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Abstract

Currently concentrated solar plants with parabolic trough collectors use a thermal fluid to transfer the energy
delivered by the solar field to a Rankine cycle turbine via a heat exchanger. The thermal fluid used has a
temperature limit, usually around 400 °C, which establishes the maximum cycle efficiency. Direct steam
generation (DSG) in the absorber pipes of parabolic trough collectors is a promising alternative to the use of
thermal oil since it enables higher cycle temperatures and efficiencies, reducing the cost of the system. This
paper presents an analytical model of DSG process in parabolic trough collectors. A collector row was
divided in three sections and for each section a system of differential equations was obtained. The model was
implemented and simulations were performed using a configuration and parameters similar to works
published in the technical literature. Results have shown good agreement with them and allow obtaining
many important parameters of the DSG process along the collector row: external and internal absorber
temperature, fluid flow and temperature, vapor title and useful energy. A linear relationship between useful
energy and collected irradiance has been obtained. Using the utilizability method, this result enables to make
long term predictions about the system’s performance.
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1. Introduction

Parabolic trough solar concentrators coupled to steam turbine power converters are nowadays the most
proven and reliable solar thermal technology for electricity production. The largest solar energy generating
facility with that technology was built in the Mojave Desert by Luz Industries. Named Solar Electricity
Generating Systems-SEGS, the first power station started operation in 1984 and the last in 1991, totalizing
354 MWe. United States and Spain have together an accumulated power above 1,218 MWe operating today.
Spain has others 1,250 MWe under construction (Fernandez-Garcia et al., 2010) (Protermosolar, 2011).

The present generation of thermal power plants with line focus collectors uses an oil as thermal fluid to
transfer (HTF) the energy delivered by the solar field to an oil/water heat exchanger. The water steam coming
out of the heat exchanger runs a Rankine cycle. The physical stability of the thermal fluid requires not
overpassing a specified temperature limit, usually around 400 °C, as a guarantee of suitable working
conditions. At the same time that temperature limit establishes the maximum cycle efficiency that the system
can reach.

Direct steam generation (DSG) in the absorber pipes of parabolic trough collectors is a promising alternative
to the use of thermal oil in the absorber of parabolic collectors since it enables higher cycle temperatures and,
consequently, higher efficiencies to be reached, reducing at the same time the cost of investment of the power
system (Zarza at al., 2004).

Once proven the technical feasibility of the DSG solar technology (Zarza at al., 2004), a first commercial
power plant was designed within the terms of the INDITEP project (Zarza at al., 2006). Afterwards, two
projects to develop pre-commercial demonstration plants based on DSG technology were announced (Zarza
at al., 2008) (Eck et al., 2008), both of them to be implemented in Spain.

In this work, it is proposed a simple model of collector’s behavior belonging to DSG systems. In terms of
configuration, size and physical properties of the absorber region, it is followed the main lines of reference
(Zarza at al., 2008) that had its name and location recently changed (Fernandez-Garcia et al., 2010).
Established on physical grounds, the model to be described enables a clear understanding of the dependence



of the collector’s performance on key design and operating parameters.

2. Antecedents and specific aspects of the DSG technology

In a previous paper, solutions for temperature and power delivery profiles in concentrating linear collectors
were derived for a homogeneous thermal fluid (Fraidenraich et al., 1997). The heat losses considered were a
second degree polynomial of the difference between absorber and environment temperature. In this paper, a
system of differential equations for DSG collectors is derived. Some important differences exist between the
model in this paper and the paper in reference (Fraidenraich et al., 1997): a) Water vapor is generated in the
absorber of the solar collector instead of using an intermediate thermal fluid like in SEGS; b) Heat losses can
be represented by a general function of the difference between absorber and environment temperature, as
long as it is derivable with respect to the absorber temperature and c) The heat transfer coefficient between
absorber wall and thermal fluid for homogeneous fluid flow and two phases fluid (water-vapor) is considered
as variable along the absorber and dependent on the fluid temperature.

