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Direct steam generation coupled is a promising solar-energy technology, which can
reduce the growing dependency on fossil fuels. It has the potential to impact the
power-generation sector as well as industrial sectors where signi�cant quantities of
process steam are required. Compared to conventional concentrated solar power
systems, which use synthetic oils or molten salts as the heattransfer �uid, direct
steam generation offers an opportunity to achieve higher steam temperatures in
the Rankine power cycle and to reduce parasitic losses, thereby enabling improved
thermal ef�ciencies. However, its practical implementation is associated with non-trivial
challenges, which need to be addressed before such systems can become more
economically competitive. Speci�cally, important thermal-energy processes take place
during �ow boiling, �ow condensation and thermal-energy storage, which are highly
complex, multi-scale and multi-physics in nature, and which involve phase-change,
unsteady and turbulent multiphase �ows in the presence of conjugate heat transfer.
This paper reviews our current understanding and ability topredict these processes,
and the knowledge that has been gained from experimental andcomputational
efforts in the literature. In addition to conventional steam-Rankine cycles, the
possibility of implementing organic Rankine cycle power blocks, which are relevant
to lower operating temperature conditions, are also considered. This expands the
focus beyond water as the working �uid, to include refrigerants also. In general,
signi�cant progress has been achieved in this space, yet there remain challenges
in our capability to design and to operate high-performanceand low-cost systems
effectively and with con�dence. Of interest are the �ow regimes, heat transfer
coef�cients and pressure drops that are experienced duringthe thermal processes
present in direct steam generation systems, including those occurring in the
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solar collectors, evaporators, condensers and relevant energy storage schemes during
thermal charging and discharging. A brief overview of some energy storage options are
also presented to motivate the inclusion of thermal energy storage into direct steam
generation systems.

Keywords: concentrated solar power, direct steam generati on, �ow boiling, �ow condensation, energy storage

INTRODUCTION

During the past few decades, the demand for energy, particularly
related to electricity production and the production of thermal
energy in industries around the world, has been steadily growing,
and is projected to continue to do so. Rankine or organic Rankine
cycle (ORC) type thermal power systems allow for the production
of high pressure superheated steam or vapour (in the case of an
ORC), which can be used to generate electrical energy, and/or
thermal energy if con�gured for cogeneration (Freeman et al.,
2015, 2017). In their simplest form such cycles consist of four
basic processes. Heat is transferred to a working substance in a
boiler unit to produce superheated vapour, downstream of which
the vapour is converted into mechanical power in a turbine,
which is then converted into electrical power by a generator.
The vapour leaving the turbine is condensed, and the condensate
is pumped back to the boiler, �rst by a condensate pump and
then possibly by a feed-water pump (Martha, 2012). In the case
of a Rankine cycle power plant, water (steam) is used as the
working �uid, whereas in ORC power plants, a large variety
of refrigerants can be suitable working �uids (Freeman et al.,
2017), which lends advantages to these plants in some cases
(Markides, 2015). Di�erent heat sources can be used including
the heat from combustion of fossil fuels, nuclear reactions, or
solar thermal energy. Regardless of the working �uid, fuel and
operating conditions, these power cycles operate with boiling and
condensation in order to meet the demands for higher coolingor
heating rates (Mudawar, 2013; Kharangate and Mudawar, 2017).

Concerns arising from the environmental impacts of fossil-
fuel power generation and the �nite nature of these resources
have acted as drivers for the development of renewable energy
technologies such as concentrated solar power (CSP) plants
(Islam et al., 2018). An alternative option to conventional CSP
systems, is direct steam generation (DSG). In the case of a steam-
Rankine cycle, such a system operates with water which is used
directly as the heat transfer �uid (HTF) in the solar receivers,
and which also acts as the working �uid in the thermodynamic
power-cycle (Hirsch et al., 2014) as is represented in a simplistic
example of such a system type (Birnbaum et al., 2010) in Figure 1.

In this particular design, the solar �eld is operated
in a recirculation mode. The preheating, evaporating and
superheating sections are used to produce steam (or superheated
vapour in an ORC) directly. The high-pressure steam/vapour
is fed to the high pressure turbine, followed by, for instance, a
low pressure turbine, a condenser and a liquid pump. Thermal
energy storage can be provided as indicated where di�erent
stages of energy charging and discharging can be accommodated,
depending on the particular architecture (other architectures and

thermal energy storage options also exist as will be discussed
later in the article). During energy charging, heat is passedto
the energy storage media from the working �uid resulting, infor
instance, the desuperheating, condensation and subcooling of a
portion of the high pressure steam/vapour. During discharging,
the �ow of the working �uid in the energy storage sections is
altered, and the high pressure steam/vapour from the solar �eld is
either replaced or complemented by steam/vapour production in
the energy storage sections. In this mode, heat is passed fromthe
energy storage media to the working �uid in stages that preheat,
evaporate and superheat the working �uid. It is thus interesting
to note that evaporation or �ow boiling occurs in both the
solar �eld and during the discharge mode in the energy storage
section, while condensation occurs in both the condensers
as well as during energy the charging mode in the energy
storage section.

The use of a single �uid (water or refrigerant) for both
functions (heat transfer �uid and working �uid) can overcome
some of the problems faced by conventional CSP plants: (1)
signi�cantly higher steam temperatures in the case of water
can be achieved, which has a direct in�uence on the thermal
e�ciency; and (2) secondary heat exchangers are not required
between the solar �eld and the power block, thus reducing
parasitic frictional/pressure losses and thermal inertia. The
increase in thermal performance and the reduction in the
number of heat transfer system components can signi�cantly
reduce the power generation cost if the system is correctly
designed using suitable materials, while the associated reduction
in thermal inertia can vastly improve part-load performance
and operational �exibility, including start-up times and load-
following capabilities.

However, some arising challenges need to be addressed,
including the development of more sophisticated thermal-
storage schemes and overcoming the inherent unsteadiness of
cycle operation introduced at the solar receivers due to �ow
instabilities, variations of diurnal irradiance, cloud coverage or
ambient conditions. Such variations have a detrimental e�ect on
the steam/vapour temperature stability (Birnbaum et al., 2011),
operating conditions of the turbine a�ecting its lifetime, and �ow
stability in the solar receivers.

Reviews and studies are available on DSG solar receivers
and collector �elds (Zarza et al., 2004; Bouvier et al., 2015;
Xu and Wiesner, 2015; Liu et al., 2016b; Giglio et al., 2017;
Li et al., 2017), control strategies (Valenzuela et al., 2006; Eck
and Hirsch, 2007; Aurousseau et al., 2016; Guo et al., 2017),
transient behaviour and operation modelling (Lippke, 1996;
Biencinto et al., 2016), cycle and performance analyses (Montes
et al., 2009; Fraidenraich et al., 2013; Elsa�, 2015a) comparisons
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FIGURE 1 | Example of a direct steam generation system architecture with energy storage.

between DSG and other types of plants (Feldho� et al., 2012;
Rovira et al., 2013; Sanz-Bermejo et al., 2014), and energy storage
(Bayón et al., 2010; Seitz et al., 2013).

An updated overview of our current knowledge and the state
of the art for the thermal energy processes during boiling and
condensation in DSG systems is lacking in the literature. As
mentioned, �ow boiling and �ow condensation are present in
several solar-system components including the energy storage
sections. In order for all of these processes to be adequately
modelled and understood, a �rm foundation in the thermo-
hydraulic behaviour of the working �uid is required. For this
purpose, the paper is divided into the following sections: two-
phase �ow regime maps, �ow boiling, �ow condensation, and
energy storage options. For �ow boiling and condensation,
attention is given to developments and trends as obtained from
experimental data as well as computational research, especially
for �ows in circular tube and pipes, while for energy storage, the
emphasis is predominantly on thermal energy storage methods,

along with a brief comparison with other energy storage options
to motivate an appreciation why thermal energy storage could be
advantageous from a cost perspective.

TWO-PHASE FLOW REGIMES

At a particular operating condition, the prevailing two-phase
�ow regime has an impact on the heat transfer and pressure
drop performance during boiling/evaporation and condensation
in the various system components mentioned earlier. Several
�ow regimes (or patterns) are encountered in boiling and
condensation. Flow regime information provides important
insight into the thermo-hydraulic phenomena that are occurring,
such as how the two phases are distributed and interacting with
each other. Flow regimes in horizontal two-phase �ow boiling
depend mainly on the surface tension and the gravitational forces,
along with other parameters such as the surface roughness, tube
inclination, �ow geometry and thermo-physical properties of the
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FIGURE 2 | Illustrations of �ow regimes for �ow boiling showing liquid (grey) and vapour (white).

�uid. This information is crucial for accurate heat transfer and
pressure drop predictions, as well as the prediction of structural-
related phenomena such as vibrations and local temperature
variations at tube walls.

Flow patterns have been categorised as follows: bubbly,
strati�ed, strati�ed-wavy, plug (or elongated bubble), slug,
annular, intermittent and mist. A visualisation of the occurring
�ow regimes during �ow boiling in horizontal tubes is shown
in Figure 2. Both evaporation and condensation phase-change
processes, have a major in�uence on the �ow regimes (Kandlikar,
2002). Besides no entrainment of liquid droplets (Kim et al.,
2012) and no dry-out occurring in the condensation process
(Bejan and Kraus, 2003), it has been reported that the �ow
regimes during in-tube condensation are very similar to those of
evaporation. The saturated vapour condenses on the tube wall
and a thin condensate coating is formed all around the tube wall.
For instance, the top of the tube is dry in the strati�ed �ow
of the evaporation process, but wet in the strati�ed �ow of the
condensation process.

In order to determine the prevailing �ow regime at a
particular operating condition, several �ow regime maps have
been developed. A thorough review about the fundamentals
and applications of �ow pattern maps is reported in the study
of Cheng et al. (2008b). Other reviews also exist, such as by
Kandlikar (2002)for �ow boiling in minichannels. In general,
di�erent �ow regime maps exist depending on the operating
conditions. Thus, there is no universal �ow regime map for all
types of multiphase �ows. Some �ow regime maps published
in the literature include theBaker (1954), Hewitt and Roberts
(1969), Taitel and Dukler (1976), Barnea (1987), Steiner (1993),
Kattan et al. (1998a), Hajal et al. (2003), Coleman and Garimella
(2003), Wojtan et al. (2005a), Mandhane et al. (1974), andCheng
et al. (2008a)�ow regime maps. All of these maps were developed
for horizontal �ow.

Figure 3A for instance, shows theKattan et al. (1998a)and
Hajal et al. (2003)�ow pattern maps for R134a at a particular
heat �ux and tube diameter. It indicates under which conditions
the di�erent �ow regimes can be expected for that �uid.Hajal
et al. (2003)modi�ed the Kattan et al. (1998a)�ow pattern map,
which was originally developed for evaporating and adiabatic
�ows, to represent �ow patterns of condensing �ows in a
horizontal tube. It can be noted inFigure 3A that all the �ow
boundaries are the same for both evaporation and condensation,
except the transition boundary labelled “Wavy,” which describes
the transition between annular and strati�ed wavy �ow (the
boundary for evaporation is slightly tinted red inFigure 3A).
The di�erence is due to the presence of dry-out in evaporation
processes and its absence in condensation processes (Thome,
2005). For R22 for instance,Figure 3Bprovides a link between
the predicted and measured evaporation heat transfer coe�cients
and the �ow pattern maps ofWojtan et al. (2005a), where the
red line in Figure 3C shows the operational mass �ux. It can
be observed that the modi�cations byWojtan et al. (2005a)to
the model byKattan et al. (1998a)led to a better prediction of
the “Wavy” patterns as con�rmed by the experiments, where
the transition between the intermittent and annular �ow can
be observed.

A comparison between theHajal et al. (2003)and Wojtan
et al. (2005a)�ow pattern maps which were proposed for �ow
boiling, was done byGarbai and Sánta (2012). The intermittent,
annular, strati�ed wavy and strati�ed �ow regimes are common
to both �ow pattern maps, whereas mist and slug �ows are
only present on theWojtan et al. (2005a)map.Garimella et al.
(2002) studied �ow patterns of condensing �ows of R134a
in circular tubes and presented a criterion for the transition
between intermittent and non-intermittent �ows.Martín-Callizo
et al. (2010)investigated the �ow patterns associated with
�ow boiling of R134a experimentally and observed the isolated
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FIGURE 3 | (A) Comparison between �ow pattern transition boundaries of
condensation and evaporation. Reproduced from a public access source.
(Thome, 2005). (“S”, strati�ed; “SW”, strati�ed wavy; “I”, intermittent; “A”,
annular; “MF”, mist �ow) (B) Predicted heat transfer coef�cients of

(Continued)

FIGURE 3 | the Kattan et al. (1998b)and Wojtan et al. (2005b)models plotted
against the experiments ofWojtan (2004)(C) Generated �ow pattern map by
Wojtan et al. (2005a), for evaporating R22 atG D 150 kg/m²s, Tsat D 5� C, D
D 13.84 mm and q00D 3.6 kW/m².

bubbly, con�ned bubbly, slug, churn, slug annular, annular and
mist �ows. They compared intermittent and non-intermittent
�ow patterns to the transition criterion proposed byGarimella
et al. (2002). The experimental data of �ow boiling tally with
the transition criterion for condensation.Martín-Callizo et al.
(2010)added that surface tension forces become signi�cant in
small diameter tubes and in �ows whose Bond number tends
to 1, and therefore the characteristics of �ow boiling and �ow
condensation become similar.

Bejan and Kraus (2003)compared their refrigerant
evaporation data with theMandhane et al. (1974)�ow
pattern map. Although this �ow pattern map is based on the
Baker (1954)map with a much larger set of data range for
water-air �ow, it presented systematic errors. These problems
arose because the properties of refrigerants di�er from those of
air. The errors are expected to be greater in condensation since
the vapour density of refrigerants at condensation temperatures
is larger than that at evaporation temperatures.

