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ABSTRACT

This thesis presents a comprehensive numerical investigation into the optical and thermal-
hydraulic performance of parabolic trough collector (PTC) systems equipped with
innovative flat tube absorbers. The study explores two novel absorber designs—horizontal
and vertical flat tubes—derived by stretching a conventional circular cross-section while
maintaining constant cross-sectional area. Optical performance was first evaluated using
Monte Carlo Ray Tracing (MCRT) simulations in SolTrace to determine the non-uniform
heat flux profiles for different geometries and base circle diameters. Results revealed that
horizontal flat tubes can significantly enhance optical efficiency, achieving up to 21.93%
improvement for small diameters (10—20 mm), albeit with increased flux non-uniformity.
Conversely, vertical flat tubes improved flux uniformity by up to 11.88% but exhibited
slight reductions in optical efficiency. Building on the optical analysis, a thermal-hydraulic
assessment was conducted using Finite Element Method (FEM)-based simulations,
incorporating the non-uniform flux distributions as boundary conditions. —horizontal and
vertical flat tube— were evaluated and compared with the conventional circular tube
absorbers across three base circle diameters (d =15 mm, d = 30 mm, and d = 70 mm) The
designs were evaluated across a range of Reynolds numbers (20,000-100,000) and heat
transfer fluid (HTF) inlet temperatures (150-350 °C). Performance metrics such as Nusselt
number, friction factor, thermal efficiency, pumping power, and Relative Benefit-Cost
Ratio (RBCR) were analyzed. The horizontal flat tube consistently demonstrated superior
overall thermal performance, with efficiency gains reaching up to 9% at d = 15 mm, while
the vertical flat tube showed moderate improvements at small diameters but was
outperformed by the circular design at larger sizes. However, the improved heat transfer of
flat tube configurations was accompanied by increased pressure drop, especially at small
base diameters, emphasizing the need to balance efficiency gains with hydraulic penalties.
Collectively, the findings offer valuable insights into the trade-offs between optical
efficiency, thermal performance, and pumping power, and support the potential of

geometrically optimized flat tube receivers for next-generation solar thermal applications

XVII



Al ) (aidla
Cpdllazas dasa 44118 dasa :Jalsl) ?“\j\

A sl Oy 33 5 3al) dpsadill (S adalll Cilaanal Sal s gl ) alls 5 manll oY) anE ALl o) gie

B‘)SK,\A:\ALMA
LSS it 1 pnT

2025 sibe sAgaladl Al &y U

PAtCOA| :\.:\:Ja.ﬂ\ g.:l.m;.d\ :Lda;\}( L_éJSJJ‘\J'GJ\‘L;)‘)LHJ d)ga.ﬁ\ ;\SM allli 2\73.).39 :\..u\).) 4\1\.“)” 0da (:ASS
) ) Jisall Cpaaa Gpasanal A jall G i e Gl I3 3 S ey 53 5 3l
o e Laliall ae oadlis (g 50 adaie 3203 sk oo Lagile Jsanl) 5 ol )l sdasdll ot 5 E8Y)
) aiil SIS e Ay yhay AalY) a lSlae aladinly Yol (g padl eV api &3 Agedaial) dalisdll
il 5 dsnigh JKEY) Caliad Aaliial) e (550 jall sl Cilay 3 58 wasil Sol Trace gl » e (MCRT)
Aine b gale J0 24 pead) 3l 5 5a3 of Sy 4381 dadassall il of il < pelal Al 5 )
ol a6 alat) s 33l Clea e @llig ((a 20-10) 3 sall U8 962193 ) Jeay Gl
8 il Walisl ¢yl LU 011,88 (o) o Apuaiy il il Gyl 1) Asansall i) cailn, ¢ Jiially

A palll 3e1sS])

Garaall paliall 44 Hha e adied 3lSlaa e\dil.u\.,i (“553‘}.5‘)'35&_95‘)\} ?735‘33 ¢l ) a 6".5‘)‘an‘ Jalall ) 13k
AN Glaraadl] e.:usﬁe.q ‘L‘.;JA:J\ CJJA_J\ L_sﬁ:""..)“); J}JASM‘ P ‘55‘)\‘);}\ Uaadl) Q\&.}jﬂe\m\ oo
30 e 15 ) danbad HUEI DGy — (gauliill (5 yilall G sl ) ALYl ool 1 5 8 placedd) gl —
) 8,0l Ji dile J a0 8l s s 505 (100,000-20,000) 5353y 6l e 53 e 5 (ae70 ¢
3l ¢yl yaldl 3oLl (MY Jalaa (il a8 ) e o) il pdipe Jidad 23 4y g da )3 350 N 150 om
Ol iy B it Tyl ya 21al Gia 8V shacsall Gl () i) @ jedal ARSI 5030l G 5 cgracall &, sllaall
U8 Atiae Clipan ol J) rhacsall a1 jedal et can 15 ki die 949 ) Jacai 3 SN (8 il ) ase
JUEil 8 Guendll 138 (S (el may SV Y sie il g 0l Gosul) (e 2l Bl S iS5 5 pnaall
Laal o 55 Laa 6 ppaall HUaEY) vie dala (sl aliasl) (Sl uel) S8l 830k 5 U saan s ) jall
Al g el D gaall 5 BelaSll CulSa (G () 55 (a3

Sle 3l clillaia g cg)\)ﬂ\ 1Y) Ay padll 3eLeSl G ) il J e dad (5 GJLL\S\ FRYY eﬁj cale J<ay
Jaadl e A ) el Apusail) 28U iyl 3 Luaia L) dadaseal) el aladind 4501840 ac X3 g Gl
el

XVIII



CHAPTER 1

INTRODUCTION

1.1 Background

Energy is a critical resource for the advancement and prosperity of any nation. With the
rising global energy demand, numerous challenges associated with conventional energy
sources are becoming increasingly evident. Key concerns include climate change, driven
by greenhouse gas emissions from fossil fuel combustion, and the gradual depletion of non-

renewable energy sources over time.

As energy needs climb, renewable options offer a key complement able to meet demand
growth in a manner replacing traditional fossil fuel dependency. One of the most promising
renewable resources for meeting the increased demand for electricity is solar energy. The
sun produces a vast amount of radiation, with approximately 1.7 x 10* kW [1] reaching
the earth’s surface which would be sufficient to cover the global annual demand if this
amount of energy could be harnessed for 84 min [1]. There are very few environmental
risks associated with this renewable energy source if it is used effectively [2]. Solar energy
can be utilized in many usable energy forms, including thermal power through solar
collectors, electricity through Photovoltaic (PV) systems, and chemical energy using fuel
cells and photo-electrolysis, making solar energy a highly favorable choice for diverse
application domains such as residential energy systems, commercial facilities, and

industrial processes. [3—6].



Concentrated Solar Power (CSP) is a notable technology for harnessing solar energy,
offering sustainability, thermal storage capability, and substantial economic returns. CSP

systems function

by concentrating solar radiation onto small areas, converting it into heat energy across a

temperature range of 150-500°C.

Among CSP technologies, the Parabolic Trough Collector (PTC) stands out. PTC systems
represent one of the principals CSP technologies presently being deployed commercially
on a large scale[7] . PTC systems focus solar irradiance on an absorber tube using a
parabolic reflector. The thermal energy is subsequently conveyed to heat transfer fluid
(HTF), increasing its temperature. PTC systems operate at 200—400°C with water/steam
for power generation [8] but can reach 550—600°C with molten salts [9]. To improve the
feasibility of PTC technology, there is a need to reduce the cost either by increasing the

overall efficiency or by minimizing the manufacturing costs.

The receiver part in PTC has the most significant effect on the whole performance of PTC.
Exploring alternative receiver shapes, beyond the conventional circular tube, offers
opportunities for innovation in PTC design. A flat tube configuration, for instance, may
simplify manufacturing and integration processes, potentially enhancing assembly and
alignment within PTC frameworks. Enhancing the performance of the PTC system means
minimizing energy losses throughout the system. The losses associated with PTC consist
of optical, cosine, and thermal losses. Optical losses occur due to two main factors: the
material attributes of the PTC system, including the mirror’s reflectivity, glass cover’

transparency, absorber tube’s absorptivity, as well as interception losses caused by



geometrical constraints and non-ideal optical parameters, such as installation inaccuracies,
surface slope errors, and misalignment [3,10]. Thermal losses in a PTC system play a major
role in reducing overall efficiency and mainly occur through three mechanisms:
conduction, convection, and radiation. Enhancing the performance of Parabolic PTC
systems can be achieved through various techniques, including the use of selective absorber
coatings, high-reflectivity mirrors, anti-reflective glass covers, advanced heat transfer
fluids, and turbulence promoters to improve internal heat transfer. In addition to these
methods, altering the design of the absorber tube offers a highly effective means of
improving both optical and thermal efficiency. Geometrical changes can enhance solar
radiation interception and optimize heat transfer by influencing the flow dynamics and

surface area, and temperature distribution.

1.2 Problem statement

The global shift toward sustainable energy has placed solar thermal technologies—
especially parabolic trough collectors (PTCs)—at the center of renewable energy
development. Although significant progress has been made by enhancing PTC
performance through advanced heat transfer fluids, selective coatings, and internal flow
enhancement methods, the geometric optimization of the absorber tube has been given
relatively little attention. Conventional circular absorber tubes dominate current PTC
designs, yet present limitations in optical interception and thermal-hydraulic performance.
Flat tube configurations may offer several theoretical advantages including improved solar
flux interception, increased heat transfer surface area, and potentially more uniform flux
distribution. However, their integrated optical and thermal-hydraulic performance has not

been comprehensively studied. This research is motivated by the need to explore and



validate alternative absorber geometries as means to significantly improve the overall
optical and thermal efficiency of PTC systems, thereby contributing to more effective and

economically viable solar thermal applications.

1.3 Thesis objectives

This research primarily seeks to investigate the optical and thermal-hydraulic performance
of PTC systems featuring innovative flat tube absorber designs, leveraging advanced
computational techniques and parametric analyses. This work is directed toward achieving

the following objectives:

e Defining a relation to convert from the conventional circular absorber designs to
flat tube designs in both vertical and horizontal orientations.

e Implementing MCRT simulations to evaluate the optical performance of PTC
systems of the newly introduced configurations.

e (Carrying out a parametric analysis to evaluate the influence of geometrical factors
including stretching ratio, base circle diameter, aperture width and focal length on
the optical performance.

e Conducting numerical analysis by integrating the results of optical analysis with
CFD model to examine the thermal-hydraulic behavior of the flat tube designs
along with the conventional circular designs.

e Analyzing and comparing the overall performance of the proposed configurations

with the conventional designs.

By meeting these objectives, this research seeks to deepen the understanding of how

absorber geometry impacts both the optical and thermal-hydraulic performance of PTC



systems. The integrated methodology—combining geometric design, optical simulation,
and CFD-based thermal analysis—offers a comprehensive framework for assessing the
potential of flat tube configurations. Ultimately, the insights gained from this research are
intended to guide future advancements in PTC receiver design, contributing to the

advancing the design of more efficient and optimized solar thermal technologies.

1.4 Thesis organization

This thesis provides five main chapters. Chapter 1 presents the background and motivation
for the study, outlines the problem statement and defines the research objectives. Chapter
2 provides a review of existing research related to PTC systems, including simulation
methods, the impact of geometric modifications on optical performance, heat transfer
enhancement techniques, and establishing the context and identifying gaps that the current
research aims to address. Chapter 3 details the methodology and results of the optical
performance evaluation using the MCRT method, examining the influence of absorber
geometry and key design parameters on solar flux distribution and interception efficiency.
Chapter 4 analyzes the thermal and hydraulic performance of the proposed absorber
geometries using CFD, integrating results from the optical model to assess thermal
efficiency, Nusselt number, friction factor, pumping power, and performance enhancement
metrics. Finally, Chapter 5 summarizes the major outcomes of the study, presents the
conclusions based on the analysis, and proposes directions for future investigations in the

field of PTC system design.



