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Abstract

Thermal efficiency improvement of the concentrated solar power plants is closely related to
the thermal performance of their solar receivers placed along the focal zone of the parabolic
trough concentrators. In this paper, an experimental and thermal analysis of a linear solar
receiver without metal tube is presented. The solar receiver composed of two coaxial glass
pipes between them a vacuum annular volume has been realized. Then, the designed receiver
is placed at the focal zone of PTC in order to investigate its thermal efficiency. It should be
noted that water is used as HTF circulating into the solar receiver. The wind speed effect was
not taken into account in experimental process carried out under a receiver inclination angle
of 36° corresponding to the experimentation site latitude. It is found that, the maximum
thermal efficiency of the receiver records a value of 49%. Thermal analysis of the receiver
through the developed thermal model written in Matlab software takes into considerations all
heat transfer modes. Experimental results and those obtained analytically remain in acceptable
adequacy.
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1. Introduction

Parabolic trough solar collectors are largely used as basic elements in a great number of
concentrated solar power plants realized during the last decade [1]. Benefits of using PTC
technology are justified by a moderate investment cost as well as its ease of coupling with
other energy sources [2]. Their mode of linear solar concentration requires that, the exploited
linear receivers must have an acceptable thermal efficiency in order to ensure a maximum
conversion of the available focused solar flux in focal zone [3]. It is useful to note that, the
thermal characteristics of the heat transfer fluid circulating in the solar receiver affect
appreciably its thermal efficiency [4,5] and limit the operating temperature level of the solar
thermal power plant [6,7]. Numerous studies have been focused on the thermal efficiency
improvement of the solar linear receivers through the investigation of a new geometrical
designs and the use of nanofluids as HTFs. Wang et al [8] present a numerical study of a PTC
using a tube receiver by inserting with metal foams. Results show that the thermal efficiency
of the tube receiver with metal foams inserts was increased from 10 to 50% compared to the
conventional tube receiver. In order to improve the thermal efficiency, an experimental
investigation of porous disc enhanced tube receiver was carried out by Reddy et al [9]. A
numerical study of the thermal performance of a linear receiver with perforated plate insert
was presented by Agrrey et al [10]. Analyses indicated that the thermal efficiency increased
up to 8%. In the aim of increasing the overall heat transfer performance, numerous type of
linear receiver has been developed. Huang et al [11] introduced a numerical study of a
dimpled tube used as metal tube of tube receiver. They found an increase of the heat exchange
surface inducing a growth in the collector thermal efficiency. A compound copper-steel tube
receiver was developed by Flores and Almanza [12] for the solar power plant of the National
university of Mexico. Bellos et al [13] examined the thermal enhancement through the use of
a converging-diverging receiver tube. Results indicate that the thermal efficiency recorded an

increase of about 4.55% compared to the conventional tube receiver. In this paper, an
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experimental and thermal analysis of a designed solar receiver is presented. The first stage is
devoted to the design steps and geometrical description of the designed receiver followed by
an experimental investigation in order to determine the HTF outlet temperature and its
thermal efficiency. A developed thermal model is presented in a second stage in which, all

existing heat exchange between the various receiver elements were considered.

2. Materials and methods
2.1. Description of the designed receiver

The linear receiver used in this current study as indicated in Fig. 1 is composed of two
glass coaxial tubes having a length of 160 cm. The glass cover which represents the external
tube has respectively an internal and external diameter of 20 mm and 24 mm, while the

interior tube (absorber) has an inner diameter of 8mm with a thickness of 1.5mm.

3 3 ==
Fig. 1. Front view of the designed linear receiver assembled to the parabolic
trough concentrator.

Thermophysical proprieties of the used glass are indicated in table 1. The annular volume
located between the two tubes has a volume of 1.402 dm?. It should be noted that the value of
the external cover glass diameter was defined after the determination of the focused sunspot

width of the parabolic trough concentrator used in experiment.

