dehydration reaction occurs when the local steam partial pressure is
lower than the equilibrium pressure:

PH2O < Peq (7.17)

The pressure driving force for dehydration is expressed as:

hP =

(
1 − PH2O

Peq

)np

np = 3 (7.18)

Following the Schaube kinetic model, two different kinetic regimes are
considered depending on the solid conversion.

For low conversion levels (X < 0.2):

k1(T) = A1 exp
(
− E1

RT

)
, f (X) = (1 − X) (7.19)

with A1 = 1.94 × 1012 s−1 and E1 = 1.88 × 105 J mol−1.
For higher conversion levels (X ≥ 0.2):

k2(T) = A2 exp
(
− E2

RT

)
, f (X) = 2

√
1 − X (7.20)

with A2 = 8.96 × 109 s−1 and E2 = 1.62 × 105 J mol−1.
The conversion rate during dehydration is therefore written as:

dX
dt

= k(T) f (X) hP (7.21)

and the surface molar reaction rate is given by:

rdeh =
dX
dt

Z0 ρsite (7.22)



7.3. Simulation Results 137

Volumetric reaction rate

The user-defined functions compute the reaction kinetics in terms of a
surface molar reaction rate, rs, expressed per unit reactive surface area.
To couple the reaction kinetics with the species and energy conservation
equations, the corresponding volumetric reaction rate qR is defined as:

qR = as rs [kmol m−3 s−1] (7.23)

where as is the specific reactive surface area of the porous bed.
For hydration and dehydration processes, the volumetric reaction rates

are therefore written as:

qR,hyd = as rhyd, qR,deh = as rdeh (7.24)

Coupling with transport equations

The reaction rates defined above are introduced into the numerical model
as source terms in the species and energy equations, accounting for wa-
ter vapour consumption or release and for the associated endothermic or
exothermic heat effects. The complete UDF implementations corresponding
to these kinetic expressions are reported in Appendix A.

7.3 Simulation Results

The accuracy of the present numerical model was assessed by comparing
its predictions with experimental data reported by Schaube et al. [123]. In
the referenced experiments, the temperature evolution corresponds to a
rehydration cycle, characterised by an initial reaction-driven heating phase
followed by a cooling phase governed by convective heat removal by the
gas flow and heat losses to the surroundings. Figure 7.6 illustrates the com-
parison between the simulated temperature evolution and the experimental
measurements at two representative locations, denoted as T7 and T1.

At location T7, the experimental results show a rapid temperature rise
up to approximately 500 ◦C, followed by a gradual cooling after around
20 minutes. The model reproduces the initial heating phase with good
accuracy, capturing both the magnitude and the trend of the experimental
data. However, in the cooling region, the simulation tends to overpredict
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the temperature decay rate, which leads to slightly higher values than those
observed experimentally between 30–50 minutes. This discrepancy may
be attributed to simplifications in the heat transfer boundary conditions or
uncertainties in material properties such as thermal conductivity and heat
capacity. For location T1, a similar trend is observed. The model closely
follows the sharp initial increase in temperature but slightly underpredicts
the cooling rate compared to the experimental data. While deviations are
visible during the transient stage, the overall agreement between simulation
and experiment remains satisfactory.

FIGURE 7.6: Validation of numerical results with experi-
mental data.

The simulations provide insights into the spatial and temporal evolu-
tion of heat transfer within the system, as will be shown in the following
subsections for both hydration and dehydration processes.

7.3.1 Hydration Process

Figure 7.7 shows the temperature contours at different times during the
hydration reaction. The inlet is located on the left-hand side, where the
reactant gas enters the reactor. At the early stage (10 minutes), the inlet



7.3. Simulation Results 139

region exhibits a strong temperature rise due to the exothermic nature of
the hydration reaction. The hot zone then propagates gradually toward the
outlet as the reaction front advances. After 20 minutes, most of the bed is al-
ready at elevated temperature, with values above 700 K, indicating intensive
reaction activity. As time progresses (30–60 minutes), the system cools down

FIGURE 7.7: Temperature distribution at different times
during the hydration process. The inlet is on the left-hand

side.

and becomes more uniform. By 60 minutes, the reactor approaches thermal
equilibrium, with temperatures around 580 K across the entire domain. This
behavior confirms that hydration is a strongly exothermic process that leads
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to rapid temperature buildup near the inlet, followed by a redistribution of
heat along the bed until steady conditions are reached.

