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Today, solar parabolic trough collectors are the most appropriate technologies
in solar power generation due to higher efficiencies in comparison with other
collector types. In this paper, a numerical heat transfer model is considered, for
simulation of this equipment. The inlet heat flux to the absorber is calculated to
be considered as a boundary condition for the external surface of the absorber.
Temperature distribution on the absorber is obtained, by the aid of energy equilib-
rium modeling. Thereupon, thermal and pressure stress at absorber are analyzed
in the model by thermal results and finite element methods. In this study, the direct
steam generation system is used as the basis for the work. High thermal stress is a
defect in direct steam generation systems. In this research thermal performance is
improved and stress tolerance can be increased by using the coating on absorber
surface. At the end, the most suitable coating is introduced among the variety of
considered coatings types.
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Introduction

In direct steam generation solar power plants, water is being used instead of oil as a
fluid which in some cases leads to some fractures in the absorber. It should be noted that frac-
tures mostly occurs in the part wherein the fluid has a boiling regime. The cause of this problem
is related to extreme changes in the thermal fluid in a short distance. There are several ways
to strengthen and lowering the thermal stress in the absorber from those proper coating can be
noted [1]. In choosing the coating material economic factors should be considered in addition
to its specifics related to its application [2].

Concentrated solar power plants are one of most applied production procedures by re-
newable energy. Amongst, linear parabolic trough collectors are the most economical technol-
ogy for absorbing solar energy [3]. Predicting thermal distribution in the solid material under
non-uniform thermal source is one of attracting subjects in the context of designing the solar
absorber. To estimate temperature gradient level and non-uniform effective thermal stress, ex-
tensive investigations with three perspectives are implemented:

— studying transient effects of the non-uniform thermal source on a pipe [4],
— studying effects of thermal fluid specifications, pipe design and sun beams emitting concen-
tration over the concentrating complex [5], and
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— experimental /mumerical simulations to control thermal stresses [4-6]; most of the accomplished
numerical studies in [7-10] are devoted to the analysis of heat transfer in linear parabolic trough
collectors; the fluid-flow at the entrance of the considered system is single-phase while by ab-
sorbing heat, some bubbles form, and two-phase boiling flow are obtained.

Effects of some important parameters as temperature and mass-flow rate of the inlet
water, tube transmittance and the properties of the absorber surface, on the collector’s energy
and exergy efficiency, has been investigated by [11-14]. Zhu et al. [15] studied the performanc-
es of organic Rankine cycle using organic fluids. Their aim was to recover heat from renewable
or waste energy sources.

Solar collectors usually are installed in open areas which are faced with high winds.
Hachicha et al. [5] investigated CFD of wind-flow around a linear parabolic trough concentra-
tor under real working conditions.

In electricity generating power plants by solar energy, the geometry of devices such as
absorber are of great importance. To achieve certain ranges of geometrical parameters with opti-
mized quality, Cheng et al. [16] theoretically analyzed the relations between geometrical parame-
ters of the invertor part and system's focal form. As well, Akbarimoosavi and Yaghoubi [17] have
performed a theoretical study to discuss concentration ratio, flux density, temperature distribution,
and thermal expansions effects over designing conditions. Thermal stress caused by boiling is
studied by considering the thermal profile of boiling at the inner surface of the pipe [18, 19].

In the present study, the direct steam generation system is considered as the power
generation system of the solar plants. Water is used as the working fluid which is proved to
show better performance than oil [8]. The fluid-flow from the entrance to the outlet experiences
three different regimes which are comprehensively modeled. Fluid at the pipe inlet is single
phase while by flowing through the pipe and absorbing heat the temperature rises to the boiling
point and some bubbles forms. At this stage, since the fluid bulk temperature is still below the
saturation temperature, the formed bubbles may condense after detaching the pipe wall. This
regime is called sub-cooled flow regime and may last until the bulk temperature reaches sat-
uration condition. Then the fluid is in the two-phase boiling regime. Due to high temperature
gradient throughout the absorber, considerable thermal stress at the absorber surface results.
To reduce these effects and prevent fractures due to thermal stresses, three kinds of coatings,
namely: titanium carbide, black chromium, and nickel, are evaluated. Common roller shaping
is applied for coating the pipe. To demonstrate the connection between the coating and the pipe
in the modeling the sign Tie is used in the figures. It will be shown that tangential thermal stress
distribution in the absorber coated with titanium carbide is lower than two other coats.

