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Abstract: Solar energy devices have acquired
growing attention to developing friendly-
environment techniques. Linear Fresnel
collector is preferred due to its low thermal
losses. The present work numerically studied
the impact of a linear Fresnel receiver geometry
and utilizing TiO, on the performance of the
collector. Circular and isosceles receivers were
investigated. Three TiO, volume fractions were
utilized: 0%, 2%, and 4%. The tested Reynolds
number range was between 100 and 900.
COMSOL Multiphysics 6.1, i.e., based on the
Finite Element method, was used to solve the
present problem. The circular receiver had
significantly better comprehensive evaluation
criteria than the triangular. The Nusselt
number improved by 2.64% at Reynolds
number 900 as 4% TiO. was added to the pure
water. The triangular receiver friction factor

was up to 16.7% lower than the circular for

Reynolds number<300 and 4% TiO..
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1. INTRODUCTION

Depleting the fossil fuels and their negative role
in global warming forced governments to find
other energy solutions. The most achievable
solution for the energy issue is solar energy.
Solar energy has many advantages, such as
worldwide availability, clean energy, and being
an unexpansive energy source [1]. Thermal
solar energy storage costs less than
photovoltaic panels [2]. Therefore, thermal
solar collectors gained special attention. The
common thermal solar collectors are flat plate,
parabolic trough, compound trough, tower,
dish, and Fresnel reflector [3, 4]. To upmost
benefit of these collectors, researchers have
worked to improve their thermal-hydraulic
performance. The linear Fresnel collectors (Fig.
1) are low-cost, robust, and simple in design
and manufacturing [5, 6]. The drawback of
linear Fresnel collectors is their low efficiency
compared to parabolic trough collectors [7, 8].
Therefore, the researchers have proposed and
studied enhanced linear Fresnel collectors.
Mokhtar et al. [9] numerically and
experimentally studied heating water using a
linear Fresnel collector with four -circular
absorber tubes, i.e., January and February. The
thermal efficiency was higher than 29%, and
the outlet temperature was around 347 K.
Bellos et al. [10] numerically and
experimentally investigated a linear Fresnel
collector with a flat plate receiver. The proposed
design produced a useful heat of up to 8.5 kW
and 5.3 kW in summer and winter, respectively.
The collector gained a thermal efficiency of up
to 20% using the thermal oil as a working fluid.
Cagnoli et al. [11] numerically studied 1-D, 2-D,
and 3-D models of Fresnel circular bare and
evacuated receivers. They found that the
evacuated tube performance was below
expectations and highly depended on the solar
radiation. However, the wind impact was slight
due to the evacuated receiver. Beltagy et al. [12]
theoretically and experimentally analyzed the
Fresnel collector with the circular tube. A
secondary reflector was fixed facing the
primary reflectors. A thermal daily efficiency of
40% was obtained. Qiu et al. [13] studied a
linear Fresnel collector with eight circular

