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ABSTRACT

A receiver is a central component of the parabolic trough
collector system. Its design and state greatly affects
performance of the entire collector system. In this paper a three
dimensional numerical model of a receiver with an externally
longitudinally finned absorber tube was developed to study the
effect of fin dimensions on heat transfer and fluid flow
performance characteristics. Results show that external
longitudinal fins improve the performance of the receiver.
Results further show that collector efficiency and useful heat
gain will increase as the fin thickness and height increase and
so do heat losses, glass temperature and maximum absorber
temperature. A 6% increase in efficiency and a pressure drop of
370.65Pa/m are obtained for a finned absorber tube with lower
dimensions 1.0 cm x 0.2 cm when compared to a non-finned
tube larger in diameter by 1 cm. An increase in efficiency of
8% 1is obtained when the same finned absorber tube is
compared with a non-finned tube of the same size.

INTRODUCTION

The increasing concerns of climate change and global
warming driven by emission of large amounts greenhouse
gasses into the atmosphere mainly from utilization of fossil
based energy resources, together with the increasing demand
for energy has led to increased search for efficient and clean
alternative energy sources and technologies [1]. In order to
make alternative renewable energy technologies acceptable
they must be efficient, reliable, cost effective and producing
electricity at prices competitive with that from conventional
resources.

Of the alternative energy resources, solar energy is the
world’s most abundant and clean source of energy. It has an
enormous potential for supplying a significant portion of the
world’s energy demand [2, 3] and presents an opportunity for
distributed energy generation as well as meeting the energy
needs of majority rural populations currently without access to
modern energy services since it is widely available. But
significant research is still needed to harness this resource
efficiently, at competitive prices and making it reliable.

Concentrated Solar Power (CSP) has gained acceptance
for solar thermal electricity generation with parabolic trough
collectors the most commercially and technically developed.
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The construction and successful operation of the first plants, the
Luz Solar Electricity Generating Systems commonly known as
SEGS in California’s Majove Desert was a major breakthrough
of parabolic trough collector technology [2, 4, and 5]. With an
installed capacity of about 354MW, the plants have been in
operation since early 1980’s. They operate with heat transfer
fluid temperatures between 293°C — 391°C. With recent
technology advances the cost of electricity from PTCs is said to
be approaching that of small-medium sized coal power plants
and further cost reductions are possible with improved receiver
designs, increased concentrator sizes, and improved thermal
storage systems [6, 7].

However, despite successful operation of the SEGS plants
there are still challenges to the operation of parabolic trough
collector systems which include; increased heat losses at higher
absorber temperatures, vacuum loss, degradation of the
selective coating, glass breakages attributed to the high
temperature gradients along the absorber tube circumference
and concentrated heat flux hitting the glass to metal seal [4].
Therefore, research is still needed to address these challenges
and improve collector performance.

A number of studies have been carried out to investigate
parabolic trough collector system performance ranging from
studies on entire system performance [8, 9, 10, 11 and 12] to
studies on only the receiver. Dudley [11, 12] carried out tests
on SEGS LS-2 and Industrial Solar Technology (IST) solar
collectors respectively with different coatings and different
configurations in the annulus space. Receivers with vacuum in
annulus space had superior performance over those without.
Odeh and Morrison [13] studied the dependence of thermal
losses on air velocity. Liu et al. [14] developed an experimental
platform for investigating parabolic trough solar collector
performance. Experiments showed that collector efficiency
increases with volume flow rate. Measured efficiencies were in
the range 40 — 60% and heat losses about 220W/m when the
temperature difference between absorber and ambient was
180°C.