Several �ow maps were used for the investigation of �ow
boiling in collector tubes of CSP applications. For instance, the
map byTaitel and Dukler (1976)was used bySun et al. (2015)
andOdeh et al. (2000)to determine the �ow pattern transitions.
The �ow map of Kattan et al. (1998a)was used byFrein et al.
(2018). Elsa� (2015b)utilised the Wojtan et al. (2005a)map
for evaluating their experimental data.Müller (1991)used the
Steiner (1993)map to perform preliminary predictions of �ow
patterns in a parabolic trough power plant's absorber tube.Pye
(2008) used theBarnea (1987)map to address the e�ects of
tube inclinations.

Probabilistic methods for determining the �ow regime
also exist.Canière et al. (2010)found that the probabilistic
�ow mapping approach leads to an accurate and objective
determination of the �ow patterns, and thus, more accurate �ow
pattern maps, which is not the case in visual observations of �ow.
A drawback of such methods is that it requires the determination
of probability function parameters for a large set of conditions
since the approach is intrinsically not suitable to be used outside
its proposed condition range (Canière, 2009).

FLOW BOILING

In DSG, �ow boiling occurs in the solar �eld within circular
tubes which are in the order of magnitude of a few centimetres.
Figure 4A gives a representation of the collector and re�ector
types that have the most relevance to DSG. These are parabolic
trough, Fresnel and central receiver type lay-outs. For the
�rst two, �ow boiling occurs in horizontal �ow, while in the
latter, �ow boiling could occur in vertical and horizontal �ow,
depending on the heat collector design. Solar tracking occurs by
adjusting the orientation of the re�ector surfaces. In the energy
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FIGURE 4 | (A) Collector types in which �ow boiling occurs during horizontal �ow for parabolic trough and Fresnel collector and horizontal/vertical for central
receivers.(B) Illustration of non-uniform heat �ux on the collector tube in aparabolic trough solar collector.

storage units, depending on their design, boiling during energy
discharge could occur in several �ow inclination and in �ow
passages that may or may not be circular, and in �ow passages
which could range in scale from micro-channels to macro-scale
channels. Therefore, a wide range of geometric conditions are of
importance to a holistic view of �ow boiling in DSG.

Experimental Studies of Flow Boiling
Experimental In-tube Flow Boiling Heat
Transfer Correlations
Table 1 lists the most recent and some of the key correlations
that have been developed throughout the years, which claim to
cover the �ow boiling heat transfer of water/steam in tubes.In
the table,P refers to pressure,D to diameter,G to mass �ux,
vL to �uid velocity, q" to heat �ux, and x to vapour quality.
Some are discussed in more detail below in relation to other �ow

boiling works. Due to the complex nature of these correlations,
only simpli�ed equations are presented to aid the discussion.
Interested readers are referred to the original texts for a full
description of the correlations development and structure ofthe
several intermediate variable groupings needed to execute the
correlation calculations.

One of the earliest e�orts to deduce a generally applicable
two-phase heat transfer coe�cient (hTP) correlation was done by
Chen (1966)and was applicable to several �uids in vertical �ows.
The total convective coe�cient is de�ned as a superposition of
the nucleate (hNB) and convective boiling (hCB) heat transfer
coe�cients. The Dittus-Boelter correlation was used for the
convective part that is analogous with the liquid-only heat
transfer coe�cient, whereas the Forster-Zuber pool boiling
correlation was incorporated as the nucleate term. A term
based on the two-phase Reynolds number,F, was added to the
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TABLE 1 | Flow boiling heat transfer correlations for straight and smooth tubes validated for water.

Author(s) Fluids P [MPa] D [mm] Flow q" [kW/m ²] x Correlation remarks

Schrock and
Grossman, 1962

Water 0.28–3.48 189 G D 239–4,447 kg/m²s 189–4,571 0.05–0.57 Vertical

Chen, 1966 Water, refrigerants,
organic �uids

0.05–3.48 – vL D 0.06–4.5 m/s – 0.01–0.71 Vertical

Shah, 1982 Water, refrigerants,
organic �uids

0.004–0.8 (Pred) 2–49 G D 4–820 kg/m²s – 0.01–0.99 Vertical and horizontal

Gungor and
Winterton, 1986

Water, refrigerants 0.0023–0.895 (Pred) 2.95–32 G D 12.4–61,518 kg/m²s 0.35–91 534 0–1 Vertical and horizontal

Kandlikar, 1990 Water, refrigerants,
organic �uids

0.04–6.4 4.6–32 G D 13–8179 kg/m²s 0.3–2,280 0.001–0.987 Vertical and horizontal

Steiner and
Taborek, 1992

Water, refrigerants,
organic �uids

0.01–21.5 1–32 G D 3.9–4,850 kg/m²s 0.03–4,600 0–1 Vertical

Shen et al., 2016 Water 11–32 25 G D 170–800 kg/m²s 85–505 0–1 Vertical

Fang et al., 2017 Water, refrigerants,
organic �uids

0.0045–0.93 (Pred) 0.207–32 G D 10–1,782 kg/m²s 0.2–4,788 0–1 Enhancement factor,
semi-empirical, vertical
and horizontal

Shah, 2017 Water, refrigerants,
organic �uids,
cryogens

0.0046 – 0.787 (Pred) 0.38–27.1 G D 15–2,437 kg/m²s – 0–1 Enhancement factor,
semi-empirical,
vertical and horizontal

convective part and a bubble-growth suppression factorS was
included in the nucleate term. The general form is expressed as:

hTP D hNBSC hCBF (1)

where F is a function of the empirically modi�ed Lockhart-
Martinelli parameter incorporating a momentum-analogy
analysis. S is an empirical function of the two-phase
Reynolds number.

Although it was validated and recommended by many
authors, the correlation is reported to over-estimate the e�ect of
nucleation (Kandlikar, 1990). The reason for the overestimation
can be attributed to the fact that the Forster-Zuber's pool boiling
correlation is validated with data obtained for a narrow range of
experimental conditions. Moreover, the correlation is only valid
for vapour qualities lower than 0.7 and solely for vertical tubes
(Bertsch et al., 2009).

The Shah (1982)correlation was developed with a large
experimental database from various studies and improved the
Chen (1966)correlation for boiling in both horizontal and
vertical �ow passages. This was done by means of assigning a
Froude number criterion that determines if the tube wall is wetted
or not, depending on the �ow orientation. An asymptotic-like
approach is used, where mainly the largest of the nucleate or
convective term was included in the calculation. The Dittus-
Boelter correlation is used to obtainhl, which is multiplied by
factor :

hTP D %hl (2)

Amongst others, is dependent on the Froude number (Fr),
the boiling number (Bo) and the convection number (Co) which
is used for determining if the boiling is taking place in the
purely nucleate, bubble suppression or purely convective regions.

Later,Gungor and Winterton (1986)simpli�ed the Shah (1982)
correlation to reduce the amount of calculations needed, by
discarding the convection number and instead employing an
asymptotic approach with the two boiling mechanisms.

Kandlikar (1990)proposed a correlation that was developed
from an extensive database of existing two-phase �ow data. In
addition to the methods used byGungor and Winterton (1986)
andShah (1982), Kandlikar (1990)used the �uid-speci�c data to
determine a new �uid-dependent parameter (F� ): used to address
nucleate boiling. The correlation also superimposes convective
and nucleate boiling terms and takes the following form:

hTP D hl
�
C1CoC2 .25Fr/C5 C C3BoC4F�

�
(3)

Information onC1to C5 can be found in the original text.
More recently,Bertsch et al. (2009)developed a composite

correlation that solves theChen (1966)correlation's accuracy
problem for small-diameter tubes.Steiner and Taborek (1992)
proposed a semi-phenomenological �ow boiling heat transfer
correlation for vertical �ows with the asymptotic approach.

The most recent milestone in two-phase heat transfer
coe�cient prediction came with the �ow pattern-based models,
some advantages of which have been mentioned earlier in the
text.Kattan et al. (1998b)developed a heat transfer model for in-
tube �ow boiling in horizontal smooth tubes that incorporates
the �ow patterns, �ow strati�cation and the partial dry-out in
annular �ow. With the incorporation of �ow regimes in heat
transfer prediction, the local peaks of heat transfer coe�cients
with respect to the vapour quality could be observed, where good
predictive capabilities were reported at high vapour qualities
(> 85%) (Kattan et al., 1998b). Zhang et al. (2016e)modi�ed
the Kattan et al. (1998b)model to include the subcooling
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e�ects at the inlet which are observed in thermosiphon natural
circulation loops.

Of signi�cant importance to direct steam generation systems
is the literature related to the �ow boiling correlations for water
heat transfer and pressure drop from the last two decades. It is
mainly composed of boiling in mini- and micro-scale (or other
compact heat exchangers) (Saisorn and Wongwises, 2012; Cheng,
2016), critical heat �ux (Ong and Thome, 2011; Fang et al.,
2015; Konishi and Mudawar, 2015), microgravity (Kattan et al.,
1998b; Zhang et al., 2016e) and nuclear phenomena (Santini et al.,
2016; Gou et al., 2017). Since the work ofSteiner and Taborek
(1992), only recent heat transfer correlations that are deduced for
water �ow boiling in conventional diameter tubes and channels
(hydraulic diameters larger than 3 mmKandlikar and Grande
(2003)are proposed byShen et al. (2016), Fang et al. (2017),
andShah (2017).

The Shen et al. (2016)correlation for non-post-dry-out
conditions takes the form of:

hTP D hl

"

0.0338
�

1
Xtt

� 0.0199� P
Pcr

� 0.555� G
Gmax

� � 0.671

q000.97

#

(4)
wherehl is based on an adjusted Dittus-Boelter equation,Xtt is
the Lockhart-Martinelli parameter,Pcr is the critical pressure and
Gmax is the maximum mass �ux in their dataset.

The Fang et al. (2017)correlation takes the following form,
expressed as a Nusselt number:

NuTP D F� M � 0.18Bo0.98Fr0.48Bd0.72
�

� l

� g

� 0.29�
ln

�
� lf

� lw

�� � 1

Y

(5)
with F� also being a �uid dependent parameter,M being the
molecular mass,Bd the Bond number,� l and � g the liquid and
vapour densities,� lf and � lw the liquid �ow viscosity and the
liquid wall viscosity, andY a parameter that is dependent on the
Prantl number.

The Shah (2017)correlation is expressed as follows and is
an extension of theShah (1982)correlation brie�y described in
Equation (2):

hTP D %hl .2.1� 0.008WeGT � 110Bo/ (6)

with WeGT being the Webber number based on the vapour
mass �ow.

These correlations have mainly empirical or semi-empirical
forms, while the �ow patterns are not taken into consideration.
Moreover, theShen et al. (2016)correlation is only valid for
vertical tubes and for a narrow data range. Although, theFang
et al. (2017)and theShah (2017)correlations claim to cover water
�ow boiling heat transfer in conventional size tubes and channels,
none of the three correlations have been experimentally validated
for saturated �ow boiling heat transfer of water in smooth tubes.

A similar situation exists for the pressure drop correlations.
Since theMüller-Steinhagen and Heck (1986)correlation from
1986, only four prediction methods claim to cover water �ow
boiling pressure-drop data in conventional-sized and plain
channels, namely theSun and Mishima (2009), Cioncolini et al.

(2009), Wang et al. (2014), and Hardik and Prabhu (2016)
correlations. Interested readers are referred to the original texts
for the expressions of the correlations, which vary signi�cantly
in format from one to the other. It is important to note
that none of these methods are constructed by taking �ow
patterns and transitions into consideration.Cioncolini et al.
(2009)correlated the empirical data from various studies only
for annular �ow in vertical tubes (horizontal �ows were only
investigated for microchannels). Also, no studies have been
performed thus far that experimentally validate theCioncolini
et al. (2009)correlation's use for predicting the water/steam
boiling pressure drop in tubes of practical sizes in the order of
a centimetre. Moreover, theSun and Mishima (2009)method
is mainly proposed for micro- and small-diameter channels.
Several studies exist that evaluate this correlation for water/steam
boiling pressure drop.Wang et al. (2014)found a 54% mean
deviation from their water �ow boiling pressure drop data in
a 2 mm by 40 mm narrow rectangular channel.Hardik and
Prabhu (2016)found a 59% deviation from their water �ow
boiling pressure drop data in horizontal tubes. In both of these
studies, theMüller-Steinhagen and Heck (1986)and Chisholm
(1967)correlations showed better prediction accuracy (< 40%)
compared to the correlation proposed bySun and Mishima
(2009). Table 2 lists some two-phase pressure drop correlations
for water/steam.

A �rst perspective on the reasons why the existing correlations
(two-phase heat transfer or pressure drop) cannot be reliably
extrapolated to water/steam applications is because they are
developed for refrigerant �ow boiling with a relatively low
saturation temperature. As reported byCharnay et al. (2014),
the research on two-phase �ow boiling of refrigerants mainly
focuses on saturation temperatures between� 20� C and 40� C.
Most of these values correspond to reduced pressures between
0.05 and 0.5. The critical pressures of common refrigerants vary
between approximately 35 and 70 bar. These two-phase heat
transfer correlation values range far from the critical pressure of
water (220 bar). At this point, the �nding byCooper (1984)states
that �uids exhibit similar thermo-physical properties at the same
reduced pressures. Thus, at di�erent values of reduced pressure,
the heat transfer can be a�ected as the density and the viscosity
of the liquid phase increases while the opposite trend will hold
for the vapour phase. Hence, the liquid phase velocity increases,
while the vapour phase velocity reduces (the slip ratio drops).
Moreover, the surface tension increases and the gravity starts to
play a less signi�cant role in shaping the particular �ow pattern
(Charnay et al., 2014). None of the proposed correlations address
these issues.

The �ow boiling research that is speci�cally related to
water/steam systems, is mostly con�ned to critical heat �uxand
subcooled �ow boiling (Weisman and Pei, 1983) correlations for
both macro- and micro-channels (Thome, 2004; Karayiannis and
Mahmoud, 2017). In macrochannels that are used in nuclear
applications, the saturated boiling is not desired due to safety
reasons (Hewitt, 1982). In microchannels, saturated �ow boiling
can induce �ow instabilities and reversals (Kaya et al., 2013).
Since the mechanisms of subcooled and saturated �ow boiling are
di�erent, an extrapolation covering the two is prone to errors.
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TABLE 2 | Flow boiling pressure drop correlations for straight and smooth tubes validated for water.

