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Abstract: In this paper the thermohydraulic performance of an improved Parabolic Trough Collector tube is investigated.
Since the absorber tube of the Parabolic Trough Collector is subjected to non-uniform heat flux, and the focal part of the
absorber is subjected to a concentrated solar flux, a temperature gradient on the tube circumferential surface is produced. In
order to enhance the heat transfer between the Heat Transfer Fluid and the inner surface of the absorber tube and decrease the
temperature gradient of the tube’s outer surface and also the temperature of the Heat Transfer Fluid inside the absorber tube,
transversal focal inserts are placed on the receiver tube's bottom part as a passive method to increase the mixing of the fluid
and decrease the temperature gradient. The geometrical parameter of the inserts as the insert’s height is analyzed and
investigated using Finite Volume Method coupling Monte Carlo Ray Tracing method for Reynolds number range from
2.36x10* to 11.83x10*. The Therminol®VP1lis used as Heat Transfer Fluid in this study. The numerical results show that the
enhanced tube by using this kind of inserts increases the thermal performance of the Parabolic Trough Collector system, and
also, introducing the inserts into the receiver tube reduces the heat loss to the ambient, decreases the temperature differential
across the absorber tube's circumferential region, and increases the receiver's lifespan.

Keywords: Parabolic Trough Solar Collector, Inserts, Thermal Performance, Computational Fluid Dynamic,
Nonuniform Heat Flux

4]. The PTC technology is mainly consisted of a long

1. Introduction

One of the cleanest, renewable, cost-free, and available
sources of energy on earth is solar energy. The earth receives
the incident solar radiation at a rate of approximately
8:10°W , more than 10.000 times the world energy
consumption [1]. With the aim to be useful, this energy
should be collected. There are two main groups of solar
concentrators: Punctual, like solar tower and parabolic dish,
and linear, like linear Fresnel collector and Parabolic Trough
Collector (PTC) [2]. In order to achieve a good efficiency, a
high technology is needed. Parabolic Through Collectors are
considered the desired systems with low-cost technology and
simple structures for heat applications higher than 400 °C [3,

parabolic shaped mirror and an absorber tube. The key
element of this system is the receiver where the sun rays are
concentrated and transformed to useful energy [5]. The
receiver tube is covered by a glass casing in order to
minimize heat losses to the environment by maintaining a
vacuum in the annular space. Moreover, a lot of investigators
and engineers focused on the thermal behavior of the HTF
inside the absorber tube and also decrease its temperature
gradient by different methods, and also reduce the heat losses
to the ambient. Gong et al. [6] analyzed numerically the heat
transfer enhancement of a PTC’s absorber tube by using fins
type inserts with the objective to improve the thermal
behavior of the HTF inside the tube and decrease the tube
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circumferential temperature gradient. Their results show that
both Nu number and the receiver’s thermal performance
were augmented after the PFAI-PTR are introduced. Ibrahim
et al. [7] studied numerically the impact of the wire coil on a
PTC's overall performance. Their results show that the
triangular wire coil inserts enhance the mixing of fluids
inside the receiver resulting a decrease of the tube
circumferential temperature. Reddy et al. [8] presented an
experimental study of a rotary receiver in PTC technology.
They reported that a rotary receiver improves the overall

PTC’s thermal comparing with stationary tube. Elumalai et al.

