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Abstract

In the paper a dynamic model for simulating the behavior of a thermal solar collector is
presented. The collector is unglazed with a metal receiving pipe thermally linked to fins and
presents thermal insulation in the back side and surface. The main characteristic of the
proposed model is its capability of simulating the thermal performances for any given time
discretization or collector axial discretization. The routine implemented is such to generate the
system of partial differential equations (in matrix form) which dimension depends on the
number of axial nodes assumed (n,); the system is then numerically integrated upon the
imposed discretization time (A4f¢). The model realized is “White Box” (all phenomena
occurring within the component are studied referring to physical equations) and “State
Determined” (state variables can be defined: energy storage is possible and heat can be
accumulated both in the metal absorber and in the Heat Transfer Fluid).

The collector pipe is split up into n, segments (axial discretization) with length Ax; for each of
the segments energy conservation equations are applied to both the metal pipe and the Heat
Transfer Fluid flowing within it. The component therefore presents a 2 node distribution in
the longitudinal direction. The model is realized within Simulink® and is based on a Matlab®
S-Function where all the equations are implemented in parameterized form and integrated.
Results of are proposed from dynamic simulations with different degrees of axial
discretization of the system and with time varying inputs.
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1 Introduction

In the paper a dynamic model of a thermal solar
collector is presented.

Many steady state models have been proposed in
literature. They have the advantage of simplicity, thus
requiring low computing time, but, on the other hand,
these in general lead to an overestimation of up to
10% of the energy delivered by the collector, as the
thermal losses along the receiving pipe are not
properly evaluated [1].

Other studies [2] propose three dimensional models of
the thermal and hydro-dynamic fields during unsteady
conditions, suitable for very detailed analysis of the
flow and thermal distribution within the pipe and
allowing for example to assess the effects of fins in
the local parameters or the laminar mixed convection
in the collector entrance region. These models appear
indeed inadequate for overall thermal simulations of a
solar system.

The model proposed allows assessing the behavior of
a solar thermal collector under time varying mass flow
rates of the heat transfer fluid (HTF) as well as the
treatment of spatial non uniform solar radiation and
heat transfer coefficients. The procedure is based on
dividing the solar collector into n, nodes along the
axial direction and into 2 thermal nodes perpendicular
to flow direction, resulting in 2xn, partial differential
equations [3]. Peculiarity of the procedure proposed is
the possibility to define, through specific simulation
parameters, both the degree of collector axial
discretization and time discretization. This allows to
define, by simply tuning the simulation parameters,
very detailed thermal dynamic models as well as less
detailed models of the collector (suitable for
estimating overall thermal performances). Similar
procedures, which also consider more than two
longitudinal nodes, are proposed in [4,5] but the
methods used to solve the model equations are not
suitable for varying fluid mass flow rates.

The model of thermal solar collector will be integrated
with models of other components within studies
referring to Distributed Generation and Integrated
Energy Systems. The simulation of the thermal
behavior of a solar collector is an interesting issue as it
implies the treatment of time-dependent weather
conditions as well as time varying inlet fluid mass
flow rates. This becomes important especially where
these variables affect not only the dynamics within the
collector but also of other energy systems if the solar
thermal collector is integrated in a network where it is
necessary to cover reliably the energy demand of a
end user, residential or industrial.

A reliable precise and not too time consuming
dynamic model of solar collector can be therefore a
useful tool to study Integrated Energy Systems.
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The aim of the work is also to develop a method of
analysis and modeling of thermal energy systems
which can be generalized not only to solar thermal
collectors but also to other systems that implies heat
exchanges under transient conditions. Particular
attention will be paid upon the possibility to
generalize the proposed procedure.

2 The system

The analyzed solar collector is of unglazed type and
features a metal receiving pipe thermally linked to
fins, in order to enhance solar heat absorption. Pipe
and fins are of the same material and the model
features a library with the physical properties
(expressed as function of temperature) of different
metals (such as copper and iron) in order allow
considering different collector set ups. A scheme of a
single pipe of the solar collector under analysis is
proposed in Fig. 1, where the receiving pipe is
perfectly connected to the fins at each side (no thermal
resistance is assumed in the heat transfer between fins
and pipe). This system can be considerd the basic
element of a flat plate solar collector.

SHT F

Fig. 1 Cross section of a pipe of the thermal solar
collector

The collector has a thermal insulation in the back side.
Properties of the insulation are not introduced in the
model as the back side of the collector is considered
ideally adiabatic. This means assuming the insulation
to be ideal and that heat losses on the back side can be
neglected compared to the heat losses in the upper side
of the collector

Surface color of the external side may be considered
for both the pipe and the fins, in order to reduce heat
reirradiated from the collector and to enhance the
absorption of the solar radiation. Properties of three
different types of external paintings are loaded in the
model, and their variation with temperature is
considered: black paint, which may be used in the
simplest collectors, Black Chrome and Cermet, if
more advanced set ups are being modeled.
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The main heat fluxes within each pipe of the collector
were defined as represented in the scheme of Fig. 2.
The solar radiation upon the collector, g ’’s, provides
heat to the external side of the pipe and fins. Heat
from the fins (¢’ is transferred to the main pipe
contributing to increase the heat flow to the HTF.