Author(s) Fluids P [MPa] D [mm] Flow x Correlation remarks

Bankoff, 1960 Water 6.8–17.23 G D 950–1,220
kg/m²s

0–0.85 Empirical

Chisholm, 1967 Water 6.4–20 26–27 G D 20–1,600
kg/m²s

0.1–0.7 Vertical and horizontal

Müller-Steinhagen and
Heck, 1986

Water, air, refrigerants. - 13–39.2 G D 50–2,490
kg/m²s

0.01–0.97 Vertical and horizontal

Sun and Mishima, 2009 Water, air, refrigerants. - 0.506–12 ReL D10–37,000
ReG D 3–400,00

- Vertical and horizontal

Cioncolini et al., 2009 Water, alcohol, inert
gas, refrigerants.

0.2–9.4 0.517–31.7 G D 39.4–4,398
kg/m²s

0.02–0.97 Vertical (and microscale
Horizontal)

Wang et al., 2014 Water, refrigerants. 0.1–2 – G D 150–2,000
kg/m²s

0.1–0.5 Vertical, rectangular
channel

Hardik and Prabhu,
2016

Water 0.1–0.3 5.5–12 G D 100–1,000
kg/m²s

0.15–0.65 Horizontal

Saturated �ow boiling of water also requires high mass �ow
rates, due to the high latent heat of water. A high mass �ow
rate is crucial for having a longer annular �ow region in the
tube. However, higher mass �ow rates also translates to higher
pressure drops. Due to this constraint, larger diameter tubes
need to be employed. The size considerations bring out a new
issue for the existing predictive methods, since most of the
two-phase �ow boiling research is performed for refrigeration
applications, where mainly smaller tube sizes (< 10 mm) are used.
From a hydrodynamics aspect, extrapolating small-diameter
heat transfer and pressure drop data to larger diameters is an
unreliable method due to several aspects of the �ow boiling
phenomenon that will need to be considered, such as the
changing surface tension, shear stresses at the liquid-vapour
interface (Dobson et al., 1993), the nucleate and convective heat
transfer contribution ratio (convective heat transfer decreases
at �ow boiling in larger diameters) and the changing Reynolds
number (Copetti et al., 2011).

Considerations on Flow Boiling Under High Radiative
Heat Flux
Accurate control of the �ow patterns is needed when designing
a collector tube for concentrated solar power (CSP) applications.
Of signi�cant interest is the non-uniform nature of the incident
heat �ux on the collector tube in a parabolic trough solar
collector as is illustrated inFigure 4B. Due to the high heat �ux,
large temperature variations can occur at the tube circumference
between the wetted and dried out regions making a controlled
annular �ow regime crucial. The �ndings ofAjona et al.
(1996) showed that temperature di�erences of 50 K occur
at the circumference of a stainless steel tube of a collector
accommodating strati�ed �ow, where annular �ow leads to
3 K di�erence only. A large temperature gradient at the tube
circumference can lead to bending of the tube or breaking of
the vacuum space glass casing (Odeh et al., 2000; Abedini-Sanigy
et al., 2015). Moreover, the occurrence of slug �ow is possible
under high radiative heat �uxes, which can in turn can bring
issues such as undesirable �ow transitions (Odeh et al., 2000) with

high circumference temperature oscillations that can lead to local
dry-out spots (Ghajar, 2005), and vibrations (Al-Hashimy et al.,
2016) that can lead to the physical damaging of brittle systems
such as the CSP collector's glass components.

Research related to two-phase �ow in CSP collectors is
scarce.Odeh et al. (2000)developed a hydrodynamic model to
evaluate the �ow patterns and the pressure drop in a direct
steam generation collector. The �ow pattern investigation was
based on the map provided byTaitel and Dukler (1976). The
pressure drop was based on the Lockhart-Martinelli parameter
and theOlujic (1985)model for low-velocity (typical for CSP)
boiling pressure drop.Lobón et al. (2014)developed a simulation
model to study the dynamic behaviour of a parabolic-trough
solar system for direct steam generation. Their model could
predict the temperature and pressure gradient distributions in
the tube with an error of less than 6% and 4–12%, respectively.
Elsa� (2015b)found a strong match (RMSE of 2.2%) between
the measurements and the �ow map ofWojtan et al. (2005a).
However, his modelling approach did not address the transient
conditions inside a collector tube.

Kumar and Reddy (2018)compared two-phase �ow
correlations for thermo-hydraulic modelling of direct steam
generation (DSG) in a solar parabolic trough collector (PTC)
system. They assessed the validity of existing two-phase
heat transfer and pressure drop correlations for a range of
local temperature and pressure measurements obtained for
DSG in a PTC test rig (DISS facility in Almeria, Spain) by
Lobón et al. (2014)The facility consists of 13 parabolic-
trough collectors connected in series, with a total length of
700 m where the collector tubes have an inner diameter of
25 mm. The tested correlations for heat transfer were those
of Gungor and Winterton (1986), Shah (1982), and Wojtan
et al. (2005b), whereas for the pressure drop theLockhart
and Martinelli (1949), Grönnerud (1972), and Quibén et al.
(2009) correlations were used. The temperature and pressure
gradient pro�les predicted by the correlations had an RMSE
of < 2.10% and< 0.57%, respectively, when compared with
the measurements.
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Although the measurements ofLobón et al. (2014)and the
predictions done by the simulation of Kumar and Reddy agree
fairly well, the aforementioned correlations used in the model
of Kumar and Reddy (2018)do not consider the non-uniform
heat �ux, that is typically encountered at solar collector tubes
due to the uneven solar �ux and receiver structure (Ajona et al.,
1996; Shen et al., 2014; De Sá et al., 2018; Lin et al., 2018). Shen
et al. (2014)studied the convective heat transfer of molten salt
in a circular collector tube subject to non-uniform heat �ux.
Their measurements led to a new correction parameter, which
was added to their single-phase Nusselt number correlation.

Another important aspect is the choice of the collector
tube diameter. Employing smaller tubes has the advantage of
higher heat transfer coe�cients, lower thermal losses to the
environment, and easier control of the annular �ow pattern.
However, using smaller tubes dramatically increases the pressure
drop penalty, leading to a higher pumping power requirement
and increases the need for a better quality concentrator, which
can increase the cost. Moreover, �ow instabilities and �ow
reversals may occur and negatively a�ect the performance of
an evaporator with small diameter tubes subject to high heat
�uxes (Kaya et al., 2014; Zhou et al., 2015). AlthoughOdeh et al.
(2000)concluded that using larger diameter tubes holds more
advantages than disadvantages, the risk of �ow strati�cation
needs to be addressed.

Numerical Modelling of Flow Boiling
Inasmuch as CSP with DSG is a viable alternative for electricity
generation, certain factors are essential for consideration during
system design, installation, usage and maintenance. Giventhe
challenges associated with experimental work in terms of cost and
time, a number of modelling approaches have been developed to
generate data but also to serve as design tools.

Flow Boiling Modelling Methods and
Governing Equations
Two-phase �ow can be modelled at di�erent scales, including
system scale, macroscale, mesoscale, and microscale, where each
scale allows for the determination of particular �ow features.
Most computational �uid dynamic (CFD) codes model the �uid
�ow at macroscale level, whereby the �uid is considered as a
continuum. A two-phase �uid �ow may be solved using either the
single �uid �ow or the two-�uid �ow approach. Unlike the two-
�uid �ow approach which considers each phase separately, the
single �uid model solves only one set of conservation equations of
mass, momentum and energy governing the �uid �ow as follows:

@�
@t

C r � . � u/ D 0

@�u
@t

C r � . � uu/ D �r PC r � � C � gCF� , (7)

and

@.� cPT/
@t

C r [u . � cPT C P/] D r .
�
k r T

�
C SeC W

Here � represents density,t is time, u represents the velocity
vector, � is the stress tensor,g is the gravity vector,F� is the

surface tension force,cP is the speci�c heat,T is temperature,k
is the thermal conductivity,Seis the energy source term andW
is work.

The surface tension force,F� can be determined using the
continuum surface stress (CSS) method (Lafaurie et al., 1994)
or the continuum surface force (CSF) method (Brackbill et al.,
1992; Yang et al., 2008). With CSF this is expressed as follows with
subscriptsl andg referring to liquid and vapor, respectively:

F� D � lg
� lFl � gr Fg C � gFg� lr Fl

0.5(� l C � g)
(8)

whereFl andFg are the volume fractions,� lg is the tension force
along the liquid-vapour interface, and� l and � g represent the
liquid and vapour curvature, respectively:

� l D
1 Fl

jr Fl j
� g D

1 Fg�
�r Fg

�
� (9)

At the interfacial surface where both phases are present in almost
equal proportion (that is� l D � g, r Fl D r Fg), the surface tension
force can be rewritten:

F� D 2� lg
�� gr Fg

� l C � g
(10)

The dynamic boundary condition equation is used to express the
unit normal to the surface of the cell close to the wall, hence
modifying the interface curvature close to the wall:

�! n D �! n w cos� w C �! mw sin� w (11)

Here�! mw and�! n w are the unit vectors tangential and normal to
the interface, respectively.� w is often referred to as the contact
angle (Faghri and Zhang, 2006).

The Navier-Stokes equations are, however, not solved directly
in most turbulent �ow cases. A direct numerical simulation
(DNS) would require a very �ne computational domain and a
very small time step size, which are well-beyond the present
computing capabilities. Close to DNS, large-eddy simulation
(LES) resolves the large-scale motions of the �ow while the small-
scale ones are modelled. However, the LES approach remains
computationally expensive. Instead, the Reynolds-averaged
Navier-Stokes approaches, which consist of decomposing a �ow
variable� into a mean,0and a �uctuating component,� 0 as
shown below, are employed in most turbulent �ows:

� D � C � 0. (12)

Considering a constant density, such a decomposition leads to
the following Reynolds-averaged Navier-Stokes equations:

@uj

@xi
D 0I

�
@uj

@t
C � ui

@uj

@xi
D �

@p
@xj

C
@

@xi

�
�

@uj

@xi
� � u0uj

0

�
(13)

where� refers to the viscosity.
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A turbulence model is thus needed to close the set of
governing �uid �ow equations and to cater for the turbulence
e�ects of the �ow. A wide range of turbulence models, including
standardk � " , realisablek � " , standardk � ! and shear-stress
transport (SST)k � ! models, are available in the literature.

It must be pointed out that while solving an incompressible
�ow, a pressure-velocity coupling method is required because
pressure does not have its own transport equation. A method is
then required to correct both the pressure and the velocity �elds
while satisfying the continuity equations. The di�erent methods
that allow these particular corrections include the SIMPLE
algorithm, the SIMPLEC algorithm, and the PISO method.

The interface between the two phases of the two-phase �uid
�ow can be localised using either an interface capturing or
interface reconstruction method. Three popular techniques are
the front tracking (FT), the level-set (LS), and the volume of
�uid (VOF) method. Figure 5A shows the reconstruction of
an interface using the FT, LS, and VOF methods. In these
methods, a marker function is reconstructed or advected directly
to determine the �uid properties (� ) at a particular point,x. It is
given by:

� .x/ D
�

1, if the chosen primary phase is at xI
0, if the secondary phase is at x.

(14)

The FT method is an interface tracking method whereby the
interface is represented by connected marker points which are
advected in an Lagrangian manner. A major drawback of this
method is that it does not handle topological changes of the
interface, such as merging of two interfaces or a rupture of a �lm.
Therefore, an additional algorithm needs to be implemented in
order to cater for topological changes.

The LS and the VOF methods are based on the interface
capturing formulation. Originally developed byOsher and
Sethian (1988), the LS method employs a continuous marker
function to represent the distance of a particular point from the
interface. The LS method is widely employed due to its simplicity
and its ability to handle topological changes of the interface.
However, this method does not preserve mass and therefore a
mass correction algorithm is necessary.

On the other hand, a signi�cant advantage of the VOF method
is its ability to preserve mass accurately. It also accounts for
topological changes of the interface and it can easily be extended
from a two-dimensional to a three-dimensional Cartesian mesh.
The VOF method keeps track of a colour functionC, which is
de�ned as the average value of the marker function�

�
x,y

�
, in

each computational cell. The functionC is calculated as follows
in a two-dimensional domain

�
x,y

�
:

C D
1

1 x1 y

Z

V
�

�
x,y

�
dxdy

D

8
<

:

1, if the reference �uid is in the cellI
0, if the reference �uid is not in the cellI

0 < C < 1, if there is an interface in the cell.
(15)

whereV is the volume of the computational cell. The density,
viscosity and thermal conductivity of the two-phase �uid �oware

then, respectively determined as:

� D C� 1 C .1 � C/ � 2,

� D C� 1 C .1 � C/ � 2, (16)

and

k D Ck1 C .1 � C/ k2,

where� 1, � 1, k1 are the properties of the reference �uid and
� 2, � 2, k2 are those of the secondary �uid.

VOF is a also a commonly used method in CFD (Magnini
et al., 2013). Although VOF is conservative in nature, special care
is needed to track the interface between phases correctly. The
interface reconstruction techniques of the VOF method can be
classi�ed into donor-acceptor schemes, high-order di�erencing
schemes and line techniques. These techniques can further
be categorised into the Hirt and Nichols method, the �ux-
corrected transport (FCT) method, the compressive interface
capturing scheme for arbitrary meshes (CICSAM), the modi�ed
high resolution interface capturing (HRIC) method, the simple
line interface calculation (SLIC) method, and the piecewise
linear interface calculation (PLIC) method.Rudman (1997)
investigated the accuracy and e�ciency of SLIC, Hirt & Nichols,
FCT-VOF and PLIC methods as proposed byYoungs (1982)
and concluded that the latter method outperforms the others.
Figure 5Billustrates the reconstruction of an interface using the
SLIC and PLIC methods, whereby the accuracy of the PLIC
approach is noted.