Simulation of a linear parabolic
receiver and governing approach

The general modeling approach in the present study is the energy balance of the heat
collector element. The equation generally consists of direct sun’s irradiance, the optical loss of
the parabolic mirror and the heat collector element, heat losses of the heat collector element as
well as fluxes and heats existing in heat transfer fluid.

During a day, the sun’s irradiance on the collector and mirror complex first gets to
the parabolic mirror and reflects off it and then gets concentrated in the heat collector element
placed in the focal distance. On the way, a small amount of the energy with the quantity of,
e smd» 18 absorbed by glass the and the rest of the energy with the quantity, g, o, Of passes the
glass after passing the width of the glass wall with heat transfer by conduction and gets to the
absorber by radiation heat transfer. The quantity of the radiated energy is equated to, ¢usad.-
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Some part of the absorbed energy after passing the absorber wall by conduction heat transfer
with the quantity of ¢, ..ns, by convection heat transfer with the quantity of ¢, ¢con 1 transferred
to heat transfer fluid and in this step the remain returns to the glass by free convention heat
transfer, g,qconm» and radiation heat transfer. Finally the sum of thermal energies arrived the
glass by process of convection heat transfer, gy.c conv, 1S transferred to the environment. The heat
transfer circuit of these steps is in fig. 1. These steps can be seen in fig. 2. {}

Rad. )
W Ga-ccone Parabolic collector
Glass envelope
Sky Conv.
Rad.  Cond. o Cond.  Conv. Absorber
x £ v £ Fluid
Conv. g d\—W qr;» < Heat transfer fluid (HTF)
Environment Parabolic collector
Figure 1. Heat transfer circuit Figure 2. Heat transfer model at

the cross-section of the heat collector [1]

Each heat transfer process of the absorber, as well as its related equation, will be dis-
cussed in the following sections.

Radiation heat transfer over the glass and
on the surface of absorber and conduction
heat transfer through the glass

As explained before, after reaching parabolic mirror, some sunlight beams are ab-
sorbed to the mirror and the rest goes to the glass and absorber complex placed at a focal
distance. The quantity of the beams radiated to the glass can be achieved as the following
equations, [18]:

. 2 (qSun,g ag )
qg,s,rad = f (1)
q.Sun,g = ]Sunﬂwcng (2)

After reaching the thermal energy to the glass by radiation, it passes through the glass
wall by conduction heat transfer, eq. (3) [18]:

2 (11 5

q.g,cond =7 N
In @
Dg,in

At this stage, a fracture of heat reached to the glass is absorbed according to absorp-
tion factor of the glass and transfers to the absorber after passing the glass wall as eq. (4), by
considering transmission ratio of glass. The amount of this thermal energy can be calculated:

. 2 (qSun,ayaa )
Qa,srad = f 4

qSun,a = ISun ﬂWC}’('Z (5)
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Conduction heat flux in the absorber and
convection heat flux from the pipe to the fluid

At this section, the heat is absorbed by the absorber and by conduction heat transfer
process passes through the absorber's wall. This heat transfer is explained by eq. (6) [18]:

2nka (T;,SX - 7:;,in )

qa,cond =7/ N
(D ©
Da,in

Inside the pipe, the fluid is limited by the absorber's wall as an internal flow. So the
boundary-layer cannot develop freely without contact with surfaces [18]. After the heat passes
the absorber's wall by conduction, the heat is transferred to the fluid inside the pipe. This trans-
fer is of internal convection type. The following equations describe the aforementioned heat
transfer [1, 18]:

qa-f,conv = hana,in (Tz;,in - Tm) (7
h.D,.
Nu, =0.023Re”*Pr**, Nu, =L
K ®)

Fluid energy equations

In addition to what explained before about convection heat transfer from the absorber
to the fluid, because the flow is totally surrounded by the absorber, average temperature changes
and the relation between convection heat ¢,.¢..., and temperature difference between input and
output can be calculated by energy balance, [18].

