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Abstract

In this article, the heat transfer characteristics of parabolic solar collector with two segmental rings has
been investigated numerically. The effect of distance between porous two segmental rings on the heat
transfer coefficient of the collector has been studied. The heat transfer fluid is Therminol 66 and the
model is solved by RNG k-& turbulent model using Computational Fluid Dynamics (CFD) package,
FLUENT. This numerical simulation is implemented for different distances between two segmental rings,
the results show that use of two segmental rings in tubular solar absorber enhances the heat transfer
characteristics of solar parabolic collector. Also by decreasing the distance between two segmental
rings,the heat transfer coefficient increases.

Keywords: Solar Energy, Three-dimensional Numerical Analysis, Parabolic Trough Collector, Heat
Transfer Characteristics, Two Segmental Rings.

1. Introduction

Solar energy has the greatest potential of all the sources of renewable energy especially when other
sources in the country have depleted. Because of the desirable environmental and safety aspects it is
widely believed that solar energy should be utilized instead of other alternative energy forms, even
when the costs involved are slightly higher. Solar energy, radiant light and heat from the sun, has been
harnessed by humans since ancient times using a range of ever-evolving technologies [1].
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Currently, solar parabolic trough collector is employed for a variety of applications such as power
generation [2], in dustrial steam generation [3], and hot water production [4].

Parabolic trough collector is preferred for steam generation because high temperatures can be obtained
without any serious degradation of the collector’s efficiency [5].

A solar parabolic trough concentrator focuses direct solar irradiation onto a tubular solar receiver
positioned along the focal line, which absorbs and transfers the thermal energy to a heat transfer fluid
(HTF) flowing inside the absorber tube. The temperature of the HTF can reach over 400°C [6].

Faik A. Hamad studies experimentally the parabolic trough collector consists of a reflector and absorber
[7]. The reflector 1m in length and 1m in width and the diameter of the absorber is 0.0125 m. The
researcher found that the collector performance depends mainly on water mass flow rate, and there
was no significant change when the mass flow rate becomes more than ten kilograms per hour.
Edenburn predicted the efficiency of a parabolic trough collector by using an analytical heat transfer
model for evacuated and nonevacuated cases [8]. The results showed good agreement with measured
data obtained from SNL collector test facility [9].

Stuetzle proposed an unsteady state analysis of solar collector receiver to calculate the collector field
outlet temperature [10]. The model was solved by discretizing the partial differential equations obtained
by the energy balance. The results obtained showed that the overall match between the calculated and
measured outlet temperature was good.

Vernon E. Dudley and Gregory J. Kolb in Sandia National Laboratory study theoretically and
experimentally the parabolic trough solar collector to determine the collector efficiency and thermal
losses with two types of receiver selective coatings combined with three different receiver
configurations; glass envelope with either vacuum or air in the receiver annulus, and glass envelope
removed from the receiver [11]. The researchers reach to decreased performance when the cermet
selective coating, and progressively degraded as air was introduced into the vacuum annulus, and when
the glass envelope was removed from receiver.

So in this paper, a numerical investigation of effect of distance between porous two segmental rings in
the circular receiver with different boundary conditions for solar parabolic trough collector has been
carried out. The heat transfer characteristics of tubular and porous two segmental rings receiver
configurations have been evaluated to arrive to better heat transfer of the system.

2. Model Description

The schematic of solar parabolic system and the receiver of collector is shown in Figures 1 and 2
respectively.The solar radiation is concentrated onto the line circular absorber by a parabolic
concentrator. The concentrated radiation is then transmitted to the heat transfer fluid by convection
heat transfer in the receiver. The heat transfer characteristics of the parabolic trough collector can be
improved by increasing the internal area and heat transfer rate. This can be achieved by incorporating
porous two segmental rings inside the circular line receiver. The receiver is considered axisymmetric
about its vertical axis.Therefore,only a half-section of the absorber is considered for numerical
modeling.
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For the numerical simulation, the flow is considered as hydrodynamically developed and thermally
developing flow. The properties of the heat transfer fluid and absorber material are assumed constant.
The thermo-physical properties and geometrical parameters of the absorber are illustrated in Tables 1
and 2 respectively.