The liquid-vapour interface (Fl C Fv D 1) can be tracked or
captured by solving the volume fraction continuity equationfor
both phases, which is given as:

Liquid phase:
@Fl

@t
C div .Flu/ D �

Pmlg

� l
(17)

Vapour phase:
@Fv

@t
C div .Fvu/ D �

Pmlv

� v
(18)

WhenFg D 1 (that isFl D 0), the region is entirely vapour and
whenFl D 1 (that isFg D 0) in which the region is entirely liquid.
The mass �ow rate of the phase change and the heat generation
per unit volume is calculated based on the temperature �eld
obtained during the process.Pme is the mass transfer rate of
evaporation, which is given in terms of the heat generaton per
unit volume (Q) and the latent heat of vapourisation (LH):

Pmlg D
Q

LH
(19)

The mass transfer rate of evaporation is given byLee (1980)
as follows:

Pmlg D
rlg� lFl .T1 � Tsat/

Tsat
.T1 � Tsat/ (20)

Pmlg D
rgl� gFg .T1 � Tsat/

Tsat
.T1 < Tsat/ (21)
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FIGURE 5 | (A) (i) Example of an interface. (ii) FT method employs connected marker points to represent the interface. (iii) The zero iso-level curve represents the
interface in LS method. (iv) In VOF, volume fractions are de�ned in each cell to indicate the position of the interface.(B) The interface (i) is represented as volume
fractions as shown in (ii) by VOF methods. The interface is approximated by SLIC in (iii) and PLIC in (iv).

where rlg and rgl are rates of evaporation and
condensation, respectively.

The �uid properties are de�ned by the mixture of
the two-phases:

� D � lFl C � gFg

� D � lFl C � gFg

cp D
1
�

�
� lcplFl C � gcpgFg

�
(22)

kD klFl C kgFg

cpT D
� lFlEl C � gFgEg

� lFl C � gFg

El D Cg,l .T � 298.15/ , Eg D Cg,g (T � 298.15)

where temperature,T, is expressed with Kelvin as unit and
298.15 K chosen as the reference temperature.

The Eulerian multiphase model can also be used to solve
�ow boiling problem numerically. It successfully models multiple
separate but interacting phases. However, it is de�cient in
modelling streamwise periodic �ow with constant mass �ow
rate, non-viscous �ow and solidi�cation and melting �ow. The
number of secondary phases that can be modelled depends on
computational power and the convergence behaviour. It is not
commonly used due to its complexity. The model governing
conservation equations are quite di�erent from that which is
used in the VOF model in which each of the conservation
equations are solved per phase (that is the continuity and the

momentum equation) and thereafter coupled together using the
pressure and the interphase exchange coe�cients except for the
energy equation.

Numerical Modelling of the Heat Transfer Coef�cients
Magnini et al. (2013)simulated �ow boiling in a microchannel
to investigate the phase interface, the variation in the local heat
transfer coe�cient at the heated wall, the hydrodynamics of
elongated bubbles during evaporation, and the �ow and thermal
phenomena in the channel with R113 using the volume of �uid
(VOF) method. Liquid �lm evaporation was observed to be the
dominant heat transfer mechanism.Guo et al. (2016)considered
annular �ow boiling in microchannels and observed that the
heat transfer coe�cient was initially high after which it decrease
to constant value even as the Graetz number (Gz) decreased.
Lorenzini and Joshi (2015)studied �ow boiling for non-uniform
heat �ux in a silicon microchannel.

In the numerical analysis of the saturated �ow regime for
the slug �ow regime in a microchannel,Magnini and Thome
(2016)observed that the heat transfer coe�cient was found to
observe a direct relationship with the bubble frequency.Zhang
et al. (2016g)observed that at low inlet subcooling temperatures
of 10 and 40 K, the heat transfer coe�cient was signi�cantly
increased with a reduced pressure drop along the channel.Lee
et al. (2016)computed the heat transfer coe�cient of GaN-on-
SiC semiconductors devices for the various �ow regimes. For
the bubbly �ow regime, an increase in mass �ux suppressed
nucleate boiling growth, which consequentially decreased the
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heat transfer coe�cient. However, in the annular �ow regime
where convective boiling is the prevailing mechanism of heat
transfer, the heat transfer coe�cient was observed to increase
with mass �ux.

Zhang and Jia (2016)studied the heat and mass transfer
behaviour of liquid nitrogen and �ow patterns evolution
during �ow boiling in minichannels and microchannels by
using a coupled volume of �uid (VOF)/level-set method in a
three-dimensional domain. They found that the heat transfer
coe�cient strongly depends on the �ow pattern and that the heat
transfer coe�cient continues to increase along the �ow direction
as the �ow patterns develop.

Numerical Modelling of the Pressure Drop
In power and process industries, the design of any plant requires
accurate prediction of the pressure. For two-phase �ow, the total
pressure drop can be expressed as the summation of the pressure
drops due to acceleration as a result of the phase change, friction,
gravitational force and sudden expansion or contraction at the
entrance or exit region (Kandlikar et al., 2005):

1 PTotal D 1 Paccel C 1 Pfrict C 1 Pgrav C 1 Pin� out (23)

In a macrochannel, acceleration pressure drop strongly depends
on the super�cial void fraction (Tibiriçá and Ribatski, 2013).
Pressure drop behaviour follows the same trend in both
microchannels and macrochannels, however correlations
developed for macrochannel pressure drop cannot be used
to predict microchannel behaviour because of the di�erent
relative importance of forces acting on the �ow and the
di�erences in the behaviour of the �uid (Copetti et al., 2011). The
presence of a wide range of �ow regimes as a result of varying
physical conditions along the heated channel, complicates the
computation of pressure drop along the length.

Tibiriçá and Ribatski (2013)attribute the reasons for the
di�erences in the results on pressure drop by di�erent authors
on to inadequate information about the roughness ratio of the
inner surface of the channels, inadequate knowledge of the
experimental conditions, lacking experimental result validation
using single-phase �ow pressure drop and energy balance, as
well as poor and inconsistent assumptions during evaluation.
However, discussed below are the observations from di�erent
numerical simulations by various researchers.

Large pressure drops have been identi�ed as one of the
key problems in two-phase heat sinks. However,Fang et al.
(2010) introduced the concept of vapour-escape mechanism
to mitigate pressure drop comparable to single-phase �ows
in microchannel without compromising the high heat transfer
coe�cient associated with the phase change process. They
considered numerical analysis of two-phase �ow boiling in a
vapour-venting microchannel using a VOF method for interface
capturing. Without the vapour-venting mechanism, the internal
volume of the channel becomes rapidly �lled and clogged with
vapour, acting like fouling layer and drastically reducing the
cross section of channel available for liquid �ow. The presence of
vapour bubbles �lling the channel section increase the pressure
drop in a channel, a further reason why pressure drop is higher
in microchannel as compared to macrochannel.

Mukherjee and Kandlikar (2005)performed numerical
simulations to study the in�uence of inlet constriction on bubble
growth in �ow boiling. The study highlighted that pressure
drop varies inversely with the channel diameter.Yang et al.
(2008) observed relatively large �uctuations in the pressure
drop along the channel length as more bubbles were generated
and coalesced, and more Signi�cant pressure drop and volume
fraction decreases were experienced when �ow wave valleys
reached the channel exit. Also, an increase in both pressure drop
and volume fraction was observed as heat �ux increased.

Wei et al. (2011)performed a numerical investigation on
subcooled �ow boiling under swing motion to predict bubble
behaviour. Results showed large pressure drop �uctuation for
swing motion but an insigni�cant �uctuation for motionless
conditions.Magnini et al. (2013)studied the heat transfer and
hydrodynamics associated with elongated bubbles during �ow
boiling. They observed that the pressure drop increased as the
Reynolds and the capillary number increased.

Liu et al. (2016a)considered subcooled �ow boiling at
constant heat �ux with deposited fouling layer. They discovered
that the pressure drop increased signi�cantly with an increase
in inlet velocity. Lee et al. (2016)studied GaN-on-SiC
semiconductor microchannel coolers devices with high heat
�ux, focusing on the heat transfer and �ow phenomena. They
compared the e�ect of tapered channel design (45� tapered)
with an un-tapered channel design at varying mass �uxes.
It was demonstrated that half of the entire pressure drop
occurred at the entrance of an un-tapered microchannel due to
sudden contraction.Bahreini et al. (2017)considered a vertical
minichannel and found that the pressure drop increased as the
Reynolds number of the liquid at the inlet increased under both
microgravity and non-microgravity conditions for subcooled
�ow boiling under conjugate heat transfer conditions.

Modelling of Steam Generation Process Inside a
Solar Collector Tube
Table 3 summarises numerical studies performed on solar
collector tubes, some for steam generation. All of these studies
considered parabolic trough solar collectors. Of special interest
are the studies that start to consider non-uniform heat �ux
boundary conditions. In general, though, this is still lacking in
many studies, speci�cally lab-scale experimental work, probably
due to the di�culty in replicating such thermal boundary
conditions. For this reason, numerical simulations that do
consider non-uniform heat �ux are becoming more important.

FLOW CONDENSATION

In condensing power plants, the exhaust steam is discharged
into the condenser, which allows the steam to expand to a
relatively low pressure, increasing the cycle e�ciency. In non-
condensing power plants, the steam discharged from the turbine
is at atmospheric pressure or a pressure slightly higher than
atmospheric pressure. Thus, condensing power plants have two
signi�cant advantages. Firstly, a greater amount of energyis
derivable per kilogram of steam. In addition, since the steam
condenses in the condenser, it can be recycled and recirculated
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TABLE 3 | Numerical studies on solar collector tubes.

Authors Operating and
boundary
conditions

Fluid Remarks

Eck and Hirsch, 2007 Water/steam Inclination of the collectors and irradiance disturbance signi�cantly affected
the performance.

García-Valladares and
Velázquez, 2009

Water/steam Best performances were achieved with double-pass PT collectors without
recirculation, or systems with external recirculation.

Cheng et al., 2010 • Uniform solar �ux conditions Syltherm 800 Most heat loss wasdue to radiation. The effects of �ow speed, emissivity
and irradiance were marginally signi�cant on the thermal ef�ciency.

Cheng et al., 2012 • Non-uniform solar �ux conditions Therminol, VP1,
Syltherm 800,
Nitratesalt, Hitec XL

Thermal ef�ciency greatly depended on the �uid properties andthe solar
�ux. Synthetic oils demonstrated better heat transfer properties and lower
pressure drop compared to the salts.

Roldán et al., 2013 • P � 6.0 MPa
• Tin D 557.5–643.0 K

DNI D 627–838 W/m2

Pm D 0.51–0.73 kg/s

Water/steam A strong dependency was observed between the outlet temperature
gradient and the effective direct solar radiation and the steam
inlet temperature.

Wang et al., 2013 • Pin D 10 MPa
Tin D 600 K
Pm D 0.8 kg/s
Non-uniform heat �ux

Steam Higher thermal stresses were observed with higher tube outer surface peak
circumferential temperatures.

Lobón et al., 2014 • P D 0.258–3.420 MPa with
T D 205–248� C

• P D 0.231–3.37 MPa with
T D 196–260� � C

Water/ steam Consistent pressure drop was observed along the tube length. along the
tube length, the temperature rose, then became constant, then increase
further. Initially the steam quality was constant, then experienced a linear
increase, then became constant again.

Sun et al., 2015 • x D 0.2–0.8
DNI D 200–1,000 W/m2

Water Strati�ed �ow formation was observed at DNI < 400 W/m2 as x decreases.
This had a tendency for thermal-stress risk on the tube wall.For safety,
energy-saving and for improved performance, recirculation mode and a
general operation strategy based on theDNI- x pro�le is proposed.

Tijani and Bin Roslan,
2016

• Wind speed D 0.5–4� m/s
Pm D 0.02–1 kg/s

Water-liquid Increased Pm and wind speed resulted in increased system temperatures.
Convective heat losses were found to be greater than radiative heat losses.

to the boiler with the help of a pump. This water recycling is
especially important in areas with water shortages, quite unlike
non-condensing power plants, which discharge the steam into
the atmosphere and require a fresh supply of water to be pumped
into the boiler from a nearby stream or river (Chanda and
Mukhopaddhyay, 2016; Woodru� et al., 2016).

The low temperature loss of heat is the main reason that
power plant e�ciency is pegged around 45%. Based on the second
law of thermodynamics, the heat loss in the condenser cannot
be avoided (Gara, 1995). A temperature di�erence between
the inlet temperature of the steam turbine and that of the
condenser exhaust is required for heat to be converted into
mechanical energy. Better conversion can be achieved in two
ways: either by increasing the turbine inlet steam temperature
or by decreasing the temperature at the outlet of the turbine
(condenser temperature) (Breeze, 2014).

Regions with high direct normal irradiance are generally dry
and arid. This necessitates the use of air cooled condensers
opposed to water-cooled condensers.Figure 6 shows a
representation of the lay-out of an A-frame type air cooled
condenser. Low density steam from the turbine is distributed
into two banks of tubes inclined in a downward direction. Airis
passed over the tubes via fans to sustain the condensation process
inside the condenser tubes at a desired rate. The condenser tubes

may also be vertical or even horizontal depending on the
condenser design, but almost always makes use of circular
tubes. Other �ow passage geometries may however exist in
thermal storage units, depending on their design. As with �ow
boiling, a wide range of applicable operating condition and �ow
passage geometries and size ranges exist for condensation in
DSG systems.

Experimental and Modelling Studies in
Simpli�ed Geometries
It is not always economical and feasible to conduct two-
phase phenomena experiments in full scale conditions. To
overcome this, numerical methods and experimental work on
simpli�ed geometries are conducted to better understand the
heat transfer and pressure drop phenomena. Extensive reviews
of condensation work have been conducted byDalkilic and
Wongwise (2009)andLips and Meyer (2011).

Correlations based on experimental data are widely used to
predict the characteristic parameters like pressure drop and heat
transfer coe�cient in multiphase systems. During recent years
many researchers worked on the development of experimental
correlations for the prediction of pressure drop and heat transfer
coe�cient for condensing �ows. The developed correlations
considered the dominant parameters such as: working �uid,
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FIGURE 6 | Schematic layout of an A-frame type air cooled condenser.

characteristic length, heat �ux, saturation temperature, �ow
regime, mass �ux, and phase quality.Tables 4, 5 present a
summary of the most applicable correlations published in
literature for condensation pressure drop and heat transfer
coe�cients, respectively. Some of them are discussed brie�y
below, but interested readers are referred to the original texts for
full description of the various correlations.