Studies have also been carried out on receiver heat loss
determination and receiver performance monitoring. Prince et
al. [15] used a solar blind Infrared camera to monitor over
12,000 receivers at the SEGS plants. Glass temperatures
between 30 — 170°C were obtained depending on: the type of



receiver, time in operation and whether the receiver has
hydrogen removers or not. The cermet coated receiver with
hydrogen removers showed good results with glass temperature
between 50° and 100°C no matter the age and some less than
50°C. Lupfert et al. [16] also used a solar blind infrared camera
to measure temperature along the absorber circumference and
compared results with those from ray trace methods. The
temperature along the tube circumference was found to vary
along tube circumference but was uniform along the length of
the absorber. Lupfert et al. [17], Burkholder and Kutscher [18,
19] used laboratory steady state tests to measure receiver heat
losses. Receiver losses were found to depend on incident
radiation and absorber temperature. For the Solel UVAC3 the
receiver losses were in the range 15-460W/m depending on
absorber temperature and ambient temperature [18]. Forristall
[20] developed a heat transfer model for determining the
performance of parabolic trough receiver implemented in
Engineering Equation Solver (EES). The performance was
derived from energy balances between collector, receiver and
air. The model was in agreement with experimental results
obtained by Dudley [11].

To take into account the differential heat flux on the
absorber tube surface, He et al. [21] used Monte-Carlo ray trace
methods and a finite volume method to study flow and heat
transfer characteristics of the working fluid inside the absorber.

Performance enhancement of receivers has received
considerable attention in the last two decades. Hegazy [22]
analytically considered possible use of external longitudinal
fins on an absorber tube and found that the efficiency of the
collector can be increased by 2.5 — 4.5 %. Reddy et al. [23]
used numerical methods to perform thermal analysis on a
receiver with porous and longitudinal internal fins. The study
shows a heat transfer enhancement of 21% with a porous fin
when compared to a longitudinal fin. Kumar and Reddy [24]
extended the analysis done by Reddy et al. [23] to a receiver
with a porous disc oriented at different angles to the absorber
axis. A 64.2% increase in Nusselt number was achievable but
with a pressure drop penalty of 457Pa. Munoz and Abanades
[25] investigated an internally helically finned absorber tube
with a view of evening out the non-uniform absorber
circumferential temperatures. From the study a 3% increase in
collector efficiency and 40% reduction in absorber temperature
difference is achievable while the pressure drop increased by 10
- 50 % depending on the fin arrangement.

The purpose of this study is to numerically investigate the
performance of an externally longitudinally finned absorber
tube of a parabolic trough receiver. Variation of receiver
efficiency, receiver heat losses, absorber maximum
temperature; pressure drop and glass temperature with fin
dimensions are investigated. It is assumed that the lower fin and
lower half of the absorber receive the same concentrated heat
flux.

PHYSICAL MODEL AND GOVERNING EQUATIONS
The parabolic tough solar collector is simply made by
bending a sheet of metal into a parabolic shape with a receiver
along its focal axis as shown in Figure 1. The receiver consists
of a steel absorber tube enclosed in a glass jacket that is
evacuated to reduce convection heat losses; the glass and tube
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are sealed with glass to metal seals and provided with getter
material as shown in Figure 2 to absorb any hydrogen that
infiltrates from the heat transfer fluid. Reflected solar energy is
incident on the lower half of the absorber tube as in Figure 3
where most of it is absorbed and conducted through the
absorber tube wall and carried by the heat transfer fluid to the
heat exchangers of the power block while the rest is radiated
and conducted to the glass envelope and lost to the
environment.

Figure 1 Parabolic trough collector

Therefore, heat transfer in the receiver consists of forced
convection inside the absorber tube, conduction within the
absorber walls and radiation in the glass envelope when fully
evacuated. Combined radiation and free molecular conduction
will occur in the glass envelop when not fully evacuated or
combined radiation and natural convection when the glass
envelop is broken or non-existent.