receivers within a trapezoidal cavity. The
proposed collector achieved 72.0% thermal
efficiency. Lin et al. [14] theoretically and
experimentally analyzed the performance of a
linear Fresnel collector with ten circular tubes
arranged in a V-shaped receiver. A 45% thermal
efficiency was achieved. Yang et al. [15]
numerically studied improving a linear Fresnel
collector with circular receiver. The receiver
was inserted with Kenics mixer, twisted tape,
spaced Kenics mixer, and spaced twisted tape to
improve the collector’s performance. The
Kenics mixer achieved the highest Nu and
friction resistance coefficient, up to 2908.8% and
5.6 times, respectively. Sheikholeslami and
Ebrahimpour [16] numerically studied
improving the linear Fresnel collector
performance using nanofluid, i.e., Al,O5-water,
and inserting a twisted tape in the collector
circular receiver. The twisted tape enhanced Nu
up to 7.138% and increased the friction factor to
20.019%. Adding nanofluid increased the
thermal efficiency by 0.153%. Bellos et al. [17]
enhanced a linear Fresnel collector by adding
CuO nanoparticles to the working fluid, i.e.,
Syltherm 800, and fixing fins inside the circular
receiver. The thermal efficiency improved by
0.82% for the finned receiver and 4% CuO.
Montes et al. [18] proposed hybrid loops
comprising a linear Fresnel receiver and
studied its feasibility. The studied loops
included evacuated and non-evacuated
receivers. The authors found that the working
temperatures highly impacted the non-
evacuated receivers’ performance. Haque et al.
[19] reported that the most commonly
investigated non-circular ducts were equilateral
and square ducts with Al,O; and CuO
nanoparticles+ water. Bellos and Tzivanidis
[20] numerically studied the performance of a
Fresnel collector with a CuO-Sytherm 800
nanofluid as the working fluid. The authors
found that the CuO-Sytherm 800 experienced a
lower friction factor and a Nu enhancement of
up to 5% than the thermal oil. Ghodbane et al.
[21] assessed the performance of linear Fresnel
solar collector with MWCNTs/DW nanofluids
as a working fluid. The studied volume fractions
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were 0.05%, 0.1%, and 0.3%. The volume
fraction of 0.2% showed a 2.2 times
improvement in PEC and a 2.7 times
enhancement in the heat transfer coefficient.
Salehi et al. [22] studied the impact of TiO2, Ni,
Al, and Ag on the performance of linear Fresnel
solar collector. The studied concentrations were
from 0.01% to 2%. 2% vol. Adding Ag, Ni, TiO2,
and Al improved the heat transfer coefficient by
11.6%, 10.6%, 5.7%, and 4.94%, respectively.
Previous investigations studied linear Fresnel
collectors with circular receivers. Also, utilizing
nanofluid in linear Fresnel collectors has yet to
be thoroughly studied in different receiver
geometries. Furthermore, most studies
investigated  nano-Al,O;. Few  studies
investigated nano-TiO,, although it showed
improvement over Al,O; at high Re numbers
[20]. The present study numerically
investigates the impact of the linear Fresnel
collector receiver geometry and utilizing nano-
TiO. at low Re numbers on the collector’s
thermal-hydraulic performance. Two receiver
shapes were studied: circular and triangular.
Also, three nanoparticles, i.e., TiO,, volume
fractions were studied: 0%, 2%, and 4%. It is
worth mentioning that nanoparticles volume
fractions are below 8% as high-volume
fractions increase viscosity and consequently
the pumping power [20]. To ensure laminar
and fully developed flow inside the receiver, low
Re numbers were studied, i.e., 100 < Re < 900.
The present work is organized as follows:
Section 1 introduces the linear Fresnel
collectors and reviews associated works,
Section 2 describes the physical and
mathematical models, Section 3 introduces the
numerical model, i.e., governing equations,
assumptions, boundary conditions, numerical
solution, grid independency test, and
validation, Section 4 displays the results and
discusses them, and Section 5 concludes the
investigation’s main outcomes.

receiver —> @

mirro
= = v -

Fig. 1 Schematic of Linear Fresnel Collector.

2, PHYSICAL AND MATHEMATICAL
MODELS

2.1.Physical Model

The present numerical analysis comprised two
linear Fresnel receivers’ shapes: circular and
isosceles triangular, Fig. 2. Both receivers had
the same fluid volume content to eliminate the
fluid volume changes. Inside the receiver, the
nanofluid flowed as a working fluid. The
studied nanoparticles were for TiO., and the

fluid was water. Table 1 tabulates the
thermophysical properties of the studied
materials.

Qs

P,

(@
Qs

P,

Ui, Ti
)

(b)
Fig. 2 Schematic of the Studied
Configurations (a) Circular Receiver Tube (b)
Isosceles Triangular Receiver Tube.

Table 1 Thermophysical Properties of Water
and TiO. at 30 °C [23]

q q ... Specific Thermal
Density Viscosity hle)atl conductivity
(kg/me) (Pas)  (3/kgK) (W/mK)
Water 1000 8.94x104 4184 0.613

TiO. 4260 -—- 6890 11.70

Material

2.2.Mathematical Model

The present analysis is based on the Reynolds

number (Re), Nusselt number (Nu), friction

factor (f), and comprehensive evaluation

criteria (PEC).

The following equation expresses Re:
Ky

The convection heat transfer coefficient can be

calculated from:

o
h = Tg—Tp, )
Nu is defined as:
2
The friction factor is defined as [24]:
46
f=2s @
The pressure drop can be calculated from:
_fpu’lL
AP = Z—Dh 5)

Where the circular duct hydraulic diameters for

is defined as:
4 A
Dy =— 6)
14

The isosceles triangular duct hydraulic

diameters can be defined as follows [25]:
Bsin 6

Dp=_—""5 @)

1+smi
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The comprehensive evaluation criteria (PEC)
can be used to evaluate the receiver’s
performance. PEC can be expressed for
nanoparticles impact as [25]

Nu,r/Nu
PEC = % (8)
(f nf / f f )
PEC for geometry impact can be expressed as
(Nucir/Nutri)
PEC=——-7+ 9)
(fcir/ftri)1/3

When PEC is above 1, adding nanoparticles to
the working fluid positively impacts the heat
transfer. On the other hand, PEC less than 1
reveals a negative impact by adding
nanoparticles.

