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Abstract

In the framework of the design of a solar thermal power plant proposed by ENEA, the activi
carried out by CRS4 on the thermal-fluid-dynamic simulation of a gas-cooled pipe irradiated by
parabolic solar collector is described in this paper.

Two methods have been adopted in parallel: a simplified one-dimensional approach ant
Computational-Fluid-Dynamics (CFD) three-dimensional approach. The first method was used
build a tool able to give quick answers to parameters changes with an acceptable degre:
accuracy. The CFD analysis is used both to validate 1D-model results and to study in details all
physical phenomena.

The multi-zone one-dimensional model developed at CRS4 is described first. The pipe is s
along its axis into a discrete number (typically 100) of sub-domains. Each sub-domain is sj
further on into five different zones, corresponding to the various components of the pipe. All t
main energy-exchange mechanisms between the various parts of the pipe have been impleme
resulting in a system of five equations for each sub-domain, solved iteratively within an EXCE
framework.

The 3D-CFD model is then described. The model is fully parametric, allowing a quick variation
the geometrical parameters of the system. Convection, conduction and thermal radiation
exchanges are solved in a coupled way. The model can give any information about field variat
of fluids and solid structures as well as all energy balances.

The two models have been used for a parametric study of the effect of the pipe diameter varia
on the system efficiency. Although not negligible differences between the two models can
noticed concerning local energy balances, the error on the evaluation of the system efficienc
order 1%. The result of the optimisation was practically the same for the two models.
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1 Introduction

The Italian Agency for Energy and Environment (ENEA) is developing the design of the therm
solar plant proposed by C. Rublpia [2], based on high-temperature linear-parabolic collectors.

The efficiency of the solar collection system is based on a balance between the followi
contributions:

collected solar radiation;
heat loss from the collector pipe to the environment;
pumping power.

The system efficiency depends on the geometry and disposition of the parabolic rhjrronsthe
geometrical characteristics of the collector pipe and on the radiating characteristics of the p
surfaces.

CRS4 has the task of producing a computational model able to simulate with a high degree
accuracy the thermal-fluid-dynamics of the collector pipe and to optimise it on the basis of t
specifications given by ENEA.

2 Overall description
The system consists of a 100 m long circular pipe irradiated by a linear parabolic solar collector.

The pipe Figurel) is made of steel or, optionally, by a double layer of steel and copper, in order
enhance thermal conduction. The pipe is insulated form external air by a glass pipe. Void is m
in the space between the glass tube and the metal tube in order to inhibit convection heat losses

gl ass tube

Wi ndow

enlighténed
surface

Figure 1: sketch of the solar tube.
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Special coatings are used on solid surfaces in order to maximise the absorbed solar radiation
minimise thermal radiation losses to the environment. In particular, the enlightened pipe surfac
treated with a spectrally selective coating with high absorptance at visible frequencies and |
emittance at infrared frequencies.

3 Theone-dimensional multi-zone model

3.1 Model description

The solar tube is discretised into n cells. Each cell is split into five zones, as illustraigdren2,
each of them being considered a control volume in thermal equilibrium. Sections at i and i+1
the inlet and outlet sections of the fluid control volume (f), where the fluid variables (velocity
temperature, density, pressure and physical properties) are defined.

Figure 2: sketch of the topology of a 1D cell. Positions i and i+1 correspond to the inlet and out
sections (where fluid variables are calculated). Solids variables and all heat exchange coefficit
are calculated in the i+1/2 position.
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Symbols Description

Subscript fluid parameters at the inlet/outlet section

Subscripff fluid parameters at the i+1/2 position

Subscripts1,s2 Values on the two parts of the pipe surface

Subscriptgy1,92 Values on the two parts of the glass surface

Subscripta External air

R: Solar radiation incoming on the pipe surface (s1). [f}/m

Quun Solar radiation absorbed by the enlightened part of the pipe (s1). [W]

Q Convective heat exchanged (positive when absorbed) by the cong
zone (f, s1, s2, g1, g2). [W]

Qx Net thermal radiation (positive when absorbed) exchanged b
considered zone (f, s1, s2, g1, g2). [W]

E, G,J Surface thermal emissive power, incoming radiation and radiosity. [W]

H, h Fluid total and thermal enthalpy. [J/kg]

T,Vv,p, p:, C,, v, k |Fluid temperature [K], velocity [m/s], pressure [Pa], total pressure
specific heat at constant pressure [J/Kg/K], cinematic viscosits]and
thermal conductivity [W/m/K].

p Fluid density [Kg/m] (if referred to the fluid) or surface reflectance
referred to a solid surface).