7.3.2 Dehydration Process

In contrast, Figure 7.8 depicts the transient thermal fields during the dehy-
dration reaction. At the early stage (10 minutes), the temperature near the
inlet remains relatively low, since the dehydration process is endothermic
and requires heat input. A cold zone is observed near the inlet, which
penetrates deeper into the bed as the reaction progresses.

FIGURE 7.8: Temperature distribution at different times
during the dehydration process. The inlet is on the left-

hand side.
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Between 20 and 40 minutes, the temperature gradients become more
pronounced, with a significant difference between the inlet (left) and outlet
(right) regions. This indicates the strong local cooling effect caused by the
endothermic reaction front moving through the bed. After 50 minutes, heat
is progressively absorbed throughout the material, and the outlet region
becomes dominant in terms of higher temperatures. By 60 minutes, the bed
exhibits an almost uniform distribution with elevated temperatures around
760 K, showing that the dehydration front has passed completely through
the material.

7.3.3 Comparison of Hydration and Dehydration Behavior

The results highlight the contrasting thermal characteristics of the two pro-
cesses. Hydration generates heat and results in sharp local hot spots near
the inlet, which gradually dissipate as the system equilibrates. Conversely,
dehydration consumes heat, leading to a pronounced cooling effect at the
inlet and a delayed propagation of the reaction front toward the outlet.
These findings emphasize the importance of accounting for the thermody-
namic nature of the reaction when designing and optimizing the thermal
management strategy of the system.

7.4 Integration of Thermochemical Storage with
Parabolic Trough Systems

Although the core focus of this thesis is the thermal–hydraulic optimization
of parabolic trough receivers, improving receiver performance alone does
not guarantee enhanced plant-level performance. Modern concentrating
solar power systems require not only efficient solar energy collection but
also reliable dispatchability. In this context, thermal energy storage becomes
a crucial system-level component that determines the overall effectiveness
and flexibility of parabolic trough plants.

The work presented in Chapters 3–6 addresses receiver-scale challenges,
including non-uniform heat flux, internal heat transfer enhancement, vac-
uum degradation, and heat-loss mechanisms. However, the thermal energy
delivered by optimized receivers must ultimately be stored and released
efficiently to ensure continuous power production during transient or non-
solar periods.
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For this reason, Chapter 7 expands the research perspective from
component-level optimization to system-level integration. The thermo-
chemical energy storage model developed and described in previous sec-
tions investigates the CaO/Ca(OH)2 reaction system. This system operates
within a temperature range that is compatible with parabolic trough outlet
conditions. Figure 7.9 shows a schematic diagram of thermochemical stor-
age for a PTC system. By numerically modeling coupled heat transfer, mass
transport, and reaction kinetics using the same CFD-based methodology
adopted in earlier chapters, this work maintains methodological continuity
while addressing the broader objective of improving the overall efficiency
and dispatchability of parabolic trough solar plants.

Therefore, this chapter of the thesis should not be interpreted as a devi-
ation from the main research line but as a natural extension that connects
receiver optimization to plant-level energy management and long-duration
storage.

Simple calculations of CaO/Ca(OH)2 thermochemical storage based on
PTC plant operating conditions (such as temperature limits) for hydration
(discharging) and dehydration (charging) are shown in Tables 7.1 and 7.2.
As seen in the hydration kinetics equations (7.11 and 7.12), the steam pres-
sure must exceed the equilibrium pressure, which is assumed to be 30 kPa,
and the pressure driving force (hp) must be greater than 1, as calculated in
Table 7.1. For the dehydration kinetics equations (7.17 and 7.18), the steam
pressure must be lower than the equilibrium pressure, which is assumed
to be 0.5 kPa, and the pressure driving force (hp) must be lower than 1, as
calculated in Table 7.2.

