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Abstract: In the present study, a 3D steady-state numerical analysis was performed to investigate
forced convection heat transfer within a horizontal smooth tube carrying a heat transfer fluid (HTF) (a
thermal oil, in this analysis) with turbulent flow and azimuthally non-uniform heat flux (NUHF). The
effect of heat flux non-uniformity on the average Nusselt number, in relation to tube material
conductivity and thickness, was examined through a conjugate heat transfer analysis. The analysis was
conducted using the SST k — w turbulence model for a Reynolds number ranges from 10,000 to 110,000,
and fluid Prandtl numbers of 7.25, 0.3566, and 15.74, reflecting possible operating temperatures, in
ANSYS Fluent software 18.2. A comparison was made between the average Nusselt number for
various azimuthally NUHF distributions and for an azimuthally uniform heat flux (UHF).
Subsequently, the effect of tube material conductivity and thickness on the average Nusselt number
under azimuthally NUHF distribution was numerically investigated. The results show that the
deviation of the Nusselt number with NUHF from that with UHF can exceed 84%. The findings
specifically prove and highlight that the assumption of azimuthal heat flux uniformity on an absorber
tube of a parabolic trough solar collector, made by many researchers, may lead to significant inaccuracies.
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Nomenclature: C: coefficient; D: tube diameter (m); Gr: Grashof number; h: convective heat
transfer coefficient; k: turbulent kinetic energy; Nu: Nusselt number; p: pressure; Pr: Prandtl number;
q': heat flux (W/m?); Re: Reynolds number; Ri: Richardson number; u: velocity; v: velocity

Greek symbols: a: thermal diffusivity, exponent; €: turbulent dissipation; 6 : azimuthal angle of
insulation (°); u: dynamic viscosity; v: kinematic viscosity; p: density; w : specific turbulent
dissipation rate (turbulence frequency)

Subscripts and superscripts: D: diameter; k: turbulent kinetic energy; nu: non-uniform heat flux; t:
turbulent; u: uniform heat flux; w: specific turbulent dissipation rate

Abbreviations: CFD: computational fluid dynamics; HTF: heat transfer fluid; /ns.: insulated; LCR:
local concentration ratio; NUHF : non-uniform heat flux; PTSC: parabolic trough solar collector;
RANS: Reynolds-averaged Navier-Stokes; REAL: realizable; RNG : renormalization groups; SST':
shear stress transport; STD: standard; UHF: uniform heat flux

1. Introduction

Analyses of convective heat transfer in tubes have always been of great interest to scientists and
technologists, considering factors such as boundary conditions, fluid type, flow regime, and the tube
size and position (horizontal, vertical, or inclined). Due to the wide range of applications for horizontal
fluid-carrying tubes, such as in the parabolic trough solar collector (PTSC) industry, it has become
critically important for scientists to investigate horizontal tubes under various thermal and
hydrodynamic conditions. PTSCs (Figure 1), as a sustainable and environmentally friendly means of
clean electricity production [1], stand out among other clean and renewable energy technologies as
one of the most promising alternatives to pollution-inducing industries, such as those driven by fossil
fuels (where “every gas flare is a super heater against climate”), contributing to global warming. The
absorber tube of a PTSC, as a typical example of a horizontal tube subjected to azimuthally non-uniform
solar heat flux, is the primary focus of the current research. An absorber tube, which carries a heat
transfer fluid, is positioned at the focal line of the PTSC’s reflecting mirror [1]. As a result, the bottom
part of the absorber tube experiences higher concentrated solar irradiation from the reflecting mirror,
while the top part is only exposed to direct solar irradiation. This phenomenon clearly illustrates the
non-uniform azimuthal solar heat flux around the absorber tube. A substantial number of studies have
investigated the thermal efficiency of PTSCs using numerical [2—4], experimental [5—7], and analytical
and theoretical [8—10] methods. In many numerical and nearly all analytical and theoretical analyses,
the thermal behavior of PTSC absorber tubes has been evaluated based on the assumption of UHF
distribution for the sake of calculation simplification [11-13]. Consequently, conventional correlations,
such as the Dittus-Boelter equation, have been employed to calculate the Nusselt number [8,14—-16].
However, in most numerical analyses, the specific effects of azimuthally NUHF on the Nusselt number
and the convective heat transfer coefficient have been taken into account. Equation (1) represents the
general definition of the Nusselt number, which relates the Nusselt number to the convective heat
transfer coefficient of the fluid [17]:
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Figure 1. Schematic view of a parabolic trough solar collector (PTSC).