Vacuum between
Evacuation  glass envalope Glass to
nozzle  and metal tube metal seal

L

Steel Glass Chemical sponges  Bellows
absorber envelope (Gelters) to mainiain
tube and indicate status
of vacuum

Figure 2 Evacuated receiver tube
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Figure 3 Ray trace diagram for a parabolic trough collector

The proposed model of the receiver consists of fins that are
external to the absorber tube as shown in Figure 4. With this
arrangement the absorber diameter can be kept small, larger
receiver aperture widths can be used, thus higher concentration
ratios. Moreover, an almost uniform heat flux on the lower half
of the absorber tube can be achieved. Further still, since the
receiver’s annulus is evacuated and absorber surface is usually
coated with a selective coating, natural convection is
suppressed and radiation losses are minimised. As a result most



of the incident solar radiation on the fin must be conducted to
the absorber tube improving performance.
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Figure 4 (a) Computational domain (b). Finned receiver cross-
section

The diameter of the absorber to intercept the entire solar
image derived from ray trace diagram in Figure 3 is given
equation (1) [26] for a trough of perfect alignment and shape
and considering sun’s shape as perfect.

asin 0.267
sin @,
Whereas the size of the flat receiver or the diameter of the

semi-circular receiver to intercept the entire solar image is
given by equation (2) [26] also derived from Figure 3

d =2p, sin0.267 = (1

_ 2p,sin0.267 asin0.267

= = (2)
cos(@, +0.267) sin @, cos(@, +0.267)

Since d, is usually very small absorber diameters between
d; and W are commonly used mainly to avoid higher local
concentration of solar radiation on tube surface [21]. Therefore,
combining a small absorber diameter with external fins would
alleviate such hot spots.

The performance of the parabolic trough collector is
quantitatively expressed in terms of the heat gained by the
working fluid and collector efficiency given by equations (3)
and (4) respectively.

qu = Ibn() Aa - Ql()xx = m_fcp (T(mt - Tin ) (3)
Collector efficiency is given by
q
__Yu “)
77 Ib Aa

Heat transfer in the annulus space

In the annulus receivers are manufactured with a high
vacuum (P < 0.013Pa) [11, 27] in order to activate the getters
that absorb hydrogen released by the heat transfer fluid and
then diffusing through the absorber into the vacuum jacket. In
this highly evacuated gap the heat transfer is only by radiation.
At moderate vacuum pressures heat loss is by both radiation
and molecular conduction since the gas density will be too low
to support free convection. For very low pressures the
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behaviour of air depends on the mean free path, y (m) of the gas
molecules defined by equation (5) [27] as

1:% 2RT )

As the pressure in the annulus reduces the mean free path
of the air molecules becomes larger and the assumption of a
continuum model breaks down for convection heat transfer
modelling. As such the mean free path needed to maintain the
continuum model in the receiver’s annulus is calculated to be
above 30 Pa. Heat loss for a collector of length (L) is given by
equations (6) and (7) [2, 26]. Heat lost by the absorber tube is
the same as the heat lost to the surrounding environment.

2 (g ), RO , -1, ©6)
loss — d . ro gi _
e R (d]
ro gro é:gi dgi
Qlosx = ﬂdgo Lhw (Tgo - Tamb) + ggmgo Lq) (Tg04 - T&'ky4) (7)

Where o is the effective conductivity between the glass
cover and the receiver system given by equation (8) as given
by [26]

Lo _max| 1, 0386 LR ®)
B 0.861+Pr
Where
4
7 ©
Ra™ = o s Ra
And
_ gp(T, —Tg,)L3 Pr (10)

Ra
L 2
v

For very low vacuum pressures A i approaches zero
and only radiation heat transfer should be considered. Air
thermal conductivity for low pressures has been determined
from equation (11) [28]

1 oZa 1 (1)

‘air air,o W
14200

dr
P
Where d,, is the glass cover-absorber tube spacing
The sky temperature has been calculated from the relation by
[29]
T,, =0.05527T,"

sky amb ( 1 2)
While the emissivity of glass is given as &; = 0.86 [18, 20] and
the absorber emissivity varies with wall temperature. For
cerment selective coating is absorber emissivity is given by
[20] as

&, =0.00031T,, —0.0216 (13)

The average wind heat transfer coefficient h,, was estimated
using the expression given by [19] as

h,=4.9+49v, —0.18v} (14)