TABLE 7.1: Hydration (Discharging)

T(◦C) T (K) Peq (kPa) PH2O/Peq hP
260 533 0.0505 594.3 200.4
270 543 0.1087 381.3 138.5
280 553 0.1827 248.6 67.8
290 563 0.2715 116.5 49.3
300 573 0.2715 110.5 49.3
310 583 0.3988 75.2 35.7
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TABLE 7.2: Dehydration (Charging)

T(◦C) T (K) Peq (kPa) PH2O/Peq hP
400 673 7.6 0.066 0.82
395 668 6.6 0.076 0.79
390 663 5.7 0.088 0.76
385 658 4.9 0.102 0.72
380 653 4.2 0.118 0.69

FIGURE 7.9: Schematic diagram of thermochemical storage
for a PTC system.

7.5 Conclusions and Future Work

The numerical investigation demonstrated the capability of Ca(OH)2-based
TCES systems for efficient energy storage with direct heat transfer. The
main conclusions are:

• The developed UDF-based kinetic model successfully captured the
reaction dynamics of hydration and dehydration.



144 Chapter 7. Numerical Modelling of Solar Thermochemical Storage

FIGURE 7.10: 2D schematic diagram of an indirect thermo-
chemical reactor for a PTC system.

• Simulation results showed good agreement with experimental data for
both charging (dehydration) and discharging (hydration) processes.

• The energy storage performance highlights the strong potential of
Ca(OH)2-CaO systems for integration with solar thermal plants, par-
ticularly in medium- to high-temperature applications.

Future Work

While the present work provided valuable insights into the feasibility of
Ca(OH)2-based thermochemical storage, further research is required for
advancing towards practical implementation. The following aspects are
recommended for future work:

• Integration with Parabolic Trough Systems: Extend the numerical
model to a system-level simulation including a parabolic trough col-
lector as shown in Figure 7.9.

• Dynamic Simulations: Couple the TCES model with transient solar
irradiance data to evaluate the impact of weather fluctuations and
diurnal cycles on overall efficiency and operational stability.

• Optimization of Heat Exchanger and Reactor Geometry: Conduct
parametric studies on reactor configuration, flow distribution, and
packing structure to improve heat transfer and reduce thermal gradi-
ents during both charging and discharging for the indirect reactor as
shown in Figure 7.10.
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• System Scaling and Industrial Application: Investigate scale-up
to multi-MWh storage units and study integration with turbines or
district heating systems for practical deployment.
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Chapter 8

Conclusions and future research

This thesis addressed the thermal performance, reliability, and heat-loss
mechanisms of parabolic trough collector (PTC) receivers under realistic
operating conditions. The research focused on the coupled effects of non-
uniform solar heat flux, internal heat transfer enhancement using longi-
tudinal fins, vacuum degradation in the annular region, and the presence
of residual gases such as air and hydrogen. The work was motivated by
the need to mitigate circumferential temperature gradients, reduce ther-
mal stresses, and limit heat losses that directly affect the efficiency and
operational lifespan of commercial parabolic trough receivers.

The thesis is structured around three core research themes: (i) enhance-
ment of internal heat transfer through optimized longitudinal fin config-
urations, (ii) quantification of heat losses under varying annulus vacuum
levels and atmospheric conditions, and (iii) assessment of receiver thermal
behaviour under realistic degradation scenarios, including hydrogen accu-
mulation and wind effects. The conclusions drawn from these investigations
are presented below as answers to the research questions formulated in
Chapter 1.

