
Chapter 12
Reduced Order Heat Exchanger Models
for Low-to-Medium Temperature Range
Solar Thermal Applications

Rudrodip Majumdar and Sandip K. Saha

Abstract Pivotal heat transfer components of solar thermal systems may involve
single phase flow of the working fluid in some unit (e.g. single phase solar col-
lector), whereas, two phase flow of the working fluid occurs in the other units (e.g.
two-phase solar collector coupled directly to the turbine, boilers and evaporators).
Modelling of these systems are important to understand the heat transfer behavior,
as well as, to develop the system level control among many other attributes.
A detailed analysis of single phase and two phase systems is possible using
mathematical models to characterize the fluid flow and heat transfer. Detailed
description of the fluid flow and heat transfer become computationally very
expensive with such models, and also a very high level of precision may not be
required in large time (*few hours) simulations of the systems, as well as, in
controlling the entire solar thermal power plant. Hence there is a need to develop
computationally fast, low order dynamic models. Among many other modelling
approaches, a particular class of heat exchanger model, namely the moving
boundary lumped-parameter model, has emerged as an efficient and effective tool
for simulating dynamic characteristics of the two-phase solar collectors and the
evaporators, pertinent to organic Rankine cycle (ORC) systems. These models are
efficient in locating the continuously moving working fluid phase change boundary
without requiring any sophisticated, well-trained formulation pertinent to the
starting solutions. Even a simplified, reduced order quasi-steady state model is
capable of demonstrating moving boundary characteristics in a narrow evaporator
tube that is employed to carry organic refrigerant (working fluid) into the two-phase
ORC heat exchanger in the medium temperature solar thermal applications
(*200 °C). The model is capable of predicting the variation in working fluid mass
flow rates with time-varying temperature of the heat transfer fluid (usually a
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commercial thermic oil), that transfers energy into the organic refrigerant. The
variation in wall temperatures of the evaporator tube for three distinct flow regimes
of the working fluid (subcooled, two-phase and superheated) can be evaluated with
changing average heat transfer fluid (HTF) temperature, corresponding to the
varying levels of solar radiation incident on the collectors; and therefore, the model
provides an avenue for ascertaining the practicability of the operating conditions
based on the variation of the driving parameters values. By using the results of the
quasi-steady model as the initial guess in the detailed dynamic model, the sharp
transient characteristics can be explored by introducing time-dependent fluctuations
in the subcooled refrigerant flow at the heat exchanger entry. Further complexity
can be added to the modelling by incorporating axial variation in the heat transfer
fluid temperature profile in the prevalent shell and tube heat exchanger. In this
monograph, we will briefly discuss about the full-fledged numerical models fol-
lowed by elaborate description on reduced order models.

Keywords Reduced order modelling � Solar thermal system � Moving boundary
model

Nomenclature

A Area of cross section (m2)
c Specific heat (J/kg K)
D Diameter of tube (m)
h Specific enthalpy (J/kg)
�h Average specific enthalpy (J/kg)
k Thermal conductivity (W/m K)
L Length (m)
_m Mass flow rate (kg/s)
p Pressure (Pa or bar)
po Steady state mean pressure (Pa or bar)
~P Solar Irradiation (W/m2)
q″ Heat flux (W/m2)
T Temperature (K or °C)eT Average temperature (K or °C)
t Time (s or min)
u Internal energy (J/kg)
v Velocity (m/s)
z Distance along length (m)

Greek Symbols

a Heat transfer coefficient (W/m2 K)
d Thermal boundary layer thickness in the thermic oil side (m)
η Efficiency
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q Density (kg/m3)
�q Average density (kg/m3)

Subscripts

1 Subcooled region
2 Two-phase region
3 Superheated region
12 Interface 1-2
23 Interface 2-3
b Boiler
f Saturated liquid
conv Convective
g Saturated gas
l Liquid
HTF Heat transfer fluid
HE Heat Exchanger
i Inner side of the tube
in Inlet of tube or tank
o Outer side of the tube
out Outlet of tube or tank
lower Lower end of the limit
Rfg Refrigerant
sat Saturation
Solar Solar
sub Subcooled
turbine Turbine
upper Upper end of the limit
wall Wall

Abbreviation

DHW Domestic hot water
HE Heat exchanger
HTF Heat transfer fluid
NIST National Institute of Standards and Technology
ORC Organic Rankine cycle
PPS Peak to peak swing
TPHE Two phase heat exchanger
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12.1 Introduction

Earth receives more energy from the sun in just one hour than what the world
consumes collectively over a period of one year (Thirugnanasambandam et al.
2010). India, in particular, receives average annual solar radiation amounting to
over 5 � 1015 kWh (MNRE Annual Report 2006), with the average diurnal incident
energy varying between 4 and 7 kWh/m2 depending on the location (Mani and
Rangarajan 1982). Therefore, harnessing of the solar energy potential is of interest
in order to address the ever increasing demand for the usable energy. Studies
indicate that the largest utility expense for a household is the cost to make hot
water. Typically, on an average about 20% of total energy consumption in a
household is attributed to the domestic hot water applications (e.g. cooking,
cleaning, bathing) and the share increases to about 50% if the hot water is also used
for heating purposes (Solar Thermal Hot Water Systems and Individual
Components 2018). Naturally solar thermal energy technologies in particular have
emerged as lucrative options for the domestic hot water (DHW) systems as well as
for the production of heat for residential space heating (Thirugnanasambandam
et al. 2010; Solar Thermal Hot Water Systems and Individual Components 2018;
Kalogirou and Tripanagnostopoulos 2006; Natural Resources Canada 2005; Pinel
et al. 2011; Weiss 2012; Evarts and Swan 2013; Aguilar et al. 2005; Fairey and
Parker 2004; Becker and Stogsdill 1990; Mills 2004; Mathioulakis and Belessiotis
2002; Davidson 2005; Sarbu and Adam 2011; Baddou 2017; Homola 2018;
Renewable Energy Solutions 2018). The earliest commercial solar water heater was
introduced by Clarence Kemp in the 1890s in California. This primitive heating
system was a simple batch type solar water heater that combined the collector and
the storage in a single box. For an investment of $25, the annual savings in the coal
costs was found to be about $9 (Homola 2018). The variation in the expenses
incurred depends on the size of a system, amount of the water to be heated, the type
of fuel used to heat water and how the heating system fits into the existing
plumbing. Generally, the solar hot water systems designed for the warmer places
(e.g. thermosiphon systems) are cheaper and more efficient compared to the more
complex systems used in the colder regions (e.g. systems with vacuum tube col-
lectors, pumps, heat exchangers, antifreeze mixtures, controls). Typically, the solar
domestic hot water systems in Europe are sized to provide approximately 50–70%
of the annual heating load (Renewable Energy Solutions 2018).

Design of low-to-medium temperature solar thermal systems needs to consider
the heat transfer fundamentals in connection with the solar radiation levels, the
collector configurations, the transfer of the collected heat and the storage of the
collected heat to ensure reliable long-term system performance (Lunde 1980). Solar
water heating systems use heat exchangers to transfer solar energy absorbed in solar
collectors to the heat transfer fluid (liquid or air) used to heat water or a space. Heat
exchangers (HE) are usually made of metals with reasonably high thermal con-
ductivity, e.g. steel, copper, bronze, stainless steel, aluminium, cast iron etc. For the
domestic solar heating systems copper is prevalently used in HE, due to its high
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thermal conductivity (*386 W/m K at 20 °C) as well as higher resistance to
corrosion compared to the other candidates (Heat Exchangers for Solar Water
Heating Systems 2018). The simplest form of heat transfer is single-phase heat
exchange, where the heat transfer fluid (HTF) remains in the same phase (i.e. liquid
or gas) throughout the process. The plate heat exchangers are the most studied and
prevalently used heat exchanger configuration for the single phase liquid to liquid
or air to liquid heat transfer (Nilpueng and Wongwises 2015; Khan et al. 2010; Li
and Hrnjak 2016; Kim and Park 2017; Muley and Manglik 1997).

In a single-phase heat exchanger (SPHE), usually a liquid is preferred over the gas
for the heat transfer process, since a liquid is a better thermal conductor than a gas, and
therefore it requires much less surface area for effective heat transfer. The amount of
heat transfer from one fluid to another is directly proportional to the temperature
difference between the fluids. By keeping the heat load unchanged, the temperature
difference between the working fluids can be increased either by raising the temper-
ature of the heat source fluid, and/or by lowering the temperature of the heat sink fluid.
The temperature difference can also be enhanced by increasing the mass flow rate of
one (or, ideally both) of the fluids (Single Phase Fluid Coils 2018; Mehendale 2017).
Although, it is to bementioned that in case of unchanged heat load, a large temperature
difference or higher flow rate will cause reduction in heat transfer time.