Thermal analysis of flow and heat transfer inside the
absorber tube

Determination of Reynolds numbers for flow in the
absorber tube for velocities above 0.25m/s indicates that the
flow is turbulent. Therefore, Reynolds Averaged Navier Stokes
(RANS) equations are used to model heat transfer and flow in
the absorber tube. For steady state, incompressible, turbulent,
axisymmetric flow the RANS equations for continuity,
momentum and energy are given by equations (15 — 18) [30,
31].
Continuity equation

opit +f—(prv) = (15)
ox
Axial momentum
Jolh 5B, 2, @) 10(, o)
ox ar dx  ox\" 7 ox ror" 7 or (16)
izl
ax\"ax) ror " ox
Radial component
_ov  _ov ap ] o) 1 v
”[V? a*} Tor ax(“fffajﬂar( “fﬁj an
RO (o
ax\"Tor) rorl" 9 T2

The Energy equation assuming no viscous heating by the heat
transfer fluid is given by
oT
A,
& axj

T T
ey ox or | ox

/tlejj" = /tlr +/tl

degr 1S the effective fluid thermal conductivity and for the
standard k-¢ and realizable model is given by [31] as

CrH,

Pr,

1d

oT
g
rar( < arj

(18)

- 1
Ay =A+ (19)

Because RANS equations present a closure problem additional
equations are needed to obtain all the unknowns. Turbulence
modelling is usually used to remedy such a problem. Of the
available turbulent models the k-¢ model and its improvements
of k-¢ RNG (Renormalization group) and the k-e¢ Realizable
models are the most widely used and validated models for most
flows [32]. The RNG and Realizable k-¢ models are
improvements of the standard k-e model. In this study the
Realizable k-¢ model was used. The k-&¢ models have two
equations for the turbulent energy (k) and dissipation rate (€).
The transport equations for the Realizable k-& model
are given by equations (20 -23) [31];
k- Equation

(20)

e- Equation
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72 452e] [ o
P ox dr] ox o o, Jox (21)
+li +— — |+ pC,Se-C, £
r ar /u ar £l szpk r
G, the generation of turbulent kinetic energy is given by
WY (mY (vY

e
H Jr dx

o is the turbulent Prandtl number for k, o, is the turbulent
Prandtl number for ¢ and G is the generation of turbulent
kinetic energy due to the mean velocity gradients given as [31,
33]. The model constants are C,, = 1.9, o = 1, o, = 1.2. For
Realizable k-¢ model C,; is not constant and is determined as
detailed in [31, 33]

Eddy viscosity calculation for the realizable model is given by
k>
—pc, 2 (23)

C, is a function of the mean strain and rotation tensor whose
detailed determination is given in [33]

Turbulent models do not resolve the flow characteristics in
regions near walls since in these regions viscous forces are
either equal in magnitude to inertia forces or larger. Near the
wall velocity changes rapidly, solution gradients are very high,
flow is influenced by the viscous effects and is independent of
the parameters far from the wall. In ANSYS Fluent standard
wall functions based on the works of Lauder and Spalding [33]
and are widely used for most flows. The near wall node is
modelled by laws of the wall [33]

The law of the wall for mean velocity yields
=Lin(E y')
K (24)
Where; « is the Von Karman Constant = 0.4187and E is an
empirical constant = 9.793

The dimensionless wall velocity U" is given by

1 )’
U0,

r/
P

And the dimensionless distance from the wall y"

(25)

1 1
e (26)
U
Where, k; is the turbulent energy for the near wall node, y, is
the distance from the wall to near wall node and U, is mean
velocity for the near wall node.

The lower limit for use of wall functions is about y =15
and the upper limit depends strongly on the Reynolds number.
Below the lower limit the accuracy of the solution cannot be
maintained except when scalable wall functions are used. In
this study scalable wall functions were used and they help when
the grid is refined such that y* <11 [33]. They force the usage



of the log-law in conjunction with standard wall functions
approach.

Heat transfer and fluid flow inside the absorber tube can be
characterized in terms of pressure drop and Nusselt number.
The pressure drop along the absorber tube determines how
much power must be used to force the fluid through the tube.
Pressure drop (AP) is related to friction factor f by equation.
27).