The effect of solar heat flux non-uniformity on the thermal efficiency of PTSCs is so considerable
that some works not only considered this effect but also suggested the application of a rotating absorber
tube to decrease it and consequently increase PTSC thermal efficiency [18-21]. The critical question
raised here is how much error arises from the spurious assumption of solar heat flux uniformity in
calculating the thermal efficiency of PTSCs. As is the aim of the current study, various researchers
have already analyzed horizontal fluid-carrying tubes under different thermal boundary conditions.
Adebiyi and Hall [22] launched an experimental analysis into heat transfer to supercritical and
subcritical pressure CO2 flowing through a uniformly heated horizontal pipe, within a Reynolds
number range of 2 x 10* to 2 x 10°. The results showed that, due to buoyancy effect, considerable
decreases and increases in heat transfer are observed at the upper part and the lower part of the pipe,
respectively, compared with the data in which buoyancy effects are not considered. Ghajar and Tam [23]
investigated local and mixed convective heat transfer in a horizontal tube, within the Reynolds number
range from 280 to 49,000, Prandtl number range from 4 to 158, and Grashof number range from 1000
t0 2.5 x 10°, regarding three inlet shape types, 1.e., reentrant, bell-mouth, and square-edged inlets. The
main results indicated that the secondary flow establishment, the heat transfer coefficient, and the heat
transfer transition regions and boundaries were all strongly inlet-dependent. The correlation for
fully-developed forced convection in the transition and turbulent regions for a bell-mouth inlet was in
excellent agreement with the classical correlations developed by Gnielinski [24] and Churchill [25].
However, neither of the above-mentioned classical correlations were able to predict the mixed
convection for the entrance and fully developed flows in the laminar and transition regions, regarding
the inlet configurations. Boufendi and Afrid [26] conducted a numerical analysis of mixed convection
in a uniformly heated horizontal pipe under various Grashof numbers and constant Prandtl and
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Reynolds numbers (Pr=3.02 and Re = 1000). The results showed that the local axial Nusselt number
decreases along the entrance region and increases downstream. Mohammed and Salman [27]
experimentally investigated mixed convection in a uniformly heated horizontal circular cylinder with
hydrodynamically fully developed, thermally developing, and thermally developed laminar air flow,
regarding various entrance sections. The results showed that for all entrance sections, the Nusselt
number increases as the UHF increases. In the same year, Grassi and Testi [28] performed a study on
mixed convection in the entry region of a uniformly heated horizontal cylindrical pipe with a weakly
turbulent flow of perfluorohexane. The results showed that at the lower region, at a fixed flow rate and
heat, the Nusselt number decreased in the developing flow region along the pipe and remained almost
the same in the developed flow region, while at the upper region, the Nusselt number decreased along
the aforementioned distance, with a developing flow region for the upper part. About one year later,
Mohammed and Salman [29] performed an experimental study on hydrodynamically fully developed
and thermally developing laminar free and forced convection in a uniformly heated horizontal tube,
with Reynolds numbers ranging from 400 to 1600, UHF ranging from 60 W/m? to 400 W/m?, and
Richardson numbers ranging from 0.13 to 7.125. It was concluded that, for the same heat flux and high
Reynolds number, the local Nusselt number, in forced convection domination, is lower than that pure
forced convection, and vice versa due to natural convection domination. Testi [30] conducted a
numerical analysis of transitional mixed convection in a uniformly heated horizontal cylindrical pipe
with developing flow of FC-72. Heat transfer measurements were taken at various cross-sections along
the tube. The difference between the Nusselt numbers at the top and bottom sides was more evident at
higher Grashof numbers, lower Reynolds numbers, and higher X/D . Chae and Chung [31]
experimentally investigated mixed convection in uniformly-heated horizontal pipes for Grashof
numbers from 1.4 x 10° to 2.6 x 10, Reynolds numbers from 58 to 1270, and a fixed Prandtl number
of 2094. The experimental results agreed well with the existing theoretical correlations for mixed
convection, showing that the Nusselt numbers from the top half and the bottom half of the pipe were
different due to the different thermal stratification caused by the secondary flow. Faheem et al. [11]
performed a numerical study on turbulent mixed convection of air flow in uniformly heated smooth
horizontal pipes with Reynolds and Richardson numbers of 2300 and 1.04, respectively. They utilized
five RANS turbulence models available in ANSYS Fluent: STD k — ¢, REALk — ¢, RNGk — ¢,
STD k — w, and SST k — w models. STD k — € and REAL k — € models yielded more accurate results
in predicting the Nusselt number and temperature in the inner region of the pipe.