TheCavallini et al. (2006)heat transfer coe�cient correlation,
which similarly represents the basis of many other correlations
or portions of several other correlations, uses the followingtwo
equations to make predictions in the temperature di�erence
dependence regime and the temperature di�erence independence
regimes, respectively:
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where Pr is the Prandtl number,hstrat is the strati�ed �ow regime
heat transfer coe�cient,Jg is the transmission parameter, andJT

g
is the transition dimensionless gas velocity.

The Shah (2016a)heat transfer coe�cient correlation aims
to present a comprehensive approach and covers both vertical,
horizontal and inclined �ows, and incorporate improvements
from earlier correlations including portions of theCavallini et al.
(2006)heat transfer coe�cient correlation. Shah uses the Webber
number to di�erentiate between di�erent �ow regimes and
o�ers di�erent equations formats for each. Interested readers are
referred to the original text for a full description of the equations.

TABLE 4 | Experimental correlations for condensation heat transfercoef�cient.

Authors Working �uid Geometry Flow direction

Akers et al., 1959 Not limited Round tube Horizontal

Ananiev et al.,
1961

Water Round tube Horizontal

Boiko and
Kruzhilin, 1965

Water Round tube Vertical

Cavallini and
Zecchin, 1974

Not limited Round tube Horizontal

Moser et al., 1998 Refrigerants Round tube Horizontal

Thome et al., 2003 Refrigerants Round tube Horizontal

Cavallini et al.,
2006

Not limited Round tube Horizontal

Bohdal et al., 2011 Refrigerants Round tube Horizontal

Iqbal and Bansal,
2012

CO2 Round tube Horizontal

Kim and
Mudawar, 2013

Not limited Round tube Vertical and horizontal

Heo and Yun,
2015

CO2 Round tube Horizontal

Shah (2016c) CO2 Arbitrary Horizontal

Shah (2016b) Refrigerants Arbitrary Horizontal

Shah (2016a) Refrigerants Arbitrary Arbitrary

In conjunction with experimental work, a signi�cant e�ort
is being made to supplement experimental data with numerical
data as is shown inTable 6. Similar governing equations and
modelling approaches, as discussed earlier in the �ow boiling
section, are also applicable to �ow condensation. As with �ow
boiling, di�erent working �uids, mass �uxes, geometries and
boundary conditions have been considered. However, most of
the available numerical in-tube condensation models are for the
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TABLE 5 | Experimental correlations for pressure drop in two-phase and/or
condensing �ows.

Authors Working �uid Geometry Flow direction

Lockhart and Martinelli,
1949

All Round tube Horizontal

Müller-Steinhagen and
Heck, 1986

Refrigerants Round tube Horizontal

Lee and Lee, 2001 Water Rectangular Horizontal

Chen et al., 2001 Water, R410a Round tube Horizontal

Olivier et al., 2004 Refrigerants Round tube Horizontal

Cavallini et al., 2009 R134a Round tube Horizontal

Hossain et al., 2015 Refrigerants Round tube Horizontal

annular �ow regime because this �ow pattern delivers the highest
heat transfer coe�cient and persists over a large section of the
tube length.

Ganapathy et al. (2012, 2013)compared numerically predicted
two-phase frictional pressure drop and two-phase Nusselt
number with prior empirical correlations and concluded that the
predictions of the proposed numerical model are of reasonably
good accuracy.Yu et al. (2018)used the numerically determined
�lm heat transfer coe�cient to calculate the heat transfer
coe�cient of zeotropic mixtures.Qiu et al. (2015)compared
numerically determined heat transfer coe�cients and frictional
pressure drops using di�erent turbulence models and concluded
that the Reynolds stress model gave the best results because of
its ability to cater for anisotropic turbulent �ows. The authors
also showed that numerical results of the heat transfer coe�cient
and the frictional pressure drop are closer to experimental values
when entrainment e�ects are considered.

Kim and Mudawar (2012)proposed a theoretical control-
volume-based model for annular �ow condensation in
rectangular microchannels. They highlighted the complexities
of modelling annular �ow. Later,Park et al. (2013)modi�ed the
theoretical model ofKim and Mudawar (2012)to predict heat
transfer coe�cient in a vertical circular tube under the in�uence
of gravity.Lee et al. (2013)employed the theoretical model with
the modi�cations byPark et al. (2013)to model annular �ow
condensation in microgravity.

Da Riva and co-workers (Da Riva and Del Col, 2009, 2011,
2012; Da Riva et al., 2010a, 2011, 2012; Del Col et al., 2014)
conducted a series of extensive numerical studies on annular
�ow condensation of R134a in a 1 mm inner diameter horizontal
minichannel. In all of their studies, they adopted a steady three-
dimensional VOF model to analyse the in�uence of gravity,
turbulence and surface tension on the �ow. More recently,
Kharangate et al. (2016)successfully captured the interfacial
behaviour of the latter �ow pattern, including its waviness.

Many researchers prefer a turbulent model to a laminar one
for modelling this combination of �ow types. In their studies,
Da Riva and co-workers investigated the use of both the laminar
and the turbulent models in the liquid �lm, while keeping the
turbulent model for the vapour core and reported the impacts
of each computational approaches. For the laminar liquid �lm

approach, the authors modi�ed the standardk � ! model so that
the values of the turbulent viscosity are set to zero and the actual
value given by thek � ! model in the liquid and vapour phase,
respectively. Regarding the turbulent liquid �lm approach, the
two-equation shear stress transport (SST)k� ! turbulence model
is employed throughout the computational domain. The laminar
liquid �lm approach accurately predicts the condensation heat
transfer coe�cients for low mass �uxes only. On the other hand,
the turbulent liquid �lm approach accurately predicts correctly at
high mass �uxes but over-predicts at low mass �uxes.

Although experimental studies show an in�uence of mass
�ux on the heat transfer coe�cient, the laminar computational
approach does not exhibit this. This may be the reason why
researchers choose the turbulent computational approach.Da
Riva et al. (2012)stated the causes of over-prediction of heat
transfer coe�cient by the turbulent model, as �rstly the model
predicts the transition to turbulence at low Reynolds number and
secondly, the turbulent Prandtl number used during numerical
simulations should be higher than 0.85 to decrease the turbulent
thermal conductivity and hence avoid over-predictions. They
stated that the very weak e�ect of mass �ux on the heat transfer
coe�cient by the laminar liquid �lm approach is due to the large
strati�cation of condensate by the latter approach and therefore
the contribution of the tube bottom to the global cross-sectional
heat �ux is negligible.

Numerical simulations of vertical condensation �ow were
conducted byLee (1980)andKharangate et al. (2016). WhileLee
(1980)investigated vertical down-�ow,Kharangate et al. (2016)
studied condensation of FC-72 in vertical upward �ow. Similar to
Lee et al. (2015),Kharangate et al. (2016)simulated transient two-
dimensional condensing �ows in an axisymmetric computational
domain. In both studies (Lee et al., 2015; Kharangate et al.,
2016), local values of the heat transfer coe�cient and the wall
temperature have been under-predicted and over-predicted in
the upstream and downstream regions of the tube, respectively.
Bahreini et al. (2017)studied the e�ect of gravity on the �ow
boiling inside a vertical tube under conjugate heat transfer.
The results showed that the heat transfer coe�cient increased
as gravity decreased, while the pressure drop showed the
reverse behaviour.

Following the studies of Da Riva and co-workers, Zhang and
co-workers (Zhang and Li, 2016; Zhang et al., 2016a,b) simulated
condensing �ows of R410a in horizontal mini/micro-tubes. They
investigated the e�ect of saturation temperature on �lm thickness
and heat transfer coe�cient. The three-dimensional steady-
state simulations revealed the formation of vortices during the
condensation. InZhang et al. (2016c,d); Zhang et al. (2017)
the heat transfer enhancement in round, �attened tubes and
micro�n tubes was investigated. When compared to a round
tube with a hydraulic diameter of 3.78 mm, the �attened tubes
with aspect ratios of 3.07, 4.23, and 5.39 resulted in higher heat
transfer coe�cients. The numerical results presented byZhang
et al. (2017)showed micro�n tubes with larger helical angles
enhanced the heat transfer coe�cient. The authors achievedgood
agreement of numerically determined heat transfer coe�cients
and pressure drops with empirical correlations (Zhang and Li,
2016; Zhang et al., 2016a,b,c,d).
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TABLE 6 | Summary of computational condensation studies.

Authors Phase-change mechanism Boundary condition
type

Remarks

Ganapathy et al.,
2012, 2013

Flow condensation in a horizontal
100 mm microchannel

Constant wall heat �ux 2D, unsteady, R134a, annular, transitional and intermittent �ows

Liu et al., 2012 Film-wise condensation between
vertical parallel plates

Constant wall
temperature

2D, Symmetric planes used, unsteady, water, Laminar and wavy
�lms, gravity effects included,Tsat D 100� C

Liu et al., 2015 Bubble condensation in subcooled
�ow boiling

3D, unsteady, water, gravity effects included,Tsat D 100� C

Yu et al., 2018 Flow condensation in a helically coiled
tube

Constant wall heat �ux 3D, zeotropic mixtures: methane/propane and ethane/propane

Qiu et al., 2015 Forced convective condensation in a
spiral tube

Wall heat �ux 3D, Steady, propane, strati�ed, annular and mist�ows, gravity and
droplet entrainment effects included

Qiu et al., 2014a Vertical up-�ow condensation in a
12mm tube

Constant wall heat �ux
D 25 kW/m2

3D, unsteady, wet steam, bubbly, slug, churn and annular �ows,
gravity effects included

Qiu et al., 2014b Vertical up-�ow condensation in a
12mm tube

Twall D 261.94� C 3D, unsteady, wet steam, bubbly, slug, churn, wispy annularand
annular �ows, gravity effects included

Chen et al., 2014 Flow condensation in a horizontal
1mm hydraulic diameter rectangular
microchannel

Constant wall heat �ux 3D, unsteady, FC-72, bubbly, slug, transition, wavy annular and
smooth annular �ows, gravity effects included,Tsat D 60� C

Chen et al., 2008 Flow condensation in a horizontal
triangular microchannels

Constant wall heat �ux 1D, steady, steam, annular �ow, gravityand buoyancy effects
neglected

Kim and
Mudawar, 2012

Flow condensation in a horizontal
triangular microchannels

Wall heat �ux 1D, steady, FC-72, annular �ow, gravity and droplet entrainment
effects neglected

Park et al., 2013 Vertical down-�ow condensation in a
11.89mm tube

1D, steady, FC-72, annular �ow, gravity effects included

Da Riva and Del
Col, 2009

Flow condensation in a horizontal
1� mm minichannel

Twall D 40� C 3D, steady, R134a, annular �ow, laminar �lm approach, gravity
effects included,Tsat D 50� C

Da Riva et al.,
2010a

Flow condensation in a horizontal
1� mm minichannel

Twall D 30� C 3D, steady, R134a, annular �ow, laminar & turbulent �lm
approaches, gravity effects included,Tsat D 40� C

Da Riva et al.,
2010b

Flow condensation in a horizontal
1� mm minichannel

Twall D 30� C 3D, steady, R134a, annular �ow, turbulent �lm approach, gravity
effects included,Tsat D 40� C

Da Riva et al.,
2011

Flow condensation in a horizontal
1� mm square minichannel

Twall D 30� C 3D, symmetric planes used, steady, R134a, annular �ow, laminar &
turbulent �lm approaches, gravity effects neglected,Tsat D 40� C

Da Riva and Del
Col, 2011

Flow condensation in a horizontal
1� mm minichannel

Twall D 30� C 3D, steady, R134a, annular �ow, laminar & turbulent �lm
approaches, gravity effects included,Tsat D 40� C

Da Riva and Del
Col, 2012

Flow condensation in a horizontal
1� mm inner minichannel

Twall D 30� C 3D, steady, R134a, annular �ow, laminar �lm approach, gravity
effects included,Tsat D 40� C

Da Riva et al.,
2012

Flow condensation in a horizontal
1� mm minichannel

Twall D 30� C 3D, steady, R134a, annular �ow, laminar & turbulent �lm
approaches, gravity effects included,Tsat D 40� C

Kharangate et al.,
2016

Vertical up-�ow condensation in a
11.89� mm inner diameter circular
tube

Axial variation of wall
heat �ux

2D, axisymmetric, unsteady, FC-72, �ooding and climbing �lms,
gravity effects included,Tsat D 57� - 67� C

Lee et al., 2015 Vertical down-�ow condensation in a
11.89� mm inner tube

Axial variation of wall
heat �ux

2D, axisymmetric, unsteady, FC-72, falling and climbing �lms,
gravity effects included,Tsat D 58� - 75� C

Kim et al., 2015 Condensation in a thermosyphon Twall D 28.3� C 2D, unsteady, gravity effects included,Tsat D 100� C

Zhang and Li,
2016; Zhang et al.,
2016a,b,c,d

Flow condensation in horizontal 0.25
– 4� mm tubes

Tsat � Twall D 10� C 3D, steady, R410a, annular �ow, gravity effects included,
Tsat D 37 - 57� C

Zhang et al., 2017 Flow condensation in horizontal
micro�n tube with helical angle 01
and 181

Tsat � Twall D 10� C 3D, steady, R410a, annular �ow, gravity effects included,
Tsat D 47� C,

It is noted fromTable 6that the boundary condition imposed
at the wall of the tube is either de�ned in terms of temperatureor
heat �ux. In their investigations, Da Riva and co-workers applied
a constant wall temperature such thatTsat � Twall D 10C, while
Lee (1980)andKharangate et al. (2016)applied an axial variation

of wall heat �ux using a user-de�ned function in Fluent.Da
Riva and Del Col (2011)stated that a constant wall temperature
instead of a constant heat �ux should be imposed since it re�ects
the actual operation of condensers, whereby the condensing
refrigerant is being cooled by means of a secondary �uid.
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Full-Scale Investigations
As discussed earlier, the condensation phenomenon has been
investigated by many researchers, however, the majority ofthem
were conducted at lab scale. From a practical point of view
there should be a link between the outcomes of the experimental
studies and their applicability in real situations. As an example,
new multi-e�ect distillation units are being designed using
tilted tubes for the evaporator and condenser sections. Suchan
approach probably came from the results of the previous research
works on the condensation of steam and refrigerants inside
(Caruso and Maio, 2014; Cao et al., 2017) and outside (Nada and
Hussein, 2016) of tubes, all of which were done at lab scale.