An alternative way of single phase heating employs ‘thermosyphon’, where
passive heat exchange takes place due to the natural convection that circulates the
liquid (working fluid) without the necessity of a mechanical pump (Kalogirou 2009;
Koffi et al. 2008; Hobson and Norton 1988; Tang et al. 2010; Zelzouli et al. 2014;
Tchuen and Koholé 2017; Taherian et al. 2011). Several experimental as well as
numerical studies pertinent to the thermosyphon systems in connection with flat
plate solar collectors have been previously reported along with some performance
metrics (Koffi et al. 2008; Hobson and Norton 1988; Tang et al. 2010; Zelzouli et al.
2014; Tchuen and Koholé 2017; Taherian et al. 2011). One of the key performance
parameter is the energy efficiency of the solar collector, which is expressed as the
ratio of the amount of useful heat collected to the total amount of solar radiation
striking the collector surface during any period of time (Tchuen and Koholé 2017).
The energy efficiency of the thermosyphon solar water heating (TSWH) systems
with different flat-plate collector configurations (based on the position of the riser
tubes) have been previously reported for the same weather conditions. For the
absorber-pipe lower bond configuration (i.e. riser tubes are welded above the
absorber tube), the average value of the energy efficiency was found to be about
39.47%. The reported value of energy efficiency for the absorber-pipe side bond
configuration (i.e. the absorber tube is welded in a way such that each interior
absorber tube segment connects two consecutive riser tubes in the array) is 34.86%
and that for the absorber-pipe upper bond configuration (i.e. the riser tuber welded
below the absorber tube) is 32.28% (Tchuen and Koholé 2017).

For plant-scale production of solar thermal energy (in the range of hundreds of
kWt to MWt) the heat exchangers are configured to work in the two-phase flow
mode where latent heat of evaporation of a vapour-liquid mixture is used to
improve the transport capacity as well as to enhance the heat transfer process
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(Kakaç et al. 1988; Shoureshi and McLaughlin 1984; Manglik 2006; Thome 1990).
Simulation of the dynamic response of two-phase heat exchangers (TPHE) is of
interest in order to increase reliability of various thermofluid systems as well as to
facilitate significant energy savings (Shoureshi and McLaughlin 1984). Several
computer codes have been previously developed to analyze the design and oper-
ational characteristics of residential heating and cooling equipment. Significant
effort has been put towards the derivation of accurate, simple dynamic models of
heat exchangers (Shoureshi and McLaughlin 1984; Paynter and Takahashi 1956;
Wormley and Masada 1982; Pingaud et al. 1989; Roetzel 1996; Du et al. 1996;
Roetzel and Xuan 1999).

Available literature has reported very few analytical solutions pertinent to heatflow
and diffusion processes that involve phase change of the working fluid in a solar
thermal system in particular and in similar relevant physical systems in general
(Mongibello et al. 2014; Endalew andAbebe 2012). In connection to the solar thermal
applications, a few implicit as well as mixed numerical techniques can be found in the
published literatures, accompanied by different solution approaches and assumptions.
Transient numerical model for the solar domestic hot water (DHW) system has been
reported recently, with the solar collector being simulated by a zero-dimensional
analyticalmodel (Mongibello et al. 2014). In a zero-dimensionalmodel the collector is
treated as a single point with a single average temperature. One-dimensional
numerical models were employed to find the temperature profile in the heat transfer
fluid as well as in the water inside the hot water tank. The finite difference implicit
scheme was utilized to solve for the energy balance in the coil heat exchanger and in
the hot water tank. The energy conservation equations for the different solar DHW
components were numerically coupled with the help of an implicit scheme based
in-house computational code (Mongibello et al. 2014).

Implementation of advanced control techniques for the energy systems that rely
upon the intermittent sources of heat energy (e.g. solar radiation), as well as,
improvement in the overall efficiency necessitate computationally fast and, at the
same time, adequately accurate system level dynamic models. Continued research
effort in the direction of control-oriented modelling has resulted in the emergence of
a particular category of simplified reduced-order models, formally classified as
moving-boundary models (Eldredge and Alleyne 2006). Conventionally, for the
physical systems that undergo a phase change at a specified temperature, the
continuously shifting phase change boundary is detected by the means of a
sweeping algorithm working over a region that is approximated and represented by
a finite number of points. It is to be noted that there are significant challenges in
obtaining accurate phase change boundaries using such a method. In order to
improve the performance of the sweeping algorithm, a few solving techniques such
as moving grid points and isotherm migration have been introduced, where spec-
ified isotherms are traced during their migration through the solution space, instead
of determining the temperature at the spatial location and time instant of interest
(Voller and Cross 1981; Wood 1991). However, well-formulated starting solutions
are required to achieve meaningful results from the above-mentioned methods even
in one-dimensional problems. Moving boundary method is capable of giving very
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accurate results over enthalpy methods without requiring well-formulated starting
solutions, especially when the phase change takes over a very small temperature
range or practically the process degenerates to a single temperature (Voller and
Cross 1981). Therefore, in the context of solar thermal applications, low-order
lumped parameter moving boundary models prove to be instrumental for the
dynamical simulation of transient models and in determining the principal control
parameters for the pivotal components, such as boilers and evaporators, where the
phase change takes place in the working fluid side (Jensen and Tummescheit 2002;
Zhang and Zhang 2006; Grald and MacArthur 1992; Shi et al. 2016). In such
models, the flow of the working fluid inside the evaporator tube and the flow of the
exhaust gas is considered to be one-dimensional. The pressure drop across the
length of the evaporator is assumed to be negligible and this particular assumption
leads to a reduced order model, as the need for momentum conservation goes away
(Shi et al. 2016). The evaporator tube is considered to be thin, long and horizontal.
The axial heat conduction is neglected in the working fluid as well as in the exhaust
gas. The axial heat conduction in the tube wall is ignored as well. Another approach
of convenience, in the context of renewable energy systems, is to use quasi-steady
state models considering a reasonably large time step (*1 h) to facilitate ease of
computation and validation, assuming the overall performance of the system to
remain unfazed by the variability of the load and intermittency of the renewable
sources within that time span (Hoevenaars and Crawford 2012).

12.2 Discussion About Specific Numerical Models

12.2.1 Modeling of Heat Exchanger (Boiler) in an ORC
Based Solar Thermal Power Plant

In the foregoing discussion, numerical models of heat exchanger pertinent to solar
thermal applications reported in published literature are elaborated. The first model
describes a heat exchanger used as a boiler in an ORC based solar thermal power
plant (Fig. 12.1) with a view to understanding its interaction with other components
in the power plant for extending electricity generation after sunset (Lakhani et al.
2017). The aforesaid heat exchanger is modelled by assuming that the HTF enters a
heating coil that passes through a tank of saturated liquid ORC, as shown in
Fig. 12.2. The temperature of HTF inside the coil varies with time and distance
along the coil while the temperature of organic fluid in the boiler is assumed to be
constant during phase change.

The energy balance equation for the HTF in the coil is written as follows (Powell
and Edgar 2012),
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qHTFcp;HTFAb;i
@THTF
@t

þ _mHTFcp;HTF
@THTF
@z

¼ hconv;bPb;i Tb � THTFð Þ ð12:1Þ

where, z represents the distance along the boiler coil, Tb is the boiler organic fluid
temperature and Ab,i and Pb,i represent the surface area and perimeter of the inner
tube (rp,i = 0.03 m), respectively. The mass flow rate of the saturated organic fluid
can be calculated from the steady-state energy balance on the boiler as,

Fig. 12.1 Schematic diagram
of ORC based solar thermal
power plant with latent heat
thermal storage system

Fig. 12.2 Schematic diagram
of heat exchanger (boiler)
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_mHTFcp;HTF Tin � Toutð Þ ¼ _mORC hfg þ hf � hsub;l
� �� � ð12:2Þ

where, hfg is enthalpy of vaporization of the organic fluid at temperature Tb, hf is the
enthalpy of saturated organic fluid and hsub;l is the enthalpy of subcooled organic
fluid.

Figure 12.3 shows the temporal variation in mass flow rate of organic fluid and
solar radiation for four days of continuous operation of two-stage solar thermal
power plant (Fig. 12.1). The parabolic solar collector of with dimensions 1500
(length) � 6 m (width) are considered for generating 200 kWht from the turbine.
A shell and tube latent heat thermal storage system with representative dimension of
shell diameter (Di) of 98 mm, and HTF tube of Di,HTF = 50 mm and Do,

HTF = 56 mm and total length of 4800 m is chosen in this study. An organic fluid
R134a flows through the boiler tube of length 200 m and exchanges heat with
Hytherm 600 (constant mass flow rate = 13.8 kg/s) in the collector loop. The ORC
loop is pressurized at 3 MPa. The mass flow rate of organic fluid is observed to be
varying with time according to the power output from the turbine. Details of the
analysis can be found in (Lakhani et al. 2017).