Table 1. Physical proprieties of the used glass

Thermal conductivity (W/m.K) 1.04

Density (kg/m?®) 3214
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Specific heat (kJ/kg.°C) 0.72
Melting point (°C) 1380
Emissivity 0.92

2. Experimental procedure

The experimental tests were carried out in the solar experimentation site located at Khemis
Miliana University (Algeria). The first step is devoted to the positioning of the solar receiver
at the focal zone of the parabolic trough concentrator. In table 2 are indicated the geometrical

and optical properties of the used concentrator. It should be noted that the solar receiver is

placed at 1.2 cm below the real focal
Aperture area 1.184 m?

length in order to Reflecting surface 144 m2 €nsure a uniform

distribution of the Concentrator depth 23cm focused solar flux

along its glass cover TabROFEeRbERAR! {%L%h concentratoﬂ-ﬁa‘?%rﬁ@tersas schematized in Fig.

Rim angle 106°

2 by using the 0.86 Soltrace software.

Concentrator reflectivity

Tracking mechanism mechanical
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The experimental set-up as consists of a 0.736 kW centrifugal pump ensuring the working
fluid circulation through the solar receiver. The working fluid (water) circulating in receiver is
supplied from a water tank of 200 L capacity while the water mass flow rate is controlled by a
needle valve and measured by a flowmeter. The inlet and exit water temperatures are
measured using k- thermocouples which are connected to a data acquisition. It should be
noted that the system operates in closed cycle and the wind speed effect is not taken into
account. The thermocouples uncertainty is about 0.5 % for measurements between 20 °C and
175 °C, while the flowmeter has an uncertainty of about £ 0.4 % for 1.5 I/min measurement.
The direct normal insolation was measured during the experiments by, the CMP11
pyranometer. Two experimental tests were carried out to determine respectively; the time-
constant and the receiver thermal efficiency. In the first test which consists to evaluate the
time constant defined by the necessary duration so that the thermal steady state is established,
water near ambient temperature of about 27 °C is circulated at 0.6 I/min after the focusing of
the parabolic trough concentrator. Once the steady state conditions are reached the
concentrator is then defocused and the time constant value is determined for each water flow
rate. The second experimental part is devoted to the determination of the absorber thermal

efficiency during which, the water flow rate pumped was varied from 0.5 I/min to 6 I/min.

3. Analytical development
The linear solar receiver scheme as represented in Fig. 3a is thermally analysed in

order to determine its thermal efficiency defined as, the report between the useful heat flux
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Q,; absorbed by the heat transfer fluid (HTF) circulating inside glass pipe and solar flux

focused Q,. uniformly along the glass cover external surface as illustrated in Fig. 3b. This

efficiency can be determined through the energy balance involving the various heat flux and
heat losses in each section of the solar receiver. So, the evaluation of the thermal losses
evacuated through the different heat transfer modes is considered as a significant factor in the

optimization of the designed receiver.
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Fig. 3. Descriptive scheme of the linear solar receiver (a) dimensional representation, (b) heat
transfer nomenclature.

3.1. External heat loss
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The heat transfer from the glass cover to the surrounding occurs by convection and
radiation. In this application where radiation is combined with other modes of heat transfer,
the solution can often be simplified by using the different thermal resistances of each heat

transfer. The external heat loss Q,, is expressed by the following relation:

Qen _ _©gc amb (1)

Here T, —T.. IS the temperature gradient between the external glass cover and that of

ambient air as indicated in Fig. 4b. R,, is the environment thermal resistance given as follows:

CJ— (2)
hen Aexgc
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Fig. 4. Receiver radial surface (a) cross section nomenclature, (b) thermal resistances model.

In Eqg. (2) appear the external glass cover surface A, and the external heat transfer
coefficient h,, given by the following expression:

he, = he +hey’ 3)
The convective heat transfer coefficient of external environment hg, is determined as follows:

NuK .
hCV — alr 4
- (4)

exge
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Where the Nusselt number Nu developed by Churchill and Chu [14] is given by Eq. (5) in
which all thermo-physical proprieties are calculated at the average temperature (Tamb +Toge )/ 2.