[9] investigated experimentally a modified PTC’s absorber
tube. Their results show that the modified absorber gives
better thermal efficiency compared with conventional tube,
and also it increases the heat transfer inside the absorber.
Wang et al. [10] introduced an asymmetric corrugated tube of
PTC in order to improve the system's reliability and heat
transfer. They concluded that the use of this tube can
augment the system efficiency. Zhen et al. [11] presented a
numerical study of an enhanced receiver tubes of a PTC on
fully developed mixed turbulent. They demonstrated that
dimpled absorber tubes operate better under nonuniform heat
flux than they do under uniform heat flux and that increased
heat transfer is achieved by flow reattachment, impingement,
and vortex generation. Bellos et al. [12] studied a diverging
and converging receiver of PTC using nanofluids. According
to their findings, the absorber tube with a wavy inner
geometry leads to generate turbulent in the flow and improve
the thermal efficiency compared to usual tube geometry.
Also, the use of Al,O; nanoparticles inside the HTF increases
the average efficiency of the system. In another work [13] the
same authors presented the impact of the introduction of
internal longitudinal fins into an absorber tube of parabolic
trough solar collectors. According to their result, the highest
longitudinal fins lead to better thermal performance and at
the same time higher pressure drop. They also show that the
helium can be considered the best working fluid according to
exergetic analysis compared to air and CO,. Huang et al. [14]
analyzed the thermal performance of a PTC absorber tube
using dimpled surface, protrusions fins, and helical fins.
Their results show that the deeper dimples, small pitches and
as much as inserts improve the thermal behavior of the tube.
Aggrey et al. [15] investigated numerically the
thermodynamic performance of a PTC’s receiver using
perforated inserts placed centralized into the tube. They
reported that the inserts enhance the system thermal
efficiency, and also decrease the receiver temperature
difference. besides, the addition of the fins to the receiver
improves the thermal performance and minimizes the entropy
generation. In another work presented by the same authors
[16], they investigated numerically a wall twisted inserts
receiver tube. They concluded that as the twist ratio
decreases, both the heat transfer and fluid friction factor
augment, and as the width ratio increases, the heat transfer
performance increases. And also, the use of twisted inserts
decreases the receiver temperature difference. Diwan and
Soni. [17] presented an analysis of the PTC receiver tube

thermal behavior using coils inserts. They concluded that
better thermal performance is obtained in the case lower
flowrates and 6 mm to 8 mm inserts pitch and at higher flow
rates. Xingwang et al. [18] studied numerically a PTC’s
absorber tube under nonuniform heat flux distribution using
helical screw-tape inserts. Various parameters that affect the
thermal behavior of system are investigated, the impact of the
solar incidence angle, the absorber tube heat losses, the
maximum temperature and the outer surface of the absorber
tube temperature gradient. Cheng et al. [19] Investigated heat
transfer improvement by using unilateral fins on absorber
tubes in parabolic trough solar collectors. They concluded the
unilateral fins give better heat transfer than that of the plain
tube under the same operating conditions.
Ghadirijafarbeigloo et al. [20] presented a numerical study of
the thermal performance in a PTC’s absorber tube using
twisted-tape fins. Their results show that the introduction of
twisted-tape inserts leads to high Nu number with a penalty
of pressure drop compared with smooth tube. Reddy et al.
[21] introduced different type of inserts in a tube receiver of
a PTC. They observed that the trapezoidal porous fins
enhance the heat transfer, and also, the heat losses by natural
convection decrease by introducing trapezoidal fins
compared with smooth tube. Another work presented by
Reddy and Satyanarayana. [22] in which they proposed a
numerical investigation of energy efficiency of a PTC
receiver to show the thermal behavior of the receiver tube.
According to their findings, the porous inserts cause a
pressure drop while increasing the absorber tube thermal
performance. Also, they reported that the heat transfer was
increased due to the increase of the thermal conductivity,
heat transfer area, and turbulence. Reda et al [23]
investigated numerically an enhanced PTC’s absorber tube
using cylindrical inserts and FVM. In their study the studied
the geometrical parameters of the inserts as the diameter, the
length, and the eccentricity of the inserts. They concluded
that the cylindrical inserts increase the thermal performance
of the system. They also showed that the geometrical
parameters of the inserts have a great impact on the thermal
performance of the tube. Younes et al [24] investigated a
rotative Absorber tube using nanofluids. They reported that
the Al,O; nanofluids is considered as the suitable HTF for
PTC. And also, the rotary receiver decreases the temperature
gradient by 60 K.

In this paper a numerical investigation is carried out to
evaluate the heat transfer performance and the thermos-
hydraulic performance of an enhanced PTC receiver tube.
The impact of the insert’s height on the thermo-hydraulic
performance of the absorber tube using FVM coupled MCRT
method is investigated and analyzed.