CHAPTER 2

LITERATURE REVIEW

2.1 PTC optical modeling methods

The optical performance of a PTC system significantly impacts its overall efficiency,
making the study of solar irradiance distribution on the receiver essential for accurate heat
transfer calculations. Simplified geometric analysis was a commonly employed approach
in investigating optical performance and some fundamental characteristics in the period
from the 1970s to the 1980s[11-15]. Daly [16] proposed a two-dimensional backward ray
tracing technique to determine the solar flux distribution on absorbers used in parabolic
and cylindrical solar collectors by backtracking the rays from the absorber surface to the
sun. His technique couldn’t consider the variations of flux with aperture length. Jeter[17]
initiated the first semi-finite model to estimate the concentrated radiant flux density for
concentrators, later extending it to include real-world factors such as non-uniform solar

luminance and reflection losses [18].

Subsequent advancements include Grena's [19] three-dimensional ray-tracing algorithm,
which incorporates tracking errors and surface imperfections, Khanna et al.’s[20]
analytical model to calculate for the axial and circumferential flux distribution on bent
absorber tubes. Over the years, the MCRT method has emerged as a robust and flexible
method for evaluating the solar irradiance distribution and the optical performance of
complex PTC geometries. This method enables precise simulations of light paths,

considering various geometrical parameters and optical factors[21-23].



Shuai et al. [24] presented a novel MCRT technique to analyze the optical behavior of
parabolic dish systems coupled with cavity receivers to examine the influence of factors
like sunshape, surface slope error, and directional characteristics of the focal flux on
radiation distribution. Many other researchers further used MCRT to investigate the flux
distribution on PTCs[25-27]. Several researchers have combined MCRT with other
numerical methods, such as FEM and FVM, to simulate the coupled photo-thermal

processes in PTC systems. [22,28-32].

2.2 The impact of geometrical and optical factors on the optical

performance of PTC

Numerous studies have explored the influence of geometric and optical parameters on the
optical performance of PTCs, primarily through MCRT approach and analytical modeling.
Zou et al. [33] employed MCRT to assess the effects of geometric parameters and found
that local concentration ratio (LCR) distribution varies significantly, challenging previous
simplified models. Islam et al. [34] examined the factors that affect the optical performance
using MCRT method. They found that LCR decreased with increasing focal length, while
LCR’s uniformity reduced with higher rim angles. Idrissou et al. [35] used MCRT method
to evaluate the effect of concentration ratio (CR) on PTC effectiveness and size. They
reported that increasing CR by 2.69% is necessary to achieve a 1% improvement in optical
efficiency, although these improvements were non-linear and less pronounced at higher
CRs. Higher CR values resulted in larger rim angles. Zou et al. [36] examined the effect of
non-ideal optical parameters, like sun shape, optical errors, and incident angles on PTCs.
Their findings showed a 41.11% decrease in efficiency with increased incident angle from

0-60° and more uniform temperature distribution but lower efficiency with larger



circumsolar ratios. Zou et al. [37] also evaluated combined optical factor effects, finding
larger circumsolar ratios and specularity errors improved flux uniformity while high

reflector quality enhanced efficiency.

Tang et al. [38] introduced a novel secondary reflector (SR) design for parabolic trough
concentrators to improve the absorber heat flux uniformity. The design increased optical
efficiency and achieved over 90% heat flux uniformity, outperforming existing SR designs.
Hou et al. [39] utilized MCRT approach to assess the optical performance of a PTC
equipped with flat receiver. Their findings revealed significant changes in LCR at the
absorber’s center with optimum rim angles ranging between 75°-90°. The study also found
that geometric errors notably impact optical performance, particularly the peak LCR. Ben
Taher et al.[40] introduced a novel design for PTC. The new design analyzed optically
using MCRT method. The technique of Grey Relational Analysis (GRA) was employed to
enhance radiation interception and uniformity. The suggested layout achieved 92.24%

uniformity and 83.01% optical efficiency.

Hu et al. [41] introduced a newly shaped tube with lower and top flat surfaces to address
the considerable radiative heat losses at high temperature. They performed simulations to
investigate the optical performance and heat loss and thermal efficiency. According to their
findings the newly shaped tube, with optimized opening angles, can enhance thermal
efficiency over conventional tubes by 0.62% to 4.64%. Furthermore, because of the more
uniform heat flow in the new design, thermal stress was decreased. Jebasingh et al. [42]
implemented experimental and numerical work on a new elliptical absorber tube with the
aim of evaluating thermal performance and pressure drop at varying mass flow rates (0.014,

0.021, 0.028 kg/s). Their results demonstrated that more uniform heat transfer was



observed in the elliptical absorber tube, leading to reduced thermal fatigue, and increased
pressure drop compared to the conventional circular tube. Al-Dulaimi et al. [43]examined
different receiver geometries including square, triangle, circular, elliptical, and a unique
channel design. Results demonstrated that the channel receiver delivered the best optical
efficiency of 84%, whereas the elliptical receiver had the lowest at 70%. Conversely,
thermal efficiency results indicated the elliptical receiver performed best at 85% while the

circular receiver was least effective at 82%.

2.3 Thermal performance enhancing techniques

There are different approaches adopted by researchers to enhance the thermal efficiency of
PTC systems. These strategies include applying advanced working fluids such as
nanofluids [44], geometric modifications to the absorber [45], and the integration of
turbulators in various configurations [46,47], and integrating porous materials [48,49].
Okonkwo et al. [50] numerically investigated the impact of different HTFs on the thermal
efficiency of the LS-2 PTC. Among the three nanofluids analyzed, Al.Os-Therminol VP-1
nanofluid achieved the greatest efficiency increase, reaching 0.22%., followed by CuO-
Therminol VP-1 and FesOs-Therminol VP-1, which improved efficiency by 0.18% and
0.15%, respectively. Bellos et al. [51] used EES-based model to examine the impact of
various nanoparticles (CuO, Cu, Fe:0s, Si02,TiO2, and Al:Os) in Syltherm 800 under
varying flow rates (50-300 L/min), inlet temperatures (300—650 K), and particle
concentrations (up to 6%). Results showed that Cu-based nanofluid exhibited the highest
efficiency improvement, followed by CuO, Fe:0s, TiO2, Al2Os, and SiO.. Allouhi et al.
[52] proposed a mathematical formulation to evaluate the impact of different nanofluids

(Al20s-based, CuO-based, and TiOz-based) on PTC performance under real operating



conditions. Results showed that nanoparticles enhance convective heat transfer, and 5%
volumetric concentration of Al-Os in Therminol VP-1 increased daily thermal energy gain
by 1.46%. Bellos et al. [53] examined using mono and hybrid nanofluids with Syltherm
800 as the base fluid. Results showed improved thermal efficiency by up to 1.8% when
applying hybrid nanofluids, outperforming mono nanofluids (0.7% increase) due to
enhanced heat transfer. They used a validated EES-based thermal model under turbulence
conditions. Mashhadian et al. [54] experimentally evaluated the impact of hybrid
nanofluids (Al:Os + MWCNTs in water) on the thermal performance with Three volume
concentrations (0.01%, 0.02%, and 0.04%). At 0.04% hybrid nanofluid showed enhanced

thermal efficiency by 21% in comparison to water with minimal pressure drop increases.

Many studies have centered around improving the thermal performance of PTCs by
incorporating porous materials or adding turbulators with different designs such as discs,
twisted tapes, and internal fins to increase flow turbulence. Reddy et al. [55] implemented
numerical analysis in ANSYS FLUENT to investigate the influence of using porous inserts
in PTC receiver. They examined the effects of fin porosity, aspect ratio, and thickness and
under varying heat flux conditions. Results showed that porous inserts enhanced heat
transfer by 17.5%, with a pressure drop of 2 kPa. Too et al. [56] explored the use of
helically coiled wires, twisted tape inserts, and dimpled tube, and porous foam for
pressurized air tubular absorbers under different operating conditions. The findings
revealed that tubes with deeper inner-wall protrusions improved heat transfer performance
while simultaneously reducing pressure losses compared to plain tubes and other heat
transfer enhancement techniques. Yilmaz et al. [57] utilized numerical simulations to

explore the use of wire coil inserts with various dimensions to boost the thermal behavior
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of a PTC system. The study demonstrated that the heat transfer performance was enhanced
by as much as 183%, accompanied by a thermal efficiency gain ranging from 0.4% to 1.4%
at flow rates below 13 m3/h. Xiangtao et al. [58] did a numerical investigation on
incorporating pin fin arrays within a PTC receiver to boost thermal performance. The
findings revealed a 9% rise in the Nusselt number and a 12% improvement in the system’s
overall efficiency. However, the study also found that pin fin arrays are not suitable at high

Reynolds numbers as they negatively affect overall efficiency.

Another common approach discussed in the literature is reshaping the absorber geometry
to boost heat transfer and overall efficiency. Bellos et al. [59] introduced an absorber tube
featuring sinusoidal dimpled geometry aimed at increasing the surface area of heat transfer
and promoting flow-induced turbulence in PTC. The system was designed in SolidWorks
and simulated using its integrated flow simulation module. Results showed that this
geometry modification increased collector efficiency by 4.55%. Bitam et al. [60]
performed three-dimensional simulations to examine the thermal behavior of a novel S-
shaped/ sinusoidal tube for PTC. Their findings indicated that the sinusoidal design
increases heat transfer by 45%—-63%, with a maximum performance evaluation criterion
(PEC) of 135%, while keeping thermal stresses lower by maintaining a circumferential
temperature difference below 35K. Kaood et al. [61] introduced a conical solar receiver as
an innovative method to enhance the thermal-hydraulic efficiency of PTCs. Simulations
using ANSYS Fluent and TracePro analyzed diameter ratios (1.25-2), Reynolds numbers
(20,000-100,000), and inlet temperatures (150°C-350°C). Findings revealed a 7%—65%
heat transfer improvement and enhanced thermal and exergy efficiencies compared to a

straight absorber. However, reducing the outlet diameter increased the friction coefficient.
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CHAPTER 3

OPTICAL ANALYSIS OF PTC WITH FLAT TUBE

RECEIVER

3.1 Introduction

PTC systems focus solar irradiance on an absorber tube using a parabolic reflector. The
heat is then transferred to an HTF, increasing its temperature. PTC systems operate at 200—
400°C with water/steam for power generation [3] but can reach 550-600°C with molten
salts [4]. To improve the feasibility of PTC technology, there is a need to reduce the cost

either by increasing the overall efficiency or by minimizing the manufacturing costs.

While numerous studies have examined the optical behavior of PTC systems with
conventional circular receivers and a few other configurations, the optical performance of
PTC systems incorporating a flat-tube receiver has not yet been examined in published
studies. Recent advancements in metal forming, 3D printing, and precision machining have
made it significantly easier to manufacture absorbers with diverse shapes, including flat

tubes, while maintaining consistent quality and durability.

In the current study, the optical behavior of a novel flat tube receiver, generated by
stretching a circular shape in both horizontal and vertical orientations, was analyzed in
detail using the MCRT method. In addition, the effect of different geometric factors - such
as focal length, aperture width, and base circle diameter—on the optical behavior were
further analyzed and discussed. Key findings from this work offer crucial understanding

into how receiver shape and geometrical parameters influence the optical behavior of the
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PTC system, thereby contributing valuable insights into optimizing the design of PTCs

during preliminary design stages.

3.2 System model and methodology

The primary components of a traditional PTC are reflective parabolic mirror and a receiver
assembly. The receiver consists of circular tube absorber and a glass cover surrounds the
absorber. The solar irradiance comes from the sun, hits the reflector, and then is reflected

to be focused onto the receiver.