Several studies have also investigated the effect of azimuthally NUHF in various heat transfer
analyses in tubes, a few of which, inter alia, have already focused on the heat transfer analysis of a
horizontal fluid-carrying tube with turbulent flow, examining the effect of azimuthal heat flux
non-uniformity on convective heat transfer. Reynolds [32] conducted analytical research into turbulent
heat transfer in a tube with variable azimuthal heat flux. The research was specifically based on a low
Prandtl number turbulent (gas) flow with isotropic heat transfer. The results revealed that the effects
of azimuthally NUHF in turbulent flow are considerable and more prominent than those in laminar
flow, particularly at low Prandtl numbers. Black and Sparrow [33] experimentally investigated
turbulent heat transfer in a tube with azimuthally non-uniform temperature and wall heat flux. Their
experimental and analytical results on the average Nusselt number were in strong agreement with each
other. The results were also close to those predicted by the Dittus-Boelter equation, though not in
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complete agreement. Schmidt and Sparrow [34] performed an experimental study on turbulent flow of
water in a horizontal tube with azimuthally NUHF, for Reynolds numbers ranging from 3,000 to 70,000
and varying Prandtl numbers from 3.5 to 11.5, with and without considering buoyancy effect. The
results demonstrated that bottom heating significantly induced buoyancy effect at low Prandtl numbers,
while the top-heated experiments were not affected by buoyancy. Additionally, substantial azimuthal
variations of the Nusselt number and the wall temperature occurred in low-Reynolds-number,
buoyancy-unaffected turbulent flows, while buoyancy-affected flows tended to increase azimuthal
uniformity due to the existence of secondary flow. About one year later, Knowles and Sparrow [35]
conducted experiments on heat transfer in an asymmetrically heated tube with turbulent airflow, within
Reynolds numbers from 4,400 to 64,000. The results showed that, at low Reynolds numbers, the
Nusselt number agreed well with that for uniform heating conditions (i.e., Dittus-Boelter and
Petukhov-Popov correlations). However, at higher Reynolds numbers, azimuthal variations of the
Nusselt number increased due to the effect of azimuthal conduction in the tube wall. It is noteworthy
that the tendency toward greater non-uniformity due to increasing Reynolds number, in spite of the
tendency toward heat flux uniformity due to the tube wall conduction, in the above-mentioned airflow,
is contrary to the trend observed in experiments with water flow, such as the one Schmidt and Sparrow [34]
performed. In the same year, Chieng and Launder [36] performed a numerical simulation of turbulent
transport in flow through an asymmetrically heated pipe. They took into consideration the anisotropy
of turbulent thermal diffusivities, regarding Black and Sparrow’s study. The results revealed that the
azimuthal variation of the Nusselt number diminishes as the fluid Prandtl number increases, due to the
turbulent transport within near-wall fluid layers indicative of the largest anisotropy promoting
azimuthal uniformity. However, azimuthal diffusion in near-wall regions showed to be of little
importance for gaseous flow. Zeitoun [37] conducted a numerical investigation on fully developed
laminar convective heat transfer in a partially heated pipe. The results revealed that the Nusselt number
decreased as the angle of the heated portion of the tube surface increased, and it finally approached the
Nusselt number value for a uniformly heated tube, as one might anticipate. Shen et al. [38]
experimentally investigated convective heat transfer of molten salt flow with Reynolds numbers
ranging from 10,000 to 67,000 and Prandtl numbers ranging from 4.5 to 8 in a circular tube under
NUHF. The results showed that, under the above-mentioned conditions, the average Nusselt number
is minimally influenced by heat flux non-uniformity. Okafor [39] conducted a numerical study on the
influence of azimuthally NUHF on the heat transfer of an absorber tube with a thermal conductivity
of 16.27 W/mK, adopting the k — € model to analyze turbulent flow with a Reynolds number ranging
from 4,000 to 210,000, and employing a physical model in which the absorber tube is azimuthally
divided into 36 segments for heat flux non-uniformity simulation. The results indicated that the average
internal heat transfer coefficient, under the above-mentioned conditions, was not affected by heat flux
non-uniformity. Zeitoun [40] numerically investigated fully developed laminar forced convective heat
transfer in a partially heated tube. The results revealed how the Nusselt number decreases with the
increase in peripheral heating angle and increases with the increase in tube wall thickness. Okafor et al. [41]
investigated the influence of NUHF on convective heat transfer in a tube with secondary buoyancy-driven
laminar flow. It was found that the average internal heat transfer coefficient increased with the NUHF
intensity, the incident heat flux angle span, and the inlet fluid temperature. Huang et al. [42] performed
a numerical study on combined natural and forced convection in the fully developed turbulent region
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of a non-uniformly heated horizontal tube for a Reynolds number range from 2 x 10* to 10°, Prandtl
number of 1.5, and Grashof number ranging from 0 to 10'2. The results showed that the Nusselt
number of turbulent mixed convection for non-uniformly heated tubes was larger than that for
uniformly heated tubes. Okafor et al. [43] numerically investigated the influence of non-uniform
azimuthal heat flux on a horizontal tube with a turbulent mixed convection regime. The results showed
that the internal heat transfer characteristics are affected by buoyancy-driven secondary flow for
Reynolds numbers lower than 9100. However, contrary to the aforementioned studies, the results
indicated that the internal heat transfer coefficients and correlations are independent of azimuthal heat
transfer intensities and distributions for Reynolds numbers higher than 9100. In another study,
Okafor et al. [44] launched an investigation into laminar mixed convection in a non-uniformly heated
horizontal tube, for a Reynolds number range from 130 to 2000. The results showed that, due to
buoyancy effects, the internal heat transfer coefficient increased as the azimuthally NUHF span
increased. Seco-Nicolas et al. [45] conducted a numerical study on laminar forced-convection heat
transfer within a tube with steady-state and asymmetric thermal boundary conditions. They considered
axial fluid conduction and wall thickness conduction effects in their analysis, maintaining a constant
external temperature on the upper side and insulating the lower side of the tube. It was found that
different temperature values exist for different azimuthal angles due to the asymmetric thermal
conditions. An experimental study on the convective heat transfer in a turbulent liquid metal flow
through a tube with azimuthally inhomogeneous heat flux was recently performed by Laube et al. [46].
For a Peclet number range from 1400 to 3600, it was revealed that the azimuthally averaged Nusselt
number was not influenced by azimuthally inhomogeneous heat flux, and thus, the correlations for
azimuthally UHF could be applied to predict the case of inhomogeneous heat flux.

This study specifically focuses on investigating the forced-convection heat transfer within a PTSC
absorber tube regarding its characteristic flow behavior and boundary conditions, while few of the
above-mentioned studies, inter alia, have focused on the thermal behavior of the flow inside a tube
exposed to azimuthally NUHF, especially a horizontal tube flow [45], as in a PTSC absorber tube. The
current study employs a model to analyze the conjugate heat transfer within a PTSC absorber tube with
a turbulent forced-convection heat transfer and under azimuthally NUHF.

This study aims to further elucidate the influence of azimuthally NUHF distributions on
forced-convection heat transfer (Nusselt number and convective heat transfer coefficient) in a smooth
horizontal tube. Additionally, the effect of tube material conductivity and thickness on the convective
heat transfer is analyzed. The analysis is conducted for turbulent flow within a Reynolds number range
from 10,000 to 110,000 and Prandtl number values of 7.25, 0.3566, and 15.74. This Reynolds number
range corresponds to the typical turbulent regime relevant to the intended applications, such as PTSCs,
as reported in relevant studies [6,16,47]. The selected Prandtl numbers are assumed to be in the same
order of magnitude as those from similar research [48-50], representing thermal oils' commonly
employed as heat transfer fluids and their possible operating temperature ranges in this study. The tube
wall thickness and diameter are considered to be 3 mm and 60 mm, respectively, as in most of the
abovementioned research [51-53], where tube diameters are of similar magnitude, and tube thickness

! Behran Oil brand is considered as the thermal oil in the current research.
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are sufficiently small (up to 3.5 mm) that wall conduction resistance can be neglected. The length-to-diameter
ratio for the tube is approximately 166, ensuring fully developed flow according to [36]. The tube
material used for the core calculations is stainless steel 316 (AISI 316), as commonly applied in the
aforementioned studies [14,52,54].