The increase in the pipe and fins temperature causes
heat losses. These are mainly due to convection
(@ convpp G convp) With external air flowing upon the
collector at wind speed u,,, and due to radiation (g .z
q’radp); in this case heat is transferred from the
collector to the sky, which is assumed at the sky
temperature Ty,.

The balance among heat fluxes allows determining the
net heat delivered to the heat transfer fluid (¢ com, #7r),
which is exchanged between the pipe internal side and
the liquid mainly due to convection.
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Fig. 2 Main heat fluxes and temperatures within the
receiving pipe

3 Modeling the solar collector

In the present section a detailed description of the
proposed model is provided. Some assumptions are
first presented as well as a classification of the model.

The main equations are then introduced referring to a
simple collector with only three axial volumes and the
procedure is then generalized leading to the definition
of the overall solving system in matrix form. The
procedure of integration through finite difference
method is then described.

The main equations used to describe the heat streams
within each volume are also reported.
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3.1 Model characteristics and assumptions

The model of the solar collector is assumed to be
“State Determined”, as it is possible to define state
variables [6]. A State Determined model refers to a
physical object where it is reasonable to assume a
storage of mass, energy or momentum: such a
component is considered therefore a “reservoir”
according to its storage capabilities and state variables
can be defined. In the case under analysis only energy
storage is possible: heat can be accumulated both in
the metal absorber and in the heat transfer fluid
flowing within it.

A schematic representation of a State Determined
model is provided in Fig. 3. It is characterized by a

vector of time changing input variables U(f) and
state variables X (f) while Y(f) is the vector of
output variables. U(f) includes the vector of

information variables 7 (f) from the plant control
system.

uy— X —Y@

Fig. 3 Inputs, outputs and state variables of a State
Determined component

A State Determined component can therefore be
mathematically modeled by means of a system of
equation that comprises differential equations (written
in terms of the state variables) and algebraic equations
(which bounds the other variables of the system to the
state variables). A general form of this system of
equation, in vector terms, is the following one:

{)?(r) = (X (@), T(2)
Y(0) = g(X(0),U(1)

State Equation
()
Output Equation

In a State Determined system the outputs at time ¢
depend not only on the inputs at the same instant ¢, but
also on the state of the system at that instant ¢# (Output
Equation). The state of the system at ¢ is a function of
the inputs and of the time derivative of the state vector
(State Equation): this latest differential equation
represent the dynamics of the system. The State
Equation needs in fact to be integrated in time in order
to solve the output equation and to generate the output
vector:

X-X, =[O0, X0)dt @

Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic)

Eq. (2) shows how the output vector depends on the
initial state of the system, X, and on the “history” of

the system, its evolution through time, mathematically
represented by the time integral of the State Equation.

The collector pipe, which length is L, is split up into 7,
segments (axial discretization) with length Ax. Each
element defines a control volume according to the
finite volume method of discretization. For each
segment and at each instant of simulation ¢, energy
conservation equations are applied to both the metal
pipe (which local temperature is 7,(%,x)) and the heat
transfer fluid flowing within it (which temperature is
Ture(t,x)); the component therefore presents a 2 node
distribution in the y direction. Temperatures at each
equidistant node are calculated by the model and the
value at an intermediate position may be determined
by linear interpolation. A scheme of the generic pipe
element is provided in Fig. 4, which refers to a
longitudinal section of the receiving pipe, where the
main heat fluxes are highlighted.
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Fig. 4 Heat fluxes in a element of the receiving pipe

The state of the system is represented by the nodal
temperature of both HTF and pipe at each instant of
the simulation. Temperatures at the following time
step can be obtained by integration of differential
equation expressed in terms of derivative of the nodal
temperatures, according to Eq. (2).

In Fig. 5 it is schematically proposed the block
diagram of the model of solar collector with its input
and outputs as well as the state variables.
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Fig. 5: Block diagram of the solar collector model

Inputs to the system at each time of simulation are
represented by:

= heat transfer fluid mass flow rate through the
collector (11, (t) );

= heat transfer fluid temperature at the collector

inlet (T, (,0));

Further inputs are represented by meteorological
variables, which also influence the change in time of
the state and output variables. These are assumed to be
uncontrollable external inputs:

® solar radiation to the collector (q"g |, ; (¢)),

that is represented by a vector containing the actual
value of the radiation upon each segment of the
discretized collector (this allows considering spatial
non uniform solar radiation and to study transient
simulations such as cloud passing);

* air temperature (1, (¢));
* wind speed (u,,(t) );

= wind direction, with collector

orientation (D, (?)).