2. Physical Model

Figure 1 shows a typical parabolic trough collector, it
consists of a concentrator which is a parabolic mirror, and a
receiver running along its focal line. This technology gives
concentration only in one dimension. On the other hand, the
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one-dimensional arrangement is mechanically simpler. The
axis 1is aligned north-south, and the structure rotates
automatically about its axis to follow the sun. The
concentrator is a large parabolic shaped surface painted with
reflective material in order to reflect the maximum solar
radiation along its focal line. Besides, the receiver tube is the
primordial element of this technology, where the solar rays
are concentrated and transformed to usable energy form. The
absorber tube is a stainless-steel tube selectively coated. To
reach high efficiency, its emissivity should be small in the IR
wavelength range and its absorption should be higher in the
visible light wavelength. A glass tube that has a high
transmissivity envelope the absorber tube. The gap between
those two tubes (annular space) is maintained under vacuum

Vacuum

(P < 0.013Pa) with the objective to minimize the heat
losses by convection [25]. The characteristics of the PTC
solar concentrator are presented in table 1.

Table 1. Characteristics of the PTC solar concentrator [26].

Focal length 1.7l m

Reflector aperture 5.77m

Envelope Material Borosilicate glass
Envelope transmittance 96%

Glass cover internal radius 5.95cm

Glass cover external radius 6.25 cm

Inner radius of the absorber 95%
Outer radius of the absorber 3.2 cm
Coating absorbance 3.5cm

—_—

\<<

Solar rays
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Envelope
L1 HTF

/ Absorber
/ o

tube
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Figure 1. Parabolic Trough Collector sketch.

As shown in figure 1, the solar rays are focused on the
bottom outer wall of the receiver, while non-concentrated sun
rays strike the topper part. Transversal fin inserts are added to
the absorber tube's bottom part in the aim of improving the
receiver tube thermal efficiency and reduce the receiver

Absorber Tube

circumferential temperature gradient, and also minimize the
heat losses, transversal fin inserts are introduced into the
absorber tube and inserted on the inner surface of the receiver
as shown in Figure 2.

Ambrent

s Envelope
Absorber Tube
1
X
Inserts

Figure 2. Sketch of the enhanced tube.
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3. Mathematical Model

3.1. Governing Equations

The computational fluid dynamics governing equations are
[27]:
Continuity equation:
2 (pu) =0 1
ox, PU) = (D

Momentum equation:

O (ouw)=-224+2 oui 0wy
6xi (pulu]) - 6xl- + 6x]- I:(# + #t) (ax] + axl->

2 du;
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There are two model equations in the standard &-&
equations [27]:
k-equation:
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Where G, represent the turbulent kinetic energy generation:
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U 1s the turbulent viscosity and it is defined as:
kZ
He = Cup— (7

The turbulence equations have five constants Cw Ok, O,
c1¢ and ¢, [28]:

€, =0.09, g, =1.00, g, =1.30,¢;, = 1.44 and ¢,, =
1.92.

3.2. Boundary Conditions

Inlet fluid condition:

Ve =Vin
V,=V,=0
Ty =Ty

Outlet fluid conditions:

Fully developed turbulent flow.

No-slip conditions on the inner surface of the receiver.

Nonuniform heat flux distribution on the absorber tube's
outside wall (figure 3) [29]:

q = LCR - DNI (8)

Where the DNI is the Direct normal irradiation (DNI =
1000 W - m™1)

The glass cover outer wall is considered under mixed
boundary condition.

The temperature of the sky is defined as [29]:

Tsiy = 0.0552 - Tgrm)y )

Where T,,,,; is ambient temperature.
The convective coefficient of the wind is expressed as [30]:

(10)

V, is the wind velocity, (V, = 2.5ms~") and d, is the
glass pipe outer diameter.

The MCRT approach was employed in this investigation to
display the distribution of the solar heat flux on the receiver's
outer wall [28].

The governing equations are discretized and solved using
FVM method.

hy, = 4- 258 - 47048
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Figure 3. Local Concentration Ration in function of the absorber tube
circumferential angle [26].

Figure 3 presents the LCR in function of the of the
absorber tube circumferential angle. As can be observed,
there is a nonuniform heat flux distribution over the absorber
tube's outer surface, which results in a nonuniform
distribution of temperature.

3.3. Thermo-Physical Properties of HTF

Therminol®VP1 is used as HTF in this investigation, [31].
The thermo-physical properties of the HTF liquid phase as a
function of temperature are taken from [26].

3.4. Model Validation

With the aim to show the numerical model accuracy, the
results of the numerical simulation and the results calculated
from the literature correlations are compared.