Another approach is to conduct research on actual systems
and apparatus, to thoroughly understand the phenomena related
with real operating conditions and scales. To do so, some
researchers performed experiments on industrial scales (Wu
et al., 2015; Chen et al., 2017a). Mazed et al. (2018)performed an
experimental study on condensation of steam inside a pressure
vessel prototyped from a real thermonuclear reactor. The results
showed that the condensation regime is governed by the water
temperature, downstream pressure and the steam mass �ow rate.
They also found that the stable condensation regime requires
a minimum mass �ow rate per passage of about 2.5 g/s for a
water temperature of 10� C; and that this critical steam �ow rate
increased with the increase in the water temperature.

In another work,Berrichon et al. (2016)built an experimental
set-up to study re�ux condensation at sub-atmospheric pressure
based on the actual scale of heat exchangers in power plants. They
observed that the condensation heat transfer coe�cient forthe
re�ux condensation was lower than the co-current �ows, which
could be due to the thicker condensate �lm in the co-current
�ows. They also proposed an analytical method based on the
di�usion layer theory, momentum balance and combination of
heat and mass transfer for the prediction of the condensation
heat transfer coe�cient.Milovanovic et al. (2012)proposed a
method for the prediction of reliability in real condensation
thermal electric power plants. Their modi�ed algorithm was able
to evaluate the reliability of reference thermal power plant system
and also present the optimised operating conditions for the other
nominal powers.

Rusowicz et al. (2017)proposed a two-dimensional steady-
state numerical model to predict the �uid �ow and the heat
transfer in an operating two-tube pass condenser in a 50
MW power plant. The model considered the tube bundle in
the condenser to be porous. The �ow was modelled using
the conservation equations of mass, momentum and air mass
fraction, which were solved using the upwind Petrov-Galerkin
�nite element method. The results of the numerical model, which
was validated against measured cooling water temperatures,
demonstrated the distributions of velocity, pressure and inert
gases. In this way, the regions of high pressure and high air
concentration were identi�ed in the condenser.

The �ow in real condensers is, however, three-dimensional
and hence, three-dimensional models are needed to capture the
full �ow details (Rusowicz et al., 2017). Roy et al. (2001)reported
a quasi-three-dimensional steady-state steady-�ow modelto
investigate the in�uence of air in-leakage on the e�ciency of a

condenser in a 750 MW power unit. The model, which was based
on the conservation equations for mass, momentum, energy and
air mass fraction, also accounted for the ejection of air. The model
was validated and agreed well with measured cooling water inlet
and outlet temperature data.

Laskowski (2012)employed the Buckingham5 theorem
to derive two non-dimensional parameters, which depend on
measured parameters including, the temperature di�erence
between the inlet and outlet of the heat exchanger, mass �ow
rate, gravity, steam pressure, and the area of the heat exchanger.
A linear relationship between the two derived parameters was
established using measured data of a steam condenser in a 200
MW power plant. The relation showed good agreement with
measured data.Bracco et al. (2009)derived three steady-state
mathematical models based on the number of transfer units
e�ectiveness method to determine the in�uence of the air inlet
temperature on the condenser performance.

Recently,Li et al. (2018b)performed data-driven modelling
of an air-cooled condenser in a 660 MW power plant. They
investigated the optimal operating fan frequency to a maximum
power gain. It was seen that an increase in the fan frequency
increases the heat transfer on the air side, despite a rise in power
consumption. In addition,Li et al. (2018b)claimed that the
performance of the plant degrades with time and therefore the
performance of a plant di�ers from the design speci�cations of
the manufacturer. Hence, real operating data should be used to
adjust o�-design models.

Medica-Viola et al. (2018)presented a numerical model
coupled with four heat transfer coe�cient algorithms in order
to calculate the steam saturation pressure in a condenser for
a 210 MW power plant. The four heat transfer coe�cient
algorithms included a physical algorithm for dropwise
condensation with blowing e�ect, a physical algorithm for
dropwise condensation without blowing e�ect, an empirical
algorithm for dropwise condensation and a physical algorithm
for �lm-wise condensation. The model was validated against
actual measurements and the physical heat transfer coe�cient
algorithm for dropwise condensation without blowing e�ect
was observed to be the most accurate one. The heat transfer
coe�cient algorithm based on �lm-wise condensation was the
least accurate one.

Li et al. (2018b), whilst focusing on air-cooled condensers,
reviewed the challenge of employing numerical simulation,
highlighting that the analysis of the distribution of the
temperature and �uid �elds in multiple scales (from �n, to
fan, to fan clusters, to fan island, etc.) may provide useful
information on how to improve the condenser design itself.
However, the computational approach remains expensive and
time-consuming (Yang et al., 2012; Chen et al., 2016a,b, 2017b;
Kumar et al., 2016; Kong et al., 2017).

As reported byRusowicz et al. (2017), condensers �ow
parameters vary not only in two directions in the cross-sectional
plane of the tube bundle, but also along the bundle. Thus,
due to the three-dimensional nature of the �ow, a three-
dimensional model is the one that most adequately describes
processes occurring in the condenser. However, as mentioned
by Saari et al. (2014), such a model is complex and requires
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many parameters and long calculation times, which is why two-
dimensional models are most often used for assessing the power
condenser performance. Moreover, in the case of DSG, time-
varying �uctuations also will need to be included.

Efforts to Improve Ef�ciency
Much research has been conducted on improvement to
the e�ciency of power plants. This has led to proposals
for new con�gurations and cycle architectures (Wu et al.,
2012; Zhang and Zhang, 2013; Mcgrail et al., 2017),
suggestions for improving the e�ciency of the two-phase
phenomena in power plants, such as boiling (Nie et al.,
2017; Tian et al., 2017; Ahmadpour et al., 2018) and
condensation (Yoo et al., 2018), as well as recommendations for
improving the overall e�ciency of plant through operation
in cogeneration mode (Das and M. Al-Abdeli, 2017;
Gvozdenaca et al., 2017; Moradi et al., 2017).

Combined Cycles
Early attempts were aimed at improving the overall e�ciency
of power plants by using the high-pressure, high-temperature
vapour stream at the outlet section of the turbine (Rao, 2012). To
do so, combined heat and power (CHP) systems were introduced.
While the conventional method of producing usable heat and
power separately has a typical overall of combined (i.e., electrical
plus thermal) e�ciency of 45%, CHP systems can operate at levels
as high as 80% (Rao, 2012; Li et al., 2014).

The condensation process is one of the major causes of losses
in power plants. During the past few years, signi�cant e�orts have
been made to improve condensation e�ciency by focusing on
novel ideas such as using enhanced surfaces (Zhao et al., 2016),
imposing inclination angles (Würfel et al., 2003; Meyer et al.,
2014; Adelaja et al., 2016; Noori Rahim Abadi et al., 2018b,c),
developing new cycles or improving the condensation process in
the thermal cycles (Matsuda, 2014; Zhang et al., 2016h; Bao et al.,
2017b), and proposing new cross-sectional geometries (Chiou
et al., 1994; Chen et al., 2014; Kang et al., 2017; Mahvi et al., 2018).

One way of increasing the e�ciency of cogeneration plants
is to optimise the condensation process (Wang et al., 2016; Bao
et al., 2018). Li et al. (2014)proposed a design procedure for
the condensation temperature in CHP systems based on an ORC
prime mover. They found a threshold condensation temperature
at which the e�ciency of the system reached a maximum. The
results for a particular case showed that, through the proper
design of the condensation temperature, the annual power output
could be increased by 50%.

In other work,Bao et al. (2017b)proposed a novel two-stage
condensation Rankine cycle to improve the power-generation
e�ciency. The results showed that the thermal e�ciency, net
power output, and energy e�ciency of the new proposed cycle
increased by 42.9, 45.3, and 52.3%, respectively.Bao et al. (2017a)
extended their work by examining the number of condensation
stages for seven di�erent cycles in power-generation systems
for lique�ed natural gas cold energy recovery. They considered
three main parameters of electricity in their study: production
cost, net power output and annual net income. Based on the

chosen objective function, di�erent results were obtained and the
two-stage condensation system showed the best performance.

Furthermore,Pantaleo et al. (2017, 2018)investigated solar-
biomass combined systems, with Joule/Brayton top and ORC
bottoming cycles and thermal storage and found that the
hybridisation with biomass allows for signi�cant performance
improvements, enabled by the higher temperatures compared to
conventional CSP, as well as cost savings due to the reductionin
the required size of the solar �eld.

Optimisation of Operating Conditions
In addition to attempts to improve the e�ciency of power plants
by modifying their thermal cycles, much research has focused
on condensation mechanisms and their characteristics. A better
understanding of the condensation process and the dominant
parameters will lead to power plants being designed with
higher e�ciency and lower cost. Some of the main parameters
of the condensation phenomenon that have been studied are
discussed below.

Recently, Dalkilic and Wongwise (2009)performed an
extensive literature review on enhanced tubes. They focused on
various passive enhancement techniques, such as rough surfaces,
twisted-tape inserts and micro�n tubes. They concluded that
the study of the condensation heat transfer mechanism was
still unlimited. Orejon et al. (2017)conducted experiments to
study the simultaneous drop-wise and �lm-wise condensation
of water on completely hydrophilic silicon micropillars with
di�erent pillar densities. They found that the condensation
mechanism was directly dependant on the spacing between the
pillars. Research also revealed that the simultaneous drop-wise
and �lm-wise condensations had a higher heat transfer coe�cient
compared to the single drop-wise or �lm-wise mode.Li et al.
(2018a) investigated the performance of di�erent enhanced
surfaces for the in-tube convective condensation of R410a.

Another approach to improve the condensation process is
to impose a proper inclination angle based on the operating
conditions. Meyer and co-workers (Lips and Meyer, 2012a,b,c,d;
Meyer et al., 2014; Oliviera et al., 2016; Adelaja et al., 2017;
Ewim et al., 2018; Meyer and Ewim, 2018) conducted extensive
experimental investigations to study the possibility of heat
transfer enhancement during the condensation of R134a inside
a smooth tube. They found an optimum inclination angle
region between� 30� and � 15� (downward �ow), depending
on the operating conditions. In addition to the refrigerants,
some research has been conducted on steam condensation inside
inclined tubes, which is widely seen in conventional power
plants (Ren et al., 2014; Wang et al., 2017). Caruso et al. (2013)
conducted experiments to study the e�ect of the inclination
angle on the in-tube condensation of steam-air mixture.Wang
and Du (2000)experimentally and analytically studied steam
condensation in long, smooth tubes. They considered di�erent
parameters in their investigation, such as steam mass �ow
rate, tube diameter, and inclination angle. They found thatthe
inclination angle a�ected the condensation heat transfer mainly
by stratifying the �uids and thinning the liquid �lm. A successful
optimisation of the operating conditions was also performed for
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the condensing �ow of R134a inside an inclined smooth tube
byNoori Rahim Abadi et al. (2018a).

Conjugate Heat-Transfer Phenomena
Although much promising research has been conducted on
condensation in power plants, this phenomenon is often
seen in combination with other two-phase phenomena like
pool and convective boiling. In these cases, the conjugate
heat transfer (Mathie and Markides, 2013; Mathie et al.,
2013) should be considered to better analyse the thermal
performance of two-phase processes in power plants.
Such a method is vital to satisfy the demand for high
cooling and heat rates in power plants (Wu et al., 2010;
Minocha et al., 2016; Noori Rahim Abadi et al., 2018c).

Nie et al. (2017)studied the conjugate condensation of high-
pressure steam inside a tube and atmospheric pool boiling
outside a tube experimentally. This con�guration is widely seen
in many power plants, particularly in passive heat-removal
systems. The results showed that the increase in pressure,
mass velocity and steam quality caused an increase in the wall
temperature and heat �ux. Moreover, the condensation heat
transfer coe�cient increased as the steam quality and mass �ux
increased, but decreased with saturation pressure.Bahreini et al.
(2017)numerically studied the e�ect of gravity on �ow boiling
inside a vertical tube under conjugate heat transfer. The results
showed that the heat transfer coe�cient increased as gravity
decreased, while the pressure drop showed the reverse behaviour.
They also found that increasing the inlet mass �ux changed the
�ow regime to bubbly �ow, which consequently led to a lower
heat transfer coe�cient.

ENERGY STORAGE OPTIONS

For DSG technology to o�er a feasible, a�ordable and
dispatchable renewable energy solution, either directly for
process heat via steam provision, or for power generation via CSP,
the important issue of energy storage must be addressed. Energy
storage is needed to bridge the temporal mismatch between solar
energy availability and demand, notably during periods of low
solar irradiance, and at night. The storage scheme must provide
the ability to charge and discharge e�ciently, be economical to
construct and operate, and be sustainable and environmentally
safe to implement.

In DSG plants, several suitable energy storage solutions exist
and could include thermal energy storage (TES) and non-TES
options. In CSP applications, when generating electrical power,
in addition to possible onsite TES storage options that have the
advantage of a lower cost, the generated electrical energy can also
be stored downstream of the CSP plant, presenting additional
opportunities for improvements to the plant's capacity factor and
other wider energy system services. Therefore, depending on
the application of DSG technology, both thermal and/or other
storage can be relevant.

For this purpose, in the interest of presenting an overview
of the possible impact that TES can have on DSG plants and
levelised costs, a brief discussion on other storage methods

that can be viewed as rival energy storage options should
be considered.

Energy storage often su�ers from being narrowly de�ned.
Electrical energy storage (EES) technologies, which both charge
and discharge electricity, are only a subset of energy storage,
albeit a high-pro�le one. Heat and electricity are of course not
equivalent in a thermodynamic sense, as while electricity can
be converted wholly into heat, the converse is not true. Direct
comparisons between TES and EES can be challenging as a result.
If the desired output is electricity, a store which charges using
heat will need to store more energy than one which charges with
electricity. If a CSP plant has an average thermal-to-electrical
e�ciency of around 20%, its thermal store will need to store about
�ve times more energy than a battery with a 98% electrical-to-
electrical e�ciency. Crucially, however, this does not meanthat
the thermal store is necessarily larger or more expensive than
the battery, and in fact the converse is often true, as sensible
heat storage can be one of the cheapest ways of storing energy
(< 10 $/kWhth for sensible-heat TES and up to 20–50 $/kWhth
for other forms of TES) while thermochemical energy storage
(TCS) can be one of the most compact (Brandon et al., 2016).
Levelised costs for TES can be an order of magnitude cheaper
than batteries, which have levelised costs in the range $260–780
per MWh of electricity delivered (Lazard, 2017).