respect to

Several outputs can be generated by the model such as
the local radiative or convective heat losses, the
energy stored, etc. Among the model outputs, the
system state variables (pipe and HTF nodal
temperature) are certainly the most interesting to be
taken into account, allowing to know not only the
fluid output temperature but also the fluid and pipe
temperature at each node and instant of simulation,
helping to analyze the effects of varying input values
on all the temperature distribution. These results could
be hardly achieved by testing real components, where
only the fluid output temperature is usually acquired.
In this case therefore the output equation assumes the
simplified form:

Y(t)=X(1) (3)

It is possible to note that the size of both input and
output vectors depend on the number of discrete
volumes considered n,; the length of the input vector
is 5+n, while the output vector is 2xn,, in the
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hypothesis of considering the nodal temperature of
fluid and pipe as outputs.

The dimensions of the solving system of equations
also depend on the number of nodes considered, as the
overall number of state variables is, 2xn,. A specific
procedure is therefore created in order to allow this
flexibility in the number of model inputs/outputs, as
well as in the dimensions of the system of equations.
The procedures are therefore implemented in Matlab®
[7], in order to exploit its capabilities in matrix
calculation, while the system graphical interface is
realized within the Simulink® environment [8].

Simulink® is a software package for modeling,
simulating, and analyzing dynamical systems. It is an
icon based environment which supports linear and
non-linear systems, modeled in continuous time,
sampled time or a hybrid of the two. Simulink®™
includes a block library of sinks, sources, linear and
non-linear components and connectors, allowing a
hierarchical top-down and bottom-up modeling
approaches. Its capabilities can be further improved by
using S-function, which allow executing specific
function written in C++®, Ada®, Fortan® or the
Matlab® language while Simulink® is performing the
simulation of a system, thus determining an equation
based modeling approach. This peculiarity allows
creating customized blocks with high degree of
mathematical complexity, which would not be
achieved when using only Simulink® custom blocks.

The model proposed is therefore based upon use of
Matlab® S-Functions that allow writing State and
Output equations in matrix and parameterized form,
where the dimensions of the solving system and
input/output vectors to the S-Function depend on the
parameter #,, that has to be defined before the
simulation.

The proposed model of solar collector also features an
internal solving procedure, instead of the embedded
Simulink® solvers, based on the solution of a set of
differential equations, written in terms of the
derivative of the state variables with respect of time,
according to a forward approach, thus providing a
discrete state S-Function:

dXx _ Xt+At _Xt

dt At

The following assumptions were made to generate the
model:

“4)

= temperatures within the receiver (fluid, metal
pipe and fins) are function of space and time;

= thermal capacitance of both the fluid and metal
pipe are considered;

= the axial conductive heat flux is negligible [9];

= solar radiation is function of space and time;
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= heat transfer due to conduction between
pipe/HTF and pipe/air has been neglected;

= convective and radiation losses are considered
only in the upper side of the collector, and the lower
side is supposed perfectly insulated;

= the heat transfer fluid is liquid;

= thermodynamic properties of the HTF, the
external air and metal pipe are function of the local
node temperature;

= turbulent, transitional or laminar flow are
considered to model convective heat transfer both in
the HTF side and in the external air side of the pipe;

= the receiving pipe is considered to be as a single
stretched pipe;

= metal pipe and fin temperature is assumed to be
uniform at each node, according to the assumption
of lumped thermal capacitance.

The hypothesis of lumped capacitance is quite
stringent and not always valid: in order to be sure that
the assumption is not cause of error, the Biot number
is calculated both on the HTF and air side for each
element of the pipe. The Biot number in fact provides
a measure of the temperature drop in a solid exposed
to convection, relative to the temperature difference

between the surface and the fluid [10]. The
dimensionless Biot number is defined as follows:
. hL
Bi=— ®)
k

If Bi<« 0.1, it is reasonable to assume a uniform
temperature distribution across the solid at any time
during a transient process. This condition allows to
assume that the resistance to conduction within the
solid is much less that the resistance to convection
across the fluid boundary layer, and hence the
assumption of uniform temperature is reasonable. The
Biot number therefore is calculated in the model for
the solid system made up of the metal pipe and the
side fins linked to it; whenever the condition
Bi <« 0.11is not satisfied during simulation, the model
stops and an error message is displayed.

The model realized can be considered as a “white
box” as all phenomena occurring within the
component are studied referring to physical equations,
while the fact that many of these rely on empirical
coefficients or correlations may allow to consider it as
a “grey box”. In the following section a description of
the main equations is provided as well as the
methodology used in order to be able to consider a
variable number of inputs and state variables of the
system.
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3.2 The balance equations

For each control volume (Fig. 4) partial differential
equations in discrete form may be written for the
metal pipe and HTF respectively with proper
boundary conditions, based on application of energy
conservation. These equations have to be linked
together in a system, depending on the number of
volumes considered.

