IJRASET

International Journal For Research in
Applied Science and Engineering Technology

" INTERNATIONAL JOURNAL
FOR RESEARCH

IN APPLIED SCIENCE & ENGINEERING TECHNOLOGQGY

Volume: 13 Issue: Vil Month of publication: August 2025

DOIl: https://doi.org/10.22214/ijraset.2025.73513

www.ijraset.com
Call: (£)08813907089 | E-mail ID: ijraset@gmail.com




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue VIII Aug 2025- Available at www.ijraset.com

Performance Analysis of a Three-Tube Serpentine
Receiver in a Parabolic Trough Solar Collector for
Domestic Applications

Mr. Krishna Yadav', Mr. Mrigendra Singh?, Ms. Priyanka Malviya®
Department of Mechanical Engineering, Sushila Devi Bansal College of Technology, Indore, 453331, India

Abstract: Abstract: This paper investigates the optical and thermal performance of a parabolic trough solar collector integrated
with a three-tube serpentine absorber. Driven by the increasing demand for efficient and compact solar thermal systems for
domestic applications, this configuration aims to overcome the limitations of traditional single-tube receivers, such as limited
residence time and uneven temperature distribution. Employing a combined simulation methodology, including three-
dimensional ray tracing in COMSOL Multiphysics for optical simulation and conjugate heat transfer simulations in ANSYS
Fluent for fluid temperature analysis, the study evaluates performance under four focal alignment conditions (100%, 90%, 80%,
and 70%) to replicate real-world solar tracking variations. Findings indicated that multi-tube serpentine receivers provided
significantly better thermal uniformity, higher outlet temperatures, and improved tolerance to optical misalignment compared to
the single-tube design, making it a viable option for compact solar preheating systems.

Keywords: Parabolic Trough Collector, Serpentine Tube Absorber, Optical Simulation, Sun Ray Tracing, Thermal Analysis,
Three-tube Receiver.

L. INTRODUCTION
The global shift towards renewable energy is an urgent necessity driven by concerns over fossil fuel depletion, increasing carbon
dioxide emissions, and environmental degradation. Solar energy, with its abundance and universal availability, stands out as a
promising alternative. Solar thermal systems are particularly well-suited for domestic applications requiring low-to-medium
temperatures (typically below 100°C), such as water heating[1]. Among various solar thermal technologies, Parabolic Trough
Collectors have matured into effective systems, concentrating solar radiation onto a receiver tube to heat a working fluid. While
historically used in large-scale power plants, there is a growing interest in adapting PTCs for domestic use, necessitating compact
and efficient designs[2].
Traditional straight-tube PTC receivers face challenges such as limited heat exchange surface area and fluid residence time, which
can hinder their efficiency in compact, low-flow domestic systems[3]. To address these limitations, multi-tube serpentine designs
are being explored to enhance thermal performance. Serpentine tubes, widely used in heat exchangers, increase fluid residence time,
promote secondary flow patterns for better mixing, and improve convective heat transfer, leading to more uniform temperature
distribution[4][5].
The objective is to analyze its optical and thermal performance under varying focal alignment conditions, providing insights into its
suitability for domestic thermal applications. This research builds upon existing literature that highlights the importance of
optimizing receiver tube design and leveraging computational fluid dynamics to simulate real-world performance under varying
flow conditions and heat flux distributions.

1. SYSTEM DESIGN AND MODELING
The three-tube serpentine receiver was designed as part of a parabolic trough solar collector system[6]. The overall PTC system
relies on a parabolic reflector to concentrate solar radiation onto a linear receiver at its focal line. The parabolic reflector in this
design has an aperture width of 1220 mm and an aperture length of 1668 mm, with a focal length of 606.5 mm and a rim angle of
67°. The reflector material is polished aluminium, selected for its high reflectivity, and the absorber tubes are made of copper for
excellent thermal conductivity.
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Figure 1: CAD model of Parabolic trough geometry with receiver design

