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A B S T R A C T

Direct Steam Generation (DSG) is one of the most promising alternatives for parabolic trough solar plants to
replace the synthetic oil and reduce the electricity cost. The focus of this work is to develop a comprehensive op-
tical and thermo-hydraulic model for the performance prediction of DSG process under real operating conditions.
Pressure drop and heat transfer characteristics are determined considering the effect of the non-uniform heat flux
distribution due to the concentration of the sunlight. A numerical-geometrical method based on ray trace and
finite volume method techniques is used to determine the solar flux distribution around the absorber tube with
high accuracy. A heat transfer model based on energy balance is applied to predict the thermal performances
of the different flow regimes in the DSG loop. The thermo-hydraulic behavior of the different DSG sections i.e.
preheating, evaporation and superheating is investigated under different operating conditions. The validity of
the model has been tested by being compared with experimental data from DISS test facility and other available
models in the literature. The study also presents a comparative study of the effect of different parameters on the
thermal gradient around the absorber tube. The analysis shows that the highest thermal gradient is occurring
in the superheating section with a high risk of thermal bending and a potential damage risk. The model is also
capable to evaluate the efficiency of a DSG loop for different conditions and help to take the appropriate control
strategies to avoid flow instabilities in the DSG rows.

Nomenclature

Greek symbols
α absorptance factor
γ intercept factor
∊ emissivity
ε/D relative roughness factor
θ circumferential direction(°)
ρ density (kg/m3)
ϱ reflectance
ζ Focal distance alteration due to bending
μ dynamic viscosity (Pas)
ν kinematic viscosity (m2/s)
σ Stefan-Boltzmann constant (5.67×10−8W/m2K4)
σt surface tension (N/m)
τ transmittance

φ incident angle (°)

Roman symbols
A area(m2)
Bo Boiling number
Cp specific heat (J/KgK)
D diameter (m)
e thickness (m)
E eccentricity (m)
f friction coefficient
fo focal distance (m)
Fr Froude Number (G2/ρ2gD)
g gravity (m/s2)
G mass flux (kg/m2s)
h enthalpy (J/kg)
hc convective heat transfer coefficient (W/m2K)
I irradiation per unit length (W/m2)
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k thermal conductivity (W/mK)
mass flow rate (kg/s)

M molecular mass of water (g/mol)
N number of control volumes
Nu Nusselt number (hcD/k)
P pressure (N/m2)
Pr Prandtl number (μcp/k)

heat flux per unit of area (W/m2)
r radius (m)
R two phase flow multiplier
Ra Rayleigh number
Re Reynolds number (UD/ν)
T temperature (K)
u velocity (m/s)
UL Overall heat transfer coefficient (W/m2K)
We Weber number (G2D/ρσt)

quality
X Martinelli parameter
z axial coordinate (m)

Subscripts
1ph one phase
2ph two phase
a absorber
abs absorbed radiation
amb ambient
cond conduction
conv convection
e environment
eff effective
g glass
Gni Gnielinski
HTF heat transfer fluid
i index of the control volume in the axial direction
in input
j index of the control volume in the azimuthal direction
max maximum
NB Nucleate Boiling
out Output
rad radiation
u useful
w wall

1. Introduction

In the last century, special attention has been given to renewable
energy resources due to the increase of energy demand and climate
threats. Solar energy is considered one of the most attractive and com-
petitive alternatives to provide green, renewable and low-cost energy. In
the specific case of solar thermal processes at high temperature, the par-
abolic trough solar collector is one of the most mature and prominent
solar thermal technologies for electricity production and steam genera-
tion in industrial processes such as drying, sterilization process and wa-
ter desalination [1–4].

Currently, the majority of commercial parabolic trough solar plants
for electricity generation use synthetic oil as heat transfer fluid. How-
ever, Direct Steam Generation (DSG) is one of the most competitive
technologies for the next generation of parabolic trough collectors (PTC)
power plants. Unlike the synthetic oil-based technology, DSG technol-
ogy uses directly concentrated solar flux to generate steam in the par-
abolic trough collectors. A significant cost reduction, by about 15%,
can be achieved when using DSG due to the simplification of the

plant layout by eliminating the intermediate heat exchanger between
the solar field and the power block and the use of the synthetic oil as
heat transfer fluid in the solar loop. As a result, the operation and main-
tenance costs of the solar plant can be considerably decreased [1]. Ac-
cording to a previous cost study, the levelized cost of electricity of the
DSG process can be 11% lower than that of synthetic oil in a concen-
trated solar power (CSP) plant without thermal storage system [5]. In
addition, the use of water/steam as heat transfer fluid enables the pos-
sibility of working at higher temperatures than with oils whereas at the
same time eliminates the environmental risk of toxic oil leakage.

However, power plants based on DSG might lead to a more complex
thermo-hydraulic process [6,7]. On the one hand, the thermal perfor-
mance of the PTC plants is affected in the steam phase section due to
the sudden decrease of the heat transfer coefficient. Different techniques
to circumvent this issue have been proposed in the literature such as in-
serting foams [8], introducing helically finned tubes [9] or using curved
absorber tubes [10,11]. On the other hand, the effect of two-phase flow
on the stability and controllability of such solar plants is the major chal-
lenge in the commercialization of this technology. Recently, Guo et al.
[12] proposed a dynamic model with the objective of improving the per-
formance and robustness of the solar field. Other problems that might be
encountered when operating when operating a DSG plant are the higher
vapor pressure of water which forces the operation of this technology
at higher pressures which can impose some additional costs for suitable
hydraulic components. In addition, the lack of a suitable thermal energy
storage is a potential barrier for commercial deployment of DSG solar
plants although different alternatives [13–16] are currently being stud-
ied.