LpU?
D 2

AP=f 27)

Where D is the hydraulic diameter given by the ration of area
and wetted perimeter (p,,) as

poth
D
The required pumping power w oump L0 OVETCOmME the pressure
drop is given by
W = VAP (28)

pump
For smooth tubes the friction factor fis given by Petukhov first
equation given in [34] put forward by Petukhov in 1970.

£=(0.790 InRe —1.64)" (29)

Re is the dimensionless Reynolds number given by
_pub

U
The heat transfer is given in terms of the Nusselt Number (Nu)
which is given as
Nu=TD

k

and the heat transfer coefficient h, is given as

e 4 (30)
T -T,,

W re;

Re

For a constant heat flux along the absorber tube circumference,
Nusselt number, Reynolds number and Prandtl number are
correlated by the Gnielinski correlation given by equation (31)
as was put forward by Gnielinski in 1976 [34] as an
improvement of Petukhov’s second equation [34] with all
properties evaluated at bulk temperature.

. (% )(Re—lOOO)Pr
R 12.7(%)0'5 (pr**-1)

0.5 <Pr<2000 and 3 x 10* < Re < 5 x10°

The boundary conditions used in the study for the annulus
space and absorber tube are given as;

(31
Nu

For

Receiver Annulus
Atx=0, d,, grgﬁ
2 2
u=v=20
P;, = 40 bars
Tin = Tamb

Wall boundary conditions
A mixed convection and radiation boundary condition is used
for glass cover outer surface,
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d,
Atx=L, 4, <r<-X
2

2
A zero pressure gradient at the annulus outlet is used

Absorber tube

At the inlet; x = 0, Ogrgﬁ, -90°<0<90°
2

Wall boundary conditions

, 0<x <L, ano-slip boundary condition exists

At = dri
2

On the outer surface of the absorber tube a uniform heat flux is
assumed as in [23, 25] given as;

d

At p="r,  0°<0<90°
2
q =TgIh
r=dn 90 <o<0e
2
. A
q =n,Cpl, where C,="¢

.
A, is the aperture area projected on a horizontal plane and A, is
the corresponding absorber area, I, is the direct solar radiation
taken as 933W/m’.

Attheoutlet (x =L, 0<r< &) a zero pressure gradient is
2
applied

On the symmetry plane, there is a zero normal velocity and
zero normal gradients of all variables. Therefore, no convection
and diffusion fluxes across the symmetry plane

Material Properties

For this study, the absorber is made of stainless steel with
Specific Heat capacity 0.5 kJ/g °C and density 8 g/cm® [35]
while the thermal conductivity varies with temperature
according to A = 14.8 + 0.0153T, [18]. The glass cover is taken
as borosilicate Pyrex® whose properties were taken to be
constant similar to those current receivers [11, 12, 15 and 18].

Air is taken as the annulus fluid with its density calculated
by the Incompressible ideal gas law, the thermal conductivity
varying according to equation (11) and the rest of the properties
calculated using kinetic theory as given in ref. [33].

Syltherm 800 is used as the absorber tube heat transfer
fluid used whose properties are input as functions of
temperature according to polynomial functions equations (32-
35) given by[21].

¢, = 0.001708T + 1.107798 (kJ/ kg K) (32)
A =-5.753496 x107'°T* — 1.875266 x 10* T

+1.9002x10" (W/m™'K) (33)
p=-4.153495 x 10T+ 1.105702 x10° (kg m™) (34)
pn=6.672x 107T* - 1.566 x 10°T° +1.388T*

-5.541x10% T+8.487 x 10* (uPa s) (35)



Geometric parameters

A receiver with dimensions similar to those of the current
SEGS-2 plants Dudley [11] was used in this study. Receiver
dimensions are given in Table 1.