In this work the optical behavior of PTC with horizontally and vertically oriented flat tube
receiver was investigated. The flat tube’s cross-section was generated by transforming the
original circular cross-section of the absorber into a flat configuration using varying
stretching ratios while fixing the cross-sectional area. The study explored how these
geometric alterations influence the distribution of solar flux and the optical efficiency of
the system, and the impact of different geometrical parameters was analyzed and discussed.
The simulations were conducted using SolTrace software which is free software provided

by National Renewable Energy Laboratory (NREL).

3.2.1 Physical model

Figure 1 (a) provides a 3D schematic of the PTC system equipped with a flat tube receiver,
highlighting critical geometrical parameters. These parameters include the aperture width
(W), glass cover outer and inner diameter (dgo, doi), the rim angle (Y, ), and the focal
length (f), and the solar disk is assumed to have a radial angle (J) of 4.65 mrad. The
assembly consists of a metallic absorber surface treated with a low-emissivity, high-

absorption coating and sealed under a glass enclosure. The annulus is evacuated to mitigate
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thermal losses. Figure 1 (b) and (c) represent 2D diagrams of horizontal and vertical
oriented flat tubes respectively. In this study the LS-2 PTC module was adapted as a base
module to simulate optical behavior. The optical and geometrical parameters of the adopted

module are presented in Table 1.

The flat tube cross section can be viewed as a stretched circle with four parts, two half
circles and two flat lines. The transformation of the circular shape to a flat tube shape,
depicted for both horizontal and vertical orientations with different stretching ratios are
shown in Figure 2. Eqs (Error! Reference source not found.) and (Error! Reference
source not found.) were used to relate the circular cross section with the flat tube cross

section.

If the base circle diameter is d, and the cross-section area is fixed, then:

d T (1)
v, =—
2 \zw+4a
.= C (2)
2r
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(a) 3D diagram of PTC equipped with flat tube receiver
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) ) ) 20 90
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0
(b) cross-sectional view of PTC equipped (b) cross-sectional view of PTC equipped
with horizontal tube with vertical tube

Figure 1 Schematic diagram of a PTC module with flat tube receiver
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Table 1 Geometrical and physical properties of LS-2 PTC module

Collector length (L) 7.8 m
Collector aperture width (W) 5m
Focal length (f) 1.84 m
Glass cover outer diameter (dgo) 0.115m
Glass cover inner diameter (dg;) 0.109 m
Circular absorber diameter (d) 0.07 m
Mirror reflectivity (p) 0.93
Absorber absorptivity (a.4) 0.96
Glass cover transmittance (z,) 0.95
Glass cover refractive index 1.5

Where 7, is the radius of the two half circles, a is the stretching ratio, C is the distance

shown in Figure 1.
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Figure 2 The absorber geometry with different stretching ratios (a) horizontal stretching (b)
vertical stretching
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3.2.2 Monte Carlo Ray Tracing (MCRT) model

MCRT is an advanced computational technique that combines the Monte Carlo Method
(MCM), which utilizes random sampling and statistical analysis, with Ray Tracing (RT),
which operates on the principles of geometric optics. This integration allows MCRT to

model complex light interactions in optical systems with high precision.

Initially, the MCRT procedure begins by assigning initial spatial location and direction for
each ray above the aperture plane based on a probability distribution function. The optical
behaviors at each interface are then specified using a sequence of random numbers that are
distributed evenly. Based on these computations, all rays are traced within the PTC system.
After that, the intersections are determined and counted, and the LCR profile is determined

using the number of ray intersections with each segment on the absorber surface.

As the central aim of this study is to investigate flat tube geometry, several assumptions
have been adopted in optical modelling. These assumptions are as follows: (1) the solar
disk was assumed to have a uniform brightness (pillbox distribution). (2) the effect of
optical errors like slope and installation errors were ignored. (3) The receiver is perfectly
aligned with the focal position along its length. (4) Solar radiation was assumed to be

incident at an angle of zero degrees with an intensity of 1000 W/m?.

As can be seen from Figure 1 there are two coordinate systems, the global OXYZ
coordinate system representing the whole system, and the O'X'Y'Z' coordinate system

associated with the incident ray. The initial hitting point (x0,)0,20) is given by Eq.(3).
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Xo =Wk, -W/2 3)
2

y _ Yo
0 4f
zy =LK,

k1 and x> are randomly generated numbers with values between 0 and 1, L, is the absorber

length, W is the aperture width of the parabola.

The initial position of the ray within the solar disc is determined randomly in the coordinate
system (O'X'Y'Z") by Eq. (4).

x =1'siné, cos g, 4

y =1 cosb,

z =[ sin@,sin g,

" represents the distance (PO’), 65 and ¢y are radial angle and circumferential angle, and

they are determined using Eqgs. (5) and (6) respectively.

0, = arctan (1/1('3 tan 5) (5)

@ =27, (6)

k3 and x4 are randomly generated numbers with values between 0 and 1, J is the sun radial
angle (a value of 4.65 mrad is taken [17]). The incident vector in (O'X'Y'Z') can be

represented by Eq. (7).

S'=(sinf,cosp,,—cosf, ,sin O sing,) O
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Since it is known that the coordinates transformation doesn’t affect the incident unit vector

so the unit vector in (OXYZ) system will be the same, which is given by Eq. (8).
S=5 ®)
The parabolic reflector equation can be expressed as Eq. (9).
x? =4 fy )

The normal unit vectors, of the inner glass cover and the parabolic reflector are 71, and 7,

are calculated by Eqgs. (10) and (11) respectively.

_ (10)
ﬁlz[_z_x,_zw f),OJ
d,”  d,
(11)
i, = X ’ 2f 0
\/x2+4f2 \/x2+4f2

The reflected unit vector () can be found using Eq. (12).
F=d-2(Zi )i (12)

Where /T is the incident vector and 71 is the normal unit vector of the surface. The

transmitted unit vector can be calculated by Eqgs. (13) and (14).

7 :\/1—1'2 (1= 2y Ji+i 2~ (2| (13)

‘o refractive index of mediuml (14)

refractive index of medium?2
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f is the transmitted unit vector and i is the refractive indices ratio.

The algorithms that govern the MCRT process begin by determining a random point of
incidence within the aperture, using randomly generated numbers (x;, x2). These values are
generated using a pseudo-random number generator that produces numbers within the
interval [0,1], allowing for statistically accurate sampling of the spatial and angular
distributions [62]. Subsequently, the starting position of each ray within the sun disc above
the aperture plane is assigned based on additional generated random values (3, x4) ensuring
accurate representation of the sun’s angular spread. When a ray intersects with a surface,
optical behavior occurs. This optical behavior is evaluated using randomly generated
numbers. For instance, when a ray encounters the reflector’s surface, a random value «sis
produced and checked against the reflectivity of the reflector (p,). If x5 is less than the
reflectivity, the ray is reflected; otherwise, it is absorbed and abandoned from further

tracing. The algorithm of MCRT logic is shown in Figure 3.

3.3 Optical analysis

The outer surface of the absorber is discretized into multiple segments as shown in Figure
4. the number of hitting rays into each segment is counted from MCRT procedure. Then
local flux intensity is determined as the product of the ray count and the power of each ray

as Eq.(15).

1. = power of one ray x number of hitting rays (15)

The power per one ray is determined by dividing the total incident on the aperture area

power by the total simulated number of rays as Eq.(16).

20



DNI'A,

ower of one ray =
P 4 4 total number of rays (16)

DNI is selected to be 1000 W/m? in the current study. 4, represents the aperture area, which
is the projected surface area through which solar radiation is collected and directed towards

the absorber, and it is expressed by Eq.(17).

A, =W-L (17)

a a

The key parameter for assessing optical performance is the LCR. It quantifies the level of
concentrated flux in a particular segment (/;) relative to the effective solar irradiance

reaching the
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Figure 3 Process flow of the MCRT technique for computing the flux distribution.
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aperture (/o) and it is calculated by Eq. (18).

I
LCR=—- (18)

I eff

In the present study, the effective solar irradiance (/) is equivalent to the DNI, with a

value of 1000 W/m?.

Optical efficiency (70) refers to the ratio of total energy absorbed to the total incident

radiation, and it is expressed by Eq. (19).

= (19)

A; 1s the area of each segment, and it expressed by Eq.(20).

A, =x,;-L (20)

1 1 a

x; is the segment angular length along the circumference as shown in Figure 4. The
circumference of the absorber is discretized into 360 segments based on a circular cross-
section, where each segment corresponds to a 1-degree angular division. For flat tube cross-
section, the segmentation is adapted to provide an equivalent division, ensuring a consistent

resolution across different geometries.
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Figure 4 Segmentation of the circular absorber's circumference into discrete sections

The intercept factor (y) is another highly significant parameter. It represents the fraction of
radiation captured by the absorber relative to the total irradiation incident on the aperture
area. The key difference between the intercept factor and optical efficiency is that the
intercept factor quantifies the fraction of rays that reach the absorber while considering
only geometric and optical errors affecting ray interception, regardless of reflectivity,
transmissivity, and absorptivity. It specifically measures the absorber’s ability to intercept
all the rays within the PTC system. In contrast, optical efficiency incorporates these
additional losses, providing a broader assessment of system performance. The intercept

factor (y) is determined using Eq. (21).

y=—" 21)
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To further examine the features of the energy flux profile, both the average energy
concentration (LCRave) and the distribution non-uniformity (¢) are analyzed, the LCRave 1s

evaluated using Eq. (22).

> LCR

LCR,, =12 (22)

n

The non-uniformity (¢) of the flux is calculated using Relative Mean Absolute Deviation

(RMAD) approach as shown in Eq.(23) [33,63].

ave

N,
LCR, - LCR
Z" i (23)

N, LCR,,

3.4 Model validation

3.4.1 Suitable number of rays and grid

In general, the accuracy of MCRT is significantly influenced by both the number of rays
traced and the grid size[33,64]. Increasing the number of rays leads to more accurate results
as it increases statistical reliability by increasing the number of samples. However, this also
increases computational capability and time. The choice of grid size affects spatial
resolution; finer grids can capture more detailed features but may introduce numerical
errors if not adequately sampled with sufficient rays. According to Zhao et al.[64] for a
circular tube with 180 grid divisions were optimal when the number of rays was below
108. In this current work, a ray count of 3.5 x 107 and a grid count of 360 were adopted for

accuracy and operational considerations.
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3.4.2 A comparison between an in-house Matlab Code and SolTrace

For validation purposes, A MATLAB-based model was initially implemented to simulate
the optical behavior of the PTC without considering the refraction effect of the glass cover.
The code incorporated factors such as sunshape, reflectivity, transmissivity and absorber
geometry. However, complexities related to the glass cover required the use of SolTrace
for further simulations. The results obtained using Matlab were compared with that of

SolTrace and showed excellent agreement as illustrated in Figure 5.
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Figure 5 A comparison between the results obtained from Matlab code and SolTrace
results for horizontal flat tube with d =0.07 m,a=1, W=5m, and /= 1.84 m.

3.4.3 Model Validation

As no previous optical analysis has been conducted for a PTC with a flat tube absorber, the
model was initially developed to simulate a circular absorber. The LCR distribution results

obtained from the simulation were then compared with Jeter's[17] analytical model
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findings, demonstrating very good agreement, as shown in Figure 6, thereby validating the
model's accuracy. The model used for the validation considers ideal optics with a sun radial

angle of 7.5 mrad, geometric concentration ratio of 20, and rim angle of 90°[17].
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Figure 6 Results comparison of the present model and Jeter’s findings[17].