The resultant flow pattern inside the receiver is the consequence of
the interaction between phases and instabilities occurring during the
DSG process [17]. Different flow patterns can be observed during steam
generation process such as: bubbly flow, plug flow, slug flow, strati-
fied flow and annular flow. In practice, the stratified flow has the high-
est thermal stress risk due to the overheating in the dry section which
may lead to the bending of the absorber tube [18,19]. On the other
hand, the annular flow represents the most favorable flow pattern as
it maintains the contact between water and the absorber pipe. There-
fore, understanding the thermo-hydraulic behavior of the DSG process
is required to ensure better controllability and minimize the tempera-
ture difference around the circumference of the absorber tube. In this
context, the prediction of the thermal performance of parabolic trough
solar collectors used for hot water and steam generation is an essential
tool for the observation, operation, safety monitoring and certification
of these solar collectors.

According to the state of the art of PTC technology, several models
have studied the thermo-hydraulic characteristics of the one-phase flow
synthetic oil as a heat transfer fluid [20–26]; however, DSG models are
less presented in the literature.

An earlier DSG model was proposed by Odeh et al. [27] to evalu-
ate thermal losses and performance of a DSG collector for different con-
ditions. An efficiency equation and heat transfer coefficients were pro-
posed to solve the two-phase flow under uniform heat flux using the
correlation of Gunger and Winterton [28]. Later, Odeh et al. [29] car-
ried out a hydrodynamic analysis using the flow pattern map proposed
by Taitel [30]. In their analysis, a pressure drop model was proposed
for both horizontal and inclined solar absorbers for once through DSG
application. Eck and Steinmann [31] used the finite element method
(FEM) ANSYS package to investigate the thermo-hydraulic behavior of
the LS-3 absorber of the DISS facility considering a Gaussian distribution
assumption for the solar flux on the outer circumference. Their numeri-
cal model was based on the correlation of Friedel [32] for the two-phase
pressure drop calculation and the correlation of Gunger and Winter-
ton [28] for heat transfer calculation. They proposed the insertion of
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a control valve at the inlet of the evaporator collector loop to avoid flow
instabilities.

Recently, several software tools have been proposed to solve the
thermo-hydraulic behavior inside a DSG collector. Several commercial
computational fluid dynamic CFD models were used to solve the super-
heated steam section [33,6] and for the whole DSG loop [19,34]. In
these studies, the CFD model solves the thermo-hydraulic behavior in-
side the absorber pipes without considering the realistic non-uniform
flux around the absorber tube for the three different sections (preheat-
ing, boiling and superheating). Other DSG models were based on numer-
ical tools such as Modelica language [35,36], RELAP [37], ATHLET [38]
and TRNSYS [39] for dealing with the dynamic simulation of DSG par-
abolic trough solar collectors. Elsafi [6] presented a complete flow pat-
tern analysis along the DSG absorber tube and discussed the flow tran-
sitions in different sections of the DSG loop considering a constant heat
flux distribution around the receiver. In his work, the flow pattern map
proposed by Wotjan et al. [40] was used to predict the flow pattern in
the DSG loops. Li et al. [41] proposed a coupled 2D-FVM and 3D-FEM
models to study the thermo-elastic behavior of the absorber tube and
provided a thermal bending analysis for different radiation angles. Re-
cently, Hachicha [42] investigated the thermal performance of the one
phase flow sections (water and steam) in a DSG process and extended
his work to study the two-phase flow [43].

Despite the various numerical studies to predict the thermo-hy-
draulic behavior of the DSG process, the modeling of water-steam flow
in parabolic trough collectors is still challenging [44]. According to the
state of the art of DSG modeling, no previous work has been conducted
to predict the thermo-hydraulic behavior and performance of the DSG
process under the realistic non-uniform solar flux. The study of the tem-
perature distribution around the DSG receiver is relevant not only to de-
scribe the interaction between the existing temperature gradients in the
absorber tube and the two-phase flow which may induce a high level of
thermal stress causing the bending of the absorber tube, but also to look
for appropriate alternatives for reducing the large thermal gradients en-
countered specially in the steam phase.

It becomes obvious from the aforementioned literature that mod-
eling the thermo-hydraulic process of DSG by applying the realistic
non-uniform solar flux on the circumference of the absorber tube is es-
sential to understand the mode of operation and thermal stress in the
DSG loop.

In this paper, a comprehensive optical and thermo-hydraulic model
is proposed to determine the temperature and pressure drop in the DSG
process taking into consideration the effect of the non-uniform heat flux
distribution due to the concentration of sunlight. The proposed method-
ology is an extension of a previous model developed for one phase flow
PTC and is developed to predict the thermo-hydraulic behavior in the
different sections of the DSG process. The methodology includes a nu-
merical-geometrical model to simulate the realistic non-uniform solar
flux distribution around the solar receiver while considering the influ-
ence of bending and conic eccentricity. The optical model is then cou-
pled with a thermo-hydraulic model based on energy balances to deter-
mine the heat transfer characteristics and pressure drop within the DSG
sections under different operating conditions. The present methodology
is capable of predicting the behavior of a PTC for DSG and the variation
of its performance under realistic working conditions. Moreover, it can
be also used for the design and prediction of the thermo-hydraulic be-
havior of a DSG loop for a CSP plant.