Table 1. Thermophysical properties of heat transfer fluid, two segmental rings and absorber

Heat Transfer fluid (Therminol 66)

Two segmental rings and absorber
(Stainless steel)

Density (kg/m?3) 899.5 8027

Specific heat (J/kg.k) 2122 500

Viscosity (NS/m?) 0.00106 -
0.107 20

Thermal conductivity (W/m.K)

Table 2. Geometrical parameters of the porous three segmental rings and absorber

Length of the receiver (m) 2
Inside diameter of the receiver (mm) 68
Thickness of the porous three segmental rings (mm) 3
Outside diameter of the receiver (m) 74
Glass cover diameter (mm) 120
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2.1. Governing Equations

The governing equations for steady, turbulent, incompressible, forced convection in receiver are given
as [12] Continuity equation for porous medium:

vu=0 (1)

Momentum equation for forced convection in the porous medium:

p—fv(ﬁjz-vmivzu-i (2)

u--H pu?
o Lo opy Ko wlh
Energy equation for solid phase:
1-¢)V(kVT)=0 (3)
for fluid phase:

(PCp)s uVT, =0V(KVTy) (4)

In renormalization-group (RNG) k— € model, the momentum equation involving turbulent stresses can
be solved by using Reynolds Averaged Navier Stokes (RANS) equations. The RANS equations are time-
averaged equations of motion for turbulent fluid flow. These equations can be used with
approximations based on the properties of flow turbulence to give approximate averaged solutions to
the Navier—Stokes equations. For an incompressible flow of Newtonian fluid, these equations can be
written as [13]:

o (— —-10P @ au; ou;
—(uiuj)=——+— Meft | 2o+ = (5)
OX; p; OX; OX; OX;  OX;

[ j

2 2/ 2
Where g =1+, 1 = CHK—,CFl =0.0845, K=0.71£ALA
€

The values of k and € which are determined by transport equations

kg 5 ok

Uia—Xi—Ut _8+a_)(i (ltUta—Xi (6)
And

. 2

o Cang Cott o of e ’

The parameter ., is inverse Prandtl number for turbulent transport. The turbulent viscosity v, is given
by:
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Vi = (Veddy - Vo) (8)

R is given by

31_M
:Cm @ ﬂo)ﬁ

R 3
1+yn k

(9)

The RNG theory gives the values of constants as

=K/ n,=4385"=258,,C, =142,C,, =1.68,0, =1.39,y = 0.012

By inserting porous medium increases the heat transfer coefficient of the receiver.

2.2. Boundary Conditions

The receiver is considered symmetric about its vertical axis. Therefore only half section of receiver has
been considered for numerical modeling.
The following boundary conditions are applied in the receiver model:
(i) Inlet boundary condition:
The flow is having uniform velocity at atmosphere temperature at the receiver inlet:

u=U, T, =T,k =330k@L =0
d (10)
OSI’SE , -90°<6<90°

(ii) Wall boundary condition:
No-slip conditions exist at inside the pipe wall

d
u=0@r=—
er=3 11)
90°<H<-90°, 0<L<2
A uniform heat-flux is applied at the pipe outer surface
(a) The top half periphery of the receiver is subjected to
"=l (12)
0<6<90°, 0<L<L2
(b) The bottom half periphery of the receiver is subjected to
q" =1,Cq (13)

-90°<0<0°, 0<L<2

A
| = W/ | =750W C,=—2
Where |, essoA12 . so%n2 and Cp =—

r
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(iii) Zero pressure gradient condition is employed across the outlet boundary.
(iv) Symmetry boundary conditions are applied for the receiver

3. Numerical Implementation

The governing equations were solved using finite volume method by segregated implicit solver with first
order formulation with CFD commercial software FLUENT-6.2 [15]. The segregated solver solves
conservation governing equations independently, and it is applicable for the incompressible flow. The
geometrical model is created and meshed using commercial software GAMBIT with a quadrilateral cell
(Fig. 3. (a)). The triangular mesh is used for the inlet and outlet faces, whereas the hybrid/tetragonal
mesh are used for volume mesh (Fig. 3.(b)). A 3-D steady state turbulent RNG k—€ model with standard
wall functions was used for the simulation of forced convection in the receiver.

The RNG turbulence model is more responsive to the effects of rapid strain and streamlines curvature,
flow separation, reattachment and recirculation than the standard k— € model. The RNG k— € model
gives the best predictions of all the two-equation models as far as the velocity field, the turbulence
kinetic energy and the recirculation length are concerned [16]. The RNG derived k— € model gave very
good predictions for a pipe with sudden expansion, especially when non-equilibrium wall-functions were
implemented [17]. Therefore RNG k— € turbulent model is adapted for the parabolic trough receiver
system. The discretization scheme used for pressure is body force weighted to take the density
variations in consideration. The solution is based on pressure correction method and uses SIMPLEC
algorithm [16]. The first order upwind differencing scheme is used for momentum and energy
equations. The solution is considered to be converged sufficiently when the normalized residual of 1073
for momentum and mass and 10 for energy equations.