To achieve azimuthally NUHF distributions around the tube, the tube is divided into as many
equal sections as computational cost allows, while ensuring the desired accuracy of results. In this
study, this corresponded to eight sections. Various degrees of azimuthal non-uniformities are created
by insulating some sections while heating others. The heat flux applied over the tube surface is
presumed to vary from 10,000 W/m? (i.e., azimuthally UHF), to 80,000 W/m? (i.e., the most
azimuthally NUHF). This range of heat flux covers several applications, including PTSCs, whose
common azimuthal heat flux seldom exceeds 50,000 W/m? [51,53,54], depending on the local
concentration ratio (LCR) distributions. The buoyancy effect is neglected since the Richardson number
is very small (< 0.05), indicating only forced convection with no secondary flow emergence in the tube [55].
Equation (2) represents the general definition of the Richardson number [43].

. Gr
Ri = Re? 2)
where Gr and Re are the Grashof and Reynolds numbers, respectively.

The effect of various states of heat flux non-uniformities on the average Nusselt number and
temperature distribution is extensively investigated in the current study. In addition, the study
examines how both the tube wall material conductivity and thickness significantly influence the
deviation of the average Nusselt number with azimuthally NUHF from that with azimuthally UHF. In
some numerical studies, such as [56], it has been concluded that numerical results for the average
Nusselt number are in good agreement with conventional correlations, such as the Dittus-Boelter
equation, regardless of factors such as Reynolds number range, absorber tube material, and PTSC LCR
distribution (for solar collector applications), which indicates the degree of azimuthal heat flux
non-uniformity around the absorber tube. In other words, with respect to these parameters, a
categorical or generalized conclusion regarding the agreement or deviation of numerically obtained
Nusselt numbers from conventional correlations is no longer justified. In other words, unlike other
studies, the present study thoroughly addresses the effect of the aforementioned parameters on both
the deviation and agreement stated above. Finally, a Nusselt number deviation analysis focused on
PTSCs is conducted to emphasize the significance of the study model and results. Taken as a whole,
the current study results, obtained through a conjugate heat transfer analysis of a PTSC absorber tube,
clearly show the critical importance of taking into consideration the non-uniformity of the solar heat
flux around the absorber tube in relation to the above-mentioned parameters. In fact, the study results
comprehensively show how the assumption of azimuthal heat flux uniformity for an absorber tube of
a parabolic trough solar collector, as made by many researchers, may lead to remarkable inaccuracies.
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2. Model description
2.1. Governing equations and boundary conditions
Assuming an incompressible fluid with steady-state turbulent flow and uniform inlet velocity in

a circular tube with temperature-independent constant material properties, and considering the purpose
of the current study, the governing equations are expressed as follows [57]:

Continuity equatlon -— (rvr) + —5 (vg) +- (vz) =0 3)
. 1 10 X
r momentum equation: (V - V)v, — ;vé = — ;f + g, + v(V?v, — :—2 — r—zﬁ) 4)
vy _ _10p 2 4 200 _ v
6 momentum equation: (V - V)vg+ 7 36 +gotvVv (V Vg + 5o r2) (5)
z momentum equation: (V - V)v, = — la—p + g, + v(V?v,) (6)
Energy equation: pc,[(V - V)T] = kV?T + ,u[2 (€2 + €Gg + €2,) + €5, + €24 + Erg] (7)
In all above-mentioned equations [57],
a 1 0 ad

V V=1 —+ =1, — _
Vrar TV gg Tz g,

10 0 N 1 02 N K
r(r6r> r2002%2  0z2

avr 1 dvg . avz 10v, , dvg, __0v, | 0v, 1 6vr dvg Vg

frr = 5 €00 T 10 7’622_ 02202 = 750 T o 2 T 0, T o 9 T %0 Ty T

The transport equations of turbulence kinetic energy (k) and turbulence frequency (w) can be
found in [58].

In these equations, p is density, p is pressure, v is velocity, v is kinematic viscosity, g is
gravitational acceleration, 7 is the radial distance in cylindrical coordination or tube radius, z is the
axial distance in cylindrical coordination, 6 is the angular measure in cylindrical coordination, k is
thermal conductivity, and c,, is the specific heat capacity at constant pressure.

To simulate azimuthally non-uniform boundary heat flux in the absorber tube of a PTSC, a
simplified local concentration ratio distribution (LCR) is assumed. Consequently, a simplified
azimuthal NUHF profile is used, with one heated span and one adiabatic span along the tube
circumference, following the approach of Malekan et al. [59]. In their work, the complex NUHF profile
was approximated using a simplified representation, introducing an error of less than 5%. This
simplification, contrary to the assumptions in which the non-uniformity of the heat flux around the
absorber tube is totally ignored, retains the validity of the NUHF assumption while ensuring a small
error. This approximation clearly justifies the model employed in the current study regarding the
various NUHF boundary conditions applied to the absorber tube.

Furthermore, the present model effectively describes convective heat transfer within absorber
tubes of PTSCs with various LCR distributions. By considering PTSC local concentration ratio (LCR)
distributions, which depend on geometric features of PTSC, such as collector aperture width, rim angle,
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and absorber tube diameter, the model can analyze various azimuthally non-uniform boundary heat
flux distributions [60]. For this study, the collector aperture width and absorber tube diameter are
constant, while various rim angles are assumed. As studied by He et al. [61] and Agagna et al. [62],
rim angles influence LCR distributions and NUHF distribution around the absorber tube. Accordingly,
this study considers multiple NUHF states arising from different rim angles. Beyond solar thermal
applications, this model generalizes to other industrial applications, such as heat exchangers [63]. By
simulating azimuthally non-uniform boundary heat flux distributions, the model enables the analysis
of various non-uniformity states, each with one heated span and one adiabatic span. This versatility
highlights the model’s advantages compared to others.