Fluid is flowing with constant flow rate inside the absorber and convection heat trans-
fer occurs between its surface and the fluid. The below relations show the fluid element’s ener-
gy balance [11, 18]:

. qf, n
Ga-tconv = clo - ©)
qf,conv = mcp (Z)ut - 1;n ) (10)

Convection and radiation heat flux
between the absorber and the glass

After reaching the absorber, according to its absorption factor, some of the thermal
energy is absorbed by the pipe and by two processes of conduction and convection heat transfer
passes the wall and transfers to the fluid. After absorbing this amount of heat, some is reflected
in the glass by two processes of free convection and radiation heat transfer according to reflec-
tion ratio of the absorber (pipe).

For the condition that is considered in this study, heat is transferred from the pipe to
the glass, so the pipe temperature is more than the glass temperature [1, 18]:

C}a—g,conv = hana,ex (Tg,in - ];,ex ) (11)
2k,
hc — eff (12)
Da,ex ln(l)g,in /Dg,ex)

As previously explained, after absorbing the heat in the absorber the rest of the ther-
mal energy is transferred to the glass by two processes of heat transfer. In this section, we ex-
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plain a little about the radiation heat transfer from the absorber to the glass and note the relevant
relations as well. Absorber and glass surfaces are considered diffuse gray body, emitter, and
reflector. As well, the glass is considered as opaque material toward thermal radiation, [18]. The
following equation explains this part of heat transfer:

. 4 4
Qa-grad = Fl"adOWDa,ex (Tg,in _Y;,ex ) (13)

Convection heat flux from the glass

to the surrounding environment

After two processes of heat transfer from the absorber to the glass, thermal energy
passes through the glass and by convection heat transfer is transferred to the environment. At
this step generally, there are free and forced convection simultaneously. In the primary modeling
a calm atmosphere without wind blowing is considered, eventually, the heat flow is considered
to be free convection. Relevant relations for modeling this part of heat transfer are [1, 14, 18]:

Qg—e,conv = heTEDg,ex (E,ex _T;mb) (14)
2
1/6 h
Nu, =10.6+ 0.387Ra o7 (> Nu, :& (15)
[1+(0.559/ P, " | ke

Energy balance equations

First law of thermodynamics is applied as a useful tool for many heat transfer prob-
lems. In the present model two control volumes, control volume of the glass and control volume
of the absorber can be considered. Relations 16 and 17, respectively, are the relations of energy
conservation of the control volumes considered for the glass and the absorber:

o srad + Ga-g.oonv T Ga-grad — e-e.conv =0 (16)
Gasrad ~ Ga-toonv ~ Ga-geonv ~ Ga-grad =0 (17)
The energy balance on the interface of the glass and the absorber can be written:
9g.cond T Ya—g.conv + da—g,rad =0 (18)
Gacond ~Yaf,conv =0 (19)
Stress equations

Thermal stress equations governing the absorber are [6]:

7

EﬁL 2 out
O-Z:(l—v)l"z . 2_ 2 IT(r)rdr—T(r) (20)
out in i
B Eﬂc r2 _}{nz Tout r
TP JT(r)rdr_JT(r)rdr s
Eﬂc rz_ri_nz Tout r )
Oy = (1—v)r2 ’6ut2 _’fnz ;[T(r)rdr+JT(r)rdr—[T(r)r J (22)

in in



Razmmand, F., et al.: Effects of Different Coatings on Thermal Stress of ...
732 THERMAL SCIENCE: Year 2019, Vol. 23, No. 2A, pp. 727-738