2

1/6
Nu = 0.60 + 0.387Ra (5)

1+ (0.559/ Pr,, )/ f'*

It should be noted that the Nusselt number as formulated in Eq. (5) is applied when there is no
wind and heat transfer occurs by natural convection from glass cover to ambient air. The
Rayleigh number, thermal expansion coefficient and Prandt number are expressed

respectively by the Eqgs. (6), (7) and (8).

_ gﬂ (Texgc _Tamb) Deaxgc

Ra . Pr,, (6)
Uair
1
= 7
ﬂ Tamb ( )
:uair(cp) i
Pry, =—— 8
ar = ®)

Radiation heat transfer coefficient of external environmenth;’ can be determined through the

Stephan-Boltzmann law given as follows:

rad ra
Q = Ofeqc Aexgc (Teigc - Tsiy ) =h, AeXgC (Texgc - TSkV ) ®)
from where:
4 4
herr?d _ Gg?;—: (TexgcT_Tsky ) (10)
exgc | sky

Where T, is the sky temperature determined by the following expression [22]:

T,y =0.0552T,

amb

(11)
The Stephan-Boltzmann constant o is equal to 5.6x10°W.m2.K™ and ¢, is the emittance

exge

of the external glass cover surface [16].

IJSER © 2019
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research Volume 10, Issue 10, October-2019 997
ISSN 2229-5518

Note that h!*® depends strongly on temperature, while the temperature dependence of the

convection heat transfer coefficient h;, is generally weak [15].

3.2. Heat transfer through the glass cover

As shown in Fig. 4 and Fig. 3b, the thermal resistance R, of the glass cover is crossed by the

transmitted solar flux Qi™ and the heat flux Q™ transferred by conduction through the

glass cover wall (semitransparent material). The thermal balance in this section can be written

as follows:
QFoc _Qen = Q;Ian + Q;(cmd (12)
Where:
QFoc = IBESCAexgc (13)
Q;;rgan = QFoc (14)
Toge =T,
cond — exgce ingc 15
Qqe —Rgc (15)
Dex c
In( %ingcj (16)
2K, L

In Eq. (14) appears « as the transitivity factor which takes a same value for the glass cover

and the glass pipe.

3.3. Heat exchange in annular space
In this receiver space (enclosure) located between external glass pipe and internal glass cover;
heat transfer occurs by convection and radiation expressed as follows:

T

T
Qu = Q5 +Qp =1 (17)

IJSER © 2019
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research Volume 10, Issue 10, October-2019 998
ISSN 2229-5518

Where Q2 and Q.2 are respectively the convective and radiative heat fluxes at the annular

an

space and R,, is the annulus thermal resistance determined by the following expression:

1

R =—— 18
M 2zh, L (18)

The annulus heat transfer coefficient h,, as indicated in Eq. (18) is evaluated under vacuum

condition. In this annular space (enclosure) located between external glass pipe and internal
glass cover; heat transfer occurs by convection and radiation. It should be noted that the
convection heat transfer at pressure lower than 0.013 Pa [17] occurs by free molecular
convection.

h,, =hgy +h (19)
Where the annulus convective heat transfer h;. is given by [18]:

nS: = g (20)

D D
2 hA P41
Din c Dingc
2In| —/%

exgp

4
D.
For a Rayleigh number Ra, <|—""—
e Dingc - Dexgp

In Eq. (20) appear the thermal conductivity K, of annulus gas at standard condition and the

interaction coefficientb which take respectively a values of 0.02551W/m.°C and 1.571, while

the specific heats ratio for the annulus gas A is equal to 1.31 [19].