2.2. Numerical method

As a model capable of addressing near-wall shear stress and heat transfer, the SST k — w model
is employed in this study as an ideal turbulence model to analyze forced convection heat transfer and
the average Nusselt number in the tube. In other words, since the accuracy in calculating near-wall
parameters, such as the average Nusselt number, plays a key role in the current research, the SST k — w
model is preferred as a strong model capable of y'-sensitive wall treatment [58]. The use of the
SST k — w turbulence model was also shown to be more suitable than other RANS models for
describing tube wall heat transfer, characterized by the Nusselt number [11].

A three-dimensional CFD analysis using the finite volume method is performed in ANSY'S Fluent 18.2
software to simulate the model. First, two tube geometries were designed in ANSYS DesignModeler:
one with a very small thickness and negligible thermal conduction resistance, and the other with no
thickness consideration. These geometries were then transferred to ANSYS ICEM CFD. Subsequently,
the tube was azimuthally divided into eight equal sections, i.e., eight wall sections of 45° of the tube
perimeter, to simulate non-uniformity states of azimuthal heat flux. After sectioning the tube, an O-grid
treatment was performed to produce a high-quality mesh. Finally, as shown in Figure 2, grids were
generated within both the fluid and the solid domains of the tube. The mesh size and quality were
examined accurately by exporting the mesh quality factor, showing the minimum quality of 0.664 and
the maximum quality of 0.996 out of 1, for the worst-meshed parts and the best-meshed parts,
respectively. The meshed tube was then transferred to ANSYS Fluent for numerical calculations. For
these simulations, the SIMPLE algorithm suggested by Patankar and Spalding [64] was applied to
couple pressure and velocity. A second-order upwind scheme was used to discretize the momentum,
energy, k, and w equations. The Green-Gauss node-based method was employed to compute gradients.
The convergence absolute criteria for the solution of the above-mentioned equations were all set based
on a residual value of 10%, which showed good accuracy. The accuracy was verified by monitoring
one thermal property, such as the tube outlet temperature, and confirming that it remained constant
beyond a certain iteration. To control the update of computed variables at each iteration, the under-relaxation
factors were set to 0.3 for the pressure variable, 1 for density, body forces, turbulent viscosity, and
energy variables, and 0.8 for turbulent kinetic energy and specific dissipation rate.

AIMS Energy Volume 13, Issue 6, 1391-1416.
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Figure 2. Partially depicted meshed solid and fluid domains of the tube, including
thickness, used in the numerical solution.

2.3. Grid independency

In order to ensure the accuracy of the numerical results, grid independency tests were performed
for Nusselt number of Re=10,000, Re =60,000, and Re=110,000, with an azimuthal UHF of
q = 10,000 W/m? As presented in Table 1 to 3, grid independencies were achieved for the Nusselt
number at Re=10,000, Re =60,000, and Re= 110,000 after three, two, and four program runs,
respectively. The results yielded Nu = 63.515 with a total node count of 2,726,800, Nu = 345.069 with
a total node count of 1,562,700, and Nu = 583.898 with a total node count of 3,548,896, respectively.
The grid independency tests showed a Nusselt number value difference percentage on the order of 107>
or 103, which is satisfactorily small.

Table 1. Grid independency test results for the Nusselt number at Re = 10,000.

Total number of nodes Nu |M| % 100
Nuj,q

851,400 63.116 -

1,562,700 63.513 0.625

2,726,800 63.515 0.003

Table 2. Grid independency test results for the Nusselt number at Re = 60,000.

Total number of nodes Nu |M| x 100
Nujyq

851,400 345.030 -

1,562,700 345.069 0.01

AIMS Energy

Volume 13, Issue 6, 1391-1416.
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Table 3. Grid independency test results for the Nusselt number at Re = 110,000.

Total number of nodes Nu |M| x 100
Nu;yq

851,400 586.335 -

1,562,700 584.544 0.30

2,726,800 583.563 0.16

3,548,896 583.898 0.05

2.4. Code validation

To validate the numerical CFD results of the present study, the numerical results obtained for the
average Nusselt number with azimuthally UHF are compared with the Dittus-Boelter and Gnielinski
correlations. The Dittus-Boelter and Gnielinski equations are expressed as follows, respectively [17]:

Nu =0.023Re®8pr04 (8)

Ny — (f /8)(ReD1—1000)PT ©)

1+12.7(f/8) /Z(Pr2/3—1)

where f is the friction factor and is calculated using the Petukhov correlation [17]:

f = (0.790 In Rep — 1.64)~2 (10)
700
—&— Dittus-Boelter correlation
600 ||—&— CFD results
—#— Gnielinski correlation
500
400
=
-4
300
200
100
0
0 20000 40000 60000 80000 100000 120000

Re

Figure 3. Validation and comparison of CFD Nusselt number values with the Dittus-
Boelter and Gnielinski equations vs. Reynolds number, regarding a uniform heat flux.
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All the numerical results obtained for the average Nusselt number with UHF at various Reynolds
numbers, along with the corresponding Nusselt number values from the Dittus-Boelter and Gnielinski
equations, at Pr=7.25, are depicted in Figure 3. As observed, the numerical results at certain Reynolds
numbers are in nearly complete agreement with the Dittus-Boelter equation and, to some extent, with
the Gnielinski equation. However, the numerical results for the Nusselt number show better agreement
with the Dittus-Boelter equation than with the Gnielinski equation. On average, there is a Nusselt
number deviation error of approximately 7% from the Dittus-Boelter equation across the entire
Reynolds number range. This deviation indicates satisfactorily accurate CFD results regarding the
maximum possible errors of 25% and 10% that may arise from using the Dittus-Boelter and Gnielinski
equations, respectively [17].