(Ap,)q Total pressure loss due to friction. [Pa]

h Convective heat exchange coefficient. [Vifi)

B Thermal expansion coefficient. [1/K]

g Gravity acceleration. [m7k

Re, Nu, Pr, Gr Reynolds, Nusselt, Prandtl and Grashov numbers

€, P, T, Emittance, reflectance and transmittance at visible frequencies.

£pT Emittance, reflectance and transmittance at infrared frequencies.

L Cell length. [m]

D, D, Internal and external diameters of solid parts. [m]

A, A, Internal and external area of solid parts.?][m

m Mass flow-rate. [Kg/s]

Pipe relative roughness.

Friction factor.

—_ =
iy

Table 1: list of symbols

Solid structures (namely the steel and glass pipes) are divided into two regions: the enlightened
(s1, gl1) and the non-enlightened part (s2, g2). All the parameters of the solid parts are define
the cell centres (position i+1/2), as well as all energy exchange and their coefficients. Fo
description of the symbols used see Table 1.
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Fluid parameters in the cell centres are calculated as
(¢|+1 + (I) )
2

where ¢ is any fluid parameter. The fluid (air) flow is governed by the following equations
(subscripts have been omitted):

01 = iz = (1)

First equation of state: p =pRT (2)

T Tin
Second equation of state: h(T) = [C,(T) dT ; hi,y—hy = [C(T) dT OC,((Tiss = Ti) (3)

0 Ti

V2
Definition of total enthalpy: H=h+ 5 4)
Definition of total pressure: p.=p+ 5pv (5)
- L V2
Total pressure losses due to frictioiAp,)q = f 5 pE (6)
where the friction factok; is given by [4]
= 07 o’ EE

=4 gloglo[p 27r+D o0 [E

Given the mass flow rat@ and the inlet temperatuiie and pressure,, all fluid parameters at
section i+1 can be deduced through the above equations. The relations used for the air phy:
properties are reported in Sdc2.1.

Figure 3 shows the scheme of the energy exchange between the various parts of the cell.
following simplifications are considered:

- the solar radiation is transmitted and reflected by the glass window (no solar radiation
absorbed by the glass);

- the solar radiation reflected by the pipe surface does not participate to the energy balance;

- thermal radiation exchanges take place between s1 and gl and between s2 and g2 separ
This means that all the radiation emitted from s1 (s2) is received from g1 (g2) and vice versa

The following energy balances can be made for each zone of the cell.

Fluid (f)

The fluid (f) exchanges the convection h@atwith the two parts of the pipe (s1, s2), resulting in
an increase of total enthalpy given by

Qe =M (Ho =H) =M [(1o1 =1) + 0.5 (via= V)] =M [Cpsn(Tus = T) + 0 5(vEs V)] =
=2m Cp’fo +0.5m (Vi2+1 - Vi2)
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Figure3: scheme of the energy exchange between the parts of the cell. The variables involved
reported inside each block.

Enlightened pipe (s1)
The enlightened part of the steel pipe (s1) absorbs the solar radiation

qun = sv,sl Ae,sl ﬁt (8)
being R: the concentrated solar radiation incoming on the pipe surface, exchanges the convec
heat

Qsl = Ai,sl hy (Tf - Tsl) (9)

with the fluid (f), and the radiatioQg, with the enlightened part of the glass pipe (g1) (the
expression foQxg, is given further on).