CSP with integrated TES is an example of a generation-
integrated energy storage (GIES) system, as identi�ed byGarvey
et al. (2015). Hydroelectric power plants are another GIES
example, with the exception of run-of-river plants that cannot
hold up the �ow of water (Ardizzon et al., 2014). In CSP,
the incoming solar radiation is captured and stored as heat
in a thermal storage medium such as a molten salt (Sioshansi
and Denholm, 2010; Pelay et al., 2017), which can then be
converted to electricity on demand via a steam Rankine cycle.
The thermal e�ciency of various power plant technologies,
including solar-driven Rankine cycles have been discussedby
Markides (2013). An equivalently-sized solar PV system with
battery EES �rst produces electricity from sunlight, then converts
it to electrochemical energy for storage, before �nally converting
back to electricity when this is required (plus there are other DC-
AC conversion steps). A GIES system avoids the intermediate
step of producing electricity before storage, and thereby reduces
the number of transformations required. This can bring bene�ts
in terms of avoiding energy losses and the cost of additional
power-conversion hardware (Garvey et al., 2015).

A DSG CSP plant can also function as a GIES system,
through storage of the steam itself in a steam accumulator, or
by storage of the sensible and latent heat in thermal stores.
The system complexity and cost is likely to be higher than that
for conventional CSP with sensible thermal storage, however.
Further studies are required to quantify the trade-o� between
the higher e�ciency that a DSG CSP plant can achieve and
the higher costs and complexity. A DSG CSP plant can also
act as a non-GIES system and deliver electricity directly, for
subsequent storage using an EES system such as batteries or
pumped hydroelectric storage. Again, further work is required
to evaluate the whole-system costs and bene�ts of such an
approach, though it seems likely that the overall cost of
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dispatchable energy will be higher than that for conventional CSP
with storage.

In the light of this, we give an overview on thermal options
in the next section, followed there-after by brief a discussion on
other energy storage options.

Thermal Energy Storage
Solar thermal powered cycles have the advantage of being
able to receive energy stored thermally and converting it into
electricity when needed. In broad terms thermal energy storage
(TES) can be classi�ed into sensible, latent and thermochemical
storage (Weinstein et al., 2015).

Indeed, existing non-DSG CSP plants are already reliant on
some of these storage methods to provide bulk energy storage.In
such plants, typically at least two �ow loops are required which
operate with di�erent �uids. The one (colder) loop contains the
power block and is operated on Rankine-related thermodynamic
cycles using steam, while the other (warmer) loop contains a
single-phase liquid which is used to transport thermal energy
from the solar �eld to the energy storage systems and to the
power block loop via heat exchangers.Gil et al. (2010)and
Medrano et al. (2010)present reviews on best practices for high-
temperature TES for power generation, providing a summary
of various available materials and technologies that can beused
for electricity generation in solar power plants and which can
accompany TES systems. The merits and the demerits of each
one were comprehensively discussed. Several architecturesand
thermal control mechanisms exist (González-Roubaud et al.,
2017). The warmer loop typically uses thermal oils (Biencinto
et al., 2014; Boukelia et al., 2015) or molten salts (Olivares, 2012;
Flueckiger et al., 2013). TES consisting of liquid thermocline
schemes (Qin et al., 2012; Flueckiger et al., 2013; Mostafavi
Tehrani et al., 2017), liquid two-tank schemes (Bauer et al., 2013),
and sensible solid media storage schemes (Niyas et al., 2015;
Tiskatine et al., 2017) are also used and are sized to provide
suitable amounts of thermal storage.

In order to implement thermal storage schemes for DSG
cycles, alternative storage system concepts and architectures are
required. This is necessary because a single HTF (steam/water) is
present in a uni�ed �ow loop system between the solar �eld, the
power block and the condenser(s), as is shown inFigure 1. When
considering possible thermal energy storage schemes, notably
both the technical and economic feasibility of the scheme must
be considered (Mostafavi Tehrani et al., 2017).

Based on existing technology and proposals from literature,
the most noteworthy storage options include direct steam
accumulation systems, indirect sensible heat storage systems, and
indirect latent heat storage systems.

Steam accumulation TES is based on a concept where wet
steam from the solar �eld is fed into a steam bu�er drum,
which acts as an energy storage module (González-Roubaud
et al., 2017). Saturated liquid water is used as the energy storage
medium while saturated steam is fed directly to a turbine, or
through an additional heating section to produce superheated
vapour. For DSG, this is a direct energy storage method because
the energy is stored directly in the HTF (water). Additional
heating can be done by means of a solar �eld, or by means of

a secondary thermal energy storage medium. Discharge from the
steam accumulator is facilitated by a drop in pressure (Stevanovic
et al., 2012) in the accumulator (which results in a decrease of
the remaining saturated liquid temperature), which forces the
saturated liquid to partially �ash into saturated steam. The energy
is thus actually stored as sensible energy as the temperature
of the saturated liquid changes. Several con�gurations exist,
ranging from a simple steam accumulator, an accumulator that
also serves as a phase separator, integrated internal sensible,
and latent heat storage (Steinmann and Eck, 2006). Without
external superheating of the steam before the power block, such
schemes su�er from low thermal e�ciency and pressure glide
during energy discharge. Thus, a major disadvantage of steam
accumulation systems, is the low associated thermal e�ciency
of the power block due to the relatively low inlet temperature at
the turbine.

By utilising the sensible thermal response of secondary heat
storage media, this limitation can partially be addressed. In these
indirect energy storage methods, energy is stored not in the
water or steam itself, but in a secondary medium or media.
During discharge, when utilising sensible TES, the thermal
response of the storage medium can be used to preheat the water,
generate steam, and to superheat the steam (Seitz et al., 2013).
This, however, results in several heat transfer limitations due
to the mismatch between the enthalpy-temperature pro�le of
the storage medium and that of the water/steam as is shown in
Figure 7A.Therefore, the combination of sensible energy storage
with latent heat storage (Laing et al., 2011) is recommended to
improve the enthalpy-temperature pro�le match for charging
and discharging operation as is shown inFigure 7B. When
combined with latent storage schemes (discussed in more detail
later), sensible heat is normally only used during discharge
operation for preheating of liquid water and/or superheating of
the steam.

The inclusion of TES, however, complicates the operation
of the power plant and requires modi�cations to the cycle
architecture compared to those of fuel �red power plants
(Birnbaum et al., 2010). A signi�cant implication is the
adjustment of the steam saturation pressure during chargingand
discharging modes to allow heat to �ow to and from the storage
medium as is shown inFigure 7B. The reduction of saturation
pressure during discharging causes the power block to operate
on part-load conditions and thermodynamically also results in a
reduction of the thermal e�ciency of the system. There are ways
to minimise this impact (Seitz et al., 2013), but requires careful
relative sizing of the storage sections.

For sensible TES, solid or liquid media are preferred due to
their relatively high energy densities compared to gas media.
Solid TES media are generally less expensive than liquid
media, but su�er from gliding discharge temperatures. Liquid
thermocline and two-tank liquid TES schemes (Zaversky et al.,
2017) do address this to some extent by providing more stable
HTF outlet temperatures, but require more expensive storage and
circulation systems.

Solids such as high temperature concrete, ceramics, rock beds,
sand, �y ash and soil are suitable due to their ability to be used
in simple designs and to be operated in a wide temperature
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FIGURE 7 | Temperature-enthalpy diagram for charging and discharging using: (A) a sensible storage medium only, and(B) a sensible storage medium for
pre-heating and superheating, and a latent storage medium for steam generation.

range (Navarro et al., 2012; Me�re et al., 2015; Niyas et al.,
2015; Tiskatine et al., 2017). They are also relatively inexpensive,
thermally and chemically stable, non-�ammable, and non-toxic.

Sensible TES using solids often utilise packed beds (Kuravi
et al., 2013; Bruch et al., 2014) which can be modelled as porous
media (Andreozzi et al., 2012) or �ow channel passages within
volumes containing the storage medium (Buscemi et al., 2018), or
combinations with thermocline liquid storage tanks (Mostafavi
Tehrani et al., 2017). During charging, the temperature of the
storage media is increased by heat transfer from the interfacing
�uid, while during discharging heat is transfered back intothe
interfacing �uid. Heat absorption and release occurs internally
via thermal conduction. Packed beds have also been proposed
for thermal (hot and/or cold) storage in pumped-heat schemes
(White et al., 2014, 2016; Mctigue et al., 2018) that will be
presented further down in the next section.

High charging and discharging rates, and high energy
storage densities are desired. This requires materials which have
relatively high thermal conductivities, high densities and high
speci�c heat capacities. Comparisons have been made on the
transient behaviour of storage modules with the HTF in channels
within di�erent cast-able solids such as concrete and cast steel
(Niyas et al., 2015) where it has been shown that the charging and
discharging rate can only be well controlled via the HTF �ow rate
if the solid has a high thermal conductivity. For high temperature
storage, the inclusion of thermal conductivity enhancement
powders, such as copper, into cement-like material has been
shown to increase both the thermal conductivity and the speci�c
heat capacity (Yuan et al., 2015). The placement (number) and
size (diameter) of the �ow passages are also important (Bai
and Xu, 2011) and have also been under investigation in order
to optimise the charging and discharging rates (Hua et al.,
2017) and when optimised in terms of overall cost (Jian et al.,
2015). The inclusion of longitudinal �ns in shell-and-tube type
con�gurations within concrete storage media are also used to
increase the charging and discharging rates (Rao et al., 2018).

The ability of a solid sensible TES medium to sustain
constant discharge rates are, however, still a challenge which

requires the optimisation of classical volume-to-point heat �ow
problems (Dan and Bejan, 1998). Thermal cycling (Alonso
et al., 2016) of embedded pipe systems is also of signi�cant
importance. Moisture content and thermal expansion coe�cient
mismatches in high-temperature concrete can be problematic
during commissioning stages, but when handled properly, can
be overcome (Laing et al., 2011). On the other hand, packed
beds, where the HTF �ows through a porous medium volume
�lled with solids TES media, do not su�er from excessive
thermal stress but can result in signi�cant frictional pressure
drop in the HTF �owing through the storage module (Singh
et al., 2006). Such geometries are also likely not investigated
well for �ow boiling or �ow condensation. The inclusion of a
thermo-chemical energy storage section at the outlet of theHTF
can also be used to improve the out�ow temperature of the
HTF (Ströhle et al., 2017).

Compared to sensible TES using solid media, sensible TES
using liquids is relatively more mature due to its use in thermal
oil and molten salt non-DSG CSP systems. Suitable storage media
include binary salt mixtures using components such as NaNO3
and KNO3 (Bauer et al., 2013; Fernández et al., 2015; Parrado
et al., 2016; González-Roubaud et al., 2017) and thermal oils.
These liquids are acceptable because of their thermo-physical
properties, thermal stability in their applicable temperature
operating ranges, as well as their metallic corrosive properties.

In these liquid TES schemes, heat exchangers may be used
to transfer heat to and from between the HTF and the thermal
storage medium. On the working �uid side, this allows for the
use of �ow passages which better resemble the �ow geometries
that are covered in literature related to �ow boiling and �ow
condensation, as have been discussed earlier in this article. The
use of pumped hot liquids is enables constant steam temperatures
and sustain energy rates, both of which are required in DSG. As
mentioned, such schemes are often used for pre-heating of water
and superheating of steam in conjunction with latent energy
storage. Di�erent storage architectures exist which may employ
one (Mostafavi Tehrani et al., 2017), two (Wu et al., 2016) or
three liquid tanks (Seitz et al., 2013). During charging in schemes
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with more than one tank, liquid is pumped from a cold tank and
heated in heat exchangers to one hot tank or to two tanks (one
intermediate warm tank and one hot tank). The reverse occurs
during discharging. The use of an intermediate tank can be useful
to reduce exergy destruction by better matching the di�erences
in the speci�c heats of liquid water during pre-heating and that
of steam during superheating, but it results in more complicated
and expensive systems requiring more pumps.

The use of latent energy storage is, however, recommended if
achieving a better thermal match with the enthalpy-temperature
pro�le of the water/steam during the charging and discharging
modes is desired. During charging, heat transfer from condensing
steam is transferred to the storage medium causing a phase
change to occur, while during discharging the reverse occurs
to result in steam production. Liquid-solid phase change
materials (PCMs) are preferred because of their high latent
heat of fusion and the relatively small volumetric expansion
and contraction during phase transitions. The most signi�cant
advantages of latent TES using PCMs are the high associated
energy storage densities (Wang et al., 2012) and the ability to
charge and discharge energy at relatively constant phase change
temperatures. Beyond high latent heat, a good PCM should have
a relatively low cost, high availability, high thermal conductivity,
and suitable melting temperature.

The phase-change temperature should be matched as closely
as possible to the saturation temperature of the steam at the
desired pressure. For Rankine type cycles this temperature should
be approximately between 310� C and 350� C (Abujas et al.,
2016) which makes some metal alloys such as Mg-Zn (Weinstein
et al., 2015), inorganic salts such as NaNO3 and KNO3, and
salt mixtures (Zhang et al., 2015) suitable choices. Challenges
associated with PCMs are, however, the relatively higher material
cost, low thermal conductivities of non-metal PCMs, density
changes, property stability during long term cycles, subcooling,
phase segregation and corrosion (Vasu et al., 2017). Even though
metal alloys have high volumetric heat capacity and thermal
conductivities, they are relatively expensive (Weinstein et al.,
2015) compared to KNO3 and NaNO3, with NaNO3 being the
least expensive (Vasu et al., 2017).