3.NUMERICAL MODEL

3.1.Governing Equations

Conservation of mass, momentum, and energy
equations are used to describe the flow and
temperature fields. Equations (10) to (12)
represent the studied governing equations [26].

V.(paiV) =0 (10)
V.(pnfVV)=-VP+ V. (VW)  (11)
V.(puV e, T) = V.(key¥T)  (12)

The nanofluid density, viscosity, specific heat
capacity, and thermal conductivity are defined
as follows [27]:

3
Ko =[1+311<p+(p2 3% + 2 +
kn
" (z"—"+3 +ot ks (16)
kg
g
where n = ki
§+
3.2.Assumptions

The governing equations, Egs. (7) to (9), are
reduced from the general equations based on
the following assumptions:

e The flow is steady, incompressible, and
laminar.

e The nanofluid properties are temperature-
independent.

e The nanoparticles and fluid are applied to
the homogeneous single-phase model.

e The gravitational force, compression
work, viscous dissipation, and receiver
tube wall thermal resistance are neglected.

The simulation was terminated when the
solution was converged as the residuals of the
governing equations were equal or less than 10-
5

3.3.Boundary Conditions

The governing equations, Egs. (7) to (9), are
solved under the boundary conditions defined

Py = A —@)ps+ @p, (13) below:
pop = 14730 +1230%n,  (14) Inlet: w=lpv=w=0T=T
a )(pc,) (vc,) Outlet: P = P"’xa_ =0
- c,),. + c x
c, .= PRPE) T PP ), (15) Wall: u=v=w=0,0;
nf Pnf _ T
— " onl,
Symmetry Ju OJu aT
1 . Py OFU = OI_
plane: dy 0z dy
=3,
ar
u=v=w=0,Q = —knfaL
. LU NS
- i,O — > . Symmetry lines
v=w=0__ ) —
Symmetry line ~
(@) T Wi s e b S
. oy 0% =" T
Y > X u=v=w=0,Qs kan:
° a !
l 1 1 1 l l P=Fx5:=0 ™ symmetry line
u="U;, — —
(b) v=w=0— — \\:
—> —
T=T, —¥ —

Prrrreresl 1

Fig. 3 Geometry, Boundary Conditions, and Coordinates of the Studied Problem for (a) Circular
Receiver Tube (b) Isosceles Triangular Receiver Tube.
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3.4.Numerical Solution @

COMSOL Multiphysics was used to solve the

present problem. The simulation flowchart is
presented in Fig. (4). The finite element method

was used through the Galerkin weighted Select Space Dimension
residual method. The finite element solution Add Physics
commences partitioning the computational Select Study Type
area into numerous simple shaped regions, i.e.,

elements, which could have different sizes and *

shapes depending on the geometry and the Build Geometry
studied field. In each element, the interpolation Add Materials
functions are wused to approximate the

dependent variables. In the present work, an +

irregular grid shape and size were considered,
especially adjacent to the receiver walls, to
capture the dependent variables’ rapid changes.
The governing equations, i.e., Egs. 10-12, are *
solved by transforming them into sets of

algebraic equations, then solved using the
iteration technique.

3.5.Grid Independency Test

The numerical solution includes using nodes to
solve the governing equations under the
specified boundary conditions and
assumptions. To reduce/ eliminate the grid
nodes' influence on the solution, a grid >
independence test must be performed. Besides
grid indecency condition, the grid size is Solve governing equations
preferable to consume less time and computer
calculations memory. The test was performed at
Re= 500, heat flux of 500 W/mz2, and ¢= 0%.
Using Eq. (17), the finer mesh showed low mesh
independency, i.e., less than 2%, for Nu and AP.
Table 2 presents the grid independence test.