12.2.2 Quasi Steady-State Reduced Order Moving Boundary
Model for ORC Heat Exchanger

The second model of interest is the quasi steady-state reduced order moving
boundary model for the medium temperature range (*120–200 °C) solar thermal
applications. Recently reported work (Majumdar et al. 2018a) illustrated that a
simplified quasi-steady state reduced order model is adequate for exhibiting the
continuously changing phase change boundary characteristics in a narrow evapo-
rator tube of a two-phase ORC heat exchanger. The model predicts the variation in
ORC working fluid (refrigerant) mass flow rates with varying temperature of the

Fig. 12.3 Transient variation
of solar irradiation and mass
flow rate of organic fluid to
generate 200 kWht
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commercial thermic oil employed as the heat transfer fluid to transfer heat content
to the organic refrigerant (Majumdar et al. 2018a; Majumdar and Saha 2018)
through the wall of the narrow evaporator tube. The average heat transfer fluid
temperature (THTF) changes with the solar radiation incident on the solar collectors.
The quasi-steady model enables prediction of the changes in temperature of the
evaporator tube wall segments (subcooled, two-phase and superheated) with
changing THTF. Very high tube wall segment temperatures have been predicted for
the higher values of THTF. Additionally, the prescribed mass flow rates of the
working fluid (refrigerant) have been found to very high as well, for higher values
of THTF. Thus, the model serves as a useful tool for examining the viability of the
operating conditions based on the temporal variation of the driving parameters, such
as the solar radiation and THTF. The results of the quasi-steady model can be used as
the initial guess in the computational algorithm developed for a detailed dynamic
model, in order to explore the sharp transient characteristics by introducing
time-dependent fluctuations in the subcooled refrigerant flow at the inlet of the
two-phase ORC heat exchanger.

The quasi-steady state model was employed to investigate the moving boundary
characteristics in the narrow evaporator tube of a two-phase ORC heat exchanger
that carries an organic refrigerant. For the purpose of computational demonstration,
a well-known and widely used hydrofluorocarbon compound named
1,1,1,2-Tetrafluoroethane (R134a), with a molecular formula: CH2FCF3 and for-
mula weight of 102 kg/kmol, has been utilized (Vélez et al. 2014). The evaporator
tube is placed inside a solar-thermal heat-exchanger (HE) reservoir (Fig. 12.4) that
contains commercialized thermic oil (Hytherm 600), which is considered as HTF
(Shinde et al. 2017). Fixed thermodynamic conditions of superheated refrigerant
vapor have been assumed at the evaporator exit and the variation in refrigerant mass
flow rate with changing temperature of heat transfer fluid (THTF) has been inves-
tigated for the chosen evaporator tube lengths of 5 and 10 m, respectively, with

Fig. 12.4 Representative layout of the primary and secondary loops in a simplified ORC-based
solar thermal power plant (Majumdar et al. 2018a). (Reproduced with permission from © 2018
Elsevier)
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suitable constraints on the lengths of distinct flow segments (subcooled, two-phase
and superheated).

The temperature of the thermic oil flowing in the collector loop is dependent on
the level of available solar radiation. During a bright and cloudless day in India, the
magnitude of solar radiation received at the earth surface (i.e. solar collector)
increases with time and eventually reaches a peak value around noon. The solar
radiation level decreases in the afternoon as the daylight diminishes and eventually
ceases to exist in the evening. Therefore, during a diurnal solar radiation cycle, a
rise phase is followed by a fall phase and this aspect needs to be taken into account
in the time-dependent solar collector models. Relevant figures presented in the work
by Lakhani et al. (Lakhani et al. 2017), shows that the heat transfer fluid temper-
ature (THTF) keeps increasing as the intensity of the solar radiation increases and
subsequently it reaches a maximum value as the solar radiation level reaches the
diurnal peak. Thereafter, as the day progresses, the value of THTF decreases as the
solar radiation level keeps diminishing. However, the value of THTF is found be
considerably higher during the fall phase of solar radiation cycle than that observed
during the rise phase for the same power level, due to different heat transfer rates
(Majumdar et al. 2018a). The temperature of Hytherm 600 (HTF) at the collector
outlet is calculated by assuming a fixed mass flow rate of 13.8 kg/s flowing through
the collector loop (Fig. 12.4). The collector is modelled by following the parabolic
trough configuration as described in the previously reported works (Powell and
Edgar 2012; Behar et al. 2015). Figure 12.5 exhibits the temporal variation in HTF
temperature (THTF) for the solar radiation data of Greater Noida, Uttar Pradesh,
India; collected on June 2, 2016 (Lakhani et al. 2017; Majumdar et al. 2018a). For
the illustrative computational results, the solar radiation profile stretching over a
total time period of 640 min is used; where 7:20 AM in the morning is considered
to be the starting time (t = 0) and the successive sample instances are separated by a
uniform interval of 20 min (Majumdar et al. 2018a).

Conceptualization of phase change in the ORC heat exchanger. The sche-
matic diagram of the evaporator tube (Fig. 12.6) exhibits three distinct phase
segments of the working fluid, R134a. The evaporator tube is assumed to be placed

Fig. 12.5 Variation of the
temperature of Hytherm 600
(THTF) with the representative
diurnal solar radiation profile
~Psolar
� �

(t = 0 corresponds to
7:20 AM) (Majumdar et al.
2018a). (Reproduced with
permission from © 2018
Elsevier)
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inside a thermic oil reservoir with a diameter much greater than that of the evap-
orator tube, i.e. (Dr � Do). Additionally, the thermal boundary layer thickness in
the thermic oil side (d) has been assumed to be considerably smaller than the
annular span, i.e. 2d � (Dr − Do). Furthermore, the thermic oil reservoir is
assumed to be insulated on the outer surface. In an actual solar thermal power plant,
a finite drop in the temperature is observed between the inlet and outlet of the
thermic oil side in the heat exchanger employed in the load loop. This change in
THTF takes place due to the transfer of heat content from the thermic oil (HTF) to
the refrigerant (working fluid). However, the quasi-steady state reduced order
moving boundary model assumes the simplification of an average value of the HTF
temperature, and uses the linear average of the HTF temperatures at the inlet and the
outlet of the ORC heat exchanger, respectively.

Computational set-up. For an illustrative computational demonstration of the
quasi-steady reduced order moving boundary model in the two-phase load loop heat
exchanger, evaporator tube lengths of 5 and 10 m have been chosen, as mentioned
before. The operating pressure is assumed to be constant at 30 bar over the whole
length of the heat-exchanger tube (i.e. pin = pout), and any change in pressure in the
axial direction is neglected. This assumption prompts a quasi-steady operational
condition. Subsequently, the mass flows across the various flow regimes can be
equated to the steady state mass flow rate at the inlet of the ORC two-phase heat
exchanger. The subcooled working fluid (refrigerant) enters the evaporator tube,
where the subcooling margin (Tsat − Tin) is assumed to be approximately 40 °C. At
length L1 inside the evaporator tube (Fig. 12.6), the working fluid refrigerant
becomes a saturated liquid, accompanied by a dryness fraction value of zero. The
boiling begins at the axial location L = L1, and the void fraction starts to increase.
At the axial location L = L1 + L2, the flow becomes a completely dry, saturated

Fig. 12.6 Representative layout of the narrow evaporator tube placed in the thermic oil reservoir
(Dr� Do), (From left to right, the colored zones represent (i) sub-cooled segment, (ii) two-phase
flow segment and (iii) superheated segment, respectively) (Majumdar et al. 2018a). (Reproduced
with permission from © 2018 Elsevier)
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steam. Thereafter, the dry refrigerant vapor gradually becomes superheated steam at
30 bar and acquires a significantly high temperature (Tout) as well as high specific
enthalpy (hout) at the exit of the evaporator tube and this superheated vapour enters
the turbine.

Thermodynamically, R134a is an isentropic fluid and therefore the fluid flow at
the turbine exit is assumed to be a saturated dry steam. The ambient temperature
soars to about 45 °C during the scorching summer days in the western region of
India. On top of that, it is assumed that there is a margin of temperature drop of 25 °
C across the condenser unit. Therefore, upon taking into consideration the peak
ambient temperature, the vapor temperature at the exit of the turbine is found as
70 °C. From the database of thermodynamic properties, the pressure at the exit of
the turbine (pout,turbine) is found to be 21.2 bar and the corresponding specific
enthalpy at the turbine exit (hout,turbine) is 280.48 kJ/kg (Majumdar et al. 2018a).