A. Three-Tube Absorber Design

The three-tube absorber configuration was developed to increase the surface area and fluid residence time for better heat transfer
compared to a single-tube design[7]. The design consists of a main tube (MT) and two preheater tubes, named Left Preheater Tube 1
(LPT 1) and Right Preheater Tube 1 (RPT 1). The tubes are arranged in parallel serpentine segments, allowing a distributed thermal
load. The internal volume of this configuration is approximately 9,946,283 mm?3 (or about 10 liters). The fluid flow direction is
designed such that the inlet flow divides into two paths, each following a serpentine trajectory, rejoining at the outlet. The outer
diameter for the main absorber tube is 100 mm, with an inner diameter of 80 mm. The preheater tubes have an outer diameter of 40
mm and an inner diameter of 30 mm.

Case-1 Case- 2

MT LPTI1

—— ===

Figure 1: CAD model of Absorber tubes

B. Absorber Tube Placement at Different Focal Lengths

To simulate real-world solar tracking variations and mechanical misalignments, each absorber tube configuration, including the
three-tube design, was modeled at four different focal distances from the vertex of the reflector. These variations were
parametrically modeled using Siemens NX to ensure dimensional consistency.

The vertical positioning of the absorber array was altered according to percentages of the nominal focal length (606.5 mm):

Case 2A: 100% Focal Length — Tube center placed at 606.5 mm

Case 2B: 90% Focal Length — Tube center placed at 546 mm

Case 2C: 80% Focal Length — Tube center placed at 485 mm

Case 2D: 70% Focal Length — Tube center placed at 424.5 mm

The tube shapes, diameters, and serpentine layouts remained constant within each configuration across all focal cases to ensure fair
comparison.
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C. Boundary Conditions and Simulation Parameters

The simulations were set up in COMSOL Multiphysics and ANSYS Fluent with consistent boundary conditions for all cases. The
inlet water temperature was set to 300 K, and the inlet water velocity was 0.03 m/s. The concentrated rate on the lower surface of
the single tube (reference configuration) was 8817 W/mz, and the direct normal solar energy on the upper surface was 589 W/mz2. A
laminar turbulence model was selected as the flow was within the low-Reynolds number range. No-slip conditions were applied at
fluid-solid interfaces, and the outlet pressure was set to atmospheric (gauge pressure = 0).

1. OPTICAL SIMULATION AND THERMAL ANALYSIS
The study employed a sequential multi-domain simulation approach to evaluate the optical and thermal performance of the three-
tube serpentine PTC system. The entire analysis was conducted within a Multiphysics environment to accurately represent real-
world solar collector behaviour.

A. Ray Tracing Simulation

Three-dimensional ray tracing simulations were performed using the COMSOL Ray Optics Module. The 3D geometry from
Siemens NX was imported, and solar rays were defined as a parallel beam, representative of direct normal irradiance during midday
solar conditions. The parabolic mirror was assigned a mirror boundary condition with 90% reflectivity, while the absorber tubes
were treated as opaque surfaces that capture ray intersections[8][9]. The purpose of this stage was to map the spatial distribution of
solar energy on the absorber surfaces, capturing how light interacts with the non-planar serpentine tubes and any lateral dispersion
effects.
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Figure 1: Ray tracing results for Three-tube configuration

Case 2A: Rays are distributed across all three tubes. The central tube receives the highest concentration, while side tubes receive
negligible rays, causing no preheating. Alignment is geometrically optimized.

Case 2B: Slight defocusing shifts the ray impact, but the three-tube spread helps capture rays effectively. The ray pattern begins to
shift downward relative to the tube centers.

Case 2C: Further misalignment causes reduced precision in ray targeting. Some rays fall between the tubes, but energy interception
is partially maintained due to the multi-tube arrangement.