8.1 Answers to Specific Research Questions

1. How do the number, height, and circumferential placement of longitudi-
nal fins influence heat transfer performance and temperature uniformity in
parabolic trough receivers under non-uniform heat flux conditions?
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A comprehensive numerical investigation was conducted to evaluate
longitudinally finned parabolic trough receivers subjected to the in-
herently non-uniform circumferential heat flux characteristic of PTC
systems. A novel concept of asymmetrically distributed fins, varying
both in circumferential position and height, was introduced to better
match the local heat flux distribution around the absorber tube.

The results demonstrate that fin placement and geometry strongly
influence both the internal heat transfer mechanisms and the circum-
ferential temperature distribution. Fins located in regions exposed to
higher local heat flux effectively reduce maximum wall temperatures
and circumferential temperature differences. In particular, fins placed
on the lower half of the receiver enhance conductive heat transfer due
to direct exposure to high heat flux, while fins on the upper (colder)
half promote flow redistribution by displacing the high-velocity core
of the heat transfer fluid toward the lower region, thereby enhancing
convective heat transfer.

By strategically combining shorter fins in the high-flux region with
longer fins in the low-flux region, both conductive and convective
heat transfer mechanisms are simultaneously improved. The best-
performing configurations (4FCase4, 6FCase4, and 8FCase4) achieved
maximum improvements in the overall Nusselt number of 17.6%,
33.0%, and 45.6%, respectively, relative to a smooth receiver. Corre-
spondingly, peak absorber temperatures were reduced by up to 36.2 K,
and total heat losses were reduced by up to 18.0%.

These findings confirm that asymmetric longitudinal fin configura-
tions provide a simple, cost-effective, and manufacturable solution
for significantly improving the thermal performance and temperature
uniformity of parabolic trough receivers.

Future Work

Future research should focus on extending the present numerical
framework to include thermo-mechanical stress analysis in order to
directly quantify the reduction in thermal stresses and deformation
resulting from optimized fin configurations. Experimental valida-
tion of asymmetric fin designs under realistic solar flux conditions
would further strengthen their applicability for commercial receivers.
Additionally, the long-term effects of fouling, thermal cycling, and
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material degradation on fin performance should be investigated to
assess durability over the receiver lifetime.

2. How does vacuum level and atmospheric condition influence heat losses in
smooth and finned parabolic trough receivers?

The influence of annular region pressure, inlet heat transfer fluid tem-
perature, and atmospheric conditions on receiver heat losses were
systematically investigated. The results show that under low vac-
uum pressures, conduction heat loss is negligible and radiation domi-
nates the total heat loss. However, as the annulus pressure increases,
conductive heat transfer becomes significant, reducing the relative
contribution of radiation to the total heat loss.

When the annular space is filled with air at atmospheric pressure, the
total heat loss is nearly doubled compared to full vacuum conditions.
The incorporation of longitudinal fins was shown to successfully
reduce the outer surface temperature of the receiver, thereby primarily
reducing radiative heat losses. As a result, the total heat loss for finned
receivers was reduced by approximately 9% compared to smooth
receivers under identical operating conditions.

Furthermore, atmospheric conditions were found to play a
non-negligible role. Increased wind speed and lower ambient tem-
peratures lead to higher convective heat losses, highlighting the im-
portance of considering realistic environmental conditions in receiver
performance assessment.

Future Work

Future studies should investigate transient vacuum degradation sce-
narios, including partial vacuum recovery and getter saturation ef-
fects, to better represent long-term field operation. Coupling the
receiver model with meteorological datasets from operational solar
fields would allow for improved annual performance prediction. In
addition, experimental campaigns under controlled vacuum and wind
conditions would be valuable to further validate the numerical heat-
loss models developed in this thesis.
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3. What is the impact of hydrogen accumulation and realistic operating con-
ditions on the thermal behaviour and heat losses of parabolic trough receivers?