2. Optical model

The optical modeling of the solar absorber in the DSG loop is essen-
tial to provide accurate solar flux distribution in the azimuthal direc-
tion. By neglecting the dependence of the optical parameters on tem-
perature, the results of the optical model will be independent of tem

perature. Therefore, it can be implemented as a pre-processing task and
coupled directly with the thermo-hydraulic model at the outer bound-
ary condition of the absorber tube. A typical solar flux distribution per
1kW/m2 of incident radiation is presented in Fig. 1 for LS-3 PTC col-
lector [1] at the peak optical efficiency condition. This distribution de-
pends on several parameters such as geometric concentration, rim an-
gle, incident angle and optical errors.

Most of the existing optical models simplify this distribution with a
Gaussian [31] or rectangular [33] profile which has some error respect
to realistic distribution. Other optical models [6,26,45] use a complex
stochastic Monte Carlo Method which has a high computational cost.

The methodology adopted in this work to simulate the non-uniform
distribution of the solar flux around the solar absorber is based on the
extension of a previous optical model which uses the finite volume
method (FVM) and ray tracing techniques [21]. This numerical-geomet-
rical method allows tracking the finite size of the Sun and determin-
ing with high accuracy the distribution of the concentrated solar flux
in the azimuthal direction. The entire domain of the parabolic trough
solar collector is discretized in various grid systems while the solar op-
tic cone is divided in symmetrical rays similar to the FVM (see Fig.
2). The optical properties are introduced in the calculation of the re-
flected rays that reach the absorber tube. The model starts by gener

Fig. 1. Typical heat flux distribution along the outer surface of an LS-3 collector.

Fig. 2. Different grid systems used in the optical model.
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ating rays at the parabola domain and discretizing the optic cone com-
ing from the Sun.

The absorber tube is then discretized in different control volumes
(CVs) in the azimuthal direction. Each CV intercepts the rays com-
ing from the solar optic cone after specular reflection in the collector
parabola. The integration of all rays intercepted by an absorber CV gives
the total absorbed solar flux (for a more detailed explanation on the dis-
cretization used the reader is referred to [21]).

(1)

The model includes the optical errors in what is called intercept fac-
tor γ and also the effect of the incident angle [6]. The previous optical
model has been improved to take into consideration the effects of other
optical errors that can change not only the magnitude of the absorbed
solar flux but also the profile, namely eccentricity and thermal bending.

Eccentricity is the slight change of the parabola aperture due to the
weight of the mirrors and brackets. The analytical coordinate of the
parabola due to the conic eccentricity E is expressed by the following
equation [6]:

(2)

The model includes the optical errors caused by bending which may
occur due to the high thermal gradients applied on the circumference
of the tube. This kind of error leads to a slight displacement of the ab-
sorber tube with respect to the focal line. The maximum bending occurs
at the central section of the absorber tube and can be modeled with the
following relation

(3)

To illustrate these effects, the present methodology has been used to
determine the solar flux distribution around the LS-3 absorber. Fig. 3
shows this distribution for different conic eccentricity and displacement
of the absorber tube as a result of the thermal bending. It is shown that
eccentricity leads to an increase and shift of the heat flux peak towards
the mid plane of the absorber tube, while the bending of the absorber
tube results in a decrease and broadening of the solar flux distribution
due to the displacement of the tube out of the focus of the parabola.

3. Mathematical model

The present thermo-hydraulic model is based on an energy balance
about the heat collector element (HCE) to predict the performance of a
DSG collector using water-steam as a heat transfer fluid (HTF). The gen-
eral modeling approach is based on the finite volume method, where
an energy balance is performed on each control volume of the HCE.
The numerical model includes the optical and thermal losses around the
HCE. For a detailed description of the discretization used along the az-
imuthal direction of the HCE, the reader is referred to Hachicha et al.
[21].

3.1. Thermal model

A one-dimensional step-by-step method is used to determine the heat
gain by the HTF in the axial direction. The fluid domain is divided
into Nx control volumes in the axial direction, while the HCE is dis-
cretized in both axial and azimuthal directions (Nx, Nϕ) considering the
non-uniform distribution of the solar flux (see previous section). Consid-
ering that the change of kinetic and potential energies is negligible, the
steady-state energy balance in one control volume is expressed as

(4)

where is the useful thermal energy per unit area and h is the fluid
enthalpy evaluated at the control volume face. The heat gain is calcu-
lated taking the difference between the absorbed solar radiation and the
heat losses for each segment.

(5)

The absorbed solar radiation is determined using the optical model,
considering the optical characteristics as well as the optical errors en-
countered in the PTC technology.

To estimate the thermal losses from the PTC receiver tube, a
steady-state energy balance model (see Fig. 4) is adopted and different
heat fluxes are calculated. The energy balance applied on the heat col-
lector element can be expressed as

(6)

Fig. 3. Effect of (a) eccentricity; (b) bending on the solar flux distribution around a typical LS-3 PTC.
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Fig. 4. Energy balance model applied on a cross section of the HCE.

Heat losses from the absorber tube are mainly transferred by radia-
tion between the outer absorber tube and the inner glass tube.
The convection between the absorber tube and glass tube is ne-
glected as there is vacuum in this annular zone. is the heat con-
duction through the glass envelope, which is exchanged again by con-
vection to the ambient and radiation between the glass enve-
lope and the sky .

Radiation heat transfer between the absorber tube and the glass
cover is determined by applying the net radiation method to the
cross section of the HCE, considering the surfaces of the absorber and
glass tubes as being grey and diffuse emitters and reflectors. The Hot-
tel’s crossed-string method is used to calculate the view factors and the
net radiation flux is determined by considering the radiation exchange
in each control volume [21].