Case 2D: The focus line falls well below the tube array. Although misalignment is evident, the wider distribution of tubes allows
some rays to still be intercepted by outer tubes.
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B. Heat Flux Distribution
Following the ray tracing simulation, the ray intersection data was converted into surface heat flux distributions across the absorber
tubes.
The incident radiant flux (q) was calculated as a function of angular position on the tube surface, using:

q@)=1-p - cos(6) /A
This process defined the quantity and spatial variation of energy absorbed per unit area of the receiver surface, serving as the
applied thermal load for subsequent heat transfer simulations[10][11]. In Solidworks's flow simulation and thermal analysis
environment, local incident energy values were generated and projected onto the outer surfaces of the absorber tubes.
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Figure 2: Heat flux distribution on Lower Surface of absorber for Case-2

Case 2A: The rays focus centrally on the middle tube, with symmetrical dispersion across the three-tube array. The middle tube
receives the highest heat flux, denoted by the solid red band, while adjacent tubes show decreasing values. The outer tubes receive
secondary radiation, reducing thermal losses and improving the collector’s net effectiveness.

Case 2B: Slight optical deviation causes the focal point to shift laterally, distributing heat unevenly across the three tubes. The flux
peak moves off-center but still covers a large portion of the array. The central tube continues to receive significant energy, while
neighbouring tubes see increased absorption due to the wider spread.

Case 2C: Further reduction in focus alignment causes diminished intensity and an expanded distribution of rays across all three
tubes. The red and yellow flux zones diminish, giving way to green and light blue bands, especially in the outer tubes.

Case 2D: This case exhibits broad and diffused solar ray impact across the entire collector, with most energy falling outside the tube
surfaces. Flux intensity is considerably reduced and spread thinly across the tube surfaces, visible in light green and cyan contours.
The heat flux profiles were inherently non-uniform due to the curved geometry of the parabolic mirror and the 3D nature of the
simulation. Concentration was generally higher near the top-facing surfaces, decreasing toward the sides and bottom. In the three-
tube system, flux was distributed across multiple surfaces. The external surfaces were discretized into patches to allow precise
application of spatially-resolved energy input.

C. Thermal-Fluid Analysis
The final stage involved performing a Conjugate Heat Transfer analysis in ANSYS Fluent to evaluate the temperature distribution
within the working fluid domain[12]. The fluid and solid domains of the absorber tube assemblies were imported from Siemens NX
into ANSY'S Workbench[13]. The outer wall of the solid domain received the non-uniform surface heat flux data extracted from the
COMSOL ray optics simulation, applied as a spatially varying boundary condition[14]. The outlet temperature (T,,) was computed
using the energy balance:

me(Tout —Tin) =0 - Aubs
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Heat transfer through the copper tube wall was modeled via conduction, and convective heat transfer to the water was resolved
through Navier-Stokes energy equations.
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Figure 3: Temperature distribution in absorber Tube for Case-2

Case 2A: The serpentine routing clearly influences thermal development. Inlet zones remain cooler (blue to green), but central
zones, particularly the mid-sections, show higher intensity (yellow to red). The heating is non-linear due to flow redirection and
varying local flux inputs, creating localized temperature bands along the active segments.
Case 2B: The central zones show even higher intensity, with a significant portion of the main tube (MT) turning red, indicating
temperatures reaching 338 K and above. The preheater tubes (LPT1 and RPT1) also show a more pronounced temperature increase
(yellow-orange zones) compared to Case 2A.
Case 2C: The intensity decreases, but the overall temperature increase throughout the serpentine path is still evident, with extended
yellow-green regions across all tubes. The distribution is more spread out, showcasing the effect of broader ray interception.
Case 2D: The temperature increase is significantly lower compared to the other focal alignments, with most of the tubes remaining
in the blue-green range. This indicates less efficient energy capture due to significant misalignment, but still demonstrates some
thermal gain.

V. RESULTS AND DISCUSSION

The detailed ray tracing and thermal-fluid simulations provided comprehensive insights into the performance of the three-tube
serpentine receiver.