The flow enthalpy at the turbine inlet can be calculated using Eq. 12.3 as,

_Wnet

gisentropic

 !
¼ _m hin;turbine�hout;turbine

� � ð12:3Þ

where, the isentropic efficiency (ηisentropic) of the turbine is chosen as 68.1% for a
representative output power level of 200 kWt (Sung et al. 2016). A representative
steady state test mass flow rate value _m ¼ 6:65kg=sð Þ is used, along with _Wnet ¼
200 kWt and the aforesaid calculated value of hout;turbine; and the value of specific
enthalpy at the turbine inlet hin;turbine

� �
is found to be 324.64 kJ/kg, which is equal

to the specific enthalpy at the evaporator tube exit (hout). The corresponding tem-
perature of the superheated vapor (Tout) at 30 bar is approximately 364.31 K
(Majumdar et al. 2018a).

Governing equations of quasi-steady moving boundary model. As the
pressure gradient in the axial direction is neglected in the evaporator tube at the
two-phase ORC heat exchanger, only mass and energy balances are considered in
the reduced order modelling approach. The relevant equations are solved numeri-
cally for the average values of interest in the three distinct flow segments (sub-
cooled, two-phase and the superheated), respectively; by treating each zone as a
single node.

The general differential mass balance equation for a working fluid can be written
as (Jensen and Tummescheit 2002),

@q
@t

þr � q~vð Þ ¼ 0 ð12:4Þ

where, q denotes density, t represents time and v symbolizes velocity.
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For one-dimensional flow, Eq. 12.4 is reduced to,

@Aq
@t

þ @ _m
@z

¼ 0 ð12:5Þ

where, z represents the length traversed by the working fluid, t denotes time, _m is
the working fluid mass flow rate and A represents the cross-sectional area of the
evaporator tube.

The general differential energy balance equation for a working fluid is given by,

@qh
@t

þr � qh~vð Þ ¼ �r:~q00 � q000 þ dp
dt

þu ð12:6Þ

where, h symbolizes specific enthalpy of the working fluid, u denotes the dissi-
pation function,~v symbolizes the velocity,~q00 and q000 stand for is heat flux and the
volumetric energy density, respectively.

For a one dimensional flow, the axial conductivity, radiation and the viscous
stress terms are neglected for the sake of simplification in the energy balance, and
hence, Eq. 12.6 can be rewritten as,

@ Aqh� Apð Þ
@t

þ @ _mh
@z

¼ pDa Twall � TRfg
� � ð12:7Þ

where, D is the inner diameter of the evaporator tube, a represents the average heat
transfer coefficient, Twall symbolizes the wall temperature and TRfg stands for the
refrigerant bulk temperature.

The differential energy balance for the evaporator tube wall is obtained by
simplifying Eq. 12.6, and upon neglecting the axial conductivity as well as the flow
terms (Jensen and Tummescheit 2002), the required expression turns out to be,

cwallAwallqwall
@Twall
@t

¼ aipDi TRfg � Twall
� �þ aopDo THTF � Twallð Þ ð12:8Þ

where, cwall stands for the heat capacity of the tube wall material, Di and Do

symbolize the inner and outer diameter of the evaporator tube, respectively; qwall
represents the density of the tube wall material, Awall represents total area of the
evaporator tube wall, THTF stands for the average heat transfer fluid temperature
around the evaporator tube, ai and ao symbolize the average inner and outer heat
transfer coefficients of the evaporator tube, respectively.

Under a steady state operational condition, the conservation of fluid mass across
all the flow segments, including the interfaces of the distinct flow regimes, gives,

_min ¼ _m12 ¼ _m23 ¼ _mout ð12:9Þ
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where, _min represents the mass flow rate subcooled refrigerant at the entry of the
ORC two-phase heat exchanger, _m12 and _m23 represent the mass flow rates at the
interfaces 1-2 and 2-3, respectively.

At the steady state condition, the energy balance equation in the subcooled
region reduces to (Majumdar et al. 2018a; Majumdar and Saha 2018),

_minhin � _m12hl pð Þþ pDiai1L1 Twall;1 � eTRfg;1
� � ¼ 0 ð12:10Þ

where, hin denotes the specific enthalpy of the subcooled refrigerant at the evap-
orator inlet, hl(p) represents the enthalpy of the saturated refrigerant fluid at the fluid
interface 1-2; L1 denotes the length of the subcooled flow segment, Twall;1 sym-
bolizes the constant wall temperature of the subcooled segment, eTRfg;1 stands for
the average refrigerant temperature in the subcooled segment, ai1 denotes the
average inner heat transfer coefficient in the subcooled segment.

Similarly, the energy balance equation for the two-phase region becomes,

_m12hl pð Þ � _m23hg pð Þþ pDiai2L2 Twall;2 � eTRfg;2
� � ¼ 0 ð12:11Þ

where, hg(p) is the specific enthalpy of the saturated steam at the fluid interface 2-3;
L2 denotes the length of the two-phase flow segment, Twall;2 symbolizes the constant
wall temperature of the two-phase segment, eTRfg;2 stands for the average refrigerant
temperature in the two-phase zone and ai2 represents the average inner heat transfer
coefficient in the two-phase zone.

The energy balance in the superheated segment of the working fluid flow leads
to,

_m23hg pð Þ � _mouthout þ pDiai3L3 Twall;3 � eTRfg;3
� � ¼ 0 ð12:12Þ

where, hout stands for the specific enthalpy of the superheated steam at the outlet of
the evaporator tube, L3 symbolizes the length of the superheated flow segment,
Twall;3 denotes tube wall temperature in the superheated segment, eTRfg;3 symbolizes
the average temperature of superheated refrigerant vapor and ai3 denotes the
average inner heat transfer coefficient in the superheated region.

At a steady state condition, the energy balance equations for the evaporator tube
wall corresponding to the three distinct flow segments can be obtained from
Eq. 12.6, and are as below,

(a) In the subcooled region, the energy balance in the tube wall leads to,

pDiai1L1 eTRfg;1 � Twall;1
� �þ aopDoL1 THTF � Twall;1

� � ¼ 0 ð12:13Þ
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(b) In the two-phase flow segment, the energy balance in the tube wall gives,

pDiai2L2 eTRfg;2 � Twall;2
� �þ aopDoL2 THTF � Twall;2

� � ¼ 0 ð12:14Þ

(c) In the superheated segment the relevant expression turns out to be,

pDiai3L3 eTRfg;3 � Twall;3
� �þ aopDoL3 THTF � Twall;3

� � ¼ 0 ð12:15Þ

The wall temperatures for the respective segments can be obtained by using
Eqs. 12.13 to 12.15 for a quasi-steady operational condition. Thereafter, the wall
temperatures are used to estimate the length of the respective flow regimes by
utilizing Eqs. 12.10 to 12.12. For the above-mentioned calculation, the average
temperature of the bulk refrigerant in each of the three flow regimes is required. The
average temperatures in the flow segments of interest, eTRfg;1, eTRfg;2 and eTRfg;3,
respectively, are calculated by utilizing the flow conditions specified at the inlet and
outlet of the evaporator tube, as well as, the thermodynamic parameters corre-
sponding to the saturation condition.

At the steady state pressure p, the specific volumes corresponding to the inlet
temperature (Tin) and the saturation temperature (Tsat), respectively, can be obtained
from the database of thermodynamic properties and hence, the densities can also be
easily calculated as well.

Assuming the working fluid densities corresponding to the temperatures Tin and
Tsat to be q1(0) and q1(L1), respectively. The average density in the subcooled flow
segment is calculated as (Majumdar et al. 2018a),

q1 ¼
2
3
q1 0ð Þþ 1

3
q1 L1ð Þ ð12:16Þ

Once the average density is found, the average temperature of the refrigerant in
the subcooled flow segment, eTrfg;1, can be obtained from the thermodynamic
database. In the two-phase flow segment, the average refrigerant temperature eTRfg;2

is equal to the saturation temperature at the steady state pressure level p. In the
superheated flow segment of length L3, the average vapour temperature eTRfg;3 is
calculated as (Majumdar et al. 2018a),

eTRfg;3 ¼ 1
3
TRfg;3 0ð Þþ 2

3
TRfg;3 L3ð Þ ð12:17Þ

where, TRfg;3 0ð Þ represents the saturation temperature at the steady state pressure
level p, and TRfg;3 L3ð Þ denotes the temperature of the superheated vapour at the
evaporator tube exit. These approximations are made with the assumption that the
axial profiles of the temperature and the density of the ORC working fluid follow
quadratic nature. However, more complicated profiles can be assumed for the

372 R. Majumdar and S. K. Saha



working fluid with the inclusion of axial heat conduction and dissipation terms in
the energy balance equation.