The radiative heat transfer coefficient h,; is evaluated by the following expression [21]:

n

O-(Teigp B Ti:gc ) 1)

1 1_gin c Dex
[g +[( A QD) & JJ(Texgp _Tingc)

rad __
han -

exgp ingc —ingc

3.4. Heat transfer through the glass pipe
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The thermal resistance R, of the glass pipe is crossed by the transmitted solar

quxQ;’f‘" and the heat flux Qg‘;”d transferred by conduction through the glass pipe wall. In

this section, heat exchange can be characterized by the following heat balance:

Qggan +Q;2nd _Qan — Qggnd _'_Q;]I";an (22)
Where:
Q;]I"l;an — aQ;]r(r:an — aZQFoc (23)
Togo — T
Qgc;nd _ _egp ingp (24)
Rgp
In Dexgp
= A (25)
o
27K, L

3.5. Heat transfer from glass pipe to heat transfer fluid

At the steady state, the heat balance is expressed as follows:
Q' + Qg™ = Qu (26)
Where Q,,, is the useful heat flux absorbed by the heat transfer fluid circulating inside glass

pipe. The absorbed flux is given by the following expression:

T Thtf

_ _ingp htf 97
o R (27)

Where R, is the thermal resistance of the heat transfer fluid given as follows:

1
Rhtf = 7D (28)

L hhtf

ingp
The useful heat transfer coefficient h, as indicated in Eq. (28) is determined by Eq. (29).

_ NUp Ky

oy = —— (29)
Dingp
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Where Nu,, is the Nusselt number of the heat transfer fluid which strongly depends on the
type of flow through the glass pipe [25]. In the case of laminar- flow when Reynolds number
is lower than 2300, Hall et al [21] shows that the Nusselt number is a function only of the type
of heating boundary condition and, for a boundary condition with a constant heat flux, Nusselt
number takes a constant value of 4.364. For transitional and turbulent cases which occur at
Reynolds number greater than 2300, Gnielinski [23] proposed a modified correlation of that
suggested by Petukhov [24] to extend its applicability in this Reynolds number range in order

to determine the Nusselt number as follows:

(Re—1000)Pr (f/2) ( pr ™"
Nuhtf = 2/3 (29)
1+12.7(Pr?*—1)\[f /2| Pr,
Where the friction coefficient f is determined through the Eq. (31)
f =(1.58InRe —3.28) (31)

3.6. Receiver thermal efficiency
The receiver thermal efficiency is defined as the report/ratio between the heat flux Q.
absorbed by the heat transfer fluid circulating inside glass pipe and the solar flux Qg

focused at the outside glass cover. It is expressed analytically as:

n = thf
QFoc

(32)

The outlet temperature of the heat transfer fluid can be obtained through the Eq. (33) given as

follows:

Tou = Tin t—— (33)
t mhtf (CP )htf

Where the mass flow rate m,, of the heat transfer fluid is given by:

My = (l/ 60)phtfvhtf (34)
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The coefficient (1/60) which appears in Eq. (34) corresponds to the conversion unit from

-1 -1

min~ to s
4. Results and discussion

Through the Fig. 5 which presents the measured temperatures at various receiver positions
under a direct normal insolation (DNI) of 560 W/m?2, it appears that the temperature increases
up to its maximum of about 132.3°C reached at a distance of 15 cm. This distance indicates
exactly to the real focal length of the parabolic trough concentrator. The insignificant
difference of 1mm between the theoretical focal length as indicated in Table 2 and that
determined in experiment explains the good adherence obtained during joining operation.
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Fig. 5. Measured temperature at various receiver positions along the focal axis.
Fig. 6 shows the radial temperature distribution along the surface receiver which allows the
determination of the sunspot width size. It should be noted that this experiment process is
carried out under a solar irradiation of 680 W/m2. It appears that the maximal temperature is
reached exactly at the focal line recording a value of about 164°C. The sunspot width is

delimited between the two isothermal of 60°C which indicates a size of 23 mm giving a
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sunspot surface of 368 cm2. The knowledge of the sunspot surface leads us to determine the
real concentration ratio and the focused solar flux which take respectively a value of 31.83
and 21.64kwW/mz2,

It can be seen through the Fig. 7, the three distinct zones which figure in the water outlet
temperature variation with time. The first one is located between 0 and 1min in which an
insignificant temperature variation is recorded. This observation can be explained by the weak
capacitive effect of glass cover on heat exchange within the solar receiver during this short

period.