Non-enlightened pipe (s2)
The non-enlightened part of the steel pipe (s2) exchanges the convection heat



CR$4 Technical Report O1-##

Qsz = Ai,sz by (Tf - TSZ) (10)

with the fluid (f), and the radiatioQy, with the non-enlightened part of the glass pipe (92). The
heat exchange coefficient is given by [4]

Nu¢k
Di,s

h(Ty) = where Nu, = 0.023Rd® P} (11)

Enlightened glass (g1)
The enlightened part of the glass pipe (g1) exchanges the natural convection heat

le = Ae,gl ha,gl(Ta - Tgl) (12)

with the external air (a), and the radiatiQg,, with the enlightened part of the steel pipe (s1). In

this case part of the radiation incoming on gl is transmitted outside the control volume (
expression foQy , is given further on). The solar radiation absorbed by the glass is neglected
this model.

Non-enlightened glass (g2)

The non-enlightened part of the glass pipe (g2) exchanges the natural convection heat

Qg2 = Ae,gz ha,gz (Ta - Tg 2) (13)
with the external air (a), and the radiat@p, with the enlightened part of the steel pipe (s1).

The natural convection heat exchange between the glass tube and the external air has
modelled on the basis of empirical relations for natural convection around pipes. The expression
the heat exchange coefficients for g1 and g2 are giveh]by [

a Dg T _Ta
hag = NU.ka where Nu, = 0.604¢c GE£* and Gr, = 9P a8 |

eg Va

(14)

wherec is, in general, a function of the angular position ($8eapd Sec4.4.4). In this case the
mean values =0.75 for g1 and =0.5 for g2 were set.

The expressions for the contribution involved in the radiation exchange between s1-g1 and sz
are listed inTable 2. Combining these expressions, the following relations for the radiation he
absorbed by s1, s2, g1 and g2 can be deduced:

- - O
@RS _ & .- &g E. = 0g,8Ai4 T - 0&5(1—Pg)Aecs Tig 15)
1- PgPs 1- PgPs 1- PgPs 1- PgPs H,Z
— — — — i |:|
@Rg & g _ 1-pPgPs — EgPs E, = O8s€Aes 4 _ (L - PgPs — €4Ps)0ELA g T'H  16)

B 1-pgps 1-pPgPs 1-PgPs ) 1-pPgPs ’ .

The radiation exchange between the two parts of the steel@ipg)(through the air flow is also
taken into account in the form

Qrs12 = Cris12 (Ts42 - Ts41)
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wherecg,, is a factor which depends on the view factors between s1 and s2, so depending on
pipe internal diameter. In this modelling, as a first approximation, it has been considered consi
and its average value calculated through the 3D CFD model for different diameters, yielding

Crs1r 01.40010°
The heaQy,, is added t®)y; and subtracted frolQy .

E [W] G [W] J [W] Qr [W]
sl | Ay €00Ta Jot E,+ pe; Gq, G, - Jg
2 | As €20 TS Jy E.,* ps, Go G,, - Jo
gl | Ay €20 Tg Jg Egi* Pg1 Gy1 Gy - g1 - Ty Gys
02 | Ay €520 Tgs Jo Egt Py2 Gyz Gy - Jgo - T2 Gy

Table 2: thermal radiation balance.

Making the energy balance of all the parts of the control volume yields the following system of
equations:

[Qf+Qsl+Q52:O

%sun +Qrs1 +Qs1 =0

rs2 +Qs2 =0 17)
g?gl +Qrq =0

Fg2 + Qrg2 =0

in the 5 unknownd, Ty, T,, Ty, T

The mathematical model described above has been implemented in the EXCEL framework |
solved iteratively.

3.2 Modd limitations

The main limitations of the model described above (apart from the intrinsic limitations of a 1
model) are the following:

the solar radiation absorbed by the glass window is not considered, as well as the s«
radiation reflected by the pipe surface.

All the radiation leaving s1 (s2) is supposed to be received by gl (g2) and vice-versa, wt
actually there is a radiation exchange between s1 and g2 and between s2 and g1.

The heat transferred from sl to s2 by thermal conduction is not taken into account (it could
not negligible, especially if a copper layer is used to enhance this effect). Thermal conduct
along the axis is not considered as well (it has, however, a minor effect).

Thermal radiation from the glass tube external surface to the environment is not modelled.



CR$4 Technical Report 01-##

Thermal radiation inside the pipe is modelled through a constant coefficient which wz
evaluated from the 3D model and which actually varies with the pipe diameter.