A detailed three-dimensional conjugate heat transfer analysis was
performed to investigate receiver thermal behaviour under vacuum
and low-pressure hydrogen conditions in the annulus. The results
show that hydrogen accumulation dramatically alters the heat trans-
fer mechanisms within the annular space. Compared to vacuum
conditions, the presence of hydrogen increases total heat losses by
approximately a factor of three.

For example, at a mass flow rate of 3 kg/s and an inlet temperature of
390 °C, heat loss increased from 230.9 W/m under vacuum conditions
to 723.2 W/m with hydrogen in the annulus. Hydrogen was also
found to slightly lower absorber surface temperatures while substan-
tially increasing glass envelope temperatures, by up to 142 °C, due to
enhanced conductive and convective heat transfer.

Parametric analysis revealed that increasing the mass flow rate from
3 kg/s to 6 kg/s reduced the maximum circumferential temperature
difference on the absorber surface by 40.4%, improving temperature
uniformity and mitigating thermal stresses. Higher inlet tempera-
tures further enhanced temperature uniformity. Wind-speed analysis
showed that external flow increased total heat losses by up to 18%,
while significantly reducing glass envelope temperatures, particularly
under hydrogen-filled annulus conditions.

These results clearly demonstrate the necessity of maintaining high-
vacuum conditions to minimize energy dissipation and preserve re-
ceiver performance.

Future Work
Future research should investigate coupled hydrogen permeation,
getter degradation, and vacuum loss models to enable predictive
maintenance strategies for commercial receivers. The integration of
real-time monitoring data with CFD-based digital twins could sup-
port condition-based operation and early fault detection. Moreover,
mitigation strategies such as advanced getter materials, hydrogen
barriers, or alternative annulus gas management techniques should
be explored.
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In addition, future studies should analyse and optimise various end-
bellows configurations (such as Solel UVAC and Schott joints), with
particular emphasis on their thermal performance under degraded
vacuum conditions.

4. Can a new performance metric be developed to enable meaningful comparison
of finned and smooth receivers under non-uniform heat flux conditions?

A novel performance evaluation approach was developed to enable
meaningful comparison between finned and smooth receivers under
non-uniform heat flux conditions. Conventional metrics based solely
on inner Nusselt number or pressure drop were shown to be insuffi-
cient, as they do not adequately capture circumferential temperature
gradients or peak temperatures.

The proposed evaluation framework incorporates both thermal en-
hancement and hydraulic penalties while accounting for non-uniform
heating, allowing clearer identification of optimal fin configurations.
This approach proved more effective than commonly used methods
in the literature and enabled robust comparison of different receiver
designs under realistic operating conditions.

8.2 Overall Remarks

Overall, this thesis provides a unified and realistic numerical framework
for analyzing and optimizing the thermal performance of parabolic trough
receivers. By simultaneously addressing internal heat transfer enhancement
and external heat-loss mechanisms under non-ideal operating conditions,
the work bridges an important gap between simplified academic models
and real-world receiver behaviour. The results offer practical design guide-
lines for finned receiver optimization, improved understanding of vacuum
degradation effects, and valuable insights for enhancing the efficiency, relia-
bility, and longevity of solar thermal power plants.

The methodologies and findings presented in this thesis contribute to
the development of next-generation high-performance parabolic trough
receivers and support the broader deployment of reliable and dispatchable
concentrating solar thermal technologies.
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Finally, the thermochemical energy storage modelling framework de-
veloped in the last part of the PhD programme can be extended toward
large-scale reactor optimisation and dynamic integration with parabolic
trough systems. Future studies could address multi-cycle operation, mate-
rial ageing, and control strategies under variable solar input. The combined
optimisation of high-performance receivers and advanced thermal energy
storage represents a promising pathway toward more efficient and dispatch-
able solar thermal power plants.
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Appendix A