Two aspects of this technology deserve special consideration. The first one refers to the fact that the thermal
fluid, water, cools down to ambient temperature. In the (HTF) cycle the thermal fluid, after delivering its
available thermal energy, cools down no more than up to 200°C, approximately, which becomes then the
input temperature in the solar field collectors’. In the DSG technology the thermal fluid cools to ambient
temperature requiring, therefore, either external energy to preheat the fluid up to evaporation temperature or a
regenerative cycle to avoid energy exchange with external heat sources in the preheating region. The second
aspect has to do with flow stability and heat transfer from the absorber walls to the thermal fluid. It has been
experimented and concluded during the DISS project (Zarza at al., 2004) that the recirculation concept
proved to be controllable and stable under solar transients, having this mode been chosen for the pre-
commercial DSG power plants (Zarza at al., 2008) (Eck et al., 2008).

Some specific aspects of DSG solar collectors are next described. Then the equations of the model are set up
and the method of solution presented.

3. Field description

A DSG solar power plant is integrated by two subsystems, the solar vapor field and the Rankine cycle power
block. A detail of a column of solar collectors where preheating, evaporation and superheating is
implemented is shown in Fig. 1. Every row has ten parabolic trough collectors connected in series. The first
three collectors are used for water preheating, while in the next five the preheated water is evaporated. The
last two collectors in every row constitute the steam superheating section.
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Fig. 1: Scheme of a solar DSG field configured in recirculation mode (adapted from Zarza et al. (2006)).

The end of the evaporation section are connected to the inlet of the superheating steam section by a
water/steam separator A small fraction of the input mass flow is not evaporated and is returned to the
collector input. In this way the evaporating section is never dry, always remaining a small and pre-established
quantity of liquid water. A water injector placed at the inlet of the last collector controls the temperature of
the superheated steam produced by the row of collectors.

4. Model equations

The analysis that follows considers the collector row divided in three sections, preheating, phase change



(evaporation) and superheating. Preheating and superheating deal with homogeneous phase flow and the
treatment, unless minor changes, is similar to the one by Fraidenraich et al. (1997).

In (Fraidenraich et al., 1997), it was derived a relationship between useful energy (¢q,) and length of the
absorber (x), regarding the heat losses a second degree polynomial of the difference between absorber and
ambient temperature. It is meaningful to use a similar approach in the present case introducing, nevertheless,
the following physical modifications: A) Homogeneous flow: 1) The heat transfer coefficient between
absorber and fluid (%), depends on fluid temperature (7)), varying then along the absorber (x). In
(Fraidenraich et al., 1997), (#) was considered uniform along the absorber 2) Heat losses are considered a
general function of the difference between absorber and environment temperatures (7,-7,,,). As mentioned,
in (Fraidenraich et al., 1997) heat losses were considered a second degree polynomial of (7,-7,,,). However,
polynomials of higher order degree not always accept analytical solutions or, if they exist, are somewhat
cumbersome to be obtained. B) Phase change flow: Apart from the main physical modification for an
absorber with direct generation of vapor, considerations made for the case (A) are also valid in this case; C)
Because of the high pressures to which the absorber tube is subject its walls are thick and significant
temperature differences are verified between the external and internal wall. The preheating, phase change and
superheating sections extend from x=0 to L;; x= L, to L, and x= L, to L;, respectively.

4.1. Equations for homogeneous fluid flow

It was considered, at first, the equations for the useful energy density (q,) for a homogeneous fluid flow
g, =h(T, . =T)) (eq.- 1)

! P dx

(eq. 2)

9.~ 49,4, (eq.3)

where T, is the absorber temperature measured at the internal radius; 7, fluid mass flow; C,, fluid specific
heat; P, absorber perimeter at internal radius. The energy conservation equation (Eq. 3), relates absorbed
irradiance (g,), heat losses (g;) and useful energy (q,). All the density energy variables (g) are expressed in
terms of the internal radius of the absorber (W/m?).

It should be noticed that the heat loss (g;) is a function of the external absorber temperature (7,.,,) and the
main physical processes occur at the interface between absorber and fluid flow, it means at the internal
absorber radius (7,;,). It will be necessary, therefore, to find a relationship between both absorber
temperatures.