4 Thethree-dimensional CFD model

4.1 Description

CFD calculations were performed using Star-CD. Both fluids and solids were simulated in coupl
way, taking into account both conduction inside solids and radiation among solid surfaces. 1
geometry and the mixed structured-unstructured computational mesh were built with the IDE,
CAD/mesh generator. The model is fully parametric.

Figure4 shows the topology of the CFD model together with the computational mesh. The pipe
made of two adjacent layers of different materials, in order to be able to simulate the insertion ol
inner pipe of more conductive material with the scope of enhancing the thermal conduction in -
tangential direction. In all the simulations reported in this work, a pipe made of a layer of steel ¢
a layer of copper was considered.

The pipe is insulated by an external glass pipe; void is made in the space between the glass
and the metal tube.

Figure 4: topology of the CFD model and computational mesh.

4.2 Physical modelling

The collector irradiation is simulated with an imposed heat flux in the enlightened part of the tu
external wall. Thermal radiation is calculated both inside the pipe and from the external pi
surface to the glass-pipe surface, which was considered an absorbing-reflecting-transmitt
surface. Both the air and the void region were considered as transparent media. The fractio
solar radiation reflected by the enlightened surface was not simulated.

10
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The thermal field of the glass tube was simulated considering the thermal-radiation exchanges \
the steel pipe and the cooling by the ambient air. This last effect was modelled on the basit
empirical relations for natural convection around pipes, as described i#.&dc.The absorption

of solar radiation and the thermal radiation to the environment were not taken into account.

The void was simulated as a laminar flow with negligible thermal conductivity \\on/K). If
required, the simulation of the low-density air can be performed with accuracy (for example
study the effect of different pressure conditions).

The physical properties of the considered materials are listed below (based on data extracted
[5]):
4.2.1 Air properties

Density: ideal gas

Viscosity (Kg/m/s): Sutherland's Law

OT DLS C.+To .
£ = | K
H HOE.ITO Co+T (T'in K)

# |, =1.71600°% T,= 273K, c,= 116
# W (773 K) = 3.594x10° Kg/m/s

Thermal conductivity (W/m/K): polynomial
# k=-6.8796[10" T° +5.2695[10° T* + 5.8941[10° T +7.998(10° (Tin K)

# Validity range: 255 K - 1644 K
# k(773 K) = 5.353x102 W/m/K

Specific hea{J/Kg/K): polynomial
# C,=-1.23560107 T° + 3.2198010* T? -5.844210" T + 995.5281 (T in K)

# Validity range: 255 K - 1644 K
# C,(773K)=1085.7 J/Kg/K

4.2.2 Steel properties
Density:p = 7800 Kg/n

Thermal conductivity: k = 24 W/m/K

Specific heat: C = 460 J/Kg/K

4.2.3 Copper properties
Density:p = 8900 Kg/n

Thermal conductivity: k = 350 W/m/K

11
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Specific heat: C = 380 J/Kg/K

4.3 Computational mesh

A mixed structured-unstructured mesh was used Kggpgae 4). Structured meshes were used for
the near-wall fluid region, for solid layers and for the void region. 100 cells were used in the ax
direction, for a total number of cells of about 60000.

4.4 Boundary conditions

4.4.1 Inlet/outlet
Inlet: imposed constant velocity and temperature;

Outlet: extrapolation with mass flow rate conservation condition;

4.4.2 Collector irradiation

In the models described i6][and [7], the collector irradiation was simulated as a heat flux on the
pipe enlightened surface. In the case where the glass pipe is simulated, it is not possible to a
the same condition in StarCD, being the enlightened surface an interface between two me
Therefore, the concentrated solar irradiation was simulated through a volumetric heat sou
applied to the first layer of cells near the enlightened surface. The heat sourcd (Vesn
calculated as

i —_ qun

LV
whereQ,,, is the total solar radiation absorbed by the enlightened part of the pipe (Eq. 34) and
is the total volume of the first layer of cells next to the enlightened surface.