In Fig. 6 a very simple collector is considered where
the longitudinal discretization is based on 3 elements
only (n,=3).
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Fig. 6 Receiving pipe with three axial nodes

Energy balance at each node of the system leads to the
following set of six (2xn,) equations:

1 ' _ 8Tp.l
q net,l q conv_HTF,1 — mpcp,,J ot

[ L =mc aTsz
q net,2 q conv_HTF.2 — ""p~p,, at

' ] _ aTF}
9 pet3 ™9 conv_nrry =MpCp o

' . T _T _ Ty
9 comv_nrra~ MurrCy, . \durry ~Lurro ) = MureCy,,, o

, o T -7 _ aT1—1TF,2
9 comv_nrr 2~ MyreC€y, . \Lurro ~Lurra ) = MureCy,,,. o

, i T _r _ oT, HTF 3
9 comv_nrr 3~ MurrCp, . \Lures ~Lurrn ) = MurpCyp,,,. o

(6)

In the previous system of equations the different terms
have the following meaning:
= g' ., is the heat exchanged between the pipe and
the external environment. With reference to Fig. 4,
for a generic element of the pipe at an axial abscissa
x, 1s:
q 'ne[ (x) = q 'S (‘x) + q 'f (x) - q 'rad’p (‘x) - q 'conv,p (‘x)
(7
where g' (x) is the overall thermal contribution of

the fins;
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'
" q conv,HTF

pipe and the heat transfer fluid flowing within it. In
steady state condition, at a generic axial node x, is:

is the heat exchanged between the

1

q conv,HTF (x) = q 'net (x) (8)

=m, is the total mass of the pipe and its linked

fins; for a discrete element of length Ax is:
m, = pp,xSpCpp‘xAx ©)

where S, is the actual surface of the cross section of
pipe and its linked fins (Fig. 1);

* My is the total mass of the fluid contained

within each element of pipe; for a discrete element
of length Ax is:
(10

Myre = pHTF,xSHTFCp,,TF,‘.A‘x

where Sy7r is the pipe internal cross section (Fig. 1).

The system of equations (6) can be rearranged and
written, in matrix form, as:
|CD|6,1 o |K |

6,6 °‘T‘6,1 an

Where @ is the nodal thermal flux vector, K is the heat

capacitance matrix and 7 is the vector containing the
nodal temperature derivatives. Eq (11) represents the
State Equation for the three nodes collector: at each
time of simulation the state of the system is known
and the only unknowns are the time derivatives of the
state variables. It is possible to rewrite it according to
the finite difference approach (Eq. 4) as follows:

an =Tp Z‘+At_ Py (12)
ot At
Ty _ Trr |t+At _THTFL

13
ot At 1

Substituting the previous in Eq. (11) the only
unknowns become the values of the state variables at
the next step of simulation (time discrete simulation)
which can be defined once a time interval Az is
defined (system parameter).

It is clear that the number of unknowns at each time
steps is consistent with the number of balance
equations written, and the system can be solved
performing some matrix calculations, including matrix
inversions.

The vector of unknowns for the simple collector with
three axial nodes is provided below:
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B T 7] this calculation is realized in matrix form. A detailed
Pillyas description of the equations used to determine the net
T value of the heat fluxes is given in the next section.
P2l ar The Matlab® script compiled within the S-Function
T allows to define, at each time step of simulation, the
P3leear (14) system of equations (15). The procedure is
y - parameteri;ed with refergnce to th§ number of thermal
Clerae nodes considered (n,) which constitutes a parameterfor
T the Simulink® block in order to allow the simulation.
HTE 2| e Another block parameter is the discrete time step of
T integration Az used by the discrete state S-function to
HTE 3snr | perform the integration of the system and to calculate

the state vector at the next time step. The internal
procedure of numerical integration is able to operate
regardless of the Simulink” solver integration time
step. The S-Function therefore provides the Simulink™
block with the value of the state variables at
simulation time #+4¢.

The system of equations (6), obtained for a collector
with only three nodes, can be rewritten for a generic
solar collector where a higher number of nodes is
defined. If n, is the number of discrete elements, the
system features a number of equations equal to the
number of state variables, that are 2xn,, with the
following form: The whole procedure is also influenced by the

instantaneous value of the input variables, previously

— T| described. The HTF mass flow rate has been ticked in

|(I) :| S ltAr Fig. 7 as a control variable. In the physical system in
2l 22y At (5) " fact a variation of the outputs (i.e. the fluid
2my,1 temperature at the collector outlet) is usually achieved

by acting on the amount of fluid circulating within the
collector, through proper fluid control devices (pumps
or valves). This allows to respond to changes of the