3.5 Results and discussion

The current section provides an evaluation of the main performance metrics of the current
study, including local concentration ratio (LCR) profile, optical efficiency, intercept factor
and flux non-uniformity. The effect of stretching ratio on these metrics is initially presented
and discussed for both horizontal and vertical stretching at the base receiver diameter of
the original SEGS LS-2 module (70 mm). Furthermore, the impact of various geometrical
parameters including aperture width, focal length, and base circle diameter is discussed for
horizontal and vertical flat tube configurations considering a stretching ratio of 1 in all

cases.
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Another study to assess the effect of stretching ratio at small base circle diameters on the
optical behavior of horizontal flat tube configuration is presented. This study aims to
examine the transition from circular tube to flat tube geometry at small base circle
diameters. The results of these studies highlight the differences in optical behavior between
the conventional circular configuration and flat tube configurations, demonstrating the
effect of horizontal and vertical stretching. The results also emphasize how geometric
transformations influence flux distribution on the absorber surface. These insights provide
a robust foundation for further investigation into optical-to-thermal energy conversion and

optimizing the design and efficiency of PTC systems.

The simulation conducted for the flat tube in this study considered two scenarios based on
the relation between the flat tube shape and the original circular shape: one assuming
constant cross-sectional area as mentioned before and the other assuming constant
perimeter. The results of the LCR distribution for different stretching ratios, as illustrated
in Figure 7, demonstrate nearly identical behavior for both scenarios, suggesting that either
assumption provides comparable outcomes under the investigated conditions. Therefore,
the present work focuses on the constant cross-sectional area scenario. The reason behind
using a constant cross-sectional area as the basis choice lies in the fact that maintaining a
constant cross-sectional area ensures a constant flow rate, making it a reliable foundation

for evaluating thermal performance.
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Figure 7 LCR distribution versus absorber angle for horizontal flat tube with different
stretching ratios at W =5 m, d = 70 mm and /= 1.84 m assuming (a) constant cross-
sectional area with the base circle (b) constant perimeter with the base circle.

3.5.1 Effect of stretching ratio

Figure 8 (a) and (b) present the LCR distribution as a function of the absorber angle for
different stretching ratios (a) ranging from 0 to 1.6 for a horizontal and vertical flat tube
respectively. It is evident that as a increases, the span of the flat sections expands, while
the extent of the curved regions diminishes. The flux in the lower flat surface increases as
a progresses from a circular shape (a = 0) to more elongated flat tube geometries (a > 0).
In contrast, the flux in the curved regions decreases with increasing a. The flux on the upper
flat surface remains approximately constant, with an LCR value of around 1. A similar
behavior is noticed in the vertical tube case, in this configuration, the increase in flux within
the flat regions is less pronounced compared to the horizontal case. In the vertical

orientation, the LCR values demonstrate an overall reduction as a increases.

The underlying reason for the observed behavior is the redistribution of concentrated

energy across the absorber surface as the geometry is progressively stretched. As a
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increases, the absorber undergoes a transformation from an initially circular shape to a
more elongated, flattened geometry. This transformation results in enlarging the surface
area of the flat regions, thereby extending their flux-absorbing capacity while reducing the
span of the curved regions, which continues to be subjected to concentrated beam radiation.
The increase in flux within the flat regions can be attributed to their proximity to the focal
point of the parabolic reflector. As the absorber flattens, the flat surfaces approach the focal
point, leading to higher concentrations of solar radiation. Conversely, in the curved regions,
the reduced curvature and increased distance from the focal point result in a lower
concentration of reflected rays, hence reducing the flux in these areas. In horizontal
orientation the lower part which is subjected to high concentration is flat. This
configuration results in higher LCR values compared to the vertical tube, where a curved
region occupies the bottom region. The upper part consistently maintains an LCR value of

approximately 1, as it predominantly receives direct normal solar radiation.
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Figure 8 Effects of stretching ratio on LCR distribution at W' =5 m, d = 70 mm and
f=1.84 m for (a) Horizontal tube (b) Vertical tube

30



Figure 9 illustrate the variations of the optical efficiency (70) and intercept factor (y) with
a for horizontal and vertical configurations. Since the intercept factor (y) is essentially the
optical efficiency (7o) divided by a constant, as illustrated in Eq.(21), it can be represented
on the same figure by utilizing a secondary y-axis. This is achieved by multiplying the
optical efficiency axis by a factor, axis by factor, as shown in Eq.(21). It can be observed
that both 79 and y remain approximately constant for both the horizontal and vertical
configurations across the range of stretching factors with only very slight variations. For
the horizontal tube configuration, a very slight increasing trend is evident, with 7y and y
rising from 77.69% and 0.916, respectively, for the fully circular case (a = 0) to peak values
0f 78.21% and 0.922 at a = 1.6. Conversely, the vertical tube configuration exhibits a minor
decreasing trend, with 7 and y decreasing from their initial values at a = 0 to 77.13% and

0.909, respectively, at a = 1.6.

The observed trends are primarily attributed to changes in absorber geometry and their
impact on the interaction between solar radiation and the absorber surface. As a increases,
the upper surface of the absorber in the horizontal configuration becomes wider, allowing
for increased interception of direct solar radiation. This increased interception minimizes
the optical losses associated with non-shadowed rays, thereby slightly improving 7o and y.
In contrast, for the vertical tube configuration, the upper surface becomes narrower with
increasing a, resulting in fewer intercepted rays and a slight reduction in 7 and y. In other
words, if the absorber were a flat plate completely shading the reflector from incoming
solar radiation, its efficiency would be largely determined by the absorptivity of the plate.
The differences in performance between the two configurations can also be attributed to

the behavior of the horizontal gap between the absorber and the glass cover. In the vertical

31



configuration, this gap increases with a, whereas in the horizontal configuration, the gap
decreases. An increased gap in the vertical configuration leads to a higher probability of
rays escaping from the PTC system, thereby increasing energy losses and contributing to

the reduction in 7y and y.

79
0.93 ]
] ] ——&—— Horizontal tube
78.5 _ ——A—— Vertical tube
o 092 1 & 78
ks 1 = ]
: :
pr 3 77.5 1
= Q .
= | &
£ 0914 H
g 1 S 77
=t ]
@) ]
76.5 -
0.9 ~
767""1""1""|""
0 04 0.8 1.2 1.6

Stretching Ratio a

Figure 9 Effects of stretching ratio on optical efficiency and intercept factor at W = 5m,
d =70 mm and /= 1.84 m for horizontal and vertical flat tubes

Figure 10 (a) and (b) illustrate the variations of the maximum and the average local
concentration ratio (LCRuax, LCRave) and the flux non-uniformity (&) with a for horizontal
and vertical configurations respectively. In both orientations, the LCRav. registers a slight
decrease as a increases. For the horizontal orientation, ¢ shows an increasing trend, rising
from 1.0854 at a = 0 to 1.1703 at @ = 1.6. In contrast, the vertical orientation exhibits a
decreasing trend in &, dropping from 1.0854 at a = 0 to 0.9565 at a = 1.6. The LCRuax
displays both decreasing and increasing trends in both orientations, with overall values

being consistently higher in the horizontal configuration compared to the vertical one.
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LCRue decreases slightly in both cases by 13.1%. This decrease in LCRaye can be attributed
to the reduction in the angular span of the concentrated beam that results from the
stretching. The behavior of LCR.ax 1s more complex, showing an initial decrease followed
by an increase. Initially, the reduction in LCR .« can be explained by the fact that the flat
part of the absorber does not approach the focal point closely enough to achieve a
concentration higher than that of the remaining sections. However, beyond a certain value
of a, the flux in the flat region begins to increase, which contributes to an increase in the
maximum flux. In the horizontal orientation, the subsequent increase in LCRyqx 1S more
pronounced because the flat surface is positioned at the bottom, corresponding to regions
with high concentration. In contrast, in the vertical orientation, the lower part does not
benefit from the same level of concentrated radiation, leading to a less pronounced
increase. The increasing trend of ¢ for the horizontal configuration is primarily due to the
significant increase in peak LCR values at the bottom region of the absorber, which results
in a higher level of non-uniform flux distribution. Conversely, in the vertical configuration,
non-uniformity decreases as the distance between the bottom region and the focal point

increases with a, thereby resulting in less concentration and less non-uniformity.

33



100 1.5 100 1.5

(a) Horizontal (b) Vertical
80 [ 42 80 =
W q oy =
q & 1.4 2 d 1.1 2
60 = 60 f\’\’\o\‘*_‘_ﬂ“ b=
ST £ -
Q r09 e O .»__‘—\‘\‘\_\‘_/A———k“‘i 09 =
et =N ( =
40 %‘ 40 g
—— IR, [07 Z —s— LR, [ 07 7
— A LCR"’\ELX — A LCRII\&L‘(
20 4 . & 20 ¢ &
0.5 v 0.5
O T T T 0.3 O T T T 0.3
0 0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6
Stretching Ratio a Stretching Ratio a

Figure 10 Variations of LCRax, LCRave, and ¢ with the stretching ratio at W =5 m,
d =70 mm and /= 1.84 m for (a) Horizontal tube (b) Vertical tube

3.5.2 Effect of aperture width

Figure 11 (a) and (b) depict the LCR distribution for various values of aperture width (W)
ranging from 3 to 14 for horizontal and vertical tube configurations, respectively. In this
study the stretching ratio is fixed at 1, and the other parameters of the PTC module held
constant. It is observed that there exists a region in which the LCR values remain constant
across the different aperture widths. The angular span of this constant region is 20.5° for
the horizontal tube and 30.5° for the vertical tube. In both horizontal and vertical
configurations, the region subjected to direct insolation decreases as W increases, while the
remaining regions exhibit an increase. Moreover, the maximum LCR values are higher in

the vertical tube compared to the horizontal tube.

The presence of a constant LCR region can be explained by the findings of [33], who
demonstrated theoretically that for a circular absorber, there is a specific calculated value

(abscissa) that defines a region of the parabolic reflector which contributes exclusively to
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concentrating flux at the bottom of the absorber. This phenomenon results in a consistent

LCR across a fixed angular span, regardless of changes in aperture width.

The reduction in the direct insolation region with increasing W is mainly linked to the
increase in the angular span of the concentrated beam, which grows as W increases. This
expanded span of concentrated radiation reduces the relative contribution from direct
insolation. In the vertical tube configuration, the LCR values are generally higher due to
the increased span causing greater concentration in the flat regions that are closer to the
focal point of the reflector, as previously discussed. The closer proximity of these regions
to the focal point enhances their ability to absorb concentrated flux, thereby increasing the

overall LCR in these sections.
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Figure 11 Effects of aperture width on LCR distribution at d = 70 mm, /= 1.84 m, and
a =1 for (a) Horizontal tube (b) Vertical tube

Figure 12 illustrate the variations of 79 and y with W for horizontal and vertical
configurations. It is observed that the variations in 79 and y with W are minimal for the
horizontal tube, showing a slight increase between 3 and 5 m, followed by a declining

trend. In contrast, the variation is more pronounced for the vertical tube, where 79 and y
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increase by approximately 1% as W grows from 3 to 9 m, after which they remain nearly

constant.

One contributing factor to this behavior is the span of the direct normal radiation region,
which increases optical losses with increasing width. Another factor is the scattering effect
of the glass cover. In the vertical tube configuration, the improvement can be attributed to

a reduced scattering effect as ¥ increases, which may not be as effective in the horizontal

configuration.
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Figure 12 Effects of aperture width on optical efficiency and intercept factor at d = 70
mm, /= 1.84 m, and a = 1 for horizontal and vertical flat tubes

Figure 13 (a) and (b) represent the variations of LCRyax, LCRave, and & with W for horizontal
and vertical configurations, respectively. From the figures LCR,v. increases with W in both
cases, whereas ¢ shows a significant decrease with increasing W. LCRyax recorded nearly

constant value in horizontal tube in the range between 3 and 9, and after that it shows a
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considerable linear increase. LCRuqc for vertical tube shows a dramatic increase with
increasing W compared to the horizontal tube. The increase in LCRqy. is mainly due to the
increase in concentrated flux because of the added reflective surface with increasing W.
The behavior of epsilon can be attributed to the increase in the angle span of concentrated
beam which will cause less non-uniformity. The constant value of LCR.x in horizontal
tube in the range between 3 and 9 aperture width is primarily because LCRuqx is in the
lower flat part within the constant region of LCR, and further increase happens because of
the growth in concentration. in contrast, the vertical tube which has maximum values of

LCR out in the flat surfaces outside the constant LCR region.
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Figure 13 Variations of LCRuax, LCRave, and ¢ with aperture width at d = 70 mm,
f=1.84m, and a = 1 for (a) Horizontal tube (b) Vertical tube

3.5.3 Effect of focal length

Figure 14 (a) and (b) illustrate the LCR distribution with various focal lengths (f) ranging
from 0.2 to 3.2 for horizontal and vertical configurations, respectively. For both horizontal
and vertical tubes, the flux in the bottom region of the absorber increases as f increases. At

f= 0.2, a region of nearly zero concentration is observed for both cases, with no area
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receiving direct insolation. The direct insolation region starts to emerge and expands as the
focal length exceeds /= 0.2. For the horizontal tube, the LCR distribution shows only a
single peak when /> 1.4, whereas for all focal length values, the vertical tube exhibits two

peaks in the LCR distribution.