Initial velocities, pressure, and
temperature values

Apply boundary conditions

N ine—N
Error% = % %,
extra fine (17)
AP ine—AP
Error% = |—2rafine” | o
APextra fine
Figure 5 shows the mesh generated.
Fig. 4 Simulation Flowchart.
Table 2 Grid Independency Test.
No. of elements Nu Nu% AP (Pa) AP%
41433 14.437 -55.939 0.01651 -6.840
112944 12.376 -33.678 0.015676 -1.443
226336 11.271 -21.742 0.015453 0.000
644522 9.8859 -6.781 0.01537 0.537
1988928 9.4072 -1.610 0.01542 0.214

8392361 9.2581 --- 0.015453 0.000

N

Y
o
LA

Fig. 5 The Mesh Generated.
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3.6.Validation

To test the model accuracy, the present
calculated Nu was compared with the Shah
correlation (Eq. (18)) [28] and Sider-Date
correlation (Eq. (19)) [15]. Also, the present
calculated f was compared with the analytical
one. A good agreement was achieved. Figures 6
to 8 show the validation results.

1.302X3-1, X < 0.00005

1
1.302X3—-0.5, 0.00005<X <0.001

Nu, = { (18)
4.364 + 8.68(103X)795% ¢~41X ¥ > 0.001

1
Re Prp\3 [us\014
f f
N =2.232 < ) (—)
L/D Hy

Py and u; and p, are the fluid

dynamic viscosity at the fluid mean and wall
temperatures, respectively. The maximum
deviation of the present results from the Shah
correlation, Sider-Date correlation, and Eq. (4)
were 7.45% (at Re=300), 9.26% (at Re=100),
and 12.56% (at Re= 100), respectively, i.e., the
last two percentages were extreme compared to
other points.

(19)

50
45 N Present study, Re=100
0 R e Shah and London, Re= 100
\ - = = Present study, Re=300
35 “' A Shah and London, Re= 300
30 l*‘\ — — Present study, Re=500
5“25 1 hE ¢ Shah and London, Re= 500
Z *v - - — - Present study, Re=700
20 A \ i" ®  Shah and London, Re= 700
15 A
10 4
5 -
0 T T T T T
0 4 8 12 16 20 24
x/D
Fig. 6 Validation present results with Shah and London at Re=100, 300, and 500 [28].
20
6 | @ Present study A Sider-Date
[ J
A
12 A 2
= .
Z ]
8 4
2
4 -
0 T T T T T T T T T
0O 100 200 300 400 5}({)0 600 700 800 900 1000
e
Fig. 7 Validation present results with Sider-Date [15].
0.7
[ J
0.6 - A A Present study
0.5 1 ® Calculated (Eq.(4))
0.4
S
0.3 T
0.2 1 b+
]
0.1 -
2 e
O T T T T T T T T T
o} 100 200 300 400 500 600 700 800 90O 1000
Re

Fig. 8 Validation present results with calculated f (Eq. 4).

jTikn’t Journal of Engineering Sciences | Volume 32 | No. 1! 2025

roze A



https://tj-es.com/

j Manar S. M. Al-Jethelah, Hussam S. Dheyab, Samer M. Khalaf, et al. / Tikrit Journal of Engineering Sciences 2025; 32(1): 2335. :‘

4.RESULTS AND DISCUSSION

The present study investigated the impact of
linear  Fresnel receive geometry and
nanoparticles on the linear Fresnel collector
performance. Circular and isosceles triangular
receivers were studied. Tio, nanoparticles with
volume fractions of 0%, 2%, and 4% were also
studied. Figure 9 shows the impact of the
receiver geometry on Nu for different Re and ¢
values. Increasing Re increased Nu. Higher Re
means higher fluid velocity; as a result, fresh
fluid replaces the warmed fluid faster.
Therefore, the temperature difference between
the fluid and the receiver wall increases,
augmenting the heat transfer rate. The circular
receiver showed better Nu than the isosceles for
all studied Re and ¢ values. The circular Nu was
93.85%, 92.95%, and 93.09% higher than the
isosceles triangular receiver at 0%, 2%, and 4%,
respectively. Similar behavior was found by
Salimpour and Dehshiri-Parizi [29] and Elfaghi
et al. [26]. Figure 10 shows the impact of the
receiver geometry on f for different Re and ¢
values. The friction factor decreases with
increasing Re due to the increase in the inertia
effect and the decrease in the viscous effect. The
isosceles triangular receiver friction factor was
lower than the circular because less fluid
exposed to the duct wall. The friction factor
sharply declined with increasing Re to 300.
Then, the friction factor decline was less. At ¢p=
0%, the isosceles triangular receiver friction
factor before Re=300 was 16% less than the
circular. Then, the difference between the two