3. Results and discussion
3.1. Average Nusselt number for Pr = 7.25

Regarding the equal tube wall sections of 45° mentioned above, Table 4 presents seven heat flux

non-uniformity states in addition to one UHF state for the tube. The total heat transfer rate received by
the tube is assumed to remain constant for all states, as per the study assumptions. For instance, in
the 135°-insulated state, an azimuthal heat flux of 16,000 W/m? is applied to the 225°-heated span,

while a flux of 10,000 W/m? is assumed for the UHF state, ensuring the total heat transfer rate remains
constant across all seven aforementioned states.

Table 4. Insulated and heated tube spans, regarding heat flux distributions onto the heated
spans, with a constant total heat transfer onto the tube.

Insulated span angle, 8 (°) 0 45° 90’ 1357 180" 225 2700 315
Heated span angle (°) 360" (UHF) 315 270° 225" 180" 135 90’ 45°
Heat flux, ¢ (W/m?) 10,000 11,428.57 13,333.33 16,000 20,000 26,666.66 40,000 80,000

Figure 4 illustrates the Nusselt number variation against the Reynolds number for all previously
mentioned heat flux non-uniformity states, as well as the heat flux uniformity state. As shown in Figure 4,
the Nusselt number values in NUHF states are consistently lower than that in the UHF state.
Furthermore, it is observed that the Nusselt number in NUHF states decreases as the insulation span
angle increases. For instance, the Nusselt number deviation at the Reynolds number value of 50,000,
for various insulation angles of 45°, 135°, 225°, and 315°, is 3%, 13%, 26.34%, and 39.56%,
respectively. It should be noted that the insulation span and the heating span in each NUHF state are
independent of their location on the tube circumference, as the buoyancy effect is negligible. Figure 4
also shows that the deviation of the Nusselt number in NUHF states from that in the UHF state is more
remarkable in higher Reynolds number values. This decrease in the Nusselt number values at higher
Reynolds numbers is due to the varying temperature gradient. As a case in point, the Nusselt number
deviation at the insulation angle of 135°, at various Reynolds number values of 10,000, 35,000, 50,000,
and 110,000, is 3.5%, 9.2%, 13%, and 15.5%, respectively. Additionally, it should be mentioned that
these Nusselt number reductions, due to the heat flux non-uniformities, may remarkably influence the
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collector’s performance. In other words, as mentioned by Jamali [65], the reduction in the Nusselt
number value will result in a decrease in PTSC thermal efficiency, and consequently, a decrease in the
collector performance. Figure 5 provides a schematic cross-sectional representation of the azimuthal

insulation angle (8) around the tube.

700
—8— UHF
[ o_Ins.
600 NUHF (45°-Ins.)
NUHF (90°-Tns.)
- 4 — NUHF (135°Ins.)
500 - A~ NUHF (180°Ins.) _A
—A— NUHF (225°Ins.) -5 a
400 —A: — NUHF (270°-Ins.) Lt .
= —a - NUHF (315°Ins.) T A
E - ’A - - ' -
el
AT
LA
200
100 .f;éf/"
0
0 20000 40000 60000 80000 100000 120000

Re []

Figure 4. Comparison of CFD Nusselt number values under uniform heat flux and various
non-uniform states versus Reynolds number for a tube made of AISI 316 (Pr = 7.25).

0

7N

Figure 5. Schematic view of a tube cross-section with insulation angle span.

A new general correlation for the Nusselt number was developed, applicable for both UHF and
NUHEF states under the current study conditions. The Nusselt number correlation obtained is as follows:
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NuNUHF - NuUHF - B X Rea @PT - 7.25 (11)

where B coefficient and a exponent correlations were both obtained as functions of the insulation span
angle (0). Both B and a are thermal parameters, which depend on the azimuthal heat flux non-uniformity.
These were derived by plotting a power regression trendline and a polynomial trendline, respectively,
using the least squares method, which yielded a high R-squared value of more than 0.99, as depicted
in Figure 6. This high R-squared value indicates the high precision of the correlations. The
formulations obtained are as follows:

B(H) = 7 x 10713 x 929417 (12)

a(6) = (4 x 107%)62 — 0.00226 + 1.7602 (13)

1.7

0.000014
1.65 0.000012
16 0.00001

0.000008

a[]

1.55

B[]

0.000006

1.5
0.000004

145 0.000002

1.4 0
0 100 200 300 400 0 100 200 300 400
o] a[°

(a) (b)

Figure 6. (2) Exponent and (b) Coefficient of the Nusselt number correlation, as functions
of insulation span angle.