4.4.3 Internal walls

All internal surfaces are interfaces between different media and are treated as radiating-conduc
walls with zero interface resistance. All radiating walls are treated as grey opaque surfaces a
from the glass surface, which is treated as an emitting-reflecting-transmitting surface.

4.4.4 Glasstubeexternal surface
The glass tube external surface was considered a constant-temperature wall with a heat resis
given by

r=1/h,

where the empirical correlation for natural convection cooling of a cylinder (see also Eq. 20) w
used for the thermal conductivity, namely

he = 0.604c(a) Gro*® (18)

where
g BO (TW - TO)Dge

V5

T,=293K, B,=1T,=3.410°1K, v,=1.510°n7/s

Gr=

12
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being all properties referred to air at 20 In this case the coefficient in Eq. 24 is a function of the
angular position, namely

c(a)=6.38M0° a® - 3.6 100a° + 7.17 Tx + 0.

where the angle is calculated starting from the point opposite to the collector window, having
considered the window oriented towards the ground.

For practical reasons, the temperature of the first cell beside the boundary wasTysed as

4.5 Moded limitations
The main limitations of the model described above are the following:

solar irradiation is modelled as a constant source term, while in the reality it is a function of t
position.

The solar radiation absorbed by the glass window is not considered, as well as the st
radiation reflected by the pipe surface.

The thermal radiation from the glass tube external surface to the environment is not modelle
All radiating properties are constant.
All the above limitations can be removed with a model development.

4.6 Numerical set-up

4.6.1 Typeof smulation

Turbulent flow with fluid-solid conjugate heat transfer and thermal radiation. All media ar
considered transparent.

4.6.2 Integration algorithm and parameters

The SIMPLE algorithm was used for all the calculations. Some convergence problems arose in
simulation of the 100 m tube, solved increasing the number of sweeps (2000) and reducing
residual tolerance (0.001) of the pressure equation. Using double-precision compilation was ¢
necessary.

4.6.3 Turbulence modelling
Chen ke model with Wall-Functions.

4.6.4 Convective schemes
Momentum equations: QUICK.

Energy equation: QUICK
Turbulence equations: UPWIND
Density: Central Difference

4.7 Computational times

For a given topology, the test case set-up, included the mesh generation from IDEAS and the 1
check-up, takes about 30 min. The computational time on one node of the IBM SP3 (sel
calculation) is order 4 hours.

13



CR$4 Technical Report 01-##

5 System efficiency

With reference to the scheme shown in Figuréhe solar collector system global efficiency can be
defined as

= QO _Qp — Qi QO _Qp = r]Rr]p (19)

r]g Rs,c Rs,c Qi

where

# R,. solar radiation power concentrated form the parabola onto the pipe surface [W];

# Q; thermal power absorbed by the fluid;

N

Q, thermal power transferred from the heat exchanger to the downstream systems;

_Q

s,C

£ e = QoQ_'Qp

Q, is the fraction of), converted into electrical power and used to pump the fluid, namely

£ 1Nk radiation collection efficiency;

pumping efficiency.

el

whereW,, is the pumping power angl, =

is the electrical overall efficiency of the system

[o]

downstream the solar collector system.

Figure 5: sketch of solar collector system

14
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Figure 6: sketch of the thermodynamic cycle of the solar collector.

Lacking other information, we assume negligible pressure losses in the heat exchanger. In tt
conditions, the thermal cycle of the solar collector can be described~agine 6. The following
relations can be written

Qo = Qi + Wp
Qi = Rs.c - Qloss = Rs,c - |QR,51 + QR.le
Wp = iWp’is

C

wheren, is the fan efficiency, anW,,  is the isentropic compression power necessary to rise the
fluid pressure fronp,, top,,, given by

1

R 1 L
o o ddpe Y P dPaDT A Y peDpuD gpuD F
Wp,is —m(Hl HO)_m‘cl; p _my_l po w0 1E_my—1 pl t2 t,ZE 1E

C

Finally, we can write

Qloss =1- | QR,sl + QR,SZ |
Rs,c Rs,c

@/na —YW,
Qi

Nk =1-

(20)

Np =1- (21)

15
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6 Comparison between the 1D model and the 3D-CFD model results

A set of calculations was performed in order to optimise the pipe internal diameter and to valid
the 1D model against the CFD model. The fixed parameters are listed irBTablale 4 andable
5. It should be noted that the radiating properties at visible frequencies were used only to detern

the portion of solar radiation absorbed by the enlightened part of the pipe. No radiation calculati
were performed at visible frequencies.