The prime focus of the quasi-steady moving boundary modelling approach is to
find the lengths of the subcooled, two-phase and superheated segments in the
narrow evaporator tube as well as the constant wall segment temperatures. From the
mathematical formulation itself, it is quite evident that the heat transfer coefficient
of a particular flow segment plays a very important role in determining length of
that flow regime and also the constant tube wall temperature of that flow segment. It
must be mentioned that the moving boundary model for one -dimensional fluid flow
assumes an average inner heat transfer coefficient for each of the distinct flow
segments of interest and also an average outer heat transfer coefficient (Jensen and
Tummescheit 2002; Zhang and Zhang 2006; Grald and MacArthur 1992; Shi et al.
2016), as each of the sectional segments is represented by a single node.

Previously reported work, pertinent to the modeling and simulation of two-phase
flow evaporators for parabolic-trough based solar thermal installations, mentions
the application of the concept of heat transfer driven by an average heat transfer
coefficient in each of the flow segments and approximation of regime-specific
average heat transfer coefficient values (Cruz et al. 2013). Similar concept has also
been utilized in control volume based object oriented modeling (Yebra 2006).

The Dittus-Boelter correlation is used to estimate the average inner heat transfer
coefficient in the subcooled and superheated flow regimes (Dittus and Boelter
1930). For an average mass flow rate of 3 kg/s through the evaporator tube, the
inner heat transfer coefficient for the subcooled segment, at the pumping pressure
level of 3 MPa, is calculated to be 6071 Wm−2 K−1, and that for the superheated
region is calculated as 4868 Wm−2 K−1. The calculated heat transfer coefficients are
compared with the published experimental values (Li and Hrnjak 2017; Meyer
2014) and a good agreement is found. The calculated values of the heat transfer
coefficient differ from the reported experimental values, as the experimental con-
ditions (i.e. pressure, temperature, mass flow rate etc.) under which the heat transfer
coefficients were measured are very different from those considered in the illus-
trative computational example.

It is noteworthy that the simplified reduced order quasi-steady model does not
take into account the heat-flux transferred from the thermic oil side into the
refrigerant flowing through the evaporator tube in the ORC heat exchanger.
Furthermore, the reduced order modeling the study utilizes a time-invariant average
void fraction for the two-phase region. Therefore, the average inner heat transfer
coefficient in the two-phase region is iteratively calculated using
Donowski-Kandlikar correlation (Donowski and Kandlikar 1999). For an average
heat flux *900 kWm−2, an average operating refrigerant mass flow rate of 3 kg/s
and by assuming an average void fraction of 0.665 (Jensen and Tummescheit
2002), the aforesaid heat transfer coefficient is estimated to be 25,058 Wm−2 K−1.

The heat transfer coefficient of Hytherm 600 (HTF) is usually low and moreover,
the thermophysical properties of this lubricant oil are not yet well characterized at
temperatures in excess of 305 °C. The Gnielinski correlation (Gnielinski 1975), is
used to estimate the outer heat transfer coefficient in the thermic oil side. For a
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thermic oil mass flow rate of 13.8 kg/s circulating in the primary loop (collector
loop) and a thermic oil reservoir diameter (Dr) of 0.252 m, the average outer heat
transfer coefficient is calculated to be 435 Wm−2 K−1.

In order to ensure a sufficient length of subcooled segment (L1) (for avoiding a
dry out scenario), a working relationship between the refrigerant mass flow rate and
the average temperature of Hytherm 600 (THTF) has been prescribed. The working
relationship considers a finite length of the superheated region (L3) as well, so that
the saturated dry vapour is able to gain the required level of enthalpy at the
evaporator outlet, in a gradual fashion. Once L1 and L3 are obtained, the length of
the two-phase segment (L2) can be found easily. Therefore, the length of the
two-phase segment (L2) is not constrained strictly. From the boundary condition
applied on the rate of change of sectional lengths for evaluating the tube wall
temperatures in the flow segments of interest (Jensen and Tummescheit 2002), it is
quite evident that the length of the subcooled column increases with increasing
refrigerant mass flux, whereas the length of the two-phase region shrinks. On the
other hand, the two-phase segment broadens as soon as the subcooled segment
begins to diminish due to the heat transfer from the thermic oil side and subsequent
evaporation. The constraints applied on the sectional lengths depend on the several
system parameters; such as the total length of the narrow evaporator tube (L), inner
diameter of the evaporator tube (Di), evaporator tube wall thickness (Do − Di), and
the type of the refrigerant used. An empirical relationship is formed between the
refrigerant (R134a) mass flow rate and THTF by using the aforementioned boundary
conditions and constraints. The refrigerant mass flow rate of can neither be allowed
to reach unfeasibly high values, nor it can be allowed to fall to an impractical low
value based on the regular demand of the load loop. The mass inflow to the
evaporator tube also depends on the capability of the pump used. In order to
incorporate the effect of several system parameters, the scalar constants K1 and K2

are introduced in the relationship to achieve more accurate and situation specific
values. Furthermore, the formulation also introduced offset correction constants K3

and K4 to aid fine-tuning of the working fluid mass flow rates, and these constants
are to be determined iteratively in a case-specific manner. The upper limit as well as
the lower limit of the working fluid mass flow rate are estimated to obtain a feasible
operating range (Majumdar et al. 2018a).

In order to enable precise estimation of the mass flow rates, the constraints
imposed on the sectional lengths should be varied as THTF and ~Psolar change.
However, the same set of constraints is considered for the calculation of mass flow
rates, over the whole range of values of THTF, for the sake of simplification in the
numerical analysis. The flow-chart (Fig. 12.7) schematically shows the iterative
process of estimating the mass flow rate of ORC working fluid.

The constraints imposed on the sectional lengths depends on the total length of
the evaporator tube. Roughly, under normal operating conditions, the longer the
evaporator tube, the longer should be length of the subcooled refrigerant segment. It
must be noted that the refrigerant mass flow rate needs be increased to achieve a
longer subcooled segment. With a view to obtaining the lower limit of the
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refrigerant mass flow rate _minð Þ for the 5 m long heat-exchanger tube,
L1 � 2:5Di; L2 � 30Di and L3 � 2:6Di are assumed as the constraints on the sec-
tional lengths. The upper limit of the mass flow rate for the evaporator tube is
calculated by using the constraints L1 � 4:2Di; L2 � 186Di and L3 � 4:5Di. On the
other hand, for finding the lower limit of the refrigerant mass flow rate for the 10 m
long evaporator tube, the constraints on the length segments are
L1 � 2:8Di; L2 � 385Di and L3 � 3:1Di; whereas, for the corresponding upper limit
of the refrigerant mass flow rate, the assumed constraints are
L1 � 5:1Di; L2 � 381Di and L3 � 5:5Di.

The working relationships between the refrigerant mass flow rates _minð Þ and
THTF are as follows (Majumdar et al. 2018a),

_min;lower ¼ K1 �1:019� 10�6T3
HTF þ 1:805� 10�3T2

HTF � 0:8781THTF þ 133:1
� �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl} þK3

ð12:18Þ

_min;upper ¼ K2 0:237THTF � 84:0304ð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl} þK4 ð12:19Þ

In Eqs. 12.18 and 12.19, the empirical relationships between the refrigerant
(R134a) mass flow rate and THTF are marked with accent. The empirical relation-
ships are fine-tuned by using the added scalar constants, as described before.

Fig. 12.7 A flow chart describing briefly the calculation of working fluid mass flow rates
(Majumdar et al. 2018a). (Reproduced with permission from © 2018 Elsevier)
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For the purpose of convenient mathematical representation, separate ratios are
defined for the sectional lengths of interest, L1, L2 and L3, respectively, at the upper
end as well as the lower end of the working fluid (R134a) mass flow rate. The lower
and upper ends of the working fluid mass flow rate are given by Eqs. 12.20 and
12.21, respectively.

_min ¼ _min;lower ð12:20Þ

_min ¼ _min;upper ð12:21Þ

The aforementioned length ratios are defined as,

Rj;lower ¼ Lj;lower
Di

� �
; j ¼ 1; 2; 3 ð12:22Þ

and

Rj;upper ¼ Lj;upper
Di

� �
; j ¼ 1; 2; 3 ð12:23Þ

where, Lj;lower and Lj;upper symbolize the respective sectional lengths corresponding
to the lower and upper ends of the working fluid mass flow rate, respectively.