A.0.1 User-defined functions (UDFs) for hydration and dehydra-
tion kinetics

1 #include "udf.h"
2 #include <math.h> /* for log(), pow() */
3

4 /* ====== user knobs you may tune ====== */
5 #define ETA_R 1 /* particle efficiency (

paper B) */
6 #define N_PRESS 0.83 /* pressure exponent

*/
7 #define A0_S 1.3945 e4 /* s^-1, Schaube far

-from -eq pre -exponent */
8 #define E_JPMOL 8.9486 e4 /* J/mol , Schaube

far -from -eq activation energy */
9 #define R_UNIV 8.314462618 e0 /* J/( m o l K ) */

10 #define MW_H2O 18.01528e-3 /* kg/mol */
11 #define SITE_RHO 0.003337144 /* kmol/m^2 (

put your Site Density from GUI here) */
12 #define Z0_CAO 1.0 /* initial site

fraction of CaO at t=0 (from GUI) */
13

14 /* small clamps to avoid log(0) / pow() domain issues */
15 #define Z_EPS 1.0e-12
16

17 /* Peq of H2O over Ca(OH)2/CaO , Pa (ln(Peq/1e5)=
-12845/T + 16.508; T in K) */

18 static inline real Peq_Pa(real T)
19 {
20 return 1.0e5 * exp ( -12845.0/T + 16.508);
21 }
22
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23 /* p_i from mass fraction (ideal gas) */
24 static inline real p_part(real rho , real Y, real MW,

real T)
25 {
26 /* rho[kg/m3], MW[kg/mol] => n_i [mol/m3] = rho*Y/MW

; p_i = n_i*R*T */
27 return (rho*Y/MW) * R_UNIV * T; /* Pa */
28 }
29

30 /* ===== CaO + H2O -> Ca(OH)2 hydration (surface rate)
===== */

31 DEFINE_SR_RATE(surface_rate_UDF_A , c, t, r, mw, yi , rr)
32 {
33 /* state */
34 const real T = C_T(c,t);
35 const real rho = C_R(c,t);
36

37 /* steam partial pressure */
38 const int iH2O = mixture_specie_index(

THREAD_MATERIAL(t), "h2o");
39 if (iH2O < 0) { *rr = 0.0; return; }
40 const real Y_H2O = yi[iH2O];
41 const real pH2O = p_part(rho , Y_H2O , MW_H2O , T);
42

43 /* equilibrium limit */
44 const real Peq = Peq_Pa(T);
45 if (pH2O <= Peq) { *rr = 0.0; return; }
46 const real hP = pow((pH2O/Peq) - 1.0, N_PRESS);
47

48 /* Arrhenius (with bed -scale reduction) */
49 const real K = (ETA_R * A0_S) * exp(-E_JPMOL /(

R_UNIV*T)); /* 1/s */
50

51 /* site fraction of CaO (current) */
52 const int iCaO = mixture_specie_index(

THREAD_MATERIAL(t), "cao");
53 if (iCaO < 0) { *rr = 0.0; return; }
54 /* (1 - X) = Z/Z0; clamp it to (0,1) to keep log()

defined and negative */
55 real one_minus_X = yi[iCaO] / Z0_CAO;
56 if (one_minus_X < Z_EPS) one_minus_X = Z_EPS;
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57 else if (one_minus_X > 1.0-Z_EPS) one_minus_X = 1.0
- Z_EPS;

58

59 /* your model term: 3*(1-X)*(-ln(1-X))^(2/3) */
60 const real s = -log(one_minus_X); /*

positive for 0<one_minus_X <1 */
61 const real g = 3.0 * one_minus_X * pow(s,

2.0/3.0);
62

63 const real dXdt = K * g * hP; /* 1/s */
64

65 /* surface molar rate (kmol/m^2-s) of CaO
consumption */

66 const real r_surf = dXdt * Z0_CAO * SITE_RHO;
67

68 *rr = MAX(r_surf , 0.0);
69 }

LISTING A.1: ANSYS Fluent UDF for hydration

1 #include "udf.h"
2 #include <math.h>
3

4 /* ========== */
5 #define ETA_R 1.0 /* particle efficiency

(bed -scale reduction , if needed) */
6 #define N_PRESS 3.0 /* dehydration

pressure exponent (Schaube) */
7 #define R_UNIV 8.314462618 /* J/( m o l K ) */
8 #define MW_H2O 18.01528e-3 /* kg/mol */
9 #define SITE_RHO 0.00333 /* kmol/m^2 (Site