A. Angular Solar Heat Flux Distribution
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Figure 4: Angular Distribution of Reflected Solar Heat Flux on Tube Surface for Case-2
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Case 2A: At perfect focus, peak flux is largely captured by the central tube (MT), while lateral tubes (LPT1 and RPT1) receive
negligible heat due to sharp optical convergence. The MT shows a sharp peak in heat flux, reaching around 8500-8800 W/m2.

Case 2B: As focus is reduced, heat flux begins to spread towards LPT1 and RPT1, enhancing uniformity across all pipes. Tube 2
still dominates, but LPT1 and RPT1 receive about 70% of the peak flux, indicating better shared energy absorption. The peaks are
lower and broader for all tubes compared to the 100% focus case.

Case 2C: The heat flux distribution becomes even more spread out and the peak values for all tubes are further reduced. The three
tubes receive a more balanced, albeit lower, amount of solar energy, demonstrating the system's ability to distribute the thermal load
under misalignment.

Case 2D: At this level of misalignment, the flux profile is significantly flattened and reduced in magnitude across all three tubes.
The energy is highly diffused, but the multi-tube configuration still allows for some energy interception, preventing complete loss of
performance.

This progression shows that while ideal focus concentrates energy intensely on the main tube, slight defocusing allows the multi-
tube configuration to effectively spread the thermal load[15]. This distributed absorption pattern is beneficial for spreading thermal
stress and increasing the effective area of heating.

B. Temperature Contour Analysis and Outlet Temperatures
The thermal simulation results, processed using ANSYS Fluent, provide volume-averaged temperature profiles for the working
fluid[16]. The thermal efficiency (1) was calculated as:
n= mcp(Tout - Tin) /- Aap

The thermal efficiency is calculated using the energy balance equation. For Case-2B (90% focus):

m" = 0.03 kg/s, cp = 4180 J/kg'K, Toy = 340 K, Ti, = 300 K

q = 7000W/m?, Aabs = 0.1 m?

MCy(Tou — Tin) = 0.03 - 4180 - (340 — 300) = 5016W
n=15016/1000 - 2.64 ~0.728 or 72.8%
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Figure 5: Performance comparison of receiver tube cases for Case- 1
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For the Case 2, the Main Tube (MT) exhibits the highest temperature under all conditions, confirming its role as the primary heat
recipient. At 90% focus (Case 2B), the MT reaches an outlet temperature exceeding 340, which is higher than the single-tube case,
indicating enhanced performance due to energy redistribution. The preheater tubes (LPT1 and RPT1) show moderate heating
(around 320-322 K, represented by the blue and green bars respectively), demonstrating effective thermal spreading. The
temperature disparity between MT and LPT1/RPT1 reduces with decreasing focus percentage, highlighting more uniform energy
dispersion. This suggests that the three-tube configuration is more robust to focal misalignment compared to the single-tube design.

V. CONCLUSION
This study successfully investigated the optical concentration efficiency and thermal performance of a parabolic trough solar
collector integrated with a three-tube serpentine absorber under various focal alignment conditions. The combined modeling
approach using Siemens NX, COMSOL Multiphysics, and ANSY'S Fluent effectively linked geometric design, solar flux behaviour,
and fluid temperature distribution.
The ray tracing simulations confirmed that while perfect focal alignment leads to highly concentrated solar flux on the central tube,
this configuration also benefits from the spreading of reflected rays under slight misalignment. The three-tube design demonstrated
better tolerance to optical misalignment by capturing a broader portion of the distributed rays, thereby improving system resilience.
The thermal analysis revealed that the three-tube configuration, particularly at 90% focal alignment, achieved high outlet
temperatures in the main tube while effectively preheating the fluid in the adjacent serpentine paths. This indicates that the multi-
tube serpentine geometry not only enhances heat transfer but also provides structural and operational robustness under realistic solar
tracking errors.
The three-tube serpentine receiver offers tangible advantages, including improved fluid residence time, volumetric heating, and
distributed flux absorption, contributing to better thermal management. Its efficiency even at suboptimal focus makes it well-suited
for real-world conditions where solar incidence varies throughout the day.
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