Heat conduction through the absorber tube/glass cover is deter-
mined using Fourier’s law in both axial and azimuthal directions.

and

where Az, e are the cross-section area and thickness of the absorber
tube/glass cover control volume, respectively.

Outside the solar absorber, convection heat transfer with the ambi-
ent can happen in the presence or absence of the wind. Under forced
convection, i.e. in presence of wind, the correlation of Churchill and
Bernstein [46] is considered for RePr>0.2.

(7)

Otherwise, natural convection is held in the absence of the wind
with the Churchill and Chu correlation [46] for the Nusselt number cal-
culation

(8)

For the radiation heat transfer with the ambient, the absorber tube
is considered as a small grey object in a large black body, the sky, and

is evaluated with the following expression

(9)

Alternatively, thermal losses can also be estimated by defining an
overall heat loss coefficient which depends on the temperature differ-
ence between the absorber tube and ambient.

(10)

If the data for the specific absorber tube is known, a different ap-
proach can be used by approximating the overall heat loss coefficient to
the experimental data.

(11)

Note that as the above equation is the result of a curve-fitting from
experimental measurements, a1, a2 and a3 correlation coefficients have
to be defined. In Table 1, the values for the LS-3 collector obtained in
[47] are given.

The useful thermal energy is transferred to the heat transfer fluid
through forced convection with the inner surface of the absorber tube.
Under steady-state conditions, convection inside the absorber tube is
governed by the Newton’s law.

(12)

The convection heat transfer coefficient (hc=Nu k/D) is evaluated
as a function of the Nusselt number depending on the flow phase in the
DSG loop as explained in the following sub-sections.

3.2. Single-phase flow modeling

The thermo-hydraulic modeling of water-steam inside the absorber
tube is based on the prediction of heat transfer coefficient and pressure
gradient.

For a single-phase flow in the preheating or superheating sections,
the Nusselt number and the pressure gradient can be estimated based
on experimental correlations. In practice, the flow inside the DSG loop
is always turbulent and the Nusselt number can be estimated using the
Gnielinski correlation [48] as showing below

(13)

with .
In this correlation, fluid properties are evaluated at the HTF av-

erage temperature except Prw which depends on the temperature of
the absorber inner surface. Note that this correlation is only valid for
0<Pr<2000 and 2300<Re<5 ·106. However, in practice, most of
the studied flows are within these ranges. The heat transfer coefficient
under the single-phase flow condition can be obtained from the Nusselt
number as .

The pressure drop for turbulent single-phase water or steam is calcu-
lated using the Blasius equation

Table 1
Curve-fitting coefficients for UL for the LS-3 collector [47].

Ta a1 a2 a3

<200 0.687257 0.001941 0.000026
≤300 1.433242 −0.00566 0.000046
>300 2.895474 −0.01640 0.000065

5



UN
CO

RR
EC

TE
D

PR
OO

F

A.A. Hachicha et al. Applied Energy xxx (2018) xxx-xxx

(14)

where f1ph is the friction factor for turbulent flow, which is determined
by using Moody’s friction factor correlation [49] considering the rela-
tive surface roughness ( ):

(15)

3.3. Two-phase flow modeling

When the heat transfer fluid reaches the two-phase flow regime, the
modeling of the heat transfer and pressure drop becomes much more
complex and depends on the flow pattern map. In the evaporator sec-
tion, where the two-phase flow occurs, different flow patterns and thus
different phase distributions can be observed.

3.3.1. Heat transfer coefficient
In this work, the heat transfer coefficient is evaluated based on the

map developed by Odeh [27]. In the DSG loop, it is recommended to
avoid stratified flow which leads to higher temperature gradients and
may provoke the failure of the heat collector element. Therefore, it is
important to know the flow patterns and the effect of the absorbed solar
radiation and the steam quality.

In the aforementioned flow pattern map, the flow transition is deter-
mined using the dimensionless Froud number. This number is defined
as the ratio of the flow inertia to the gravity force.

(16)

If Fr<0.04, the flow is stratified and the heat transfer coefficient
can be determined using Shah equation [28].

(17)

where h2ph is the two-phase flow heat transfer coefficient and x is the
steam quality. In the above expression, l and g sub-indexes stand for
the liquid and steam phases, respectively. The liquid heat transfer coef-
ficient hl is determined using the single-phase flow correlation consider-
ing the liquid fraction inside the absorber tube, i.e. the Reynolds number
in the Gnielinski correlation (Eq. (13)) is substituted with .

If Fr>0.04, annular flow occurs inside the absorber tube. In this
case, the heat transfer coefficient is evaluated using Chen correlation
[28] which is divided into two components: a nucleate boiling contribu-
tion and a single-phase convection contribution for saturated water.

(18)

The suppression factor S and the enhancement factor E are given by
Gunger and Winterton [28]

(19)

(20)

Here, boiling number is whereas the Martinelli

parameter X is given as

(21)

In this correlation, the liquid heat transfer coefficient is given based
on the Dittus-Boelter equation considering the fraction of liquid filling
the absorber tube.

(22)

In the wetted and heated region of the annular flow, the nucleate
boiling heat transfer coefficient hcNB can be estimated as

(23)

where the reduced water pressure pr = p/pc is the ratio between the
working pressure and the critical pressure of water (221bar).

3.3.2. Pressure drop
The pressure drop is calculated using the Friedel correlation which

has been proven to be the most accurate model during the European
DISS project [31]. In this correlation, a two-phase flow multiplier R is
defined to correct the single-phase flow pressure drop Δp1ph obtained by
Blasius equation.

(24)

(25)

(26)

where We ( ), ξg and ξl are the Weber dimensionless number,
vapor friction coefficient and liquid friction coefficient, respectively.