If the function representing the heat losses is derivable, the heat loss coefficient () can be conveniently
defined as (Fraidenraich et al., 1997)

dq,
dT

a,ext

U(Ta,ext) = (eq 4)

and derivation of Eq. (3), results in

dg dr
u — _U T ) a.ext (eq 5)
dx (Tor) dx

In differential form, Eq. (1) can be written as
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and introducing Eq. (2), it can be obtained
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4.1.1 Derivative of internal absorber temperature and system solution

To obtain the derivative (dT,;,/dx), we calculate the relationship between internal and external temperatures
of the absorber. Heat conduction between both faces of the absorber is given by

qu = # (Ta ext Ta int) (eq 8)
Tint In| -~
Tint
or
qu = F (Ta,ext - Ta,int) (eq 9)
where
ro__ kK (eq. 10)
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Derivation of Eq. (9) combined with (5) leads to

darT,.
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Introduced then, in Eq. (7), results equal to
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The coefficient (/) depends on (7)) and coefficient (U) depends on (7,..).Thus, differential equation (12),
associated with ancillary Egs. (2) and (5), is the solution of the problem. The solution obtained depends,
essentially, on three heat transfer coefficients (%), (U) and (I), that express the interaction absorber-fluid,
absorber-environment and heat conduction from external to internal absorber wall.

If heat losses (g,) are represented by a second degree polynomial and the heat transfer coefficient (%) does not
depend on (7)), it can be verified that Eq. (12) reproduces the analytical solution for the useful energy found
in (Fraidenraich et al., 1997). A lower order approximation can still be derived from Eq. (12) if coefficients
(h) and (U) are considered constant.

4.2 Steam generation region

Consider the following expression for the instantaneous useful energy
9,(x) = hQ)(T 30 () = T,,) (eq. 13)

where h(y) is the heat transfer coefficient between the internal absorber surface under phase change
conditions; (y) is the vapor title, varying along the distance (x); (7, absorber temperature of the receiver at
the internal radius (r;); (7,,) the evaporation temperature of the biphasic fluid, uniform along this region. The
evaporation temperature is a parameter which can be selected to optimize the thermodynamic cycle. The fluid
enthalpy is given by

hy=h(-x)+hy (eq. 14)



Where 4, is the enthalpy of saturated liquid and 4, is the enthalpy of the saturated steam. The useful energy
(¢9.), expressed as a function of the vapor title (y) can then be written as

_mh,, d(x) 15
(%) P (eq. 15)

Eq.(15) can be obtained as a balance between the change in enthalpy of the mixture of water-vapor and the
energy conversion of solar radiation into useful energy.

As in the case of homogeneous fluid, Eq.(13) can be expressed in differential form
dq, _ dh(y) dy T,
da, _ G 7y ) e (eq. 16)
dx dZ dx ( a,nt ev) (l ) dx
and substituting (7, ;- T.,) from Eq.(13) and (dy/dx) from Eq.(15), a differential equation for (g,) is obtained

dqu _ W 1 dh(l) 2 dTa,int 17
e _fhhev( W) dy )(q,(x)) +h(l)7dx (eq. 17)

where A(y) is obtained from experimental measurements for the specific conditions of geometry and physics
of the collector absorber.

The derivative of the internal absorber temperature (7, ;,) has been obtained in the previous section (Eq.(11))
and is also valid in this case, since it deals with heat losses to the environment and heat conduction from
external to internal radius. Introducing Eq.(11) in Eq.(17), the differential equation for useful energy (g,) can
be written as

dq, P 1 ( 1 dh(y)
dx  ih,, [HM[HFH h(y) dy
r\ v

)(q,(x))? (eq. 18)

Similarly, as in the case of homogeneous fluid flow, Eq.(18) has to be solved together with Egs. (5) and (15).

The system formed by Egs. (5), (15) and (18) also depends on heat transfer coefficients (U) and (1), as in
previous section. The main modification on the physics of the problem stems from the introduction of the
heat transfer coefficient (%(y)) and Eq.(15), which calculates the rate of change of vapor title (y).

4.3 Input conditions

4.3.1 First section (x =0-L;)

Usually the input temperature 7;;, = T(0) is given as an initial condition. Regarding the absorber temperature,
at first it was calculated a general expression for both absorber temperatures, which can then be specified for
input conditions. Combining Eq. (1) and (9) it is derived

1 1
q, (; + Fj = Ta,ext - Tf (eq 19)

and introducing Eq.(3), an expression to calculate (7,..,) as a function of (7)) is obtained