Table 1: Geometrical parameters

Validation Base case
simulations
Receiver inner 11.5 11.5
diameter(cm)
Absorber inner 6.6 6.6
diameter (cm)
Absorber thickness (cm) 0.2 0.2
Receiver length (m) 7.8 4
Concentration ratio 71 71
Optical Efficiency (%) 73.2 73.2

Five different cases of the finned receiver were compared
against the base case. Fin thickness is kept constant in all cases
the same as the absorber thickness i.e. Case A 0.2 cm x 0.2 cm,
Case B 0.6 cm x 0.2 cm, Case C 1.0 cm x 0.2 cm, Case D 1.4
cm x 0.2 cm and case E 1.8 cm x 0.2 cm. Case F considered a
larger non-finned tube of absorber inner diameter 7.7cm and
receiver inner diameter 13.5cm. Only the lower fin was varied
since it is the one deemed to influence receiver performance.

SOLUTION PROCEDURE

The numerical solution of the governing equations was
implemented in a commercial three dimensional package
ANSYS® 13.0. The geometry built in ANSYS Design Modeler
and the grid in ANSYS meshing. The mesh is refined with a
fine mesh at the absorber annulus interface and at glass ambient
interface as well as along the receiver’s axial direction as
shown in Figure 5. The solution is obtained in ANSYS
FLUENT which uses a Finite Volume method for solving the
governing continuity, momentum, energy and k-&¢ model
equations. The computational domain was discretized using
hexahedral and quadrilateral elements. Second order upwind
scheme was employed for integrating the governing equations
together with the boundary conditions over the computational
domain and SIMPLE algorithm was used for coupling pressure
and velocity. Radiation heat transfer in the annulus is modelled
using the discrete ordinates model with air taken as a
radiatively non-participating medium. Convergence was
obtained with scaled residuals of mass, momentum, turbulent
kinetic energy (k) and turbulence dissipation rate (¢) less than
10* while the energy residuals were less than 10 and when
monitors of the convergence history of the absorber outlet
temperature and glass temperature have flattened for more than
200 successive iterations.

Mesh independence studies for several refinements of the
mesh were carried out with the receiver heat losses and heat
gain as monitored quantities

i i+ i i+l
Lfl“ll <0.018nd % <0.01 Where i is the value
4. .
before mesh refinement and i+l is the value after mesh
refinement.
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Figure 5 Mesh used in the study: Radial and axial directions

RESULTS AND DISCUSSION

The Numerical model was validated using the test results
of Dudley [11] for heat gain and test results from Burkholder
and Kutscher [18] for heat losses. Moreover, heat transfer was
validated using Nusselt Number and fluid flow by friction
factor. Petukhov second equation and Gnielinski correlations
[34] were used for Nusselt number comparisons whereas
Petukhov’s first equation (29) was used for pressure drop
validation.
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Figure 6 Validation of temperature gain
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Figure 7 Validation of receiver heat losses



Temperature gain results were within less than 11% of
experimental results obtained by Dudely [11] as shown in
Figure 6. The correlation obtained by Burkholder and
Kutscher [18] which relates heat losses to the difference
between absorber temperature and ambient temperature was
used to validate heat losses. The present study correlates well
with the experimental data as shown in Figure 7 when only
radiation losses are considered.

Nusselt number and friction factor also compare well with
correlation data. Nusselt number was within less than 8% of
both Petukhov’s second equation and Gnielinski correlations as
shown in Figure 8.
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Figure 8 Validation of Nusselt number

Effect of external fins on pressure drop and heat transfer
coefficient

External fin dimensions have no or negligible effect on the
pressure drop and heat transfer characteristics for the same
diameter of the absorber tube. When compared with the a non-
finned absorber of diameter equal to finned absorber diameter
plus the fin height there is some pressure drop penalty. As
would be expected an increase in the flow rate or Reynolds
number increases both the pressure drop and Nusselt number.
Figure 9 shows the effect of external fins on Nusselt number.
For a larger tube, the Nusselt number increases as a result of
increased diameter of the tube and not as a result of increased
heat transfer coefficient.