In Fig. 7 a scheme of the way the model operates to
set up the system of equations (15) and to solve it is

reported. .
p uncontrollable external inputs, such as the solar
irradiation.
START OF INITIALIZATION: o
SIMULATION State @ 1=0 The model produces an output vector containing the
_ _ temperatures of both the receiving pipe and the heat
“Sinulation  sGeometric . . . .
Tl transfer fluid at each node of discretization.
BLOCK Further parameters to be provided to the block are
FARAMETERS . . . .
Control Veriabi geometric data. These include pipe length (L), inner
*Coniro, ariaiie . .
70 (E) INPUT OUIPUT | 1 0 and outer diameter (d;,, d,.), fin length and thickness
20, . . . . . )
Boundary Condition &, VECTOR| g hike VECTOR (I ), pipe orientation, pipe materlal? type of selective
T, (0.1) ’ Model absorber and type of heat transfer fluid.
s THTF(I) i, 1 . .
*Meteorological [ These parameter, as well as the simulation parameters
Variables .
@t o (n, and 4f) are introduced through a block mask,
Nodlal Heat @ At shown in Fig. 8.
Fhuxes
1
Matlab® R
S-Function b ],j:ngmf iff :

Fig. 7 Flow diagram of the main procedures of the
model performed at each time step of simulation

The core of the system is the Simulink” model, which
also represent the model graphical interface.

At start of simulation the system initialization
procedure provides the system with the initial value of
the state variables. The Simulink® block recalls at
each time step of simulation the S-Function which
also dialogs with external functions that perform the
calculation of the thermal fluxes at each node; again
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6

=1 Block Parameters: receiver

Subsystem [mask)

Parameters
Pipe diameter ([d_int d_est]] - [m]
10,015 0.017)
Length of collector (L] - [m]
[10
Fin dimensions ([Lf t_f]] - [m]
|[0.04 0.003)
Pipe roughness [m]
|o.0457+107-3)

Fipe and fin material | copper

HTF tupe | water

Led L] Lo

Type of external coating ‘ Black Paint
Longitudinal pipe orientation [O1] - [degrees N]
o

Mumber of axial nodes [calculation and visualization] [ne n=_vis]
[tz010

Dizcrete time step dt - [3]

1

Initial state (T_p T_HTF] - [K]

|[293 293)

v Allow cloud passage

Clowd lenght [L_c] - [m]

[15

Start time [t_c] - [5]

|200

Cloud irradiation [ir_1 irr_2] - P /ma]

|[900 60n]

s | LCancel

Fig. 8 Block dialog window of the Simulink® model
of solar collector

3.3 Heat transfer equations

In the procedure proposed for the dynamic simulation
of the solar collector, the Matlab® S-Funcion (where
the system of partial differential equations is written
and numerically integrated) calls external functions
that perform the calculation of the heat fluxes, based
on the instantaneous value of the HTF and pipe
temperatures and on the value of the external inputs.

The effects of the local flow conditions are taken into
account by calculating the local convection
coefficients at each node on the basis of the local
nodal temperature and the fluid flow conditions.
Indeed the finest is the discretization the more
acceptable is the approximation of assuming constant
heat transfer coefficients over the discrete volume.

Values of heat fluxes are then provided to the S-
Function in a proper format in order to allow placing
the terms in the correct position within the main
solving system of Eq. (15). Again the entire procedure
of calculation of the heat fluxes is parameterized on
the number of thermal nodes defined.

The heat transfer equations therefore are solved in
matrix form in order to provide the main solving
system with a vector of values consistent with the
number of state variables.
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The main equations used for heat transfer calculations
have been obtained from literature [10-12] and are
briefly described below for the receiving pipe.

= Convective heat transfer between pipe and heat
transfer fluid:

9 conv.ire = Mygrr (Tp - THTF) (16)

where the convection heat transfer coefficient can
be determined from the dimensionless Nusselt
number:

— hHTFD
k

HTF

Nu (17)

At each node the Nusselt number is calculated
depending on whether the flow is laminar or not: in
case of laminar flow Nu=4.36 while in case of
transitional and turbulent flow regime (Re>2300)
Nusselt number can be determined from the
Gnielinsky correlation:

_ (//8)(Re=1000)Pr,
1+12.7f /8 (Pry, 2 - 1)

HTF (18)

where fis the friction factor.

= Convective heat transfer between pipe and
external air:

qvconv,p :me(Tp _T:zir) (19)

The profile of the pipe has been assumed as a flat

slab in case of longitudinal air stream and the
properties are calculated at film temperature.

The local convection heat transfer coefficient can be

determined from the local Nusselt number:
_hx

ok

air

Nu

(20)

Once again at each node the Reynolds number is
calculated and the Nusselt number is determined
depending on the flow conditions.

In case of laminar flow:
Nu,=0.332Re Pr'’ Pr>0.6 (1)
In case of turbulent flow:

Nu,=0.0296Re **Pr'? 0.6 <Pr<60
(22)

= The radiative losses are calculated for long
concentric cylinders under the hypothesis of radius
of external cylinder being much bigger than internal
cylinder.
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duut 4 4
q., = g”(mT(T” -T,,') @)
The external cylinder, which receives heat through
radiation from the collector pipe, is the sky, and the
sky temperature has to be calculated:

T,, =-100.4+1.269T

air

24)

= The net heat from finned surfaces measures the
actual heat that contributes heating the receiving
pipe and in turns the heat transfer fluid.