Parameter Symbol Value

Tube length L, 100 m

Steel layer thickness Se 2 mm

Copper layer thickness S, 3 mm

Void gap thickness S, 10 mm

Glass thickness S, 5 mm

Angle of irradiation A 72 deg

Collected solar radiation R 600 kW

Inlet temperature Ty 350°C

Inlet pressure p 20 bar

Pipe internal roughness r 0

Table 3: global (fixed) parameters.
Surface Absorptance |Reflectance (p,) | Transmittance (T,)
(a))

Glass surface 0 0.03 0.97
Enlightened steel 1 0 -

Table 4: radiating properties of enlightened surfaces at visible frequencies

Surface Emittance (€) | Reflectance (p) | Transmittance (T)
Copper-air surface 0.77 0.23 -
Enlightened steel-void surface 0.19 0.81 -
Non-enlightened steel-void surface 0.01 0.99 -
Glass-void surface 0.9 0 0.1

Table 5: radiating properties of internal surfaces at infrared.

Four diameters where considered (75, 100, 120 and 140 mm). In all cases mass flow rates \
automatically tuned in order to get an outlet air temperature ofG00

16
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6.1 Internal pipediameter D, =75 mm

Table 6 shows the air parameters at the outlet section. Being the outlet temperature imposed
parameters relevant for the comparison of the two models are the mass flow rate and the 1
pressure loss. In this case the agreement between the two models is quite good. This is confit
by Table 7, where the heat balances and the efficiencies are reported. The 1D model overestin
radiation losses transmitted across the glass tube (8 %) and slightly underestimates radiation Ic
removed from external air (1.4 %), resulting in an error of 4.1 % on the total radiation loss and
0.2 % in the estimation of the radiation collection efficiency. In this case the main error can

found in the evaluation of the pumping efficiency (1.2 %), which is also the main responsible f
the low global efficiency (0.81). The error on the global system efficiency is 1.4 %.

Quantity 3D model 1D model Difference
Mass flow rate 2.039Kg/s 2.032Kg/s 0.3%
Outlet temperature 600.1 °C 600.1 °C 0.0%
Outlet density 7.22 Kg/n? | 7.21 Kg/n?® 0.1%
Outlet velocity 64.09 m/s 63.77 m/s 0.5%
Total pressure loss 185055 Pa 186039 Pa 0.5%

Table 6: flow mean values at the outlet sectiorDiQr= 75 mm.

Power balances Symbol | 3D model | 1D model | Difference
Net thermal radiation from the pipe surfage R .=Q,., | 29.2 kW | 30.4 kW 4.1%
= total heat loss (Rye /! Quun) | (5.0%) (5.2%)

Total thermal radiation transmitted across R,- 7 5kW 9.0kW 8%
the glass (Ry:/ Qu) | (1.3%) | (15%)

Net thermal radiation absorbed by the glass Q. 21.7 kW | 21.4 kW 1.4%
= heat removed from external air cooling | (Q,/Q,,) | (3.7%) (3.7 %)

Radiation collection efficiency Nk 0.921 0.919 0.2
Pumping powerr{, = 0.8) W, 43.4 KW | 47.4 kW 9.2%
Pumping efficiencyr{,, = 0.4) N, 0.882 0.871 1.2
System efficiency Ng 0.812 0.801 1.5

Table7: global energy balance and efficiency Byt = 75 mm (absorbed solar radiatiQy,, = 582
kW).

6.2 Internal pipediameter D, =100 mm

Increasing the diameter has the effect of increasing the error on the calculation of the radiai
efficiency (0.6 %). However, in this case, the error on the evaluation of the pumping efficiency
much lower (0.3 %), yielding an error on the global efficiency of 1 %.

The system efficiency is considerably higher with respect to the previous one (0.88) due to a be
balance of radiation and pumping losses.