Selected simulation results. Figure 12.8 demonstrates lower end and upper end
mass flow rate profiles for the refrigerant (R134a), for both 5 m as well as 10 m
long evaporator tubes, for the aforementioned computational set up as well as the
imposed constraints on the sectional lengths (subcooled, two-phase, superheated).
Corresponding length ratios can be found from Figs. 12.9, 12.10 and 12.11

Fig. 12.8 Variation in the
ORC refrigerant (R134a)
mass flow rate with
time-varying profile of THTF
(t = 0 corresponds to 7:20
AM)
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Fig. 12.9 Variation in the
subcooled length ratio (R1)
with time-varying profile of
THTF (t = 0 corresponds to
7:20 AM) (Majumdar et al.
2018a). (Reproduced with
permission from © 2018
Elsevier)

Fig. 12.10 Variation in the
two-phase length ratio (R2)
with time-varying profile of
THTF (t = 0 corresponds to
7:20 AM) (Majumdar et al.
2018a). (Reproduced with
permission from © 2018
Elsevier)

Fig. 12.11 Variation in the
superheated length ratio (R3)
with time-varying profile of
THTF (t = 0 corresponds to
7:20 AM)
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respectively. The higher values of R1;lower and R1;upper in the middle region of the
respective graphs in Fig. 12.9 indicate that the tube does not run dry at higher
values of THTF. Figure 12.12 demonstrates the variation of temperatures of the wall
segments (Twall,1, Twall,2, Twall,3) in response to the time-varying profile of THTF.
From Figs. 12.5 and 12.12 respectively, it can be comprehended clearly that the
wall temperature of the superheated flow segment (Twall,3) increases monotonically
at the solar radiation level of about 250 W/m2 during the rise phase. In the sub-
cooled segment, the evaporator tube wall temperature (Twall,1) exhibits a compa-
rably lower rate of increment with increasing values THTF. The wall temperature in
the two-phase segment (Twall,2) hardly changes with increasing solar radiation. At
the solar radiation levels of practical interest, the wall temperature of the subcooled
region (Twall,1) is found to be the lowest of all three regions, whereas the tube wall
in the superheated region turns out to be the hottest, i.e. Twall,1 < Twall,2 < Twall,3
(Fig. 12.12).

12.2.3 Dynamic Moving Boundary Reduced Order Model

From the preceding discussion, it can be evidently seen that quasi-steady models
are very useful and effective in describing the long-time behavioral trends of the
solar thermal systems. Nevertheless, the temporal fluctuations in the pumping
pressure working on the subcooled working fluid cause prominent transient changes
in the wall temperature profiles of the subcooled, two-phase and superheated seg-
ments of the narrow evaporator tube in the two-phase ORC heat exchanger. In order
to address these transient changes, reasonably accurate and mathematically tractable
system level dynamic models are required. Due to the computational speed as well
as the simplicity of formulation, the moving boundary dynamic models have

Fig. 12.12 Variation in the
temperature of the wall
segments (Twall,1, Twall,2,
Twall,3) with time-varying
profile of THTF (t = 0
corresponds to 7:20 AM)
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emerged as the front-runners in the context of advanced control of the solar thermal
power plants (Majumdar et al. 2018b). For the dynamic moving boundary models
to be applicable in the solar thermal applications as well as low-grade heat recovery
systems, the assumptions of the evaporator tube and flow conditions remain the
same as mentioned and discussed before (Shi et al. 2016; Majumdar et al. 2018b).

Governing equations. One-dimensional dynamic moving boundary model
consists of the time-dependent mass balance and energy balance equations for the
working fluid in each of the three distinct flow segments (subcooled, two-phase and
superheated region) in the two-phase ORC heat exchanger. Additionally, three
more equations are also required to account for the energy balance in the wall of the
evaporator tube in each of the aforesaid segments. The time-varying operating
pressure (pumping pressure), acting on the subcooled refrigerant (R134a) at the
inlet of the two-phase evaporator, is considered to be the sole independent variable;
whereas all other physical and thermodynamic variables of interest are taken as
dependent variables (Majumdar et al. 2018b). This approach simplifies the math-
ematical formulation considerably and does away with the computational
tediousness (Majumdar et al. 2018b), as reported in previously published work.

The mass balance equation for the subcooled region is written as,

A �q1 tð Þ � qf ;sat tð Þ
� � dL1 tð Þ

dt
þ L1 tð Þ d�q1 pð Þ

dp
dp tð Þ
dt

	 

¼ _min tð Þ � _m12 tð Þ ð12:24Þ

where, the time-dependent average density of the refrigerant in the subcooled
segment at the pressure level p(t) is expressed as, �q1 p tð Þð Þ ¼ 2

3 qf ;in p tð Þð Þþ
1
3 qf ;sat p tð Þð Þ; by assuming a quadratic profile of variation in the working fluid
density along the axial direction.

The mass balance equation for the two-phase flow segment is formulated as,

A qf ;sat tð Þ � qg;sat tð Þ
� � dL1 tð Þ

dt
þ 1� �cð Þ qf ;sat tð Þ � qg;sat tð Þ

� � dL2 tð Þ
dt

	
þ L2 tð Þ �c

dqg;sat pð Þ
dp

þ 1� �cð Þ dqf ;sat pð Þ
dp

� �
dp tð Þ
dt



¼ _m12 tð Þ � _m23 tð Þ ð12:25Þ

The flow qualities at the inlet as well as the at outlet of the evaporator tube are
assumed to remain unchanged, and hence, the mean void fraction �cð Þ can be assumed

to be time-invariant (Wedekind et al. 1978; Beck and Wedekind 1981), i.e.
d�c
dt

¼ 0.

The mass balance equation for the superheated flow segment is expressed as,

A L3 tð Þ d�q3 pð Þ
dt

dp tð Þ
dt

þ qg;sat tð Þ � �q3 tð Þ� � dL1 tð Þ
dt

	
þ qg;sat tð Þ � �q3 tð Þ� � dL2 tð Þ

dt



¼ _m23 tð Þ � _mout tð Þ ð12:26Þ
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The working fluid temperature at the outlet of the two-phase heat exchanger
(Tout,HE) is assumed to be remain fixed irrespective of the inlet conditions
(Majumdar et al. 2018b). The time-varying average temperature of the working
fluid in the superheated segment eTRfg;3 tð Þ� �

is formulated as, eTRfg;3 tð Þ ¼
1
3 Tf ;sat tð Þþ 2

3 Tout;HE; Tf ;sat tð Þ symbolizes the saturation temperature of the working
fluid refrigerant corresponding to the time-varying pumping pressure P(t) at the
evaporator inlet.

The dynamical energy balance equation for the subcooled flow segment is
formulated as,

A �q1 tð Þ�h1 tð Þ � qf ;sat tð Þhf ;sat tð Þ
� � dL1 tð Þ

dt

	
þ L1 tð Þ�q1 tð Þ d

�h1 pð Þ
dp

þ L1 tð Þ�h1 tð Þ d�q1 pð Þ
dp

� L1 tð Þ
� �

dp tð Þ
dt



þ _m12 tð Þhf ;sat tð Þ � _min tð Þhin tð Þ ¼ pDiai1L1 tð ÞTwall;1 tð Þ � eTRfg;1 tð Þ ð12:27Þ

The values of average specific enthalpy �h1 tð Þð Þ is found by using the average
density in the subcooled flow segment �q1 tð Þð Þ (IRC Online Fluid Property Calculator
2018). The average temperature of the refrigerant in the subcooled zone TRfg;1 tð Þ� �

is
found by utilizing the values of �q1 tð Þð Þ (Isobaric Properties for Ethane 2018).

The dynamical energy balance equation for the two-phase flow segment is
written as,

A L2 tð Þ �cqg;sat tð Þ
dhg;sat pð Þ

dp
þ�chg;sat tð Þ

dqg;sat pð Þ
dp

	�
þ 1� �cð Þqf ;sat tð Þ

dhf ;sat pð Þ
dp

þ 1� �cð Þhf ;sat tð Þ
dqf ;sat pð Þ

dp
� 1


dp tð Þ
dt

þ �cqg;satðtÞhg;satðtÞþ ð1� �cÞqf ;satðtÞhf ;sat tð Þ
�  dL1 tð Þ

dt

þ 1� �cð Þ qf ;sat tð Þhf ;sat tð Þ � qg;sat tð Þhg;sat tð Þ
� ��  dL2 tð Þ

dt

�
þ _m23 tð Þhg;sat tð Þ � _m12 tð Þhf ;sat tð Þ ¼ pDiai2L2 tð ÞTwall;2 tð Þ � eTRfg;2 tð Þ ð12:28Þ

The energy balance equation pertinent to the superheated flow is formulated as,

A �q3 tð Þ�h3 tð Þ dL3 tð Þ
dt

þ qg;sat tð Þhg;sat tð Þ
dL2 tð Þ
dt

L3 tð Þ
	
þ �q3 tð Þ d

�h3 pð Þ
dp

þ L3 tð Þ�h3 tð Þ d�q3 pð Þ
dp

þ � L3 tð Þ
� �

dp tð Þ
dt



þ _mout tð Þhout tð Þ � _m23 tð Þhg;sat tð Þ ¼ pDiai3L3 tð ÞTwall;3 tð Þ � eTRfg;3 tð Þ ð12:29Þ
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where, the average density of the refrigerant vapour in the superheated flow seg-
ment �q3 tð Þð Þ is found by utilizing eTRfg;3 tð Þ along with p(t) (Isobaric Properties for
Ethane 2018). Thereafter, �q3 tð Þ is utilized along with p(t) to find �h3 tð Þ from the
database of thermodynamic values (IRC Online Fluid Property Calculator 2018).
The density (qout(t)) and the specific enthalpy (hout(t)) of superheated refrigerant
vapour at the exit of the two-phase heat exchanger, are found by using the fixed
temperature of the working fluid at the heat exchanger outlet (Tout,HE) (Isobaric
Properties for Ethane 2018) and transient pressure p(t).