16 { 9=0%

=
2 10

8 1 -

6 -

_-- Circular
4 - — — — Triangular
2 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Re
(@)

geometries decreased to 9.63%. For @p= 2%, the
same difference percentages and 4% were
16.47% and 10.16%; for @= 4%, the differences
were 16.60% and 10.8%. Figure 11 shows the
nano-TiO. impact on Nu for different Re
numbers (100 < Re <900). The nano-TiO,
impact was insignificant for the studied volume
fractions due to the low nano-TiO. thermal
conductivity and high specific capacity. For the
circular receiver, adding 2% nano-TiO.
improved Nu by 1.71% at Re=900. Nu improved
by 2.64% by adding 4% nano-TiO,. For the
isosceles triangular receiver, Nu improved by
1.50% and 2.27% by adding 2% and 4%,
respectively, at Re= 300. Increasing Nu with
adding the nanoparticles is due to improving
the  nanofluid's thermal conductivity,
enhancing the heat transfer coefficient,
compared to the pure fluid. Figure 12 shows the
nano-TiO. impact on the friction factor f for
different Re numbers. Adding nanoparticles to
a fluid increases its viscosity; as a result, adding
nanoparticles increases the friction factor. The
friction factor in the circular receiver increased
by 12.03% by adding 2% nano-TiO; and 31.28%
by adding 4%. As for the triangular receiver, the
friction factor increments were 11.89% by
adding 2% nano-TiO2 and 30.91% by adding
4% mnano-TiO.. Comparing Figs. 10 and 11
implies that adding nano-TiO. slightly
improved Nu while significantly increased the
friction factor for both studied geometries. The
same trend was detected by Khashaei et al. [30].

8 4
61 - - Circular

- -
4 — — — Triangular
2 T T T T T T T T T

0 100 200 300 400 500 600 700 800 900 1000

Re
(b)

Circular

— — — Triangular

0 100 200 300 400 500 600 700 800 900 1000

Fig. 9 Impact of Receiver Geometry on Nu at ¢= (a) 0%, (b) 2%, and (c) 4%.
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0.5 0.5
P=0% P=2%
0.4 1 0.4 1
0.3 0.3
Gt [T
0.2 lecular 0.2 Circular
— — — Triangular = = = Triangular
0.1 A1 0.1 A1
(0] T T T T T T T T T 0] T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Re Re
(a) (b)
0.5
P=4%
0.4 1
0.3 1
-
0.2 Circular
= = = Triangular
0.1 A1
) T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Re
()
Fig. 10 Impact of receiver geometry on fat ¢= (a) 0%, (b) 2%, and (c) 4%.
19 11
17 4 Circular Triangular
15 1 9 1
13 1
E 11 A E 7
9 A
;] 9=0% 5 —p=0%
@P=2% —p=2%
> —— ¢=4% —p=4%
3 T T T T T T T T T 3 T — — — —
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 9001000
Re Re
(@) ()
Fig. 11 Impact of nano-TiO, on Nu in (a) circular and (b) triangular receivers.
0.5
Circular 0.4 1 Triangular
0.4 1
0.3
0.3 1
N N
0.2 1
0.2 A
0.1 1 0.1 A1
o T T T T T T T T T ] T T T T T T T T T

0 100 200 300 400 500 600 700 800 900 1000
Re

(a)

0 100 200 300 400 500 600 700 800 900 1000
Re

(b)

Fig. 12 Impact of nano-TiO; on fin (a) circular and (b) Triangular receivers.

Figure 13 shows the impact of adding nano-
TiO, on PEC versus Re. PEC increased with Re
due to the increase in nano-TiO2 bulk motion
and the shear stress due to the increase in the
velocity gradient caused by increasing Re. The
difference between the circular and isosceles
triangular was insignificant for both studied
volume fractions. The improvement in Nu due
to adding nano-TiO, was lower than the
increase in the friction factor. As a result, PEC

was lower than 1, implying that nano-TiO2
negatively impacted the receiver's overall
thermal-hydraulically performance. Figure 14
depicts the impact of the receiver geometry on
the PEC for different TiO, volume fractions, i.e.,
0%, 2%, and 4%. The geometry PEC was above
1 using pure water. While, the geometry PEC,
for both studied nano-TiO. volume fractions,
was below 1. This result reveals that TiO,
hindered the thermal-hydraulic enhancement.
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