Effect of external fins on glass temperature and
maximum absorber temperature

Figure 10 shows that as the height of the external fins
increases the glass temperature also increases. Addition of
external fins on the absorber implies that some heat must be
transferred from the fin to the absorber by conduction while
some of it is radiated to the space between the absorber and the
glass cover. This transfer of heat is constrained by the fact that
there is a limit on the amount of heat that can be transferred by
the heat transfer fluid determined by the flow rate and the
amount that can be radiated determined the absorber wall
selective coating emissivity. This will affect the maximum
temperature in the absorber tube and glass temperature as fin
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height increases. For all cases the average glass
remains within the normal operating range less
[15].

temperature
than 100°C
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120 . .

--©— Base Case
--B— Case A
--o— Case B
--%— Case C B
-—t= Case D

1004

C

©

2
T

o
o
I

Glass temperature (°

'S
o
I
T

20 I

T T T T
1.510° 210° 2510° 310° 3.510°
Reynolds number

Figure 10 Variation of receiver glass temperature

Glass temperature reduces as the heat transfer fluid flow rate
increase. As the fin height increases the absorber maximum
temperature also increases. It will approach the maximum
operation temperature of stainless steel under continuous
operation about 1143°K [35] as the inlet temperature and
concentration ratio increase.

Table 2 Effect of concentration ratio and inlet temperature on
maximum wall temperatures

Tinlel Mass flow Tri, max Tro,max Tabs_ave
CR (°K) rate (kg/s) (°K) (°K) (°K)
80 650 7.84 688.16 795.97 664.58
90 650 7.84 692.70 812.73 666.38
100 650 7.84 697.39 829.91 668.18
80 700 7.84 742.09 844.11 716.39
90 700 7.84 747.67 861.81 718.51
100 700 7.84 753.34 879.66 720.65

For all cases considered the maximum absorber

temperature is lower than the maximum working temperature
and the melting point of stainless steel 1673°K [35]. As the
concentration ratio and inlet temperature increase both glass



temperature and absorber maximum temperature are expected
to increase. Table 2 shows some of the data for the effect of
increasing inlet temperature and concentration ratio on the
absorber inner and outer wall temperatures (T,; and T,,).

Effect of External Fins on Heat Gain and Efficiency

The heat gained by the working fluid and collector
efficiency are observed to increase as the Reynolds numbers
increases and then becoming nearly constant at Reynolds
numbers of the order 7.5 x10" for both finned and non-finned
absorber tubes. At low Reynolds numbers the efficiency
increase slightly by about 3% and then becomes nearly constant
as the Reynolds numbers increase as shown in Figure 11. This
is because heat gained by the heat transfer fluid no longer
increases significantly as the Reynolds number increases. As
fin height increases the efficiency continually increases.

For the current flow rates used in the SEGS-2 plants the
collector efficiency increases by about 11.6 % from 45% to
56.6% when a finned absorber tube is compared with same size
non- finned tube and by 13.6% when a finned tube is compared
with a larger non-finned tube for a fin of height 1.8 cm by
thickness 0.2 cm. The larger absorber tube gives a low
efficiency since the concentration ratio is slightly reduced.

Effect of external fins on heat losses

Figure 12 shows that as the fin height increases the
receiver heat losses also increase. The increase is more
pronounced at low Reynolds numbers. At higher Reynolds
numbers heat transfer coefficients are higher and more heat is
carried by the heat transfer fluid. At lower values of fin height
the increase in losses is smaller and becomes larger as the fin
height increases since most of the heat will not be conducted to
the absorber tube. For smaller fin heights the heat losses are
lower than for a larger non-finned absorber tube. The larger
non-finned tube has a large heat loss area.

Even though the external fins increase efficiency of the
receiver it should be noted that there are limiting factors to their
use. These include: the temperature of the absorber tube outer
wall currently limited to about 400°C to avoid degradation of
the absorber tube’s selective coating; the temperature of the
absorber tube inner wall to avoid degradation of the heat
transfer fluid whose current operation temperatures are limited
to 400°C [4].
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Figure 11 Variation of collector efficiency
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Therefore, fin dimensions should be selected such that they
improve performance without compromising the life of the
receiver.
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Figure 12 Variation of heat losses with fin dimensions and
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T
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From the study, with the assumed constant heat flux (DNI
933W/m?) the absorber wall inside temperature remains lower
than 673 °K for all fin heights and concentration ratios 71, 80,
90 and 100 provided the inlet temperature does not exceed
600°K and heat transfer fluid mass flow rates are kept higher
than 6.09 kg/s. For flow rates above 6.09 kg/s and inlet
temperature less than 550°K the maximum outer absorber
temperature is kept within less than 673° K at a concentration
ratio of 71.