The vapor friction coefficient is determined for turbulent steam/wa-
ter (“g/l”) flow (Reg/l>1055) as follows:

(27)

If the steam/water flow is laminar (Reg/l<1055).

(28)

3.4. Numerical procedure

The numerical procedure starts by discretizing the absorber tube into
several control volumes in both longitudinal and azimuthal directions.
The general algorithm is divided in two main parts: optical modeling
to determine the solar flux distribution around the absorber tube and
thermo-hydraulic model to predict the heat transfer coefficient and pres-
sure drop of the water-steam flow inside the DSG loop.

6
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In the optical model, the solar flux distribution is determined using
the numerical-geometrical model taking into account the optical errors
and incident angle (see Section 2). The obtained solar flux distribution
is coupled with the thermo-hydraulic model as a boundary condition for
the absorber surface by assuming the solar absorption as a surface phe-
nomenon.

In the thermo-hydraulic model, the properties of the heat transfer
fluid (water/steam) are determined using the International Association
for Properties of Water IAPWS-IF 1997 standard [50]. The inlet quality
is calculated based on the inlet conditions of the DSG loop. The different
heat fluxes are then calculated for each control volume after initializing
the temperature maps and setting the material properties.

Using the meteorological data and the results of the optical model,
the outlet enthalpy at each fluid CV can be determined from Eq. (3).
Depending on the nature of the phase flow, i.e. single-phase flow or
two-phase flow, the heat transfer coefficient and the pressure drop are
determined using the equations outlined before. The pressure drop cal-
culations yield to a new pressure at the outlet of the fluid CV, while the
calculation of the heat transfer coefficient allows to estimate the tem-
perature of the adjacent absorber CV. Once the outlet pressure and en-
thalpy are known for each fluid CV, the outlet fluid temperature is eval-
uated using the backward equations from IAPWS-IF97. The outlet prop-
erties of one fluid CV are considered as the inlet properties for the next
control volume.

This procedure is repeated along the heat collector element and
the global convergence is achieved once the fluid temperature becomes
fully stable for each control volume in the HTF domain, i.e., when the
temperature difference between the current iteration and the previous
one is less than ε=10−6. The general algorithm of the present model is
presented in Fig. 5.

4. Model validation

In this section, first a brief description of the test loop is given fol-
lowing with a mesh sensitive analysis to optimize the number of control
volumes. The present methodology is then validated with available ex-
perimental data in once-through DSG process by comparing the results
with those obtained in the DISS test facility [6,19] at Plataforma Solar
de Almeria (PSA).

4.1. System description

In direct steam generation trough collectors, the absorber tube is di-
vided into three sections: single-phase water, two-phase flow and sin-
gle-phase superheated steam [51]. In practice, there are three possible
operation modes in a DSG loop: the once-through mode, the recircu-
lation mode and the injection mode. Each of these configurations has
some advantages and disadvantages, however, the once-through mode
is considered the cheapest and simplest operation mode.

The validation is carried out in two steps: single-phase flow and
two-phase flow. Experimental data are taken from the final results pro-
vided by the DISS test facility [6,19] at Plataforma Solar de Almeria
(PSA). This facility consists of a row of 11 LS-3 type collectors (see Fig.
6). In this DSG loop, the first collector is used to preheat water to the
saturation temperature, while the boiling section occurs between collec-
tor 2 and 10 and only the last two collectors are reserved for the super-
heating section. In this facility, various thermocouples are mounted in
different sections along the absorber tube, where the azimuthal temper-
ature is instrumented using 8 Type K thermocouple class I with an ac-
curacy of 1.5°C according to the standard IEC 60584.2. As per the pres-
sure data, Rosemount 3051 pressure transmitters are used to measure
the pressure drop which have an accuracy of 1.1%. The main specifica-
tions of the LS-3 collector and interconnections are given in Table 2.

4.2. Mesh sensitivity study

A mesh sensitive analysis is conducted to optimize the number of
control volumes to be used in the DSG collector model. To do this, the
mesh refinement level is set by fixing all the parameters and changing
the number of control volumes in both axial and azimuthal directions.

The study case selected for the mesh test analysis is based on one
of the experiments performed in the DISS test facility (DNI=822W/m2,
Tin=205°C, Pin=3 bar, =0.47kg/s). Thermal losses are estimated
from the heat loss function of DISS-LS3 collectors [19] for the different
DSG sections.

The grid system adopted in the optical model is similar to the one
used in the previous work [21] for N1, N2 and N4. Only a grid indepen-
dence study in N3 (or Nθ) was carried out to check the influence of the
azimuthal direction on the optical model and the solar flux distribution.
Fig. 7 shows the variation of the maximum heat flux at the outer wall of
the absorber tube for different azimuthal coordinates.

The final number of nodes in the azimuthal direction has to be a
compromise between accuracy and efficiency of the model. In this case,
the number of control volumes in the azimuthal direction selected is
Nθ=120 as it gives a relative error less than 2% with respect to the ex-
perimental data within a reasonable computational time.

A grid independence mesh study is also conducted on the longitudi-
nal direction where the outlet conditions (temperature and pressure) are
compared with the experimental results for the same studied case (see
Fig. 8). The analysis showed a good convergence of the outlet variables
with the axial direction after a mesh refinement of Nx=200 with a rel-
ative error lower than 4%.

According to the independence mesh analysis in both longitudi-
nal and azimuthal directions, the final mesh adopted in this work is
Nx=200 and Nθ=120.