Solution algorithm

The numerical solution is performed by applying 1-D element under stable condi-
tions. Energy balance equations, eqs. (16)-(19), is solved in a system of non-linear algebraic
equations as for how the relations including temperatures and fluxes are added to the system as
well and by a repeating process, with solving a system of 13 equations with 13 unknowns using
coding, the unknowns are calculated [1]. In continuation, the internal temperature of the surface
of the absorber is calculated, then by this actual approach, the temperature for higher control
values is calculated. The system of equations performs this process by a direct linear solution
and iteration method in the longitudinal direction of the pipe [1]. The calculation accuracy has
been considered to be equal to 0.001 for stability and calculation is converged for each element
after 17 iterations.

Therefore, the general solution algorithm is divided into two main parts, fig. 3:

— calculating the distribution of the concentrated heat transfer from the sun to the mirror and
then to the glass and the absorber by coding in order to calculation of temperature distribu-
tion for external and internal surface of absorber, and

— analyzing the thermal stress by consider the temperature distribution and constraints as
boundary conditions in the software of stress simulation.

Applying the geometric and thermo-
physcal propertie of the fluid and the heat collector | |/~| Thermal analysis

| Applying the sun's radiation flux in the heat collector |
|

1
Calculating the temperature of the
fluidfor one element

Pre designing of the absorber in /| Stress analysis

Calculating the flux and the temperature .
the stress simulator software and
. of the surface of the absorber by the ; L
Toer T:I system of 13 equations with 13 unknowns applying the border conditions
for one element I

I Applying inner surface’s temperature
profile got from thermal analysis in
Calculating the flux and the temperature the stress simulator
of the surface of the absorber by the |
system of 13 equations with 13 unknowns
for several elements | Implementing the stress |

Determining the termal distribution
over the surface of the absorber

Calculating the temperature profile of |

the surface of the absorber End

Figure 3. Solution algorithm

Modeling validation

The geometry of the applied model for
validation based on the reference [19] is shown
in fig. 4.

Ik
B
_1

In this study, the applied fluid is syn-
Figure 4. Considered geometry for thermal the_tlc oil. The thermophysical properties of this
modeling and stress analysis in the absorber [19] fluid, as well as the parameters of the absorber,
are shown in tabs. 1 and 2.
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Table 1. Parameters of the geometry of the glass and the absorber [1]

Parameter Value Parameter Value

Receiver length 7.8 [m] Glass internal diameter 0.109 [m]

Collector aperture 5 [m] Glass external diameter 0.115 [m]

Focal distance 1.84 [m] Receiver absorbance 0.96

Absorber internal diameter 0.066 [m] Glass transmittance 0.95

Absorber external diameter 0.070 [m] Parabola specular reflectance 0.93
Table 2. Laboratory parameters used in the analysis according to [1]

Parameter Value Unit Parameter Value Unit
Selective coating Black chrome Input temperature 375.35 K]
Thermal conductivity 67 [Wm'K']|  Selective fluid | Synthetic oil
for selective coating
Selective absorber Ferritic steel (P-22) Gravity of fluid 709 [kgm]
Thermal conductivity v Thermal v
for selective absorber 33 [Wm™K] conductivity of fluid 0.078 (Wm™ K]
Incident solar irradiation 933.7 [Wm2] Viscosity of fluid 1.52E-4 | [kgs'K']
Wind speed 0.03 [ms™] | Specific heat of fluid 2588 [Tkg K]
Air temperature 294.35 [K]

As seen in fig. 5, there is a good consistency 400 o
between the obtained outlet fluid temperatures with 39 0® 0@
that of [1]. 339 00° @

About stress validation, we got aid from §385 0© o®
two different references. First results of thermal —# zz;o 0®
stresses in the present study are compared with 70

that of [19]. In this investigation, the proper-
ties of the absorber and the working fluid are as

shown in tab. 3.