The average Nu number is expressed as:



93 Haddouche Mohammed Reda et al.: Heat Transfer Behavior of a PTC Receiver Tube Using
Transversal Focal Inserts and CFD

hdg;

And

—_0
Tai_Tf

(12)

Where @, Ty and T,; are the mean heat flux, the bulk
average temperature, and the absorber tube inner surface
average temperature.

The Darcy friction factor f under turbulent flow
conditions in plain circular tube is expressed as:
_ 2dgiAP
f =2 (13)

Where d; is the internal tube diameter, and L is the tube
length.
The Nu number correlation of Gnielinski [32] is given by:

g(Re ~1000)Pr
0.5 2
1+12.7(§) (Pri—l)

The Petukhov correlation [32, 33] under turbulent flow
conditions in plain circular tube is used to calculate the
friction factor f.

Nu =

(14)

0.5 < Pr <2000

f =(0.79 InRe — 1.64)_2 {3000 <Re<5-10

6 (15)
Another equation to determine the average Nusselt number
presented by Notter [34] and it is expressed as:

Nu = 5 + 0.015 Re%856- pr0347 (16)

Also, another correlation of Darcy friction factor f
calculation for established internal flow in plain pipes is
proposed by Blasius [34] and it is expressed as:

f =0.184Re %2 (Re > 2 - 10%) (17)
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Figure 4. Evolution of Nu number in function of Re number for smooth tube.

Figure 4 presents the evolution of the Nu in function of Re
for both numerical results and results calculated using
numerical correlations respectively. As shown, the Nu

evolution in function of the Re agree well with each other
accompanied with a maximum error of 2.65 % and 4.43 %
for Gnielinski and Notter curves respectively.

Figure 5 shows the curves of the Darcy friction factor f
obtained numerically and the friction factor calculated by
correlation of Petukhov and Blasius with the maximum error
of 4.86% and 6 % respectively. From this it can be
considered that the numerical model can be used for further
investigation.
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Figure 5. Evolution of f number in function of Re number for smooth tube.

4. Results and Discussion

The effect of the fin’s height on the thermal performance
of the enhanced tube is demonstrated in this section. For this
purpose, five different inserts of different heights are

introduced into the absorber tube
H/d, = 0.078,0.109,0.14 and 0.171.
1300 ~ —a&— Smooth Tube
1200 —&— Tube W/ insert H/dm=0A078
1100 ] Tube W/ insert H/d =0.109
—w— Tube W/ insert H/d, =0.140 a4
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Figure 6. Evolution of Nu in function of Re for different H /d,; values.

The evolution of the Nu number in function of the Re
number is presented in Figure 6. This figure shows that as the
Re number increases, the Nu number increases as well for
both smooth and improved tube, and at a given Re number,
as the height of the inserts (H/dg;) increases, the Nu number
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increased also. Additionally, it can be demonstrated that the
enhanced tube's Nu number is higher than that of the
conventional tube in all insert’s height cases.

012 - —a&— Smooth Tube
—&— Tube W/ insert H/dm=0.078
iy Tube W/ insert H/d =0.109
0.10 —w— Tube W/ insert H/d =0.140
0.09] Tube W/ insert H/d,=0.171
0.08 4
0.07 - v\
0.06 - v v v
Y
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.
0.04 - el
0.03 4 [ —

-
0024 [ S — . .
0.01 1
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2.0x10° 4.0x10* 6.0x10* 8.0x10° 1.0x10° 1.2x10°
Re

Figure 7. Evolution of f in function of Re for different H /d,;values.

The evolution of the Darcy fiction factor f in function of
insert heights and Re number is depicted in Figure 7. For a
given Re number, the friction factor f augments with the
augment of the insert height, but it also decreases with the
augment in the Re. This is due to the increase in the pressure
drop because of the generation of vortices and the dissipation
of turbulence energy inside the tube.

With the objective of evaluating the thermohydraulic
performance of the proposed technic with respect the
conventional one, it is assessed using the Performance
Evaluation Criteria (PEC), and it is expressed as [35]:

(Nu
PEC = s/ (18)

Figure 8 shows PEC evolution for various insert’s height
in function of Re number. This figure demonstrates that the
PEC of the suggested tubes is consistently greater than 1, and
the best thermal performance is provided by the tube with the
highest inserts (H/d,; = 0.171).