A promising integration scheme of latent TES in DSG plants
is the adoption of a three-stage thermal storage architecture
where preheating, steam production and superheating is done
sequentially in di�erent sections (seeFigure 1) and where PCMs
play a central role (Tamme et al., 2008; Garcia et al., 2016).
As mentioned, pre-heating and superheating can be done via
sensible heat, and is desired because of the lower associated
material cost. For typical operating pressures, approximately two
thirds of the stored energy is required for steam generation(Laing
et al., 2011), but there are several suggested concepts to reduce
the quantity of PCMs needed and to ultimately lower the initial
investment costs. These include the use of intermediate sensible
TES liquid tanks, steam-side modi�cations by using superheated
steam and saturated water recirculation and by using continuous
steam-pressure reductions in the superheated stream (Seitz et al.,
2013). Other architectures also exist in which sensible and latent
heat storage is integrated, such as with the inclusion of PCM
within the sensible liquid TES systems.

Irrespective of the storage system architecture, a thermal
interface is needed between the HTF and the PCM. This can take
the form of a multi-tube scheme where the HTF is passed through
the PCM volume (Tao et al., 2012; Wang et al., 2012; Seddegh
et al., 2015; Fornarelli et al., 2016; Pirasaci and Goswami,2016;
Meng and Zhang, 2017), or PCM encapsulations surrounded
by the HTF. Examples of the latter are packed beds with PCM
encapsulations (Peng et al., 2014; Wu et al., 2016; Zhang et al.,
2016f) or PCM tube bundles (Ghoneim, 1989; Pirasaci and
Goswami, 2016). Pirasaci and Goswami (2016)characterised the
impact of tube bundle diameters and the steam/water �ow rate
for an NaCl-MgCl2 eutectic PCM mixture.

Several numerical simulation studies on the use of PCM as the
energy storage medium have been conducted (Michels and Pitz-
Paal, 2007; Guo and Zhang, 2008; Tao et al., 2012, 2014; Wang
et al., 2012; Guo et al., 2013; Sciacovelli et al., 2015; Seddegh et al.,
2015; Fornarelli et al., 2016; Kargar et al., 2018). Xu et al. (2015)
provides a comprehensive review on the model description
and numerical approach on previous studies that utilised a
one-dimensional numerical model for spherical PCM capsules
and those that used two-dimensional thermocline modelling
in latent heat TES schemes. In their work, a cost-e�ective
design for PCM TES system was identi�ed by ensuring that the
system cut-o� temperature and the PCM melting temperature
are the same. This design was said to signi�cantly reduce the
volume of the storage tank, the amount of PCM required
and the cost of constructing the system. Several other authors
have numerically modelled thermal energy storage modules.
Di�erent techniques have been utilised to solve the transient
phase-change process numerically. Similar behaviour has been
obtained for the solidi�cation and melting of the PCM using
the speci�ed governing heat transfer mechanisms. However, the
computational cost and time still remains challenging as the
melting and solidi�cation numerical simulations only converge
using small time steps (Pirasaci and Goswami, 2016). Hence, it
becomes essential to develop simple numerical techniques that
require little computational time. It is important to note that
charging and discharging of the TES occurs during condensation
and boiling, respectively, of the working �uid. It thus requires
relatively complex models to incorporate the dominant physics
associated with such operating processes.

As with sensible TES, the charging and discharging rates of
latent TES is of paramount importance. During discharging, the
PCMs progressively solidify from the thermal interface region
away from the HTF as described by the Stephan problem. The
low thermal conductivity of inorganic salt PCMs results in a
signi�cant challenge in this regard due to diminishing heat
transfer rates as the phase-change fronts move further away from
the HTF and the associated increase of the thermal conduction
resistance of the solid phase layer increases. To overcome this,
several enhancement techniques have been investigated. These
include extended surfaces using �ns (Guo and Zhang, 2008;
Sciacovelli et al., 2015), micro encapsulations and the use of
composite PCM mixtures such as the inclusion of nano-particles
or using expanded foams to create form-stable composites (Zhao
et al., 2010; Khalifa et al., 2015; Abujas et al., 2016; Zhang
et al., 2016f). The use of form-stable composites is a good
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option because it results in signi�cantly higher e�ective thermal
conductivities and produces stable thermo-physical properties
under thermal cycling. Both metal foams (Bhagat and Saha,
2016) and expanded graphite foams are suitable. Compared to
the use of metal �ns, such as aluminium and steel, protruding
into the PCM volume, the use of expanded graphite foams can
dramatically reduce charging and discharging times. Graphite
foams do, however exhibit lower energy densities (Abujas et al.,
2016). Another important implication is the choice of material
paring where the resistance of the encapsulation material against
corrosion by the phase change material is important as has been
highlighted by Riuz-Cabanas et al. (Ruiz-Cabañas et al., 2017).

Other Energy Storage Options
It is important to determine the relative cost positioning of TES
in terms of rival energy storage methods. For this purpose a brief
discussion on other energy storage options is presented to o�era
more balanced view of the possible impact of TES in DSG.

In CSP applications for power generation, a wide range
of technologies are available for electrical energy storage
downstream of the CSP plant. Although not directly related to
the core theme of this paper, any TES option must be competitive
with respect to alternative electrical storage options if it is
to stand a realistic possibility of practical implementation,so
we provide here some limited information on the latter as a
benchmark for comparison and as a means of de�ning targets
for further TES technology development, from both performance
and cost perspectives.

Many authors have surveyed the electrical energy storage
landscape, with notable technology reviews inChen et al. (2009),
Luo et al. (2015), and cost assessments byZakeri and Syri
(2015)and Schmidt et al. (2017), while a range of institutions
have provided detailed guides to available technologies and
costs (Rastler, 2010; Akhil et al., 2013; IRENA, 2017). Relevant
technologies include electrochemical energy storage (e.g., lithium
ion, sodium sulphur, lead acid, and �ow batteries, amongst
others) as well as thermomechanical energy storage (e.g.,
compressed air, pumped thermal, liquid air, pumped hydro and
other gravitational storage technologies, amongst others).

The wide range of services that energy storage systems can
provide, and the variety of scales and locations at which they
can be used, mean that multiple criteria must be used to evaluate
the �t of any given technology to its use. Metrics for technology
performance must include the capital and levelised costs of
storing energy and delivering power, but lifetime, roundtrip
e�ciency, degradation and response time can signi�cantly a�ect
the overall project economics. For instance, technologies such
as pumped hydroelectric storage and compressed air energy
storage may have lifetimes of many decades, whereas lead-acid
or lithium-ion technologies may require replacement batteries
within a few years (Akhil et al., 2013). Power and energy
density, both in terms of volume and mass, are highly relevant
in applications such as electric vehicles and distributed energy
storage in homes, but less so in grid-scale installations. Safety
is also key, as each technology brings its own hazards, from
high temperatures and pressures to �ammable, unstable or
toxic materials (Lloyd's Register Foundation, 2017). Further

considerations include materials issues and security of supply,
safe disposal, and lifecycle energy and emissions.

Thermomechanical energy storage technologies that can store
and discharge electricity over 1–24 h (or longer) at megawatt
scale or above are well suited to bulk electricity storage and
speci�cally in the context of integrating large-scale intermittent
renewable generation such as CSP. Two relevant technologies
that are at the commercial or near-commercial stage in the short
term are shown in the upper-right quadrant ofFigure 8, namely
pumped hydroelectric storage (PHS) (Deane et al., 2010; Rehman
et al., 2015) and compressed air energy storage (CAES) (Allen
et al., 1985; Rogers et al., 2014; Budt et al., 2016).

Three main variants of CAES exist, with each handling
the heat produced during compression (charging) di�erently.
Diabatic systems release the heat to the environment and
then use an external heat source, for example combustion of
natural gas, during the discharge process (Crotogino et al.,
2001). Adiabatic systems store the heat of compression in
thermal storage (Bullough et al., 2004; Barbour et al., 2015),
while isothermal systems aim to carry out the compression
and subsequent expansion at close to ambient temperature
(Fong et al., 2010; Li et al., 2011). Storage of the high
pressure air can take place in caverns (He et al., 2017),
aboveground pressure vessels (Liu et al., 2014), or underwater
(Pimm and Garvey, 2009; Mas and Rezola, 2016).

Emerging technologies such as liquid air energy storage
(LAES) (Morgan et al., 2015; Antonelli et al., 2017; Sciacovelli
et al., 2017; Highview Power, 2018), pumped thermal energy
storage (PTES) (White et al., 2013; Mctigue et al., 2015; Benato
and Stoppato, 2018), and power-to-gas approaches (Belderbos
et al., 2015; Mazza et al., 2018) are also under investigation.
Georgiou et al. (2018)provide a comparison between LAES and
PTES also considering the size of plant and further identify
the compression and expansion processes, and the associated
components (seeMathie et al., 2014; Willich et al., 2017for a
discussion of piston-expander performance), as highly important
for overall system performance, whileFarres-Antunez et al.
(2018) identify a promising hybridisation of the two systems.
These technologies operate at suitable scales and typically have
long lifetimes, while a range of �ow battery chemistries havebeen
proposed for multi-hour storage but typically at smaller scales
(Ponce De León et al., 2006; Alotto et al., 2014). They can in some
cases compete with the deferral of electricity generation using
TES for directly-generated steam.

Power-to-gas and associated technologies tend to operate
best at longer timescales and typically with lower roundtrip
e�ciencies, whereas technologies such as supercapacitors,
�ywheels and superconducting magnetic energy storage are
primarily suited to short-duration storage, and so are of less
interest for this speci�c purpose but can be employed closer to
the point of use. Load-shifting at the point of consumption (such
as thermal storage in the fabric of buildings and chilled-water
air conditioning systems) and demand-side response (DSR)
technologies are also available and can provide similar �exibility
to the wider energy system (Strbac et al., 2012).

For bulk energy storage, the cost of storage capacity tends
to dominate over the cost of rated power, as a result of the
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FIGURE 8 | Approximate ranges of power ratings and discharge durations of EES technologies, from a public access report (Akhil et al., 2013).

longer storage durations. Technologies such as pumped hydro
with roundtrip e�ciencies of 70–80% are able to compete in this
application thanks to their low capital costs per unit of stored
energy. Similarly, response time is less critical than it would
be for frequency regulation or power quality services, where
near-instantaneous delivery of power is required.

Figure 9 presents the current and projected future
performance of EES technologies in terms of roundtrip
e�ciency and capital costs (IRENA, 2017), while also showing
the marginal cost and storage e�ciency of conventional onsite
TES employing molten salts (Mehos et al., 2017). For TES,
storage e�ciency represents the ratio of thermal energy returned
from storage to that supplied during charging, analogous
to the electrical roundtrip e�ciency. The subsequent losses
during the conversion of heat to electricity a�ect the amount
of energy which must be stored, and hence the capital cost
of the store, but not the storage e�ciency, as these losses are
incurred regardless of when storage takes place. It can be seen
that the current TES technology delivers higher e�ciency
than even the future EES systems, while only a few EES
systems achieve lower capital costs. It is worth noting that
the comparison inFigure 9 does not take into account the
lifetime of the systems, and a focus on installation cost alone
is not su�cient when the desire is to minimise overall lifetime
costs (World Energy Council, 2016).

The positioning of TES for a CSP plant with DSG on this chart
is the subject of ongoing work. It remains to be seen whether
the expected e�ciency improvement from the move to direct
steam generation is su�cient to outweigh the additional cost and
complexity incurred to store both latent and sensible heat. In
energy systems where the daytime peak generation aligns with
peak demand, the need for storage at a CSP plant may be limited,

FIGURE 9 | Capital costs and storage ef�ciencies for EES and TES
technologies now and in the future from a public access reports (IRENA, 2017;
Mehos et al., 2017). The cost of TES at 565� C is converted to a cost per kWh
of electrical storage by assuming a 20% thermal-to-electric conversion
ef�ciency. The U.S. Dept. of Energy SunShot target speci�es 15$/kWhth and
a 50% conversion ef�ciency. IRENA (2017)contains further details on the EES
technologies and on the acronyms used.

but for other applications, the ability to store and dispatch power
is a crucial consideration.

CONCLUSIONS

In this article, we considered direct steam generation systems
as applied for concentrated solar power generation and process
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steam production. In these systems, important thermal-energy
processes take place during �ow boiling, �ow condensation
and energy storage. Our understanding and ability to predict
these processes have been reviewed, covering both experimental
and computational e�orts in the literature. In general, these
are highly complex, multi-scale and multi-physics processes
that involve phase-change phenomena, inherently unsteady and
turbulent multiphase �ows in the presence of conjugate heat
transfer, and therefore many challenges remain in the rational
design of high-performance and low-cost systems, and in their
optimal operation. An overview was supplied of the use of
�ow regime maps to assist with the better understanding
modelling and predicting heat transfer coe�cients and pressure
drops during �ow boiling and condensation. The transitions
between �ow regimes are, however, complicated and depend
on several parameters including the �ow passage scale, �ow
passage geometry, thermal boundary conditions, and �uid
properties. As such, a singular �ow pattern map is not
yet in existence. Flow boiling was discussed in terms of
experimental and numerical investigation of the heat transfer
coe�cients and pressure drops. Several experimentally-based
correlations exist, but there is still a need to consider the
in�uence of non-uniform heat �ux conditions, especially at
high heat �uxes on the collector tubes, amongst others.
Likewise, �ow condensation was considered both from an
experimental point of view as well as from a numerical
modelling point of view. An overview of the energy storage
options of interest to DSG was also presented. For thermal
energy storage, steam accumulation, sensible thermal energy
storage and latent energy storage was covered. Some other
energy storage options including electric energy storage, was
also discussed. Areas for further exporation include he impact
that transient solar irradiance has on the heat transfer and

pressure drop performance of the collector tubes and the
stability of the system as a whole, and the improvement,
optimisation and enhancement of the energy discharge rates
from the energy storage sections. The use of numerical
techniques to model the heat transfer and pressure drop
behaviour of a variety of working �uids during �ow boiling
in the solar collectors, �ow condensation in the condensers,
and during thermal-energy storage (charge and discharge) has
experienced signi�cant progress in recent years with promising
improvements; nevertheless, complementary experimental work
to generate data of practical interest or for the purpose of
model development and validation, on both lab-scale or full-scale
components, remains vital. In the latter case, for comparison with
modern advanced three-dimensional space and time-resolved
codes, the need for equivalent space and time-resolved data is of
particular importance.
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