200

[
(o]
o

Sunspot width (23 mm)

[
[e2]
o

[EEN
i
o

=
N
o

o]
o

[e2]
o

N
o

Temperature (°C)
|_\
N o
o o
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

o

0 5 10 15 20 25 30 35 40 45
Distance (mm)

Fig. 6. Measured temperature along the width of the plate receiver positioned at a PTC
focal zone.
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The second zone ranging between 1 to 8 min is characterised by a significant increase of the
water outlet temperature which passes from a value of 27.2°C to 31°C. The two preceding
zones are located in the transient state interval. Beyond 8 min, no variation in water outlet
temperature is recorded what indicates that the steady state is established. It should be noted
that the value of 8 min represents the time constant of the solar receiver.

Fig. 8 represents the experimental and analytical results of (T, —T,,) according to the water

out
flow rate circulating in the solar receiver under a direct normal insolation of 620 W/m2. It is

noted that (T, —T,,) is appreciably affected by the water flow rate variation. it appears that

out

the rise of the flow rate from 0.5 to 3 I/min causes a reduction in (T,, —T;,) from 3.9t0 0.6°C

out
recording a rate about 1.32°C/(lI/min) , while the analytical variation records a diminution

from 4.7 to 1.4°C which corresponds to the same rate recorded in experiment.
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Fig. 9. Experimental and analytical variation of the thermal efficiency with
water flow rate under solar irradiation E, = 620 W / m? .

Fig. 9 shows that the thermal efficiency calculated experimentally and analytically varies with
water flow rate differently in two distinct zones. The first one is that ranging between 0.5 to
3.5 I/min in which the thermal efficiency increases to its maximum experimental value of
about 49% recorded at 3.5 I/min. The second zone is represented in the interval going from
3.5 to 6 I/min in which the thermal efficiency decreases with the increase of the water flow.
This decrease in thermal efficiency is affected by the reduction of the useful heat transfer

coefficient h,,, due to the strong increase in turbulence of the water flow. It appears that the
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analytical results of the thermal efficiency take the same pace as experimental with a standard

error of about 0.72.

5. Conclusion

In this paper, the designed linear receiver placed at the focal zone of the parabolic trough
concentrator with large rim angle was studied in experiments and analytically. It should be
noted that the focal length of the used PTC calculated in experiments remain in good
adequacy with that determined analytically. It was found that the thermal efficiency of the
linear receiver is appreciably affected by the flow rate variation of the heat thermal fluid
circulating in its internal glass pipe. Based on the developed analytical thermal model, the
evaluation of outlet temperature and thermal efficiency of the solar linear receiver can be

predicted with an acceptable precision.
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Nomenclature

A :area (m?)

C : solar concentration ratio

C , : specific heat of air (J/kg.K )
D : diameter (m)

E. : solar irradiation (W/m?)

e : thickness (m)

f : friction coefficient

Gr : Grashof number

g : acceleration of gravity (m/s?)

h : heat transfer coefficient (\/V/mZ.K )
K. thermal conductivity (\N/m K )

L : length (m)

m : mass flow rate (kg/s)

Nu : Nusselt number
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Pr : Prandtl number

Q : heat flux (W)

R : thermal resistance (K /W)

Ra : Rayleigh number
Re : Reynolds number
T : temperature (K)

V : volumetric flow rate (I/ min)

Subscripts

air: air

amb: ambient

an : annulus

cond: conduction

Cv: convection

en: environment

exgc: external glass cover
Foc: focused

gc: glass cover

gp: glass pipe

htf: heat thermal fluid

in: inlet

ingc: internal glass cover
out: outlet

rad: radiation

sky: sky

Trans: transmitted

w: wall
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Greek symbols

a : reflectivity factor

p - coefficient of thermal expansion (K ‘1)
£ . emissivity

4 dynamic viscosity (kg/m.s )

v kinematic viscosity (mzls)

n . thermal efficiency

p : density (kg/1)

p . concentrator trough reflectivity

o : stefan-Boltzman constant (Wm?K ™)
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