For each fin placed aside the receiving pipe, the
following correlation may be written:

q 'fl = q 'S - q 'conv,f - q 'md,f (25)
The different terms that appear in the previous
equation can be calculated according to correlations
analogous to those proposed for the receiving pipe.
The heat transfer equations are defined assuming a
fin temperature equal to the pipe temperature, which
is consistent with the hypothesis of lumped
capacitance for the pipe and fins body (i.e. no heat
resistance to conduction has been assumed between
fin and pipe).

q's

[
."'\ qrad,fl qcanv,fl

[ ] 1

— q'ﬂ [ ) Tp

Fig. 9 Heat fluxes in the fins

4 Model validation

To assess the validity of the proposed model the
results of some simulations have been compared to
data gathered from a test facility where a real solar
collector have been tested.

These data derive from literature: in a study by
Tripanagnostopoulos et. al. [13] experimental results
from testing of three flat plate solar collectors with
black, blue red and brown absorber, with and without
glazing are presented. The purpose of the study was to
compare the different types of external coloring and
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for different collector types, in order to evaluate
experimentally the effect of differently colored
absorbers on the collector efficiency. One of the
collectors tested has geometric characteristics
compatible with the presented model. Such collector is
unglazed with back insulation, made with copper
pipes with 0.0lm internal diameter and 0.012m
external diameter, placed parallel at a distance 0.08m
each other and in thermal contact with a thin copper
fin. The collector has been colored externally with
black paint.

The collector described was purposely constructed for
the experiment and was tested outdoors, in steady
state operating conditions during noon, with variable
input water temperature while the water mass flow
rate was fixed to 0.02kg/s. Thermocouples were used
to measure input and output temperatures, as well as
some intermediate temperatures. Solar radiation
intensity at the collector plane and wind speed were
also measured during the experiment. Solar irradiation
q’’s was always greater than 800W/m” and wind
speed uy was below 2nv/s.

From the data recorded graphs have been created for
each type of collector were the collector steady state

efficiency (. = Mia1rCryre (7. ~T.) ) has been
q "S SC

a0 ;TW) The
qHS q"S
collector efficiency measures the amount of the solar

energy to the collector effectively transferred to the
fluid.

plotted as function of the ratio AT _ (Tfn

— Tripanagnostopoulos et. al. [13]
1.2

=% Model
1
0.8 *
'.__(,:) \
o > \
04 R
0.2
Loz 0.01 0 0.01 0.02 0.03 0.04 0.05

(T, T, 'y [Km*w]
Fig. 10 Steady state efficiency results of the tested
collector and the model

The geometric parameters of the real collector
described in [13] have been introduced into the model,
black paint has been considered for external collector
coloring and the same inputs as the real system have
been considered for the simulation (meteorological
data and fluid mass flow rate). A set of simulations
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have been performed with different water inlet
temperatures and the steady state model outputs have
been used to calculate the collector efficiency. Values
obtained from the model have been plotted in the
graph of Fig. 10 which also reports the curve of the
measured data.

To assess the accuracy of the model with respect to
the result from the real collector, the actual model
output were compared with the output of the real
system. Model output (the fluid temperature at
collector outlet) was compared with the fluid
temperature leaving the real collector. The error

(&4, =T T

out out

mod ) 18 displayed in Fig. 11

exp
a): it can be observed that an absolute error of only
few degrees Kelvin in the fluid temperature exists
between the experimental data and results from the
model:

In Fig. 11 b) the relative error is plotted, as:

T T

out out

exp

T

out

mod 100

(26)

exp

The agreement between the results from the model
and the data from the experimental facility appears
good, confirming that the correlations used to describe
the main heat transfer phenomena occurring within the
collector are appropriate. It also demonstrates the
validity of the method used to create and solve the
system of equations, at least in steady state conditions.
Unfortunately a validation of the behavior of the
model under unsteady condition has not been possible
so far for the lack of experimental data.

’
<
= e a)
e ‘\
© . e
%
Boz 0,01 0 0.01 0.02 0.03 0.04 005
. 2
(T, Ty [Km?wW]
06
0.4 \
o L
x
= 0 ﬂ\ b)
0.2
04 Dk
002 001 0 0.01 0.02 0.03 0.04 0.05

" 2
(T, T )d"g [Km*/Ww]

Fig. 11 Absolute error (a) and relative error (b)
between fluid outlet temperature measured from
experimental setup and calculated from the model

5 Simulations

Following the described validation, some simulations
have been performed with the model proposed.
Among the several inputs that may affect the behavior
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of the system indeed the HTF mass flow rate
circulating through the collector and the net solar
irradiation are those that have major effects in
determining changes in the fluid outlet temperature,
which represent the main output variable. Results of
two simulations are therefore proposed in this section.