The energy balance equation for the tube wall of the subcooled segment is given is,

cwallqwallAwall L1
dTwall;1 tð Þ

dt
þ Twall;1 tð Þ � Twall;1;end tð Þ� � dL1 tð Þ

dt

	 

¼ ai1pDiL1 tð Þ ~TRfg;1 tð Þ � Twall;1 tð Þ� �þ aopDoL1 tð Þ ~THTF tð Þ � Twall;1 tð Þ� � ð12:30Þ

where, Awall ¼ p Do � Dið Þ; Twall;1;end tð Þ ¼ Twall;1 tð Þjz¼L1 tð Þ.

The average HTF temperature eTHTF tð Þ� �
is altered by changing the HTF mass

flow rate, which in turn is modulated according to the circulating mass flow rate of
the pressurized feed water in the collector loop or the primary heat transfer loop
(Majumdar et al. 2018b).

The dynamical energy balance equation for the wall of the two-phase flow
segment of evaporator tube is,

cwallqwallAwall

L2 tð Þ dTwall;2 tð Þ
dt þ Twall;1;end tð Þ � Twall;2 tð Þ� � dL1 tð Þ

dt

þ Twall;2 tð Þ � Twall;2;end tð Þ� � dL2 tð Þ
dt

8<:
9=;

¼ ai2pDiL2 tð Þ eTRfg;2 tð Þ � Twall;2 tð Þ
� �

þ aopDoL2 tð Þ eTHTF tð Þ � Twall;2 tð Þ
� �

ð12:31Þ

where, Twall;2;end tð Þ ¼ Twall;2 tð Þjz¼L1 tð ÞþL2 tð Þ and the boundary condition is taken as
(Jensen and Tummescheit 2002),

Twall;2;end tð Þ ¼ Twall;2 tð Þ if dL2 tð Þ
dt � 0

Twall;2;end tð Þ ¼ Twall;3 tð Þ if dL2 tð Þ
dt [ 0

)
ð12:32Þ

and

Twall;1;end tð Þ ¼ Twall;1 tð Þ if dL1 tð Þ
dt � 0

Twall;1;end tð Þ ¼ Twall;2 tð Þ if dL1 tð Þ
dt [ 0

9=; ð12:33Þ

The energy balance equation for the wall of the superheated region of heat
exchanger tube is given as,
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cwallqwallAwall L3
dTwall;3 tð Þ

dt
þ Twall;1;end tð Þ � Twall;2 tð Þ� � dL1 tð Þ

dt

	
þ Twall;2;end tð Þ � Twall;3 tð Þ� � dL1 tð Þ

dt
þ dL2 tð Þ

dt

� �

¼ ai3pDiL3 tð Þ ~TRfg;3 tð Þ � Twall;3 tð Þ� �þ aopDoL3 tð Þ ~THTF tð Þ � Twall;3 tð Þ� �

ð12:34Þ

The boundary condition is given as (Jensen and Tummescheit 2002),

Twall;2;end tð Þ ¼ Twall;2 tð Þ if dL2 tð Þ
dt � 0

Twall;2;end tð Þ ¼ Twall;3 tð Þ if dL2 tð Þ
dt [ 0

)
ð12:35Þ

and

Twall;1;end tð Þ ¼ Twall;1 tð Þ if dL1 tð Þ
dt � 0

Twall;1;end tð Þ ¼ Twall;2 tð Þ if dL1 tð Þ
dt [ 0

9=; ð12:36Þ

Selected computational results for the transient model. In order to facilitate
the demonstration of the transient characteristics of the dynamic model, a sinusoidal
profile for the pumping pressure is assumed. The mathematical expression for the
time-varying pressure is given by following the footsteps of relevant mathematical
formulation available in published literature (Desideri et al. 2016),

p tð Þ ¼ po 1þ 0:01
PPS
2

� �
sin 0:3� 2ptð Þ

� �
ð12:37Þ

where, PPS denotes the envelope (in number of percentage) encompassing the
peak-to-peak deviation from the mean pressure. In the representative results, an
envelope of 0.1% peak-to-peak deviation is assumed about the mean operating
pressure (po), and therefore PPS = 0.1.

In order to solve for the governing Eqs. (12.24)–(12.31) and (12.34), the initial
conditions (at t = 0) are obtained from the numerical results of the quasi-steady
model. The constraints on the length segments are suitably chosen such that a
subcooled segment length (L1) of at least 0.015L is always ensured across the
time-varying profile of eTHTF tð Þ, in order to ensure that the evaporator tube in the
two-phase ORC heat exchanger never faces a dearth of subcooled column.
Furthermore, a superheated segment length (L3) of at least 0.0467L is ensured as
well, to facilitate the desired level of specific enthalpy of the superheated vapour at
the outlet of the evaporator tube, at 30 bar. The initial values for the wall segment
temperatures (Twall,1, Twall,2 and Twall,3) are chosen as 395, 370 and 430 K,
respectively, following the steady state values reported in an earlier work

382 R. Majumdar and S. K. Saha



(Jensen and Tummescheit 2002). Detailed description of the computational scheme
can be found in the relevant published work (Majumdar et al. 2018b).

The dynamical simulation of the one-dimensional model demonstrated that the
transient fluctuations in the temperatures of the tube wall segments are essentially of
similar graphical nature to the fluctuations in the pumping pressure at the inlet of
the two-phase evaporator (Majumdar et al. 2018b). Similar observations were found
in earlier computational works pertaining to the modeling and simulation of
two-phase flows (Bauer 1999).

Figures 12.13, 12.14 and 12.15 represent the transient variations of the wall
temperatures of the subcooled, two-phase and superheated segments of the evap-
orator tube of the two-phase ORC heat exchanger, respectively, for a suitable mass
inflow rate of the subcooled ORC refrigerant which will enable generation of at
least 750 kWt at the turbine. In the reported work (Majumdar et al. 2018b), while
calculating the output power it was assumed that the mass flow rate of the super-
heated refrigerant steam remains almost the same as the mass flow rate of the
subcooled refrigerant entering the narrow evaporator tube. From Figs. 12.13, 12.14,
12.15 it can be evidently observed that the temporal fluctuations in the wall tem-
perature is the largest in the superheated region, whereas the temperature swing is
found to be the lowest in the two-phase region. Very sharp transient variations in
the wall temperatures of interest is a computational artefact that arise from one of
the key assumptions used in the formulation of the moving boundary dynamic
model that the axial heat conduction in the tube wall is neglected.

More accurate results can be obtained with proper thermal optimization of the
system based on the length on the evaporator tube, working fluid mass flow rate and
the heat flux transferred into the working fluid from the hot thermic oil side.

Fig. 12.13 Transient
fluctuations in the subcooled
region wall temperature
(Twall,1) (Majumdar et al.
2018b). (Reproduced with
permission from © 2018
Elsevier)
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Fig. 12.14 Transient
fluctuations in the two-phase
region wall temperature
(Twall,2) (Majumdar et al.
2018b). (Reproduced with
permission from © 2018
Elsevier)

Fig. 12.15 Transient
fluctuations in the superheated
region wall temperature
(Twall,3) (Majumdar et al.
2018b). (Reproduced with
permission from © 2018
Elsevier)
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12.2.4 Moving Boundary Dynamic Model with Inclusion
of Momentum Conservation

Momentum conservation equation is introduced to the transient moving boundary
model (Jensen and Tummescheit 2002) in order to take into account the effect of
pressure drop across the long evaporator tube with a length of the order of 1000 m
in real life solar thermal installations. The model is formulated based on the Finite
Volume Method (FVM) using staggered grid control volume approach.
Figure 12.16 shows the computational control volume with three different regions
of the fluid. The following hypotheses are made in the model to incorporate the
pressure changing over the successive flow regions (subcooled, two-phase and
superheated sections) represented by Po(t), P1(t) and P2(t) in the respective control
volumes (figure). A tilt angle (a) over the horizontal plane has also been considered.
The mass and energy conservations are made in the control volume CVM,Ei whereas
the control volume, CVFM,i is used for the momentum conservation. The temporal
evaluation of control volume boundaries is discussed in detail in the work reported
by Yebra (Yebra et al. 2005). The General Balance Equation (GBE) is expressed as
(Jensen and Tummescheit 2002; Todreas and Kazimi 1993),

d
dt

Z
8

qfd8þ
I
S

qf u� usð Þn̂dS ¼
Z
8

q/d8þ
I
S

Jn̂dS ð12:38Þ

where u is the fluid velocity, us is the CV surface velocity and n̂ is the unit normal
vector to CV surface. The variables f;/; Jf g takes the form according to the
conservation equation as tabulated in Table 12.1. In Table 12.1, g is the

Fig. 12.16 Computational domain divided into control volumes (dash-dotted lines indicate
staggered grid and dotted lines designate standard grid)
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acceleration due to gravity, s is the surface stress tensor, I is the identity matrix, q″
is the energy flux on the surface S, P is the pressure and e is the specific internal
energy.