These phenomena can be attributed to changes in the PTC configuration as f increases.
With increasing f, the configuration causes concentrated solar rays to converge more
directly towards the bottom of the absorber. A larger focal length results in a narrower
angular span of concentrated rays, leading to a more focused concentration of energy
towards the lower portion of the absorber. This effect explains the increase in flux at the
bottom region and the differences in LCR peak behavior between the horizontal and

vertical configurations.

120 . i 120 . —
(a) Horizontal £lim (b) Vertical ———li
100 *) 100 1 ——
1 5] —ooef+ Joor —  A32m
80 80 - i
=S <
O 60 O 60
~ ~
40 40
20 20
0 0 . *
-180 -90 0 90 180 -180 -90 0 90 180
Circumferential angle of the absorber 6 (°) Circumferential angle of the absorber 6 (°)

Figure 14 Effects of focal length on LCR distribution at d = 70 mm, W =5 m, and a =1
for (a) Horizontal tube (b) vertical tube

Figure 15 depict the variations of 79 and y as a function of f for horizontal and vertical

configurations, respectively. It is observed that both 79 and y show a slight increase between
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f=0.2 and /= 0.8, followed by a minimal decreasing trend. Additionally, the vertical tube

configuration registers higher values for 779 and y compared to the horizontal tube.

This behavior can be attributed to a phenomenon known as the "rays escaping effect." At
both very low and very high focal lengths, the PTC system geometry reduces the effective
area of the absorber exposed to reflected solar rays from the parabolic mirror. This occurs
because the absorber fails to fully intercept the entire reflected light cone, resulting in some
rays missing the absorber and escaping. This leads to increased optical losses, as fewer rays

are concentrated on the absorber surface, thereby reducing the system’s overall optical

efficiency.
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Figure 15 Effects of focal length on optical efficiency and intercept factor at d = 7mm,
W=15m, and a = 1 for horizontal and vertical flat tubes

Figure 16 (a) and (b) depict LCRuax, LCRave, and ¢ as a function of f for horizontal and

vertical configurations respectively. LCR4v. remains almost constant for both orientations
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because of the nearly constant efficiency. LCRu. remains nearly constant for both
horizontal and vertical orientations due to the almost constant efficiency within the range
of focal lengths. For the horizontal tube, LCR ... initially decreases, followed by a sharp
increase, peaking at /= 4, after which it stabilizes. In contrast, LCR .. for the vertical tube
first increases, then decreases, and finally rises again as fincreases. ¢ in the horizontal tube
initially decreases, then sharply increases to a peak value of 1.4 at /= 3.4, followed by a

slight decrease. In the vertical tube, & shows a consistent increasing trend with f.

The behavior of these metrics can be attributed to the effective span of the concentrated
beam. In the horizontal tube, when f < 0.6, the span of the concentrated beam increases
with f, leading to reduced non-uniformity. Afterward, the span decreases and becomes
approximately constant at f' = 4, resulting in minimal changes in €. This behavior is not
observed in the vertical tube, where the span of the concentrated beam decreases

throughout the range, as noticed in Figure 14.
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Figure 16 Variations of LCRuax, LCRuve, and & with focal length at d =70 mm, W =15
m, and a = 1 for (a) Horizontal tube (b) vertical tube
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3.5.4 Effect of base circle diameter

Figure 17 (a) and (b) illustrate the effect of varying the base circle diameter (d) on the LCR
distribution for horizontal and vertical configurations, respectively. It is observed that the
flux in the bottom region increases as d increases in both horizontal and vertical tube

configurations. Additionally, the area of direct insolation increases with increasing d.

The increase in flux in the bottom region can be attributed to the closer proximity of the
absorber's bottom surface to the focal point as the diameter decreases. At smaller diameters,
the bottom of the absorber can intercept concentrated solar rays from all points along the
parabolic reflector, resulting in a single LCR peak at the absorber's bottom position.
However, as the absorber diameter exceeds this threshold, not all points on the absorber
can receive radiation from every point on the reflector, leading to a more distributed or
multi-peak LCR pattern, as described by [33]. This phenomenon manifests more rapidly in

the flat regions (horizontal tube) compared to the curved regions (vertical tube).
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Figure 17 Effects of base circle diameter on LCR distribution at W =5 m, /= 1.84 m,
and a = 1 for (a) Horizontal tube (b) vertical tube
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Figure 18 present the variations of 79 and y with the d for horizontal and vertical
configurations. It is observed that there is a gradual increase in 79 and y as d exceeds 30
mm. Two main factors can be used to explain this behavior. The other reason is that more
direct insolation will be intercepted with the absorber as the size increases which will
reduce the optical losses as mentioned before.at small diameter (d =20 mm) we can notice
a significant decrease in the #9 as d goes less than 25 mm with a value of vertical tube
higher than the horizontal tube. This is mainly due to the rays escaping effect at small

absorber size compared to light cone, and this appears more in horizontal tube.

0.93 L ]
1 ——&—— Horizontal tube
78.5 _ —A—— Vertical tube
1 >
092 1 X
] N
. =
—
S >
g Q
£ 0914 §
=2 Q
Q —
9 ha
= 88
2 E
g 091 8
=9
o
0.89
75\| I BRI N T

20 30 40 50 60 70 80
Base Circle Diameter d (mm)

Figure 18 Effects of base circle diameter on optical efficiency and intercept factor at
W=5m,f=1.84m,and a =1 for horizontal and vertical flat tubes

Figure 19 (a) and (b) illustrate the variations of LCRuax, LCRave, and & with the d for
horizontal and vertical configurations, respectively. It is found that both LCR.ax and LCRave

decrease with increasing d, whereas ¢ shows an increase trend. This behavior can be
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explained by the decrease in concentrated angle span with the increase in d which will

cause higher non-uniformity and less average and maximum flux.
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Figure 19 Variations of LCRnax, LCRave, and € with base circle diameter at W'=15 m,
f=1.84 m, and a = 1 for (a) Horizontal tube (b) vertical tube

Effect of stretching ratio at small base circle diameters on the optical performance of the

horizontal flat tube configuration

This section focuses on analyzing the effect of stretching ratio at smaller base circle
diameters on the performance of the horizontal flat tube, which has demonstrated superior

performance compared to the vertical flat tube.

Figure 20 shows LCR distribution for base circle diameters (d) of 10 mm, 15 mm, 20 mm,
and 25 mm, with different stretching ratios (a) ranging from 0 to 4 for a horizontal flat
tube. It is evident that at d=10mm the maximum LCR is nearly constant across all a values,
with its maximum value of approximately 190. However, as d increases the maximum LCR
varies more significantly with the increase in a as can be clearly seen from the figure. This
behavior can be attributed to the proximity of the absorber's lower surface to the focal point.

This proximity is minimally influenced by changes in a at small d values. However, as d
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value decreases the change in this closeness becomes more pronounced, leading to greater
differences in the maximum LCR. It is noticeable that in all the d values shown the circular
tube (a=0) has only one peak LCR value in contract to the behavior at d = 70 mm as shown
in Figure 8. This stems from that at small diameters the lower surface of the absorber is
capable of capturing reflected rays originating from any location along the aperture, as

previously discussed..
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Figure 20 Effects of stretching ratio on the LCR distribution at W' =5 m, and f=1.84 m
for the horizontal flat tube at small base circle diameters of 10 mm, 15 mm, 20 mm,
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Figure 21 shows the effect stretching ratio (a) on 79 and y for horizontal flat tube at different
base circle diameters (d). It is obvious from the figure that at small (d) values 7 and y
increased significantly with a. However, after d = 20 mm, the changes in 79 and y become
negligible. The maximum enhancements in #y occur at @ = 6, with values of 21.93%,
9.14%, and 1.66% for d = 10 mm, 15mm, and 20 mm respectively. This improvement is
primarily attributed to the absorber's inability to intercept all reflected rays from the mirror
at smaller d values and lower a. As a increases, the absorber transitions from a circular to
a flat tube geometry, enabling it to intercept a greater proportion of the reflected rays.
Beyond a certain d value, the original circle's relative size becomes sufficient to capture all
reflected radiation and so the stretching of the geometry would not affect efficiency
significantly. That means at small flow area, adopting a flat tube geometry is better to

maximize the gain of energy.
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Figure 21 Effects of stretching ratio on optical efficiency and intercept factor at W =5
m, and /= 1.84 m for the horizontal flat tube at small base circle diameters
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Figure 22 illustrates the variation of the non-uniformity (&) with the stretching ratio (@) at
small base circle diameters (d). As expected, ¢ increases as a with higher values observed
as d increases. Again, as mentioned before, this behavior is primarily due to the decrease

in concentrated angle span which will lead to higher non-uniformity.
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Figure 22 Variations of non-uniformity (¢) with stretching ratio at W' =5 m, and /= 1.84 m
for the horizontal flat tube at small base circle diameters
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CHAPTER 4

THERMAL-HYDRAULIC PERFORMANCE EVALUATION

OF FLAT TUBE RECEIVERS

4.1 Introduction

Most previous research have primarily focused on enhancing the performance of PTC
systems through internal modifications—such as the integration of turbulators, porous
media, or extended surfaces or by utilizing advanced heat transfer fluids like nanofluids.
In contrast, very limited attention has been given to modifying the external geometry of
the absorber tube itself. A Recent reported work by [65] has demonstrated that
incorporating flat tube absorber designs can improve the PTC optical efficiency by
increasing the interception factor. However, the optical-to-thermal conversion performance
of flat tube absorbers in PTC systems has not been previously explored in literature. The
goal of this study is to numerically evaluate the thermal-hydraulic performance of PTC
systems featuring innovative flat tube absorbers as well as the conventional circular tube
under actual non-uniform solar flux conditions. The flat tube cross-sections are generated
by applying a stretching ratio to the original circular base diameter in both horizontal and
vertical directions. This study includes testing the thermal-hydraulic behavior for various
absorber bas circle diameters by evaluating the friction factor, Nusselt number, overall
thermal efficiency, and pumping power requirements over a Reynolds number range of

20,000-100,000 and HTF inlet temperatures of 150-350 °C.
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4.2 Materials and methods

4.2.1 Physical model

This study investigates the performance of PTCs incorporated with new flat tube absorbers
and compares them with the conventional circular absorbers. The 3D representation of the
PTC equipped with flat tube receiver is illustrated in Figure 23. The system’s design

adopted in the current paper is based on the SEGS LS-2 PTC, as outlined in Table 1.