For a fin of dimensions 1 cm x 0.2 cm the efficiency
increases by 6% and 8% when compared to the two non-finned
cases respectively for an inlet temperature of 523°K. The
smaller tube gives an additional pressure drop of 370.65Pa/m
(3.27W/m additional pumping power) when compared with the
larger non-finned tube and an increase in heat gain of 444.2
W/m
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(a) 0.5cmx0.2cm fin (b) 1.4 cm x 0.2 cm fin
Figure 13 Contours of temperature at absorber outlet at
Reynolds number 2.44x10*, Cg=71, DNI =933W/m” for 0.5 cm
x 0.2 cm and 1.4 cm x 0.2 cm finned absorber tubes

As the concentration ratio, inlet temperatures and fin
height increase the maximum temperature inside and outside
the absorber tube will increase and exceed 673°K. The
maximum temperature is concentrated on the lower fin as
shown in the contours of temperature in Figures 13 and 14.
Using higher flow rates is one way of decreasing the maximum
absorber wall temperatures. Combining the outer fins with



inner fins is likely to significantly reduce the maximum outer
absorber maximum inner absorber temperature.
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(a) 0.5 cm x 0.2 cm fin (b) 1.4 cm x 0.2 cm fin
Figure 14 Contours of annulus temperature at a Reynolds
number 2.44x10*, Cg=71, DNI =933W/m” for 0.5 cm x 0.2 cm
and 1.4 cm x 0.2 cm finned absorber

CONCLUSION

A numerical model to evaluate the performance of an
externally finned parabolic trough receiver was developed.
From the study it can be concluded that including external fins
on the absorber tube improves performance of receiver. The
longer the fin, the more is the heat gain, the higher the
efficiency but also the higher the heat losses, glass temperature
and absorber tube maximum temperature.

For concentration ratios between 71 —100 and flow rates
higher than 6.09kg/s the maximum absorber inner wall
temperature will exceed 673°K when inlet temperatures greater
than 600° K are used. The maximum absorber outer wall
temperature exceeds 673°K when inlet temperatures higher than
550°K are used.

A combination of external fins and internal fins can be
studied to evaluate the effect of different fin configurations on
the performance and the possible reduction of absorber tube
maximum temperatures.
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NOMENCLATURE

A [m2] Area

a [m] Collector aperture width
Cp Ukg' K] Specific heat capacity

Cr [-] Concentration ratio

d, [m] Absorber tube diameter
D [m] Hydraulic diameter

DNI [W/m?] Direct Normal Irradiation
S [-] Friction factor

f, [m] Focal length

g [m/s?] Acceleration due to gravity
h [W/m’K] heat transfer coefficient
I [W/m?] Direct solar radiation

k [m?/s?] Turbulent kinetic energy
L [m] Reciever length

m 7 [kg/s] Fluid mass flow rate

Nu [-] Nusselt number

P [Pa] Presure
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Pr [-]

A (W]
Qloss [W]

q [W/m’]
Ra [-]

Re [-]

R, [kJkg"' K]
t [cm]

T [° K]

U [m/s]
u, v [m/s]
\% [m?/s)
W [m]

X, T [m]
Greek letters

@ [Wm™K™]
B [OC—I]

€ [m2/s3]
£ [-]

n [%]

No [%]

p [kg/m’]
Pr [m]

Tg [']

Ty [N/m?]
N (Wm' K]
O, [degrees]
I [Pa s]
Y [m2/s]
X [m]
Subscripts

Amb

eff

ref

gi

g0

in

L

out

p

r

i

ro

sky

t
Super scripts
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