1 1 1 1
T .. +qT, )—t=|=T +q, | —+— (eq. 20)
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Eq.(18) gives (7,..) at any position along the absorber. In particular, it will be used to calculate (7,.,,) at the
absorber input. This equation is valid for any well behaved function (g,) of the external absorber temperature
that enables to calculate (7,.,), at least by a numerical procedure. The internal absorber temperature can now
be obtained as function of 7, combining Eqs.(1) and (9)
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Assuming that (7)) is known at x=0, Eqs. (20) and (21) yield (7,,;,(0)) and (T, ...(0)). Consequently the useful

energy (¢,(0)) can be calculated using Eq.(1). The system of Egs. (12), (2) and (5) can then be integrated to

obtain (g,), (7y) and (7,..) along the preheating section. The fluid output temperature of this section (7(L,))
is the evaporation temperature (7,,), parameter that can be selected to optimize the thermodynamic cycle.

zl[rT +Tf) (eq. 21)

4.3.2 Second section (x = L; — L,)

The initial conditions at the second section are the output of the first section. It is necessary to add that the
input vapor title is zero (y(L;) = 0) and the output vapor title is a pre-established value (y(L,) = 75%, e.g.).

4.3.3 Third section (x = L, — L3)

The initial conditions are already calculated at the output of the second section. The output conditions are
also pre-established. The pressure corresponds to the equilibrium pressure at evaporation temperature and the
maximum superheating temperature is a design parameter, very important to determine the thermodynamic
cycle efficiency.

5. Model solution

The Mathcad software was used to solve the systems of equations. The systems of differential equations are
solved using the fourth-order Runge-Kutta method. Parameters used in simulation are as much as possible the
same of (Zarza et al., 2006) in order to compare the results. In this initial implementation, pressure drops,
losses due to piping, tracking errors, dirt on mirrors or envelop, and others minor losses are not considered.
However, losses from row shading were taken into account.

The code developed was used to simulate the behavior of a 980m row of collectors, operating in recirculation
mode, using one hour intervals and the irradiance data of (Zarza et al., 2006) for the city of Almeria - Spain.
The program allows obtaining many of the variables involved in DSG process, actually, all those present in
the modeling equations. Results achieved for superheated steam mass flow and thermal output power for a
winter day (Jan 29") and a summer day (Jun 12™) are shown in Fig. 2.
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Fig. 2: Simulation results for a 980m row of collectors for (a) January 29™ and (b) June 12™.

Although some parameters used in the simulation are not the same as those used in (Zarza et al., 2006),
results shown in Fig. 2 present good agreement with results of INDITEP project (for one row of collectors). It
is possible to observe a decrease in thermal power at noon for January 29" due to angle of incidence of the
direct solar radiation.

The fluid temperature and power delivery profiles along the collector row at noon for both days are shown in
Fig. 3(a). The three sections can be clearly distinguished. Although the useful energy along the collector in a
summer day is substantially larger than in a winter day, fluid temperature along the collector is practically the



same for both days. The control system maintains the fluid temperature profile almost constant changing the
feed-water flow and the water injection flow. Discontinuity observed near 900m is due to water injection.
The steam temperature decreases once saturated liquid is injected, with that, absorber temperatures and
thermal losses also reduces.

The thermal power can be calculated by integration of the useful energy density curve. On January 29", at
noon, it results 1.4MW.
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Fig. 3: (a) The fluid temperature and power delivery profiles along the rowof collectors and (b) thermal output power versus
collected irradiance.

Fig. 3(b) shows the thermal output power versus collected irradiance, which means the direct solar irradiance
taken into account the effect of the incident angle modifier and row shading. A linear behavior of the thermal
power can be observed for collected irradiances greater than a critical value (170 W/m?). This critical value
must increase when all losses that were not considered in this initial implementation are included. For
collected irradiances greater than the critical value, a linear fit (Y= 0.004*X-0.1372) can be used to obtain the
thermal output power from irradiances data for a specified local. This linear function is valid only for a
collector row with the configuration and parameters simulated, and it will also change when all losses are
considered.

5. Conclusions

An analytical solution was derived that allows calculating all the variables along the absorber, involved in
DSG process in parabolic through collectors: external and internal absorber temperature, fluid flow and
temperature, vapor title, and useful energy. Simulations using an initial implementation of the model indicate
good agreement with previous works. However, it is yet necessary to compare the model results with
experimental data. Since the model requires only input parameters typically known in any design studyi, it is
expected to obtain, at the end of its implementation, a simple computational tool to simulate DSG systems. A
linear relationship between thermal output and collected irradiance has been obtained. Using the utilizability
method, this result enables to make long term predictions about the system’s performance.
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