The flat tubes are created by reshaping the circular cross-section into a flatter form using
different values of the stretching ratio (a), while keeping the cross-sectional area the same.
The study considers three base circle diameters (d) of 15 mm, 30 mm, and 70 mm. Two
flat-tube configurations are investigated: horizontally oriented and vertically oriented flat
tubes as shown in Figure 24. For diameters of 15 mm and 30 mm, the original circular
tubes were reshaped using a stretching ratio of 5 in both orientations. For the 70 mm
diameter, a lower stretching of 1.5 was applied. The stretching ratio values for each base
diameter were selected to ensure that the modified flat cross-sections remain entirely within
the fixed diameter of the glass cover with a reasonable clearance. The relationship between
the circular and flat tube cross-sections is established by assuming constant cross-sectional

area. If the base circle diameter is d, the geometric transformation can be defined as

follows:
d T (24)
ro=—
“ 2\N7z+4a
C (25)
a=—
2r
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Where 7, represents the radius of the two semicircles, a denotes the stretching ratio, C

corresponds to the distance shown in Figure 1.

Figure 24 illustrates the cross-sectional shapes of the different absorber designs tested in
this study. The illustrations clearly compare the circular absorber with those that have been
stretched horizontally and vertically. All configurations were created by assuming fixed

cross-sectional area based on the original circular diameter (d).

— Ta

Glass cover

absorber
Parabolic reflector

Figure 23 3D schematic of a PTC equipped with flat tube absorber
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Table 2 Physical specifications of SEGS LS-2 PTC module

Specification Value
Aperture width 5000 mm
Aperture length 7800 mm
Focal length 1840 mm
Glass cover outer diameter 115 mm
Glass cover inner diameter 109 mm
Circular absorber diameter 70 mm
Reflector reflectivity 0.93

Absorber’s selective coating absorptivity | 0.96

Glass transmittance 0.95
Glass refractive index 1.5
Glass cover emissivity 0.86
Glass cover material Borosilicate glass
Absorber material Stainless steel
(a) =70 mm (b) d=30 mm (©)d=15mm

[

/TN (]
C 1 D) g

<< >> N U
\
Figure 24 cross-sectional view of the tested absorber designs including

circular, horizontal flat tube, and vertical flat tube at base circle diameters
(a) 70 mm (b) 30 mm (c) 15 mm
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4.2.2 Optical modeling

In this study, a detailed 3D optical simulation was carried out for both conventional and
flat tube receiver configurations to determine the heat flux profiles, which serve as
boundary conditions for subsequent thermal analysis. The geometrical factors employed in

the optical analysis are presented in

Table 3. The simulation was implemented using SolTrace software, which employs the
MCRT method to model the interaction of sunlight with various components of the system.
MCRT is a widely used statistical method for accurately simulating optical behavior in
concentrating solar power systems. It works by generating and tracking thousands of rays,
every ray is initialized with a specific energy magnitude, and its path is determined by both
the light source’s distribution and how it interacts with different optical components—
whether it reflects, refracts, scatters, gets absorbed, or diffracts. These interactions depend
on the physical characteristics of the surfaces the ray encounters. In this simulation,
radiation was modeled as striking the mirror surface at a perpendicular angle, considering
a sun radial angle of 4.65 milliradians to account for the sun’s non-point source nature [17].
The simulated number of rays were taken 3.5 X 107 for accuracy and computational

considerations.
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Table 3 Absorbers parameters used in the optical analysis

Configuration Base circle diameter (d) | Stretching ratio (a)
Conventional 15 mm 0
circular tube 30 mm 0
70 mm 0
Horizontal flat tube | 15 mm 5
30 mm 5
70 mm 1.5
Vertical flat tube 15 mm 5
30 mm 5
70 mm 1.5

The flux distribution profiles from the optical simulations are shown in Figure 25. Each

absorber circumference was divided into 360 angular segments to capture the irradiance

variation.
*180* *180° 180
0 d o
——— C tube HF tube ——— VF tube
300
- (a)d=15mm (b)d =30 mm (¢)d =70 mm
« 250
=
=
5
= 200
S
2 150 /
17 f
8 |
< 100 -
P
= t
o S0 4 {
/ \.
0 e A ' ~ ;
-150 -50 50 150 -150 -50 50 150 -150 150

Absorber angle 0 (°)

Figure 25 Flux distribution obtained by MCRT for the tested configurations including
C tube, HF tube, and VF tube at (a) d =15 mm (b) d = 30 mm (c) d = 70 mm.
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4.2.3 Governing equations

In a PTC system, the radiation is absorbed by an HTF flowing within the absorber tube.
The flux profile is obtained through the MCRT method as previously described. A
turbulent, incompressible, and steady-state flow is assumed for the HTF inside the
absorber. with the velocity considered to be unidirectional along the z-axis. The physical
behavior of the system is governed by the foundational equations describing mass,

momentum, and energy balance.

Mass conservation

ou ov ow (26)

X-momentum

DN G __@Ji( @}rﬁ u +g( @j 27)
ey &) & al"a)3\"™s ) a2
y-momentum

N ( Jg w +§[ Q"j (28)
,0 &C @} 82 - @} :ueff @} :ueﬁ’@/ &7 /Jeﬁ*az
z-momentum

JOw, ow  ow|_ @ ( aw] Lof, ow +§( a_wj (29)
P o ay 82_52 Iueﬁ“ax @)ﬂeﬁ@} &ﬂeffaz

Energy conservation
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or or or) o or\ o or\ o or (30)
pelu—+v—tw— |=—| Ag— [+=| Ag— |+ = | Ag =— [+ P
" oy ) ol ) ol Tay) e e

ol (oY (owY (au o) (ou owY (v ow) (31)
O=p|2| — | +2| — | +2| — | +| —+— | H| —+— | +| —+—
Ox oy 0z oy Ox 0z Ox oz 0Oy
Where u, v, and w are the time-averaged x, y, z velocity components respectively, p is the
time-averaged pressure, 7 is the time-averaged local temperature, @ the viscous

dissipation term, p and C, are the density and specific heat respectively. uey; and Ao are the

effective dynamic viscosity and thermal conductivity respectively. They are expressed as
Her =44 (32)
Aep = A+ 4, (33)

Here © and /4 are the dynamic viscosity and thermal conductivity respectively. u; and 4, are

turbulent (eddy) viscosity and conductivity, respectively. they are given by

K (34)
H,=pC,—
&
ﬂ«t = ﬂlcp (35)
Pr,

t

Where k and ¢ represent the turbulent kinetic energy and its dissipation rate, respectively,
C. 1s a model-dependent constant (C, = 0.09), Pr is turbulent Prandtl number (typically =~
0.85—1.0). In this study, the standard & - ¢ turbulence model was used to simulate the effects
of turbulence on the fluid flow. Recognized as one of the standard models frequently

utilized in engineering analysis, the standard k - ¢ turbulence model has been commonly
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adopted since it was first developed by Launder and Spalding [66]. This model incorporates
two additional transport equations: one governing turbulent kinetic energy k and the other

describing its rate of dissipation &. The two added equations are as follows

Ty prtt x\0 e %0 e %\ p —pe o
&x O &) &x o, Jox| & o )| @& o | k

& c &) ol u| ol uyeloll uel ., . & CD
p[“&*@*@}aﬂ” ZJ@JEK" E}@}EK“ Z]&}Cﬂ ey

In the above equations gx = 1.0, . = 1.3, C¢; = 1.44, and C;2=1.92 are the model constants.
Py 1s the production term which quantifies the generated kinetic energy introduced due to

mean flow. Py is denoted as

Y (ovY (ow\ (ou ovY (ou ow} (ov ow) (38)
B=u 2(—} +2| — +2(—j + —+— +(—+—J +| —+—

Ox oy oz oy ox 0z Ox 0z oy

4.2.4 Surface to surface radiation model

To simulate the radiative losses from the absorber to the glass cover, Surface-to-Surface
(S25) radiation model was utilized. This model operates under the primary assumption that
the medium in between the surfaces doesn’t participate in the radiation process-meaning
that it does not absorb, emit, or scatter radiation. Additionally, the surfaces involved are
considered opaque, implying that radiation cannot transmit through them. In the S2S
model, part of the radiation is diffusively reflected from the surface, and another part is
emitted. The sum of the two parts is called the radiosity (J) and it is represented by the

following expression [67]
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J=¢0,,T"+p,G (39)

N

Where J is the radiosity, which is the total diffuse radiative energy emitted and reflected
from the surface. G is the total incoming radiation flux from the surroundings, py is the
diffuse reflectivity, and & is the surface emissivity. The process involves computing the
view factors between the participating surfaces to accurately capture the radiative

interactions within the enclosure.

4.2.5 Boundary conditions

To model the thermal behavior of the receiver under realistic operating scenarios, suitable
boundary conditions were defined on both solid and fluid regions of the receiver in thermal
simulations. The non-uniform flux distributions derived from the optical simulations were

applied to the outer surface of the absorbers.

A uniform velocity inlet condition was set on the fluid side based on Reynolds numbers
ranging from 20,000 to 80,000, increasing in steps of 15,000, allowing the analysis of
different flow regimes. The inlet temperature of the HTF varied between 150 °C and
350 °C, representing typical conditions found in CSP systems. At the tube’s exit, a pressure
outlet boundary condition was applied, and no-slip conditions were used on all wall

surfaces to accurately capture the flow behavior within the system.

In this study, thermal losses were modeled in two stages: first, between the absorber surface
and the inner surface of the glass cover, and subsequently from the outer surface of the
glass cover to the surrounding environment. Due to the assumed high vacuum (0.013 Pa)
[68], the losses from the absorber to the glass cover were considered to occur only by

radiation, as convection and conduction were negligible under such conditions. To model
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this radiative exchange, the S2S radiation model was employed, and the glass cover is
treated as a gray surface in this radiation spectrum. The absorber emissivity was calculated

using the following expression [69].

g, =0.000327 T - 0.065971 (40)

Where T is the temperature in K. The losses from the outer surface of the glass cover were
assumed to occur by both radiative and convective heat transfer mechanisms. The radiation
between the outer glass cover and the ambient environment was treated as a heat exchange
between the glass surface and a large enclosing surface, the sky. The sky temperature was

estimated using a correlation that links it to the ambient air temperature as [70].

T, =0.0552T,> (41)

amb

The ambient temperature (7.x») was taken to be 300 K. The radiation losses were calculated

using Stefan—Boltzmann equation [71]

Tt

sky

E

rad loss amb

=&, O'WJA(T4 ) (42)

Here, ¢, represents the glass cover emissivity, and 6,4« denotes the Stefan—Boltzmann
constant. The coefficient of the convective heat transfer between the ambient and the outer

glass cover was estimated by [3].
hw — 4VV(V).58 d(;g.42 (43)

Here, V,, denotes the wind speed, which was taken 2 m/s in this study, and d, refers to the

outer diameter of the glass cover.
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To reduce the computations a symmetrical boundary condition is applied along the y-z
plane by considering a half-domain model as shown in Figure 26. This condition is justified
by the system's physical and geometric symmetry—as the flux profile is symmetric, and

the fluid flow is expected to mirror on either side.

Syltherm-800 was chosen as the HTF for this research, a high-performance, silicone-based
fluid engineered for high-temperature applications. The thermophysical properties of HTF

vary as a function of temperature. and are determined by the following expressions [3].

p=-6.0616x10"*T*-4.1535x10""'T +1.1057x10° (44)
1=6.6720x1073 7% —1.5660x107° T° +1.3882x107° 77 —5.5412x107* T'+8.4866x 107>  (45)

¢, =1.7080T +1.1078x10° (46)

A=-57534x10"1"72-18752x10*7T +1.9002x107" 47)

4.2.6 Thermal-hydraulic performance parameters

As stated before, simulations were carried out for both conventional and flat tube
configurations by varying the Re from 20,000 to 80,000 and setting the HTF inlet
temperature at 150 °C, 250 °C, and 350 °C. the definition of Re number is as follows

ov,D, (48)
U

Re=

Here, Dy is the hydraulic diameter (m), v, is the mean flow velocity (m/s). The overall
thermal efficiency indicates the proportion of absorbed thermal energy gained by the HTF,

given by
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9, (49)
14,

n

Mo =

Where Q. denotes the useful heat gain (W), I, represents the incident irradiance on the
parabola aperture area (1000 W/m? was taken), and 4, is the parabola aperture area (m?).