4.3. Model validation results

A single-phase validation has been conducted and numerical results
have been compared with the experimental data for superheated steam.
Thermal losses are estimated based on the thermal-loss equation for the
DISS-LS3 collector. The data are set for a typical LS-3 parabolic collec-
tor with a length of 4.06m placed in the superheating section. All the
optical and thermal parameters can be found in [6].

For validation purposes, data with different ranges of pressure
(3MPa, 6MPa and 10MPa) and flow rates covering the working opera-
tion conditions are selected. The operation conditions and model inputs
of the studied cases are presented in Table 3 together with experimen-
tal/numerical results.

As can be seen from Table 3, the numerical results are in good agree-
ment with the experimental data. In all the cases, the root mean square
(RMS) deviation is less than 0.05% for both the temperature and the
pressure of the HTF at the outlet section.

The temperature distribution around the absorber tube is also here
studied to understand the thermal gradient and thermal stress around
the absorber tube. In Fig. 9, the temperature distribution in the az-
imuthal direction is compared for two cases with experimental results
from Serrano-Aguilera et al. [6] at a cross section near the outlet edge of
the absorber tube. The computed temperature distribution follows the
same trend of the experimental measurements. Notice that there is a
small scattering in the experimental data as the curves are not perfectly
symmetric as in the numerical model.

Moreover, the small deviation from experimental results might also
be attributed essentially to the thermal losses model equation adopted
(Eqs. (10) and (11)) which includes all thermal losses in one equation
without considering the loss variation in the azimuthal direction. It is
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Fig. 5. Flow diagram of the general algorithm.
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Fig. 6. The once-through mode in the DISS test facility [19].

Table 2
Main parameters of the LS-3 collector and interconnection pipes [19].

Aperture width (m) 5.76
Outer/inner diameter of absorber tube (m) 0.07/0.05
Overall length of a single collector (m) 50/25
Inner surface roughness of the steel absorber (m) 4E-05
Connection pipe between collector 1–8(m) 11
Connection pipe between collector 8–11 (m) 17
Number of 90° elbows between adjacent collectors 8
Peak optical efficiency (%) 77

Fig. 7. Mesh test in the azimuthal direction. Comparison of the maximum solar flux at the
outer wall of the absorber tube with experimental data from DISS facility [19].

also observed that thermal distribution around the absorber tube has a
similar profile as the solar flux with the maximum temperature occur-
ring in the lower part of the steel absorber tube.

The thermo-hydraulic model is also validated by carrying out the
simulation for the entire DISS collector loop [19] with a total length
of 510m. In this simulation, the heat transfer coefficient and pressure

Fig. 8. Mesh test in the axial direction.

drop have been calculated along the absorber tube by checking the
steam quality at each control volume. The inlet conditions and input pa-
rameters are selected from the DISS solar field test facility [19] as pre-
scribed in Table 4.

The simulation includes three sections: preheating, evaporation and
superheating, although the evaporation section fills almost 80% of the
total length. The temperature and pressure fields have been calculated
and compared with the experimental measurements. Fig. 10 shows the
comparison of the temperature and pressure distribution along the DSG
loop for two nominal operating pressures (3 and 6MPa). Note that re-
sults for the lower pressure level (3MPa) can be read in the left axis
whereas the results for the higher-pressure level (6MPa) are presented
on the right axis of both graphs.

It can be seen from Fig. 10a that the temperature experiences a steep
increase in the first part of the DSG loop up until phase-change oc-
curs. Then, in the middle section of the loop, the temperature remains
almost constant to increase again in the super-heater section. In ad-
dition, the pressure drop increases from the preheating to the super

Table 3
Operation conditions and experimental/numerical results for different cases.

Case Experimental data Numerical results

Tin (°C) Pin (MPa) DNI Tamb Tout (°C) ΔP (MPa) Tout (°C) ΔP (MPa)

Case1 254.65 3.223 0.5 790 307.9 261.95 0.0029 262.15 0.0028
Case2 259.65 3.237 0.52 771 309.6 266.75 0.0031 266.93 0.0031
Case3 286.85 6.188 0.64 921 303.3 291.85 0.0024 291.82 0.0023
Case4 278.45 6.125 0.53 804 307.2 283.35 0.0017 283.19 0.0015
Case5 343.35 10.085 0.58 853 307.0 261.95 0.0029 262.15 0.0028
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Fig. 9. Numerical results (Num) of the temperature distribution around the absorber tube
compared with the DISS experiment (Exp) for two pressure ranges [6].

Table 4
Operation conditions for cases evaluated.

Case
Tin
(°C)

Pin (MPa) (W/
m2) DNI

Max
heat
flux

Case1 205 3.42 0.47 822 25,686
Case2 239 6.25 0.55 971 30,316

heating section (see Fig. 10b), the largest pressure losses occur in the
superheating section as the density of the fluid decreases.

In most of the cases the numerical results are within the experimen-
tal uncertainties range. However, some discrepancies are detected in the
pressure drop at low pressure essentially due to the effect of flashing
which is not considered in this model. Overall, the root mean square er-
ror for the outlet temperature and pressure is around 0.6% and 2.2%,
respectively.

5. Model results

The present methodology can be used in different forms: (i) for de-
signing a DSG for a CSP plant by selecting/testing the best combination

of elements in the different parts of the loop; (ii) for evaluating the per-
formance of a single PTC in either of the phases of the loop, i.e. for the
single-phase pre-heating phase, for the two-phase evaporating section
or for the single-phase superheating section of the loop; or (iii) for ana-
lyzing the performance of an existing DSG loop under different working
conditions. In this section, the last two are considered for illustrating the
capabilities of the present methodology.