The distribution of the temperature in function of the
circumferential angle of the receiver outer wall for both
smooth and enhanced tube is presented in figure 9. It is
shown that the tube wall temperature distribution is
nonuniform because of the nonuniformity of the heat flux
over the receiver. It can be concluded that the fins help to
reduce heat losses to the environment and uniformize the
temperature of the tube's wall by utilizing this sort of fins
within the smooth tube. Also, it is observed that the gradient
of the temperature reduces as the insert’s height increases.
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Figure 8. Evolution of the PEC in function of Re for different H /d ; values.
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Figure 9. Circumferential temperature distribution over the tube for
different dimensionless inserts height H /d ;.

Figure 10 shows the velocity vector of the HTF inside the
tube in the case of height inserts (H/d, = 0.171) and
Re = 70.979 - 103. As shown in this figure, the introduction
of fins inside the smooth tube, the HTF’s field velocity
increases with respect to the plain tube, and it helps to
generate vortices which leads to increase the turbulence and
homogenize the HTF temperature.

Figure 11 presents HTF temperature contour of the plain
tube and the improved tube at the exist for all cases of inserts
height (H/d,;) and at Re = 70.979 - 103. As shown, the
HTF temperature distribution at the tube outlet can be
homogenized by introducing the inserts with respect to the
plain tube, and also, the HTF bulk temperature at the receiver
exist augments as the dimensionless insert’s height (H/d;)
increases.
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Figure 11. HTF temperature contour at the exist of the tube.

5. Conclusion

In this study, the impact of the introduction of the focal
inserts inside the receiver tube of a Parabolic Trough
Collector was investigated. The effect of the focal insert’s
height is investigated using Finite Volume method and
Monte Carlo Ray Tracing method. The height of the inserts is
optimized to increase the thermal performance of the system.
The numerical results lead to the following conclusions under
the operating conditions studied:

1) The temperature of the receiver outer surface is
nonuniform due to the nonuniformity of the heat flux
distribution on the receiver outer wall which negatively
affects the thermal performance and the mechanical
strength of the absorber tube.

2) As compared to the conventional PTC receiver, the
inserts increase the Nu number to 1.9 times, and the
Darcy friction factor to 4.29 times.

3) The Performance Evaluation Criteria (PEC) proves that
the use of the inserts gives always good heat transfer
enhancement inside the receiver even the pressure drops
due to the increase in the darcy friction factor.

4) The use of the inserts on the bottom part of the receiver
decreases the circumferential temperature gradient of
the absorber tube.

5) The height and the width of the inserts have a
remarkable influence on the thermohydraulic
performance of the absorber tube since it increases the
mixing of the fluid.

6) The introduction of the inserts into the absorber tube on
the focal part helps to increase the mixing of the fluid
inside the tube and decrease the temperature gradient
over the circumferential surface.

This kind of insert should be optimized. The length the
width and the inserts number should be further studied in
order to obtain the best and the optimum geometry and the
optimum heat transfer performance of the system.

Nomenclature

Cp Specific heat capacity, J - kg™ - K1

Temperature, K

Velocity component, m - s™1
1

d Diameter, m

f Friction factor

g Gravitational acceleration, m - s ™2
h Convection heat transfer coefficient, W -m™2 - K1
H Height of inserts, m

L Length, m

Nu Nusselt number

P Pressure, Pa

0 Heat flux, W - m™2

Re Reynolds number

T

u

V

Velocity magnitude, m - s~
x,y,z  Cartesian coordinate, m

Greek

P Density, kg - m™3

A Thermal conductivity, W -m~!- K1
v Dynamic viscosity, N -m™2 571

pt Turbulent viscosity, N - m™2 - s~ 1

0 Kinematic viscosity, m? - s~1

k Turbulent kinetic energy, m? - s~
€ Turbulent dissipation rate, m? - s
Gk Generation of turbulence kinetic energy

2
-3

Subscribe

al Absorber inner wall

f Fluid

go Glass cover outer wall
S Smooth tube

W Wind
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Abbreviation

DNI Direct Normal Irradiance

FVM Finite Volume Method

HTF Heat Transfer Fluid

LCR Local Concentration Ratio
MCRT Monte Carlo Ray Trace

PEC Performance Evaluation Criteria
PTC Parabolic Trough Collector
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