Momentum conservation:
The one-dimensional momentum conservation in z-direction of evaporator with

cross section A, can be written as,

A
d qf
� �
dt

z2 � z1ð ÞþA qf
� � dz2

dt
� dz1

dt

� �
þA qf u� usð Þð Þjz2 � qf u� usð Þð Þjz1
h i

¼ A
Zz2
z1

q/dzþ
I
S

Jn̂dS ð12:39Þ

For usjzi¼ dzi
dt . The momentum conservation equation turns out to be after sub-

stituting the variables f;/; Jf g,

z2 � z1ð Þ d _m
dt

þ _m z1ð Þ � _m
� � dz1

dt
� _m z2ð Þ � _m
� � dz2

dt
¼ _I z1ð Þ � _I z2ð Þ � Aqg z2 � z1ð Þsina� APloss

þA P z2ð Þ � P z1ð Þð Þ ð12:40Þ

where, _m is the average mass flow rate in the interval z1; z2½ 	 and is expressed as
1

z2�z1ð ÞA
Rz2
z1
_m zð Þdz and the mass flow rate _m zið Þ is calculated at zi. The momentum

flux, _I zið Þ can be evaluated at zi using _m zið Þ u zið Þj j. The equivalent pressure of
friction forces in control volume can be determined assuming turbulent flow as

Ploss ¼ f
z2�z1ð Þ _m _mj j
2A2q _mð ÞDin

. q _m
� �

takes the form according to the discretization scheme,

such as central difference or upwind. The parameters, P(zi), f and Din are pressure at
zi, friction factor and hydraulic diameter, respectively. For two consecutive control
volumes, the terms used in Eq. (12.40) have been summarized in Table 12.2.

The momentum equation is solved using the following boundary conditions on
CVM;Ei -

Table 12.1 Variables
f;/; Jf g in the conservation

equations

Conservation equation f / J

Mass 1 0 0

Momentum u g �s� P�I

Energy eþ u2
2

gu �q00 þ �s� P�Ið Þu
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P L0ð Þ ¼ P0 þP1

2
;P L0 þ L1ð Þ ¼ P1 þP2

2
ð12:41Þ

Tw L0ð Þ ¼ Tw0 if dL0
dt [ 0

Tw0 if dL0dt � 0

8<: ð12:42Þ

Tw L0 þ L1ð Þ ¼ Tw2 if dL1
dt [ 0

Tw2 if dL1
dt � 0

8<: ð12:43Þ

The mass and energy balance equations for the working fluid flowing through
the evaporator tube in the three flow regimes of interest are written as follows,

Subcooled zone:

Mass : A q0 � q0ð Þ dL0dt þAL0
dq0
dP

���
h
þ 1

2
dq0
dh

���
P

dh0
dP

� �
dP0

dt

þ 1
2AL0

dq0
dh

���
P

dhin
dt ¼ _min � _m1

ð12:44Þ

Fluid energy : 1
2A q0 hin � h0ð Þ � 2q0h0 � 2P0 þ 2P L0ð Þð Þ dL0dt

þ 1
2AL0 q0 þ 1

2 hin þ h0ð Þdq0dh

���
P

� �
dhin
dt

þ 1
2AL0 q0

dh0
dP þ hin þ h0ð Þ dq0

dh

���
P
þ 1

2
dq0
dh

���
P

dh0
dP � 2

� �� �
dP0

dt
¼ _minhin � _m1h0 þ pDiL0ai0 Tw0 � Toð Þ

ð12:45Þ

Table 12.2 Terms used in
Eq. (12.40) for two control
volumes CVFM0�1 and CVFM1�2

Variable CVFM0�1 CVFM1�2

z1 L0
2 L0 þ L1

2

z2 L0 þ L1
2 L0 þ L1 þ L2

2

_m _m1 _m2

_I z1ð Þ _m z1ð Þ _m z1ð Þj j
Aq0

_m z1ð Þ _m z1ð Þj j
Aq1

_I z2ð Þ _m z2ð Þ _m z2ð Þj j
Aq1

_m z2ð Þ _m z2ð Þj j
Aq2

P z1ð Þ P0 P1

P z2ð Þ P1 P2

Ploss f L0�L1ð Þ _m1 _m1j j
4A2q _m1ð ÞDin

f L1�L2ð Þ _m2 _m2j j
4A2q _m2ð ÞDin

q _m1ð Þ q0 þ q1
2

q _m2ð Þ q1 þ q2
2

_m z1ð Þ _min þ _m1
2

_m1 þ _m2
2

_m z2ð Þ _m1 þ _m2
2

_m2 þ _mout
2
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Tube energy : Awqwcp;w L0
dTw0
dt þ Tw0 � Tw L0ð Þð Þ dL0dt

� �
¼ pDiL0ai0 To � Tw0ð Þþ q000L0

ð12:46Þ

Two-phase zone:

Mass : A q0 � q00ð Þ dL0dt þA q0 � q00ð Þ 1� �cð Þ dL1dt
þAL1 �c dq

00

dP þ 1� �cð Þ dq0dP

� �
dP1

dt ¼ _m1 � _m2
ð12:47Þ

Fluid energy : A q00h0 � q00h00 � P L0ð ÞþP L0 þ L1ð Þð Þ dL0dt
þA 1� �cð Þ q0h0 � q00h00ð Þ � P1 þP L0 þ L1ð Þð Þ dL1dt
þAL1 �c d q00h00ð Þ

dP þ 1� �cð Þ d q0h0ð Þ
dP � 1

� �
dP1

dt
¼ _m1h0 � _m2h00 þ pDiL1ai1 Tw1 � T1ð Þ

ð12:48Þ

Tube energy : Awqwcp;w
L1

dTw1
dt þ Tw L0ð Þ � Tw1ð Þ dL0dt
þ Tw1 � Tw L0 þ L1ð Þð Þ dL1dt

0@ 1A
¼ pDiL1ai1 T1 � Tw1ð Þþ q001L1

ð12:49Þ

Superheated zone:

Mass : A q00 � q2ð Þ dL0dt þA q00 � q2ð Þ dL1dt
þAL2 1

2
dq2
dP

���
P

dh00
dP þ dq2

dP

���
h

� �
dP2

dt

þ 1
2AL2

dq2
dP

���
P

dhout
dt ¼ _m2 � _mout

ð12:50Þ

Fluid energy : A q00h00 � 1
2q2 h00 þ houtð ÞþP2 � P L0 þ L1ð Þ� � dL0

dt þ dL1
dt

� �
þ 1

2AL2 h00 þ houtð Þ 1
2
dq2
dP

���
P

dh00
dP þ dq2

dP

���
h

� �
þ q2

dh00
dP � 2

� �
dP2

dt

þ 1
2AL2 q2 þ 1

2
dq2
dP

���
P
h00 þ houtð Þ

� �
dhout
dt

¼ _m2h00 � _mouthout þ pDiL2ai2 Tw2 � T2ð Þ
ð12:51Þ

Tube energy : Awqwcp;w L2
dTw2
dt þ Tw L0ð Þ � Tw1ð Þ dL0dt

h
þ Tw L0 þ L1ð Þ � Tw2ð Þ dL0

dt þ
dL1
dt

� �i
¼ pDiL2ai2 T2 � Tw2ð Þþ q002L2

ð12:52Þ

All the symbols bear the same meaning as mentioned in ref. (Yebra et al. 2005).
Computational investigations can be performed by using the above
one-dimensional model (Eqs. 12.40–12.52) and by training the initial conditions
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according to the experimental findings available from the real-life solar thermal
power plants, with a view to comparing the computational cost as well as the
accuracy of numerical predictions with the aforementioned reduced order dynamic
model.

The dynamic moving boundary model can be improved further by incorporating
axial variation in the heat transfer fluid temperature profile in shell and tube heat
exchanger and by introducing time-dependent fluctuations in the subcooled
refrigerant flow at the heat exchanger entry. Study of the transient moving boundary
characteristics for different steady-state mean pressure values and for different
extent of the dynamic fluctuations will a facilitate a better understanding about the
feasible operating conditions and will help in the instrumentation for the advanced
control of the solar thermal load loop.
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