17
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Quantity 3D model 1D model Difference
Mass flow rate 2.011Kg/s 1.993Kg/s 0.9%
Outlet temperature 600.2 °C 600.2 °C 0.0%
Outlet density 7.80 Kg/m® | 7.80 Kg/m?® 0%
Outlet velocity 32.91 m/s 32.54 m/s 1.1%
Total pressure loss 43154 Pa 43121 Pa 0.1%

Table 8: flow mean values at the outlet sectiorCigr= 100 mm.

Power balances Symbol | 3D model | 1D model | Difference
Net thermal radiation from the pipe surfage R .=Q,., | 39.0 kW | 42.7 kW 9.5%
= total heat loss (Rye / Quu) | (6.7%) (7.3%)

Total thermal radiation transmitted across R,- 10.5kW | 13.4kW 27.6%
the glass (Ry./ Qu) | (1.8%) | (2.3%)

Net thermal radiation absorbed by the glass Q. 28.6 KW | 29.3 kW 2.4%
= heat removed from external air cooling (Qy/ Qu) | (4.9%) (5.0%)

Radiation collection efficiency Nk 0.905 0.899 0.66
Pumping powerr{, = 0.8) W, 9.8 kW | 10.6 kW 8.2%
Pumping efficiencyr{,, = 0.4) N, 0.973 0.970 0.%3%
System efficiency Ng 0.881 0.872 2o

Table 9: global energy balance and efficiencyDosr= 100 mm (absorbed solar radiatiQq,, =
582 kW).

6.3 Internal pipediameter D, = 120 mm

The same tendency can be observed in this case. The error on the global efficiency is 1.2 %, b
the main responsible the error on the radiation efficiency (1.1 %).

The global efficiency is the same as the case Wjt= 100 mm, implying that the optimum value
of the internal diameter is in between these two values (seé.Sgc.

Quantity 3D model 1D model Difference
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Mass flow rate 1.980Kg/s 1.953Kg/s 1.4%
Outlet temperature 600.4 °C 600.4 °C 0.0%
Outlet density 7.91 Kg/m® | 7.91 Kg/m® 0.0%
Outlet velocity 22.20 m/s 21.85 m/s 1.6%
Total pressure loss 17303 Pa 17135 Pa 1.0%

Table 10: flow mean values at the outlet sectiorDiQr= 120 mm.

Power balances Symbol | 3D model | 1D model | Difference
Net thermal radiation from the pipe surfage R .=Q,., | 47.4 kW | 53.4 kW 12.7%
= total heat loss (Rye / Qqun) (8.1%) (9.2%)

Total thermal radiation transmitted across R+ 13.2kW 17.5kW 32.6%
the glass (Ry:/ Qu) | (23%) | (3.0%)

Net thermal radiation absorbed by the glass Q. 34.2 KW | 35.9 kW 5.0%
= heat removed from external air cooling (Qy/ Qu) | (5:9%) (6.2%)

Radiation collection efficiency Nk 0.891 0.881 1.%
Pumping powerr{, = 0.8) W, 3.8 kW 4.2 kW 10.5%
Pumping efficiencyr{,, = 0.4) N, 0.989 0.988 0.%
System efficiency Ng 0.881 0.870 1.2

Table 11: global energy balance and efficiencyligr= 120 mm (absorbed solar radiatiQq,, =

582 kW).

A more extensive comparison between the 1D and 3D models is presented in thisguaser

shows the mean-temperature distributions in the fluid and in the two parts of the pipe (s1 and
along the pipe. The 1D model overestimates the temperature in the enlightened part of the |
while underestimates the pipe temperature in the rest of the pipe (a possible explanation to
behaviour is discussed in Sé€c6). These two errors partially compensate each other, resulting
good estimation of thermal losses, as can be seleigume 8. Here the cumulative radiation losses

as a percentage of the total losses and the local radiation losses as a percentage of the abs

solar radiation are drawn as a function of the position along the pipe.
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Figure7: comparison between the 3D and 1D models of the distribution of the mean temperatu
in the enlightened (s1) and non-enlightened (s2) parts of the pipe wall.
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Figure 8: comparison between the 3D and 1D models of the distribution of cumulative (as
percentage of the total loss) and local (as a percentage of absorbed solar radiation) radiation Ic
along the pipe.
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It can be noticed that the non-linearity of these curves is not so marked. This is due to the fact
only the thermal radiation transmitted across the glass (which is 10 % of the thermal radiation fr
the pipe surface) is a function of the fourth power of temperature, being the rest removed fr:
external air convection.