00 06 1.2 1.8 24 3.0 3.6 42 48 54 60 66 7.2 7.8

Lenght of pipe [m]

Figure 5. Fluid temperature of the present

analysis and the obtained results of [1]

As previously noted, in the present model,

thermophysical and mechani-
cal properties of the absorber,
as well as the working fluid
and geometrical specifications,
are set similar to [19] to have a
good comparison between the
results. Distribution of the ther-
mal stress on the inner surface
of the absorber, as shown in tab.
4, are in good consistency with
corresponding results reported
in [19]. The deviation between
the results is about 5%.

Table 3. Properties of the absorber and the working
fluid used in [19]

Solid Fluid
Absorber type Steel Fluid type | Water
Thermal conductivity [Wm K] 43 0.597
Thermal expansion [K™] 0.373 E -5 -
Modulus of elasticity [GPa] 2.1 -
Poisson’s ratio 0.3 -
Density [kgm™] - 998.23
Specific heat [Jkg'K™] - 4181.8
Kinematic viscosity [m?s™'] - 1.006 E -6
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Table 4. Numerical comparison of thermal stress
distribution on the inner surface of the absorber
in current simulation with [19]

In the reference [19] external coating
over the absorber is not considered. For
validation of thermal stress distribution on

the surface of the absorber in the boiling

heat transfer with coating conditions, refer-
ence [6] was used. In tabs. 5 and 6 thermo-

physical and mechanical properties of the
working fluid, the absorber and the coating

used in this analysis can be seen. Properties
in the model are set similar to what is men-

25 T Result in . anent
[19] [MPa] simulation [MPa]
0.0 243571 255749.55
0.2 201786 211875.30
0.4 142857 149999.85
0.6 190000 199500.00
0.8 210357 220874.85
1.0 218929 229875.45

tioned in [6].

Table. 5. Thermophysical and mechanical properties of the absorber and the fluid

Absorber Fluid

Copper Thermal oil Steam
Density [kgm™] 8930 938 586.3
Specific heat [Jkg'K™] 386 1970 2060
Thermal conductivity [Wm'K™] 384 0.118 0.0246
Thermal expansion coefficient [K™!] 17.1 E -006 - -
Modulus of elasticity [GPa] 128 - -
Poisson’s ratio 0.31 - -
Kinematic viscosity [m?s™'] - 15.3 E -006 1.271 E-5

Table 6. Thermophysical and mechanical properties of the coatings
used in this study [18]

Coating type Nickel chlrs;)l?ncilljm ];I;lg:ggl
Density [kgm ] 1728 7160 4938
Specific heat [Jkg 'K '] 8900 459.8 522
Thermal conductivity [Wm'K™] 12 67 110
Thermal expansion [K™] 13.4E -6 6.2 E -6 7.7E -6
Modulus of elasticity [GPa] 200 290 439.43
Poisson’s ratio 0.31 0.03 0.188

Stress [MPa]

== Wang Result [6]

Pipe length [m]

=B~ Current Simulation

Figure 6. Comparing radial stress distribution
along the absorber in the performed analysis
with the similar one in [6]

As can be seen in fig. 6 results of the pres-
ent study are consistent with results of [6]. The
deviation between the results is about 7%.

Boiling and superheating steps results

In this section applying three different
coats of nickel, black chromium and titanium
carbide in boiling and super heating steps of the
model are considered, and eventually, the coat-
ing effect on the heat performance and thermal
stress are studied.
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At the boiling step of the model, proper-
ties of the pipe material and the fluid are as tab.
5. Thermophysical and mechanical properties
of the primary coating which was considered
for this model are as tab. 6. Laboratory con-
ditions are as tab. 1 while the absorber length
in this section is equal to 2 meters. Tangential
stress distribution along the absorber which is
obtained in this situation by considering three
different coatings of nickel, black chrome, and
titanium carbide is as fig. 7.