The simulations were carried out for fully developed flow conditions Heat transfer coefficient from the
receiver to the fluid is given by:

qll
ht = ——— 14
T, T (14

wi ref
The Nusselt number is given by:

hd

Nu=— 15
K, (15)

(a) around the two segmental rings (b)inlet and outlet faces

Figure 3. Grid generation for porous two segmental rings receiver
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3.1. Grid Independency

The grid independent study was carried out before the actual simulation of the 3-D tubular receiver.
After the study, it is found that 1,328,609 cells are sufficient with minimum deviation with the previous
values for the tubular receiver. Similarly, it is found that 1,753,150 cells are sufficient for the porous two
segmental rings receiver.

3.2. Code Validation

The Nusselt number obtained from the present numerical code has been validated by using the Nusselt
number estimated from the Gnielinski equation and applying uniform heat flux over the entire surface
of the tubular receiver. The Gnielinski equation for heat transfer fluid is given by [18]:

(;j (Re—1000) Pr

Nu = 7 for 3000<Re<5x10° 5,94 0.5<Pr<2000 (16)
2
1+12.7(fj (Pr%—l)
8
Where we have:
f =(0.79LnRe-1.64)" (17)
ub
Re=~1" (18)

u
The Nusselt number comparison of the tubular receiver (uniform heat flux over the receiver periphery)
with the Gnielinski correlation is shown in Figure 4. The model is in reasonable agreement with the
Gnielinski equation and deviates only 8 % for all the Reynolds numbers.
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Figure 4. Validation of present model with Gnielinski equation.

95



Seyed Ebrahim Ghasemi, Ali Akbar Ranjbar, Abbas Ramiar / J. Math. Computer Sci. 7 (2013) 89 - 100

The numerical code is also validated with the Akansu [19] model is shown in Fig. 5. Akansu studied heat
transfer and pressure drop for porous ring turbulators in a circular pipe for different geometric
parameters. In present numerical model,the convective heat transfer coefficient deviates maximum of
9.3 % with Akansu for all the Reynolds numbers.
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Figure 5. Validation of present model with Akansu model.

4. Results and Discussion

The numerical simulation was carried out for a receiver configuration with porous two segmental rings.
These two segmental rings produce turbulence in the receiver, which increases heat transfer area and
effective thermal conductivity. These effects are responsible for a higher heat transfer coefficient in
porous receivers than in ordinary tubular receivers. The effect of distance between porous two
segmental rings (Q) on the Nusselt number in absorber is shown in Figs. 6, 7, 8 and 9.

Figs. 6, 7, 8 and 9 illustrates the Nusselt number versus the Reynolds number for four different distances
between porous two segmental rings (Q=0.75d, Q=d, Q=1.5d and Q=2d).

In each figures the inside diameter of the porous two segmental rings is constant, i.e.

D/D=0.6, d/D=0.7, d/D=0.8 and d/D=0.9

Where d is inner diameter of two segmental rings and D is absorber inner diameter.
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Figure 6. Effect of distance between two segmental rings on Nusselt number for d/D=0.6
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Figure 7. Effect of distance between two segmental rings on Nusselt number for d/D=0.7
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Figure 8. Effect of distance between two segmental rings on Nusselt number for d/D=0.8
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Figure 9. Effect of distance between two segmental rings on Nusselt number for d/D=0.9

It is apparent from Figs.6, 7, 8 and 9 that the Nusselt number enhances by decreasing of distance
between two segmental rings. As the distance between two consecutive porous two segmental rings
decreases the number of porous two segmental rings in the receiver increases, hence heat transfer area
increases.

Also the results show that by increasing the inner diameter of two segmental rings the Nusselt number
decreases. Heat transfer increases with increases of Reynolds number.
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The temperature contours at the receiver outlet for different inner diameter of two segmental rings
and (Q=2d for Reynolds number 32458) are shown in Figure 10.
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Figure 10. Temperature contours at the outlet of the two segmental rings
5. Conclusion

Numerical analysis of the heat transfer for porous two segmental rings placed in the absorber tube of
the solar parabolic collector is provided for Reynolds numbers ranging from 32458 to 254317. The heat
transfer fluid is Therminol 66 and four different inner diameter of segmental rings and four different
distances between porous two segmental rings are considered. The thermal efficiency of the solar
parabolic system has been improved by insertion of porous two segmental rings and the results show
that the Nusselt number reduces with increases of the distance between two segmental rings.
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Consequently, the maximum Nusselt numbers depend on the Reynolds number, inner diameter and
distance between porous two segmental rings. The higher heat transfer enhancement was obtained in
the case of Q and d/D being 0.75d and 0.6 respectively.
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