Equation (11) clearly illustrates the trend of the Nusselt number deviation under NUHF conditions

relative to that under uniform heat flux, as a function of the tube’s insulation span angle.
3.2. The effect of the Prandtl number

In section 3.1, the Nusselt number deviation under various degrees of heat flux non-uniformity
and different Reynolds numbers, relative to the Nusselt number under UHF, was comprehensively
discussed for a Prandtl number of 7.25. In this section, a concise discussion is provided for two other
Prandtl numbers, i.e., 0.3566 and 15.74. Figures 7 and 8 demonstrate the Nusselt number deviation at
various degrees of heat flux non-uniformity and Reynolds numbers for Prandtl numbers of 0.3566
and 15.74, respectively. Figures 7 and 8, along with Figure 4, clearly illustrate that higher deviations
of the Nusselt number are observed at higher Prandtl number values. As a matter of fact, the average
Nusselt number is more sensitive to the heat flux non-uniformity degree under higher Prandtl numbers
than in lower ones. In other words, the average Nusselt number is more sensitive to the degree of heat
flux non-uniformity at higher Prandtl numbers than at lower ones. When momentum transfer
dominates over heat transfer within the fluid, the effect of this non-uniformity on the deviation of the
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average Nusselt number under NUHF state from that in UHF state is more significant. Consequently,

at higher Prandtl numbers, the assumption of azimuthal heat flux uniformity on an absorber tube of a

PTSC may lead to inaccurate results.
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Figure 7. Comparison of CFD Nusselt number values under uniform heat flux and various

non-uniform states versus Reynolds number for a tube made of AISI 316 (Pr=0.3566).
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3.3. The effect of tube material conductivity and thickness

Almanza et al. [66] conducted experimental research into the effects of tube thermal conductivity
on the temperature difference within tube walls, heat transfer, and mechanical problems. Flores et al. [67]
presented a bimetallic absorber tube (copper-steel) that improves heat transfer and minimizes
mechanical problems. In another study, they employed another bimetallic absorber tube (Cu-Fe) under
transient conditions and stratified two-phase flow, with the purpose of mitigating mechanical problems.
Wang et al. [68] performed a numerical analysis of receiver tubes made of various materials (aluminum,
copper, silicon carbide, and stainless steel), showing how thermal conductivity significantly reduces
the mechanical stress failure in the tube.

In the current study, as Figure 9 clearly reveals, the tube material conductivity and thickness
significantly influence the average Nusselt number with azimuthally NUHF. Figure 9 presents the
variation of the Nusselt number with Reynolds number for the most azimuthally NUHF distribution (315°

insulated), considering five tube materials: pure aluminum (k = 237 W/mK), pure nickel (k = 90.7 W/mK),
carbon steel AISI 1010 (k=63.9 W/mK), stainless steel AISI 316 (k=17.5 W/mK), and
Nichrome (k =12 W/mK), in along with a tube without thickness.

The results show that pure aluminum with higher thermal conductivity exhibits only a small
deviation between the Nusselt number with azimuthally NUHF and that with azimuthally UHF. For
Nichrome, having lower thermal conductivity, there is a large deviation between the Nusselt number
with azimuthally NUHF and that with azimuthally UHF. It is also observed that deviations are smaller
at lower Reynolds numbers and increase with Reynolds number, as in the case of the aluminum tube,
where the deviation at lower Reynolds numbers is negligible due to its very high conductivity. Hence,
the Nusselt number deviation is more pronounced for materials with lower conductivity and at higher
Reynolds numbers. The negligible deviation in lower Reynolds numbers for pure aluminum indicates
near-complete agreement between the NUHF and UHF Nusselt numbers. However, there is no such
agreement observed for very-low-conductivity materials, such as Nichrome alloy, even at lower
Reynolds number values. In other words, small Nusselt number deviations in high-conductivity tubes
and large Nusselt number deviations in very-low-conductivity tubes reflect the very low and very high
temperature gradient variations within these materials, respectively. It should also be mentioned that
other factors related to tube material may influence heat-flux uniformity, but these fall outside of the
scope of this research. For example, the application of high-conductivity coatings is worth further
research, as evaluated by Jamali [69], although focused only on PTSC radiation heat transfer.

Additionally, for the tube with no thickness consideration, the Nusselt number deviation from that
with UHF is the largest among all configurations, regardless of thermal conductivity. As a case in point,
for a fluid with Pr = 7.25 and Re = 60,000 in a 315°-insulated tube, the average Nusselt number
deviation values for the tube materials of Al, Ni, AISI 1010, AISI 316, Nichrome, and no-thickness
tube are 2.8%, 12.35%, 16.8%, 40%, 45.9%, and 84.7%, respectively.
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Figure 9. The effect of tube material conductivity and thickness on the deviation of the
Nusselt number with non-uniform heat flux (for the 315°-insulated tube) from the Nusselt
number with uniform heat flux vs. Reynolds number (Pr = 7.25).

3.4. Nusselt number deviation analysis

In this section, the Nusselt number deviation under NUHF conditions, relative to the UHF
condition, is analyzed with respect to the application of the current study results, with an emphasis on
PTSCs, to better elucidate the importance of the results. As mentioned earlier, several studies have
already been conducted on PTSCs’ thermal efficiency and have assumed a UHF around collector
absorber tubes for simplicity, despite the fact that the azimuthal heat flux is non-uniform in reality.
Consequently, the analytically predicted thermal efficiencies may contain considerable errors,
especially when the assumption of flux uniformity does not hold, such as in absorber tubes with large
surface regions with no reflected solar irradiation from the PTSC mirror. The present results and
technical procedure comprehensively address this issue, demonstrating that a Nusselt number
deviation caused by assuming heat-flux uniformity is significant, depending on the degree of heat flux
non-uniformity and the Reynolds and Prandtl numbers.

For this analysis, an absorber tube made of AISI 316 material is assumed. All other specifications
of the absorber tube and the heat transfer fluid are assumed to be exactly the same as those in the main
study. To investigate average Nusselt number deviation, the problem is examined at various Reynolds
and Prandtl numbers and degrees of heat flux non-uniformity. Eqs (14) and (15) represent the general
definitions for the Prandtl and Reynolds numbers, respectively [17].

v
Pr=2 (14)
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Re = 222 (15)
u
where D; is the tube internal diameter, v is kinematic viscosity, a is thermal diffusivity, p is density,
u is flow velocity, and u is dynamic viscosity.