In the first simulation a step change in the fluid mass
flow rate is imposed. At simulation time =2000s the
mass flow rate circulating within the receiving pipe
suddenly decreases from the initial value of 0.025kg/s
to 0.015kg/s, as shown in Fig. 12 a). In this case the
solar radiation has been assumed to be uniform and
equal to 1000W/m?.

0.03

0.025
Q
2o
- E
0015
001 500 1000 1500 2000 2500 3000 3500 4000
t[s]
340 —
i ——u
320 Z
= 310 =
3001~ T
L e |
290 i
0 500 1000 1500 2000 2500 3000 3500 4000

t[s]

Fig. 12 a) Step change in the HTF mass flow rate — b)
Response in the HTF and pipe temperature in the
outlet receiver section

The collector under analysis is characterized by a 20m
long copper receiving pipe with high performance
black-chrome selective absorber; the heat transfer
fluid is water.

As initial condition (model initialization) it is assumed
collector and HTF temperature equal to 293K; as
boundary condition the HTF temperature at the
receiver inlet section is set again at 293K during the
whole duration of simulation.

The model has been simulated referring to an axial
discretization 4x=2m (n,=10) and a time discretization
At=5s (simulation parameters).

The response of the system to the step change in the
fluid mass flow rate is shown in Fig. 12 b), where the
temperature of the fluid, as well as of the receiving
pipe, are plotted with respect to time: both
temperatures refer to the outlet section of the receiver.
It can be observed that, starting from the same
temperature for both pipe and HTF at =0s (model
initialization), a sudden increase in the pipe
temperature allows the HTF temperature to rise, but at
a slower rate. Steady state conditions are reached after
about 1000s of simulation. When the step change in
the HTF mass flow rate circulating within the pipe is
imposed, a new transient condition in the fluid and
pipe temperature can be observed; the reduced mass
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that circulates within the receiver allows a further rise
in the temperatures.

The procedure that has been created for simulating the
thermal behavior of the solar collector allows creating
more complete representations of the temperature
distribution within the system and three dimensional
graphs can be plotted which allow to evaluate the
temperature distribution for each cross section of the
pipe according to the axial discretization imposed. The
model in fact returns the values of HTF and pipe
temperature not only in the outlet section of the
receiver but also for each axial node.

290
4000

e
1000 e i
e

tls] L m]

Fig 13 Heat transfer fluid temperature distribution due
to a step change in the HTF mass flow rate

v \
300

290

4000 T~

3000 20
2000
o g
ts] 0 o

L [m]

Fig. 14 Pipe wall temperature distribution due to a
step change in the HTF mass flow rate

In Fig. 13 the fluid temperature is plotted with respect
to time of simulation and collector length. It can be
observed that the temperature profile at the outlet
section (at L=20m from inlet) corresponds to that
shown in Fig. 12 b), which in fact may be considered
as a section of the three-dimensional plot of Fig. 13. It
can also be noticed how the temperature profile in the
first node (at a distance L=2m from inlet) is almost flat
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and close to the water entering temperature set to
293K.

An analogous pattern of the temperatures, with respect
to time of simulation and receiver length, is proposed
in Fig. 14 for the pipe.

In the second set of results here presented, which refer
to the same collector described above, the heat transfer
fluid mass flow rate has been assumed to be constant
and equal to 0.02kg/s, while a variation with time in
the solar radiation has been considered (Figg. 15-17).

The results reported allow to assess the effects on the
fluid and pipe temperatures due to a cloud passage,
imposed at simulation time /=250s, which determines
a sharp decrease in the solar radiation to the collector,
as shown in Fig. 15 where net solar radiation is plotted
with respect to time of simulation and collector length.
Cloud shade is assumed to be 15m long and with a
speed of 0.5m/s: the solar irradiation at clear sky
condition is assumed 1100W/m”> and the value
decreases to 300W/m” when cloud is passing. The
cloud moves longitudinally along the collector (under
the hypothesis that the receiving pipe does not make
bends) and it starts shading the receiver from the inlet.
It is possible to observe that at each point along the
pipe the reduction in the solar radiation (as well as the
subsequent increase to the original value) occur at a
time that is proportional to the distance from collector
inlet. A special procedure for evaluating cloud passing
upon the collector has been set up and cloud
parameters can be introduced in the Simulink® block
dialog window (Fig. 8).

The three dimensional graphs allow in this case to
appreciate the temperature distribution of both fluid
and pipe with respect to time and space, due to the non
uniform solar radiation caused by the cloud: the HTF
temperature is plotted as function of time and distance
from pipe inlet in Fig. 16 while the pipe wall
temperature is reported in Fig. 17.

The results have also been proposed in this case with
two different sets of the simulation parameters, in
order to demonstrate how different degrees of
discretization may be considered for the same physical
system, depending on the accuracy required.