1.00

go.ssT

= 070

"y

§o.55 y
& 040

0.25 X XXX XXXXXXXXXXXXX
o109 X X,
0.05 - — — — e m m e —
-0.20

-0.35

-0.50

4 Titanium carbide coating

00 02 04 06 08 10 12 14 16 18

Pipe length [m]

Black chromium coating

2.0

XNickel coating

Figure 7. Tangential stress distribution chart

It should be noted that for numerical anal-
ysis of the boiling part in relations mentioned at
section Conduction heat flux in the absorber and convection heat flux from the pipe to the fluid,
we should apply the boiling heat flux relation in numerical modeling. The relation is explained
below [6, 18]:

along the absorber at boiling step

/2
. g Q -5 ¢ ,IAT;
q= :ulhnga,in |: ( ):Il . n (23)
d Co.rhe Py
AT, =T, Ty, (24)

By replacing egs. (23) and (24) instead of egs. (7) and (8) in numerical modeling, a
temperature profile results for the surface of the pipe which by applying the obtained profile in
the simulation we can obtain the results of thermal stress distribution. It should be noted that
due to the boiling concept and continuous heat absorption, the liquid contribution reduces and
vapor phase increases. Therefore, the density decreases as gas phase increases along the pipe.

As seen from fig. 8, in nickel, black chrome and titanium carbide coatings, accord-
ing to increasing the thermal conductivity coefficient for the coatings, respectively, tangential
thermal stress distribution decreases with the same order along the absorber. Titanium carbide
material is more suitable in comparison with other coatings.

For the post boiling flow regime, known as super-heated flow, the simulation is ac-
complished similarly to [1] other considered conditions are consistent with tabs. 1, 2, 6. The
pipe material is P-22 steel. By putting the obtained temperature profiles for the three different
coatings in the present model, thermal stress analysis is performed. In fig. 8 tangential stress
distribution along the pipe obtained for the three different coatings can be seen. Temperature
distribution for the outer surface of the pipe for different coatings is shown in fig. 9.

470

b~ o *
& 44 % 465 s 22
= 38 £ 460 e 2 2%
o 32 £ 455 e 227
g 2 8 450 .2 : P 3
» 20| x £ 445 R
=

14 X 440 'R E N

8¢ x X X X X X X X X X X X X X 435 | o * 2 R

2L ® o 0 0 0 0 4 0 4 4 4 440 430 |x *

-40,0 06 1.2 18 24 30 36 42 48 54 60 66 72 78 425 00 05 1.0 15 20 25 3.1 36 41 46 51 56 6.1 67 72 78

Pipe length [m] Pipe lenght [m]

# Titanium carbide coating Black chromium coating X Nickel coating

Figure 8. Distribution of tangential stress along
the absorber by synthetic oil fluid

#Titanium carbide coating Black chromium coating ~ XNickel coating

Figure 9. Comparison of temperature
distribution along the by synthetic oil



Razmmand, F., et al.: Effects of Different Coatings on Thermal Stress of ...
736 THERMAL SCIENCE: Year 2019, Vol. 23, No. 2A, pp. 727-738

Then, by considering the mechanical properties in the stress simulation software for
every three types of coating, the results of tangential stress by steam fluid along the absorber
was obtained by analyzing, which the comparison of these three analyses can be seen in fig.10.
As well, for the present analysis, the results of Mises criterion was obtained too, which can be
seen in fig. 11. As seen in fig. 10, tangential stress level along the absorber decreases, respec-
tively, in the nickel, black chrome, and titanium carbide. As well it can be seen in the Mises
stress distribution along the border which is cited in fig. 11 and contains a higher precision.