As stated in section 2.1, an infinite number of LCR distributions, and thus, azimuthally NUHF
distributions onto an absorber tube, may exist regarding the geometric features of PTSC. Hence, the
insulation span angle (0) directly depends on the LCR distribution. In terms of solar thermal
applications, this study assumes that the LCR distribution consists of one heated span and one insulated
span, following Malekan et al. [59], who showed that this simplification captures NUHF effects with
minimal error. In terms of PTSC design, a reduction in the collector rim angle may affect the LCR
distribution [62] and result in a relatively more uniform heat flux, lower Nusselt number deviation,
and, consequently, better collector performance.

For the current analysis, the Nusselt number deviation is first calculated at various insulation span
angles and Reynolds numbers at a Prandtl number of 7.25, using Eq (11). Then, the effect of the Prandtl
number on the Nusselt number deviation for various Reynolds numbers and at a very high degree of
non-uniformity (i.e., insulation span angle of 315°) is analyzed. Figure 10 illustrates the effect of the
Reynolds number and heat flux non-uniformity degree on the Nusselt number deviation. It is clearly
observed that the average Nusselt number deviation increases as the heat flux non-uniformity degree
increases. In each NUHF state, the Nusselt number deviation increases as the Reynolds number
increases. Figure 11 shows that the higher the Prandtl number, the higher the Nusselt number deviation.
Moreover, it is noteworthy that the Nusselt number deviation increases with a higher gradient in lower
Reynolds number values (i.e., up to about Re = 40,000) than in higher ones. The results also indicate
that the Nusselt number deviation can exceed 60% in highly NUHF distributions and high Reynolds
and Prandtl numbers for an AISI 316 tube. It should be noted that the results presented in Figure 10
were obtained for a tube made of AISI 316; hence, much higher Nusselt number deviations can occur
for tube materials with lower thermal conductivity than AISI 316, as observed in Figure 9. Moreover,
as found in the present results and discussed in the literature review, flow regime (laminar or turbulent)
and convective heat transfer type (free, forced, or mixed) both play a critical, direct role in determining
the Nusselt number deviation. The Reynolds number and Richardson number indicate flow regime and
convective heat transfer type, respectively; therefore, the thermal properties of the fluid indirectly
affect the Nusselt number deviation. For instance, regarding flow regime, Zeitoun [37] studied laminar
flow in a tube with azimuthally NUHF and reported that the Nusselt number decreased as the angle of
the heated portion of the tube circumference increased. The reverse trend was observed for turbulent
flow in the current study. In terms of convective heat transfer, Schmidt and Sparrow [34] examined
turbulent water flow in a horizontal tube with azimuthally NUHF and found that buoyancy-affected
flows tended to resist the effect of azimuthally NUHF and strengthen azimuthal uniformity due to a
secondary flow presence. In contrast, buoyancy effects are negligible in the current study and therefore
do not influence the results.
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4. Conclusions

A conjugate heat transfer analysis of a PTSC absorber tube is conducted in the current study to
demonstrate how azimuthally non-uniform heat flux influences turbulent convective heat transfer in
the tube. Considering a forced convection and buoyancy-unaffected heat transfer analysis in a tube
with turbulent flow, the average Nusselt number with an azimuthally NUHF distribution can
significantly deviate from that with azimuthally UHF. Hence, contrary to what is observed in various
research works, in which conventional Nusselt number correlations, such as the Dittus-Boelter
correlation, are applied for calculation simplification in spite of NUHF presence, the current research
concludes that such correlations, while valid for UHF distributions, are not always appropriate in
NUHF distributions. In higher Reynolds and Prandtl numbers, the aforementioned Nusselt number
deviation is more significant than in lower Reynolds numbers. Moreover, higher non-uniformity
degrees of the azimuthal heat flux distribution result in higher deviations of the average Nusselt
number with NUHF than with UHF. The model presented in this research can be generalized to a wide
variety of thermal applications with various azimuthally NUHF distributions, such as heat exchangers
with smooth horizontal tubes. It should be noted, however, that such generalization is made
considering the model assumptions, such as the specific ranges of the Reynolds and Prandtl numbers.

The higher the thermal conductivity of the tube material, the smaller the resulting Nusselt number
deviation. For materials with very high thermal conductivity, such as pure aluminum, this conductivity
effect leads to nearly complete agreement between NUHF and UHF average Nusselt numbers at lower
Reynolds number values. However, this agreement is no longer observed at higher Reynolds numbers.
Conversely, for tube materials with very low thermal conductivity, the influence of thermal
conductivity on the Nusselt number deviation is so pronounced that no agreement between the NUHF
and UHF average Nusselt numbers occurs, even at lower Reynolds numbers. The Nusselt number
deviation for a tube with no thickness consideration is significantly higher than that for a tube with
thickness and material conductivity effects, regardless of how low the material conductivity may be.
Hence, tube thickness and material conductivity, Reynolds and Prandtl numbers, and the non-uniformity
degree of azimuthal heat flux distribution around the tube, here represented by the insulation span
angle (6), may all strongly influence the Nusselt number deviation across a wide variety of
applications, particularly in PTSC convective heat transfer and performance. Deviations exceeding 45%
with thickness effect consideration, and over 84% without thickness, may arise from the simplifying
assumption of UHF instead of NUHF boundary conditions. These findings are critical for advancing
PTSC models and preventing the problems caused by azimuthally non-uniform solar heat flux, which
can lead to spurious results and lower collector performance due to the NUHF boundary condition.

Prospective work: Regarding the effect of tube thickness consideration on the average Nusselt
number, an analysis of conjugate heat transfer can be conducted with respect to various tube
thicknesses and consequent thermal conduction resistance values. Additionally, high-conductivity tube
coating applications can be studied. Other factors, such as the effect of the transient state, can also be
taken into account.
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