In Figg. 16 a) and 17 a) a spatial discretization of
Ax=4m was assumed (n,=5, thus the solving system
features 10 equations) with a time discretization
At=50s. The computational time required for the
simulation of such system is 3.2s on a Pentium®™ IV
desktop computer.

A finer simulation is proposed in Figg. 16 b) and 17 b)
were Ax is 0.5m (then n,=40, with 80 equations to be
solved at each time step of simulation) and A#=1s; the
time required for simulation in this case is 19.5s.
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Fig. 15 Solar radiation to the collector due to cloud passage

a) b)

290

2000 o

2000

t[s] L [m] t[s] L [m]

Fig. 16 Heat transfer fluid temperature distribution during cloud passage with two different degrees of spatial and time
discretization
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Fig. 17 Pipe wall temperature distribution during cloud passage with two different degrees of spatial and time discretization
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The results of simulation shown in Figg. 16 a) and 16
b), for the same physical system but with different
spatial and time discretization, have been compared.
The plot of Fig. 18 has been obtained as the difference
of the value of the HTF temperature calculated with
the two different sets of simulation parameters, for
each corresponding combination of simulation time ¢

and distance from collector inlet L. AT}, reported

in the z-axis of Fig. 18, is the difference between the
fluid temperature calculated through the rough
discretization (n,=5, At=50s) and the temperature
calculated with the fine discretization (1n,=40 4¢=1s).

Fig. 18 Difference in the HTF temperature calculated
with two different degrees of spatial and time
discretization

It can be observed that differences exist between the
results obtained with the two sets of simulation
parameters. During the transient condition caused by
the cloud passing, the rough model lags a little in
calculating the decrease in HTF temperature. The
opposite occurs when the cloud uncovers the collector
and the fine model is quicker in demonstrating the
increase in the fluid temperature. This effect is
certainly due to the higher time step assumed for the
rough model (50 s instead than 1 s), but also the
spatial discretization has some implications: the
temperature difference is however contained within
few degrees Kelvin.

It can also be noticed from Fig. 18 that the steady state
values of the HTF temperature calculated with the two
different degrees of discretization do not show
significant difference and both models provide the
same steady state fluid temperature.

For general applications of the model, roughest
discretization degrees may therefore be accepted, also

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

considering the much lower computational time
required when the number of axial nodes is reduced
and time interval is increased. Whenever precise
description of transient phenomena is required, the
model can provide much higher calculation
performances of the same physical system, by simply
tuning the simulation parameters through the block
dialog mask.

6 Conclusions

The analytical procedure used to create a flexible
dynamic model of a thermal solar collector has been
presented in the paper. The computational method
allows great flexibility as it is possible generate very
detailed thermal dynamic models as well as roughest
models that are still able to describe the dynamic
behavior of the system. The degree of precision
required can be simply tuned through a user friendly
block parameter mask. The fully parameterized
procedure, written to calculate the heat fluxes at each
node and to set up the system of partial differential
equations, is based on matrix calculations and allows
the user to act on the simulation only by varying the
model inputs, once the parameters have been
introduced.

Some dynamic simulations have been proposed and
change in fluid and pipe temperatures are shown under
changing input conditions.

The model has also been validated under steady state
conditions by comparing the results of simulations
with experimental data gathered from testing of a real
solar collector: the agreement appears good,
confirming the validity of the method adopted.

Computational time of the model is very interesting,
also in case of more detailed simulations. In general
rough simulations (small degree of axial
discretization, high time step intervals) seem to be
acceptable for general purpose application of the solar
collector. The simulation time in this case is almost
1000 times faster than real time.

The procedure proposed will be adopted also for
simulating other thermal systems which involve heat
exchange, such as heat recovery boilers used within
cogenerating systems or for the simulation of district
heating networks.
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7 Nomenclature

cp Specific heat at constant pressure[J/kg K]
d Diameter [m]
f Friction factor [-]
h Convection heat transfer coefficient [W/m*K]
k Thermal conductivity [W/mK]
m Mass [kg]
m Mass flow rate [kg/s]
q’ Heat transfer rate per unit length [W/m]
q”’ Heat Flux [W/m’]
t Time [s] - Thickness [m]
u Speed [m/s]
Bi Biot number [-]
L Length [m]
Nu Nusselt number [-]
Pr Prandtl number [-]
Re Reynolds number [-]
S Surface area [m’]
T Temperature [K]
Greek Letters
& Emissivity[-], Relative error [-]
o Stefan-Boltzmann constant [-]
n Efficiency [-]
Subscripts
abs Absolute
cond Conduction
conv Convection
exp Experimental
f Fin
i Insulation
irr Irradiation
in Inner
mod Model
o Outer
P Pipe
rad Radiative
X Axial abscissa
y Longitudinal abscissa
w Wind
C Collector
HTF Heat Transfer Fluid
S Sun
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