In order to analyze how the working conditions affect the perfor-
mance of the solar loop, a parametric study is conducted by chang-
ing different parameters such as pressure, temperature, direct normal
irradiance, incident angle and rim angle. Case 1 (DNI=822W/m2,
Tin=205°C, Pin=3.42MPa, =0.47kg/s) from the DISS collector
loop is considered as a baseline case for this analysis.

5.1. Effect of the pressure level on the loop

The effect of the pressure level on the loop has been considered by
increasing the pressure at the inlet of the loop. In this case, pressure lev-
els of 6 and 10MPa have been selected.

Fig. 11 depicts the variation of the temperature difference between
the highest and lowest temperature in the absorber cross section along
the collector loop for the different operating pressures. The different
DSG sections i.e. preheating, evaporation and superheating are clearly
distinguished. The highest thermal gradient occurs in the superheating
section where the heat transfer coefficient of the superheated steam is
low to provide enough cooling for the absorber tube. It is apparent that
the evaporation section presents the lowest thermal gradient because of
the occurrence of annular flow characterized by a rapid increase of the
heat transfer coefficient. The numerical results are consistent with the
results of [31,51] with the same trend at different DSG sections. From
Fig. 11, it can be seen that increasing the pressure is favorable for the
increase of the occupation preheating section while decreasing the oc-
cupation of the evaporation section and thereby the annular flow [7].

The temperature difference between the absorber tube and fluid (wa-
ter/steam) temperature is of special interest in designing the heat col-
lector element and selecting the selective coating material to withstand
such temperatures. Moreover, this temperature difference is also impor-
tant when it comes to analyze the thermal stresses at which the ab-
sorber tube is submitted and thus the possibility of a larger bending of
the heat collector element. Fig. 12 shows the comparison of the tem-
perature difference between the absorber tube and the heat transfer
fluid along the DISS loop for the different operating pressures (3MPa,
6MPa, 10MPa). In this figure, it can readily be distinguished the sec

Fig. 10. Experimental (Exp) and computed results (Num) of temperature and pressure along the DSG loop for two operating pressure (3MPa, 6MPa). (a) Temperature (b) pressure.
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Fig. 11. Maximum temperature difference around the absorber tube for different operat-
ing pressures.

tions where phase-change occurs, which is similar to Fig. 11 (for the
maximum temperature difference). The highest temperature difference
between the absorber tube and water/steam occurs after the dry-out
point in the superheating section. Notice also that the profile for the az-
imuthal distribution follows the solar radiation distribution, with maxi-
mum peaks close to azimuthal angle (120° and 240°).

The resultant distribution is in line with the results found by [31,41].
However, some discrepancies can be seen due to the operation modes
and the solar distribution profile adopted. It is worth to note that in this
work only the once-through operation mode was simulated and the re-
alistic non-uniform solar distribution was calculated without simplifica-
tion.

5.2. Effect of the inlet temperature

The effect of the inlet temperature along the DSG loop is also car-
ried out by changing the temperature at the inlet of the DSG loop. Apart
from the baseline case, two different temperature levels of Tin=220°C
and Tin=240°C are also considered.

Fig. 13 shows the impact of the variation of the inlet temperature on
the maximum temperature difference around the absorber tube. As ex-
pected, the increase of the temperature leads to the reduction of the pre-
heating section and the increase of the annular flow in the evaporation
section. However, the absorber tube exhibits a higher thermal gradient
for a longer part of the loop at the superheating section when the inlet
temperature is increased.

The graphical distribution of circumferential temperature difference
between the absorber tube and the HTF is represented in Fig. 14. It is
clearly observed that local overheating is likely to occur in the super-
heating section for higher inlet temperature which indicates higher ther-
mal stress and risk of thermal bending.

5.3. Effect of the direct normal irradiance

Usually, solar field loops are designed for a determined direct nor-
mal irradiance. However, the performance of the loop can be seriously
affected by the variation in the levels of irradiation the PTC receives.
This is especially important in DSG loops where the level of irradia-
tion affects the zones where pre-heating, evaporation and superheating
is taking place. The variation of the thermal gradient around the ab-
sorber tube for different direct normal irradiances of 500 and 1000W/
m2 is then investigated as shown Fig. 15. Compared to the baseline case,
the increase of the DNI will slightly reduce the preheating section. How-
ever, as a consequence of higher heat gains in the HCE the evaporation
section is considerably narrowed. At higher DNI, this reduction might
be favorable to reduce the risk of the thermal stratification that might
appear, whereas a larger evaporation section is observed at low DNI,
which might result in the undesirable presence of stratified flow. The
disadvantage of working at higher DNI is the higher thermal gradient
observed in the superheating section which can peak up to 50°C for an
irradiance of 1000W/m2 with the consequently increased risk of ther-
mal stress and bending of the HCE.

5.4. Effect of incidence angle

Fig. 16 shows the impact of the variation of the incident angle on
the temperature difference of the absorber tube. In this simulation, the
length of the DSG loop was increased to be able to detect the effect on
the superheating section. It is clear that the effect of increasing the inci-
dent angle is quite similar to decreasing the DNI as they are correlated
with the cosine effect. Therefore, it is recommended to work at higher
irradiance and normal incident angle to avoid thermal stratification but
attention should be paid to the high gradient in the superheating sec-
tion.

5.5. Efficiency of the DSG process

In order to understand the influence of the two-phase flow condi-
tions on the overall efficiency, the performance of the DSG loop has
been evaluated in each section for the baseline case. The efficiency is
determined based on the extent of each section. Fig. 17 shows the vari-
ation of efficiency with the direct normal irradiance along the collector

Fig. 12. Variation of the temperature difference between the absorber tube and the HTF along the DSG loop for different pressure levels. (a) 3MPa, (b) 6MPa and (c) 10MPa.
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Fig. 13. Maximum temperature difference around the absorber tube for different inlet
temperatures.

loop. This figure also depicts the efficiency of each section in the DSG
loop.