50 140

T a4 T 120
G} G} XXRHKHKHHKKKHXHIKKHHKKKHKKHKX:
S 38 S Ok"”" XXX XX
§ g X
s 2 5 80%: Y
5 26 = 803 %
20 sof?
LCN 40 p )
8 x X X X X X X X X X x x x x3 20 $
2L 0 € 6 6 0 6 6 0 06 ¢ 6 0 o o o
-4
00 06 12 18 24 30 3.6 42 48 54 60 66 7.2 7.8 00 06 12 1.8 24 3.0 36 42 48 54 60 66 7.2 78
Pipe length [m] Pipe length [m]
# Titanium carbide coating Black chromium coating X Nickel coating @ Titanium carbide coating Black chromium coating X Nickel coating
Figure 10. Tangential stress comparison along Figure 11. Distribution of mises stress at the
the absorber at the superheating step by steam superheating step by steam
Conclusion

Employing water as working fluid in direct steam generation systems is more wel-
comed due to environmental compatibility and inflammability in comparison with oils. Besides
the mentioned advantages the probabilities of fractures due to thermal stresses exist by using
water as the working fluids in absorbers. In the present study effects of applying different coat-
ing layers to improve the absorber properties and consequently to reduce thermal stresses are
evaluated. In this regard, a comprehensive modeling from the single phase flow at the inlet
of the absorber pipe to the superheated boiling flow at the outlet is accomplished to obtain
temperature distribution and accordingly thermal stress all over the absorber surface. By the
performed analysis it was concluded that a lower and uniform thermal stress distribution can be
obtained by increasing thermal conductivity factor of the coated absorber.

It was found that by use of the boiling flow of water as the heat transfer fluid the level
of stresses is 33% lower than the situation which the used fluid was synthetic oil. As the last
concluding remark, the most optimized conditions for the absorber is using the titanium carbide
coating with the pipe’s material of P-22 stainless steel.

Nomenclature
Cr, — ratio between mirror focal and external Is,,  —radiation intensity of sun

diameter of absorber (= D./4D,, ) k, — thermal conductivity for absorber,
Cr, — ratio between mirror focal and external [Wm K]

diameter of glass (= D,/4Dg) k. — thermal conductivity for atmospheric air,
¢,  — specific heat at constant pressure, [Wm K]

[Tkg 'K '] kg — effective thermal conductivity,
D, - diameter of mirror, [m] [Wm'K ']
D, ex or in— €xternal or internal diameter of glass, [m] ky — thermal conductivity for heat transfer fluid,
D, o orin — external or internal diameter of absorber, [Wm K]

[m] k,  — thermal conductivity for glass, [Wm K]
F.q — fraction of black body radiation in a L — length of absorber, [m]

wavelength band / — lenght of heat collector, [m]
g — gravitational acceleration, [ms™] m — fluid-flow rate, [kgs™]
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Pr  — Prandtl number p — absorptance coefficient of mirror, [1K™']

Re  —Reynolds number (= pvD/u) p.  — volumetric thermal expansion coefficient

Ra  —Rayleigh number (= gB(T;-T.,)L*/va) for cavity, [1K™']

T — temperature, [K] p.  — volumetric thermal expansion coefficient

T,ex — temperature of external glass surface, [K] for glass, [1K™]

T.in — temperature of internal glass surface, [K] y — transmission coefficient (=1 — ag)

T.« - temperature of external absorber surface, & — emissivity coefficient for absorber

[K] u — dynamic viscosity, [kgs'm™]

T..n —temperature of internal absorber surface, [K] o — Stefan-Boltzmann constant, [Wm=K™]

T,  —fluid temperature at middle of absorber, [K] p — fluid density, [kgm™]

Tu»y — ambient temperature, [K] .

v — fluid velocity, [ms™] Subscripts

w — wide of mirror, [m] 1 — liquid

s — surface

Greek symbols £ _ fluid

a,  —absorptance coefficient of glass sat  —saturation

o, — absorptance coefficient of absorber
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