Density from GUI) */
10 #define Z0_CAOH2 1.0 /* initial site

fraction of Ca(OH)2 at t=0 */
11

12 #define Z_EPS 1.0e-12
13

14 /* Peq of H2O over Ca(OH)2/CaO , Pa (ln(Peq/1e5)=
-12845/T + 16.508) */

15 static inline real Peq_Pa(real T)
16 {
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17 return 1.0e5 * exp ( -12845.0/T + 16.508); /* Schaube
2012 */

18 }
19

20 /* partial pressure from mass fraction (ideal gas) */
21 static inline real p_part(real rho , real Y, real MW,

real T)
22 {
23 return (rho*Y/MW) * R_UNIV * T; /* Pa */
24 }
25

26 /* ===== Ca(OH)2 -> CaO + H2O dehydration (surface rate)
===== */

27 DEFINE_SR_RATE(surface_rate_UDF_dehydration , c, t, r, mw
, yi , rr)

28 {
29 const real T = C_T(c,t);
30 const real rho = C_R(c,t);
31

32 /* steam partial pressure */
33 const int iH2O = mixture_specie_index(

THREAD_MATERIAL(t), "h2o");
34 if (iH2O < 0) { *rr = 0.0; return; }
35 const real Y_H2O = yi[iH2O];
36 const real pH2O = p_part(rho , Y_H2O , MW_H2O , T);
37

38 /* equilibrium */
39 const real Peq = Peq_Pa(T);
40 if (pH2O >= Peq) { *rr = 0.0; return; } /* no

driving force for dehydration */
41 const real hP = pow (1.0 - (pH2O/Peq), N_PRESS);
42

43 /* site fraction of Ca(OH)2 (current); (1 - X) = Z/
Z0 */

44 const int iCaOH2 = mixture_specie_index(
THREAD_MATERIAL(t), "caoh2");

45 if (iCaOH2 < 0) { *rr = 0.0; return; }
46 real one_minus_X = yi[iCaOH2] / Z0_CAOH2;
47 if (one_minus_X < Z_EPS) one_minus_X =

Z_EPS;
48 else if (one_minus_X > 1.0-Z_EPS) one_minus_X = 1.0

- Z_EPS;
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49

50 const real X = 1.0 - one_minus_X;
51

52 /* Two kinetic regimes (Schaube 2012):
53 X < 0.2 : F1 (A=1.9425 e12 s^-1, E=187.88 kJ/mol)
54 X >=0.2 : R2 (A=8.9583 e9 s^-1, E=162.26 kJ/mol;

f(X)=2*(1-X)^(1/2)) */
55 real A, E_JPMOL , fX;
56 if (X < 0.2) {
57 A = 1.9425 e12; /* 1/s */
58 E_JPMOL = 187.88 e3; /* J/mol */
59 fX = (1.0 - X); /* F1 */
60 } else {
61 A = 8.9583 e9; /* 1/s */
62 E_JPMOL = 162.26 e3; /* J/mol */
63 fX = 2.0* sqrt (1.0 - X); /* R2 */
64 }
65

66 const real K = (ETA_R * A) * exp(-E_JPMOL /( R_UNIV*T)
); /* 1/s */

67

68 const real dXdt = K * fX * hP; /* 1/s */
69

70 /* surface molar rate (kmol/m^2-s) of Ca(OH)2
consumption */

71 const real r_surf = dXdt * Z0_CAOH2 * SITE_RHO;
72

73 *rr = MAX(r_surf , 0.0);
74 }

LISTING A.2: ANSYS Fluent UDF for dehydration
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