The useful heat gain is given by
Qu = ]nno Aa - Qloss (50)

Where 79 is the optical efficiency achieved from the optical analysis, and Qs corresponds
to thermal losses from the system. Qiss can be obtained either by calculating the losses
from the absorber due to the radiation, or the combined radiative and convective losses

from the glass cover as follows
Qloss = JAabs qrad,abs dA = '[Aglass (qrad,glass + qconv,glass )dA (51)

Qrad,abs » Grad.glass » Ad Gconv,glass are flux quantities obtained from the numerical solution. The
thermal flow behavior within the system is quantified by the mean Nusselt number,

calculated along the absorber inner surface.

hD, (52)

Where 4 corresponds to the average convective heat transfer coefficient (W/m? K), and it

is calculated by

9

) (53)
A7(Tw _Tmf)
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Here 4; is the absorber’s inner surface area (m?), T, and T, are the absorber’s inner wall

Ti+T,
2

and the wall

temperature and the HTF mean temperature in (K) respectively.

temperature can be calculated as follows

r-L [ Taa (54)

404
The friction factor (f;) is another important parameter in evaluating the hydraulic
performance, and it represents the dimensionless pressure drop due to wall shear stress. It

is calculated by

_2APD, (55)

) pLv,

Where AP denotes the pressure change between inlet and outlet (Pa), L stands for the length
of the pipe (m). Colebrook correlation [72] for smooth pipe is also utilized to calculate

Darcy friction factor and compare it with the numerical solutions as follows

2ol ( 251 J (56)
——=-2.0lo
0 TR

The required pumping power to overcome friction losses is given by

W,=VAP (57)

Where W, is the pumping power in (W) and ¥ stands for volumetric flow rate (m?/s).
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4.2.7 Numerical modeling

The numerical method used in this study to solve the governing equations is the Finite
Element Method (FEM). FEM offers a structured approach by breaking down the
computational domain into smaller subdomains, or elements. The Galerkin method is
initially employed to discretize the conservation equations and integrating the boundary
conditions. The velocity, pressure, and temperature are then discretized over the domain,
then substituted into the governing equations. The Galerkin weighted residual method is
employed to minimize discretization errors by enforcing the residuals to be orthogonal to
the selected interpolation functions. After that the Gauss-divergence theorem is applied and
the discretized conservation equations can be rewritten in matrix form. The solution
convergence is considered when the relative error in each variable from one iteration to the
next falls below a specified threshold, certainly when | y;+; — y; | < 10, where j stands for
the iteration number, and y is a variable representing the flow parameters like u, v, w, p,

and 7.

4.3 Mesh sensitivity analysis and model validation

A custom user-defined meshes for both circular and flat tube configurations were generated
using COMSOL Multiphysics 6.2, with the domain discretized primarily using
quadrilateral elements. Only one half of the domain was taken for the numerical simulation
due to the symmetrical condition. The model consists of solid domains, which include the
absorber wall and the glass cover, and a fluid domain representing the internal volume of
the absorber where HTF flows. Figure 26 illustrate the generated mesh for different

geometry at base circle diameter of 70 mm.
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Figure 26 A representative mesh structure generated using COMSOL Multiphysics 6.2
for 70 mm base circle diameter. Cross-sectional views of (a) circular tube (b)
horizontal flat tube (c) vertical flat tube. (d) isometric view of the horizontal flat tube

To ensure accurate solution a mesh sensitivity studies were carried out for the circular and
flat tube configurations. The horizontal flat tube was adopted to represent the flat tube
configuration in the mesh sensitivity studies. The studies were performed for various mesh
densities ranging from coarse to very fine, while keeping the operating conditions
constant—a base circle diameter of 70 mm, Reynolds number of 50,000 and a heat transfer
fluid (HTF) inlet temperature of 250 °C. the parameters that selected to compare the

different cases are Nu and f,. Based on the tested cases the optimum grid numbers were
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selected to be 523600 for the circular tube and 681600 for the flat tube. The corresponding

average errors compared to the very fine mesh results were 0.23% and 0.022%,

respectively, as summarized in Table 4.

Table 4 Mesh sensitivity analysis

Configuration | Case #. | Number of | Nu fr % |ANul| % |Afi|
elements

Circular tube 1 60928 711.54 |0.0212 | 3.54 % 2.43 %

2 146880 721.23 [0.0212 | 2.23% 2.34 %

3 293760 732.82 10.0216 | 0.6% 0.69 %

4 523600 736.17 |0.0217 | 0.2% 0.26 %

5 750720 737.69 |0.0217 | Reference | Reference
Flat tube 1 212000 758.06 |0.0214 | 0.92% 0.79 %

2 276000 761.73 | 0.0216 | 0.44% 0.07%

3 347200 763.01 |0.0216 | 0.27% 0.15%

4 681600 765.09 |0.0216 | 0.003% 0.04%

5 1006000 765.07 | 0.0216 | Reference | Reference

Since no one conducted study on flat tube design, the numerical model was validated for

the circular tube design using experimental data reported by [73], with a focus on thermal

efficiency. The operating conditions for the validation cases are outlined in Table 5. As

illustrated in Figure 27, the numerical findings closely match the experimental data,

showing good agreement with an average deviation of just 0.51%.
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Table 5 Operating conditions of the experimentally tested cases as reported by [73]

Case # | DNI (W/m2) | Wind speed | Ambient temperature | HTF inlet
(m/s) (°C) temperature (°C)
1 968.2 3.7 22.4 151
2 933.7 2.6 21.2 102.2
3 982.3 2.5 243 197.5
4 909.5 33 26.2 250.7

0.73
B Present model

0.72 [ Experimental results
0.71 1
0.70 1

0.69

0.68 1

Overall efficiency

0.67 1

0.66 -

0.65 -

Case 1 Case 2 Case 3 Case 4

Figure 27 Comparison between the numerical results and the experimental
results of [73] for the different validation cases

4.4 Results and discussion

This section presents an in-depth evaluation of the thermal and hydraulic performance of
PTC systems equipped with three absorber geometries: a conventional circular tube, a

horizontal flat tube and a vertical flat tube. The results presented in this section are derived
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from coupled optical and thermal simulations performed for the three tested geometries for
three different base circle diameters (15 mm, 30 mm, and 70 mm). To evaluate performance
under realistic operating conditions, simulations were carried out at three heat transfer fluid
(HTF) inlet temperatures (150 °C, 250 °C, and 350 °C), while varying the Reynolds
number from 20,000 to 80,000 in increments of 15,000. Key performance metrics—
including Nusselt number, friction factor, thermal efficiency, and pumping power—are
used to evaluate and compare each absorber configuration. Furthermore, the Relative
Benefit-Cost Ratio (RBCR) was evaluated for all cases under three different price ratio
scenarios (0.1, 1, and 10), providing a comprehensive assessment of the performance

relative to economic cost.

For clarity and simplification, abbreviations are used throughout the analysis: C tube refers
to the conventional circular absorber, while HF tube and VF tube represent the horizontal

and vertical flat tube absorbers, respectively.
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4.4.1 Friction factor

o C tube d =15 mm > C tube d =30 mm o C tube d =70 mm
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Figure 28 Variation of friction factor with Reynolds number for all tested
geometries at (a) 7, = 250 °C (b) Tin =250 °C (¢) Tin =250 °C

Figure 28 shows the variations of friction factors (f-) with Re number for all the tested
geometries at different HTF inlet temperatures. Based on the findings, it can be clearly
noticed an inverse relationship between £ and Re number, which is consistent with classical
fluid dynamics for turbulent flow in smooth pipes. As Re number increases from 20000 to
80000, f- decreases across all tested configurations. Furthermore, the results indicate
clearly that the fluid inlet temperature has almost no effect on f.. This observed trend
indicates the dominating effect of inertial forces over viscous forces at higher Reynolds

numbers, reducing the relative resistance along the pipe walls.

The dashed line represents the Colebrook correlation, a standard for turbulent flow in
smooth pipes. The close agreement with the simulation results confirms turbulent
conditions. Additionally, the f- values observed across different receiver shapes were found
to be nearly identical, indicating that the cross-sectional shape has negligible effect on

hydraulic performance, at least within the tested Re range. Minor deviations from the
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Colebrook curve may be attributed to factors such as flow structures, or numerical

uncertainty. However, the overall trend remains consistent

4.4.2 Pumping power
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Figure 29 Variation of pumping power W, with Re for CT, HF tube, and VF tube at (d
=15 mm, d = 30 mm, and d = 70 mm).

The results obtained for the required pumping power (W),) are illustrated in Figure 29. It is

obvious that W), increases with Re across all the cases, which is expected due to the

increased flow velocity at higher Re, leading to increased pressure losses and,

consequently, higher pumping power requirements. Furthermore. The increase in HTF
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inlet temperature from 150 °C to 350 °C results in significant reduction in Pumping power.
For example, at d = 30 mm and Re = 50000, W), decreased for both HFT and VFT from
0.603 kW at T3, = 150 °C to 0.047 kW at T;,= 250 °C and to 0.0055 kW at 7i,= 350 °C all
these values evaluated. This behavior occurs due to the change in the HTF properties with
temperature, specifically due to the decrease in fluid density and viscosity at higher

temperatures, which leads to lower pressure losses for a given Re.

The findings of Figure 29 indicates that ), required by HF tube and VF tube designs are
much higher in comparison to CT configuration, with HF tube and VF tube exhibiting
identical W), values. Although the friction factors are the same for all configurations, these
findings are primarily due to the smaller flow cross-sectional area of the flat tube designs
as wall thickness is fixed at 1 mm for all configurations, and only the outer absorber area
is fixed. A smaller cross-sectional area leads to lower hydraulic diameter and thus high

velocity at the same Re, both contribute to increased pressure drop across the tube.

When it comes to the effect of the base circle diameter, Figure 29 clearly shows that shows
that the required pumping power (#)) decreases significantly as the diameter increases.
For example, the VF tube and HF tube with 15 mm base diameters require approximately
0.35 kW at Re = 50000 and Tin = 250 °C, compared to 0.047 kW at d = 30 mm and just
0.002 kW at d = 70 mm. This reduction is primarily attributed to the increase in hydraulic
diameter with larger base diameters, which lowers flow resistance. Moreover, the gap
between flat tube designs and circular design decreases significantly at d = 70 mm. This is
because the difference in hydraulic diameter between the flat tube designs and the circular

tube becomes relatively small at high base diameters.

68



4.4.3 Nusselt number
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Figure 30 Variation of average Nu with Re for CT, HF tube, and VF tube at
(d =15 mm, d = 30 mm, and d = 70 mm).

Figure 30 depicts the results obtained for average Nu number as a function of Re and HTF
inlet temperature. The results indicate a directly proportional relationship between Nu and
Re across all cases, which aligns with convective heat transfer theory, where higher Re
intensifies turbulence and mixing near the absorber surface, thereby improving heat

transfer. increasing the HTF inlet temperature tends to reduce Nu. For instance, HF tube
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shows a reduction in Nu from 1040.6 at 7i, = 150 °C to 818.16 at T, = 150 °C and 672.68
at T3 = 150 °C, all evaluated at Re = 50000 and d = 15 mm. The observed trend is mainly
because of the temperature dependent properties of HTF. As the fluid temperature increases
Prandtl number (Pr) decreases due to reduced viscosity. A lower Pr indicates that the
thermal boundary layer develops more slowly relative to the momentum boundary layer,

which in turn lowers the effectiveness of convective heat transfer.

The results presented in Figure 30 indicates superior performance of HF tube in all cases,
particularly at smaller d values. For example, at d = 15 mm and Re = 50000, HF tube
achieves a higher Nu of 805.85, compared to 753.35 for the C tube and 636.29 for the VF
tube. The enhanced convective heat transfer capability of HF tube configuration can be
attributed to the lower temperature values of the fluid, resulting from a higher mass flow
rate at the same Reynolds number. This reduction in local fluid temperature leads to an
increase in the Prandtl number, which in turn enhances convective heat transfer

effectiveness.