The results show that the DSG loop is totally occupied with water
flow at very low irradiance levels. After point A, the evaporation of wa-
ter starts and the temperature at this section increases which makes the
overall efficiency lower than the preheating efficiency. By increasing
the irradiance, the efficiency of the preheating and evaporation sections
keep increasing until generating superheated steam at point B. At high
irradiance levels, the occupation length of the superheated section is in-
creased which results in a decrease of the collector efficiency. This can
be explained by the heat transfer coefficient distribution for different
DNI levels as shown in Fig. 18. It is clear that the heat transfer coeffi-
cient is higher at the evaporation section which dominates the overall
efficiency at low and medium irradiance. The dry steam has the low-
est heat transfer coefficient due to the lower thermal conductivity and
higher viscosity. As a consequence, the overall efficiency decreases for
high radiation levels where the extent of the superheating section be-
comes more significant.

The DSG efficiency is also investigated with varying the mass flow
rate in Fig. 19. The efficiency of the preheating and evaporation sections
remains unchanged with the mass flow rate. However, the overall effi-
ciency is affected for lower inlet water mass flow rate due to the low
heat transfer coefficient of the superheating section (see Fig. 20). The
effect of the superheating section is reduced when the mass flow rate is
increased, which reduces the extent of the dry steam zone.

Such results are of special interest to monitor and control the DSG
loop. In practice, the control of the DSG loop can be either with a fixed

flow rate (similar to Fig. 17) or variable flow rate (similar to Fig. 19).
The stability of the two-phase flow is also affected with the combina-
tion of the operating conditions. As discussed in Section 4.3, the pres-
sure drop is more important at the superheating section where the speed
of the steam is accelerated. Under solar radiation transients or clouds,
the extent of the superheating section is reduced as shown in Fig. 18.
Therefore, a significant reduction of the overall pressure drop and an
increase of the mass flow rate are likely to occur leading to unstable
conditions at the row outlet. According to Figs. 19 and 20, a possible
solution to avoid these flow instabilities is to reduce the mass flow rate
and introduce an additional pressure drop as the superheating section
will recover. Therefore, control valves need to be installed at the inlet
of each row to overcome the flow instabilities during clouds.

6. Conclusions

A comprehensive optical and thermo-hydraulic model is developed
to predict the performance of the direct steam generation in parabolic
trough solar collectors considering the non-uniform solar flux distrib-
ution around the absorber tube. Optical errors due to eccentricity and
thermal bending are considered in the optical modeling to accurately
determine the non-uniform solar flux distribution in the solar receiver.
Results of the temperature gradient show a similar trend to the solar
flux with highest thermal gradient in the concentrated region which in-
dicate the thermal stress level. The numerical model is validated with
experimental data from the DISS solar test facility for both superheat
steam section and two-phase flow conditions. It is shown that the pre-
sent modeling approach gives accurate results with a low computational
time which indicates that the model is very reliable for the evaluation
and assessment of DSG plants.

Moreover, the capability of the present methodology for analyzing
the effect of different parameters on the thermal gradient around the
absorber tube and the performance of the DSG loop is also presented.
The flow pattern and occupancy of the three DSG sections were ana-
lyzed for different cases. It is concluded that the superheating section
has the highest risk of deflection and thermal stress. An increment of the
inlet pressure is favorable to increase the occupation of the preheating
section and decrease the evaporation section. Although a higher pres-
sure imposes higher pumping power, the thermal stress around the ab-
sorber tube is reduced in the superheating section. Another conclusion
that can be drawn is that the increase in the inlet temperature will be
accompanied with a shrinkage of the preheating section and enhance-
ment of the annular flow in the evaporation section, while the thermal
gradient is increased in the superheating section. On the other hand, so-
lar irradiance and incident angle have comparable effects on the DSG
performance. At low irradiance, the evaporation section is significantly
increased and risk of stratified flow is expected. Thermal stress on the
absorber tube is more pronounced for higher irradiance which is also
valid for lower incident angle.

Fig. 14. Variation of the temperature difference between the absorber tube and the HTF along the DSG loop for different inlet temperature: (a) 205°C, (b) 220°C and (c) 240°C.
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Fig. 15. Maximum temperature difference around the absorber tube for different di-
rect normal irradiances.

Fig. 16. Maximum temperature difference around the absorber tube for different incident
angles.

By means of this sensitivity analysis conducted on the main para-
meters of the solar field loop, the present model represents a computa-
tionally efficient alternative to predict the thermo-hydraulic behavior of
the parabolic trough solar collector field for direct steam generation in
CSP plants working under different scenarios. Additionally, it has been
shown that the model is a valuable tool for the assessment and perfor-
mance evaluation of DSG loop which can be used to control and opti-
mize such solar plants under real operating conditions. Therefore, the

Fig. 17. Efficiency of different DSG sections and overall efficiency for various irradiance
levels.

Fig. 18. Variation of the bottom heat transfer coefficient along the DSG loop for different
irradiance levels.

proposed model might be beneficial from a design point of view, as well
as, for the decision making when operating this kind of plants with a
direct impact on system performance and operational efficiency.
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Fig. 19. Efficiency of different DSG sections and overall efficiency for various flow rates.

Fig. 20. Variation of the bottom heat transfer coefficient along the DSG loop for different
flow rates.
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