Figure9 shows the temperature fields in the fluid and in the pipe (on the left) and in the glass tt
(on the right). The maximum temperature is obviously found in the steel layer of the pi€);700

Figure 9: outlet section temperature fields inside the fluid and the pipe (on the left) and inside
glass tube (on the right).

6.4 Internal pipediameter D, = 140 mm

In this case the decrease of the radiation collection efficiency (0.88) is no more compensated by
increase of the pumping efficiency (0.99), resulting in a worsening of the global efficiency (0.87).

The error on the evaluation of the radiation efficiency is the highest (1.7 %), as well as the error
the global efficiency (1.8 %)

Quantity 3D model 1D model Difference
Mass flow rate 1.957Kg/s 1.919Kg/s 1.9%
Outlet temperature 599.5°C 599.5°C 0.0%
Outlet density 7.95 Kg/m® | 7.95 Kg/m?® 0.0%
Outlet velocity 16.03 m/s 15.69 m/s 2.1%
Total pressure loss 8034 Pa 7873 Pa 2.0%

Table 12: flow mean values at the outlet sectiorDfgr= 140 mm.
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Power balances Symbol | 3D model | 1D model | Difference
Net thermal radiation from the pipe surfage R .=Q,., | 5.9 kW | 64.6 kW 15.5%
= total heat loss (Rye / Quun) | (9:6%) (11.1%)

Total thermal radiation transmitted across R,- 16.1kW 22 OkW 36.6%
the glass (Ry:/ Qu) | (28%) | (3.8%)

Net thermal radiation absorbed by the glass Q,,, 39.9 KW | 42.6 kW 6.8%
= heat removed from external air cooling | (Q,/Q,,) | (6.9%) (7.3%)

Radiation collection efficiency Nk 0.877 0.862 1.%
Pumping powerr{, = 0.8) W, 1.76 kW | 1.9 kW 10.5%
Pumping efficiencyr{,, = 0.4) N, 0.995 0.995 0.00
System efficiency Ng 0.873 0.857 1.806

Table 13: global energy balance and efficiencyligr= 140 mm (absorbed solar radiatiQy,, =

582 kW).

6.5 Efficiency optimisation

Figure 10 shows the radiation, pumping and global efficiencies as a function of the pipe inter
diameters for the two models. It can be deduced as, with this configuration, the optimum diame

isD;s # 110 mm. The same result is found both with the 1D and with the 3D models.
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Figure 10: system efficiencies as a function of the pipe internal diameter for the 3D and the

models
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6.6 Comments

The main reason for the discrepancy between the 1D and the 3D model is likely the presence ir
3D model of the copper layer, which strongly enhance the thermal conduction from the enlighter
part of the pipe to the rest of the pipe. The 1D model does not take into account this effe
resulting in higher temperatures of the enlightened part of the pipe (sl1). Furthermore, the ac
view factors between the pipe and the glass tube are not calculated, having assumed no radi
exchange between s1 and g2 and between s2 and g1.

7 Conclusions

A one-dimensional multi-zone model and a 3D-CFD model have been developed for the analy
and optimisation of the solar collector pipe of the thermal solar plant proposed by C. Rubbia. B
models take into account the main physical phenomena involved in the problem.

The 1D model, implemented in a EXCEL framework, can be used to get instantaneous answer
parameters changes with an acceptable degree of accuracy.

The 3D-CFD model can give any information about local field variables and energy balances ¢
can be used to confirm the 1D model estimations.

The results of the two models have been compared with a parametric study of the system efficie
as a function of the pipe internal diameter. Although differences up to 35 % were found in loc
radiation balances, the bigger difference in the global system efficiency was less than 2 %. -
result of the optimisation was the same for both models, yielding an optimal pipe internal diame
of 110 mm.
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