According to the findings from Figure 30 C tube and VF tube exhibit non-consistent
behavior across different base diameters. At d =15 mm CT shows slightly higher Nu values
compared to VF tube overall. However, at d = 30 mm VF tube outperforms C tube, and
they have almost same Nu values at d = 70 mm. These observations could also be attributed

to the changes in HTF temperature distribution which is influenced by the flux profile.
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4.4.4 Temperature distribution
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Figure 31 Temperature distribution of HTF at different cross-sections for inlet
temperature of 523.15 °C, and Re = 50000

Figure 31 presents the fluid temperature distribution at various cross-sections along the

flow direction within the absorber. The figure clearly illustrates that the fluid temperature

increases along the tube length, with higher temperatures near the bottom wall due to the

higher flux concentration in that region. It’s important to note that absolute temperature

values across different configurations aren't directly comparable, as each operates with a

different mass flow rate to maintain a fixed Reynolds number. Since Re depends on

hydraulic diameter and velocity, variations in cross-sectional area between geometries

cause significant differences in flow rate, affecting the resulting temperature fields.



4.4.5 Overall thermal efficiency
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Figure 32 Variation of # with Re for C tube, HF tube, and VF tube at (d =15 mm,
d =30 mm, and d =70 mm).

Figure 32 presents the variations of 7, with Re for different d values at 7;, of 150 °C, 250
°C, and 350 °C. It is noticed that the system maintains consistent behavior, where an

increase in Re leads to a rising trend in 7, while a lower inlet temperature corresponds to
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a reduction in 7. The findings indicate that horizontal flat tube demonstrates a notable
improvement in 7 compared to the circular and vertical flat tube across all cases.
Meanwhile, the vertical flat tube outperforms the circular tube at d = 15 mm over the entire
Re range. Additionally, it surpasses the circular tube at Re = 20000 for d = 30 mm and d =
70 mm, specifically at 7;, = 250 °C and T;, = 350 °C. The horizontal flat tube demonstrates
an average enhancement in #,, of approximately 9% at d =15 mm, 0.5% at d =30 mm, and
0.3% at d = 70 mm, while the vertical flat tube improved #s by 5% in average at d = 15
mm. The findings indicate that the improvement in 74 is more pronounced at small base
circle diameters. The observed enhancement can be attributed to two main reasons: (1) the
increase in optical efficiency, which is most significant at small base circle diameters, and
(2) the improved heat transfer in the horizontal flat tube. The vertical flat tube shows lower
na values compared to the circular tube at d = 30 mm and d = 70 mm mainly due to the

decreased optical efficiency.

4.4.6 Performance based on heat transfer-pumping power

To comprehensively evaluate the trade-off between thermal enhancement and hydraulic
penalty, a new performance parameter is introduced: the Relative Benefit-Cost Ratio
(RBCR). This dimensionless factor is defined as the ratio between the benefit from
additional heat gain offered by the flat tube geometry and the additional cost associated
with its increased pumping power, both compared to the conventional configuration. The

RBCR is defined as:
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RBCR =

Here Ar represents the price ratio between thermal energy and pumping power Ag =171/1>.
Mathematically, values of RBCR greater than unity indicate a net performance
enhancement—where the thermal gain justifies or exceeds the hydraulic penalty—while

values below unity denote a disadvantage.

To account for varying economic priorities, three distinct scenarios are considered, each
defined by a different price ratio between heat gain and pumping power cost. These

scenarios simulate systems where the thermal energy is:

e Scenario A (4z = 0.1): Pumping power is 10 times more costly than heat gain.

e Scenario B (Az = 1): Equal pricing weight is assigned to both heat gain and pumping
power.

e Scenario C (Az = 10): Heat gain price is 10 times more valuable than the cost of

pumping.
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Figure 33 Variation of Relative Benefit-Cost Ratio (RBCR) with Reynolds number at

(d =15 mm, d = 30 mm, and d = 70 mm) under various thermal-to-pumping price ratios
(Ar=0.1,1,10)

Figure 33 illustrates the variation of the RBCR as a function of Reynolds number (Re) for
different base diameters at different inlet temperatures of 150 °C, 250 °C, and 350 °C.
Black dashed lines are included at RBCR = 1, serving as a threshold to distinguish
favorable regions (RBCR > 1), from unfavorable regions (RBCR < 1). It is important to
note that the plot employs logarithmic scaling on both axes. Consequently, any cases

resulting in negative RBCR values are omitted from the graph, as they cannot be
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represented on a long scale. At higher temperatures, horizontal (HF) and vertical
(VF)consistently exhibit RBCR values greater than one across nearly all Az values, with
few exceptions. This is primarily due to the substantial increase in thermal gain at higher

temperatures, which offsets the pressure losses associated with these geometries.

It is notable that VF tubes often yield negative RBCR values, which appear as missing
curves in the figure. This occurs because the circular design performs thermally better
under these flow conditions. Additionally, in some low Re cases, the VF tube shows high
RBCR values, attributed to enhanced heat transfer performance under low turbulence flow
conditions. However, this advantage is generally limited to narrow operating ranges and

diminishes at higher diameters or Re.

It can be seen from Figure 33 that the worst performance is observed at a price ratio of
Ar = 0.1 particularly at lower temperatures and smaller base diameters. At such low-price
ratios, design optimization should prioritize minimizing pressure drop rather than
maximizing heat gain. Furthermore, for price ratios of Az =1 and Az = 10, the HF tube show
favorable performance in most cases. This suggests that the horizontal flat geometry
becomes a cost-effective enhancement when the thermal benefit is equally or more

important than pumping power.

Also, it is observed that largest diameter case d = 70 mm the HF tube consistently shows
favorable RBCR in most scenarios. This is due to its ability to deliver high thermal

performance while maintaining a comparable pressure drop to that of the circular geometry.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Summary

This thesis presents a comprehensive investigation of parabolic trough collector (PTC)
systems incorporating innovative flat tube absorber designs. The flat tube cross-section
was generated from a conventional circular cross-section by defining a stretching ratio
parameter. Two absorber designs were introduced depending on the direction of the
circular cross-section stretching: the horizontal flat tube (HF tube) and vertical flat tube
(VF tube). To evaluate the overall performance of these modified geometries the research
is divided into two primary analysis: optical performance investigation and thermal-
hydraulic performance investigation. In Chapter 3, a detailed analysis of the optical
performance investigation has been presented. The MCRT method was used to investigate
the effect of altering the conventional circular absorber to horizontal and vertical flat tubes
with various stretching ratios along with other geometrical factors like the aperture width,
focal length, and the base circular diameters. The investigation focused on the resulting

flux distribution and optical efficiency.

Chapter 4 presented the thermal-hydraulic performance evaluation, which was numerically
performed using three-dimensional finite element simulations. These simulations
incorporated the flux profiles obtained from the optical analysis to ensure realistic and
accurate boundary conditions. The study compared the heat transfer characteristics, friction

factors, pumping power demands, and overall thermal efficiency of the horizontal flat tube
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(HFT) and vertical flat tube (VFT) against the conventional circular tube across various

inlet temperatures and Reynolds numbers.

The research demonstrated that the new absorber shapes can significantly enhance the
overall performance of PTC systems, offering novel insights into the value of geometry-
based design enhancements for advancing solar thermal technologies and highlight
absorber shape optimization as a practical, cost-effective approach to improving PTC

system efficiency.

5.2 Conclusion

The thesis concludes that flat tube absorbers can significantly enhance the performance of

PTC systems. The main outcomes of this thesis can be concluded as follows

1.  Optical performance (Chapter 3)

e Converting the absorber cross-section from circular to flat tube significantly altered
the local concentration ratio (LCR) profiles. The horizontal stretching increased the
maximum LCR values as the stretching ratio increased, while vertical stretching
exhibited the opposite trend.

e At d=70 mm, horizontal flat tube achieved a slight optical efficiency improvement
over circular absorbers, with a maximum increase of 0.52% at a =1.6, but also
exhibited higher non-uniformity, increasing by 7.8%.

e Vertical flat tube absorbers showed a slight optical efficiency decrease at d =70
mm, with a maximum reduction of 0.56% at a = 1.6, but significantly improved

flux uniformity by reducing non-uniformity by 11.88%.
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2.

The horizontal flat tube generally exhibited superior optical efficiency due to lower
ray escape, while the vertical flat tube provided better flux uniformity, which could
help mitigate localized thermal stress.

At smaller base circular diameters, horizontal flat tubes showed notable optical
efficiency improvements compared to circular absorbers; for example, 21.93%
increase at d = 10 mm, 9.14% increase at d = 15 mm, and 1.66% increase at d = 20
mm. These results suggest that horizontal flat tubes are particularly advantageous
for designs with smaller flow cross-sectional areas.

While horizontal flat tubes improve optical efficiency, they come at the cost of
increased irradiance non-uniformity, which may lead to localized thermal stress and

hotspots affecting material durability and heat transfer.

Thermal-hydraulic performance (Chapter 4)

All the configurations tested showed almost the same values of friction factors
across all the operating conditions, indicating the cross-section of the absorber has
almost no impact on dimensionless hydraulic performance.

HF tube design demonstrated higher Nu compared to C tube and VF tube
particularly at
d =30 mm. The highest Nu value is achieved by HF tube at d =30 mm, Re = 80000,
and 7, = 150 °C exceeding the values for the C tube and VF tube by 7.93% and
4.85%, respectively. Moreover, VF tube gave close Nu values with C tube in all
cases except at

d = 15 mm, where VF tube outperformed slightly. Overall, Nu was found to be

79



positively affected by Reynolds’ number and negatively affected by increasing inlet
temperature.

HF tube achieved the highest overall thermal efficiency under all operating
conditions. The average enhancements in #, achieved by HF tube recorded 9% at
d =15 mm, 0.5% at d = 30 mm, and 0.3% at d = 70 mm compared to the
conventional C tube. Furthermore, VF tube achieved improved overall thermal
efficiency by an average of 5% compared to C tube at (d = 15 mm). However, at d
=30 mm and d = 70 mm, C tube outperformed VFT by showing slightly higher
efficiencies by 0.5 % in average.

The optical efficiency had the major contribution in overall efficiency at d = 15
mm, since it achieved more values in flat tube designs compared to the circular
design because of the increased rays interception.

The HF and VF tube designs exhibited higher pumping power requirements
compared to the conventional circular (C) tube, despite having similar friction
factors. This is primarily attributed to differences in hydraulic diameter, which
influence the flow velocity at equivalent Reynolds numbers. Furthermore, the HF
and VF configurations demonstrated nearly identical pumping power across all
cases.

The RBCR analysis confirms that the horizontal flat tube geometry offers superior
thermal-economic performance across a wide range of operating conditions. This
is especially evident at price ratios of Az = 1 and Az = 10, where the value of thermal

gain price is equal to or significantly greater than the cost of pumping power.
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5.3 Recommendations for future work

Building on the findings of this research, the following directions are recommended for

future research:

Conduct experimental studies to validate the numerical results and evaluate the
practical feasibility of flat tube absorber designs under real-world operating
conditions

Extend the current work to include transient simulations that account for diurnal
and seasonal variations in solar irradiance, enabling a more realistic assessment of
performance over time.

Extend the work to include the effect of optical and structural constraints such as
installation errors, tracking mechanisms, thermal stresses, mechanical stability, and
manufacturing limitations, to ensure the practical viability of the proposed designs.
Perform coupled exergetic, environmental, or economic analyses to support
comprehensive system-level optimization and decision-making.

Explore the combination of flat tube absorbers with thermal energy storage systems
to evaluate long-term system efficiency.

Investigate the integration of other thermal enhancement techniques such as using

advanced working fluids and incorporating turbulators.
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