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ABSTRACT

An increasing interest in organic Rankine cycle (ORC) technology has led to numerous simulation and
optimization studies. In the open-literature different modeling approaches can be found, but general soft-
ware tools available to the academic/industrial community are limited. A generalized ORC simulation
tool, named ORCSim, is proposed in this paper. The framework is developed using object-oriented pro-
gramming that easily allows improvements and future extensions. Currently two cycle configurations are
implemented, i.e. a basic ORC and an ORC with liquid-flooded expansion. The software architecture,
the thermo-physical property wrappers, the component library and the solution algorithm are discussed
with particular emphasis on the ORC with liquid-flooded expansion. A thorough validation both at com-
ponent and cycle levels is proposed by considering the aforementioned cycle architectures.

1. INTRODUCTION

An Organic Rankine cycle (ORC) is considered one of the most suitable systems to recover waste heat
as well as to exploit renewable heat sources such as solar and geothermal. Although the technology is
known, the optimization of such a system remains a key focus of ongoing research. Fluid selection,
characterization of the cycle components and overall cycle analyses are a few of the common areas that
researchers continue to explore (Quoilin et al., 2010; Woodland et al., 2014). In this context, a general
ORC simulation framework, called ORCSim, is proposed to analyze such systems both at component
and cycle levels. The cycle simulation is composed of a library of detailed models of each of the system
components. While the general layout of the simulation tool and a brief introduction to the models of
the components are outlined in Ziviani et al. (2015b), the present work focuses on a demonstration of
the versatility of the tool. It can be applied to systems operating with different components, different
working fluids and different hot/cold sources. Two ORC system architectures are considered in order
to carry out a thorough validation, i.e. a standard ORC running with R245fa and an ORC with liquid-
flooded expansion and internal regeneration, with R134a as the working fluid. In particular, the plate
heat exchanger and expander models are described in detail because they present the highest level of
complexity among the cycle components. An individual validation of these component models is also
presented. The cycle simulation algorithm is explained along with the thermo-physical property routines.
Finally, cycle simulations are carried out to validate the tool against experimental data.

3RD International Seminar on ORC Power Systems, October 12-14, 2015, Brussels, Belgium



Paper ID: 30, Page 2

Figure 1: («) ORC;(b) ORCLFE.

2. ORCSIM ARCHITECTURE

ORCSim is a Python-based simulation tool which takes full advantage of the object-oriented program-
ming environment. Its architecture and solution scheme were originally derived from the open source
software for air conditioners and heat pumps, ACHP'. The first adaptation into an ORC simulation tool
can be found in Georges (2012). The modularity of the code results in a flexible tool which allows the
user to select not only the cycle configuration but also the desired type of model for each component. The
graphical user interface (GUI) is shown in Fig. 1. Two cycle architectures are currently available and
both are limited to subcritical applications: (i) standard organic Rankine cycle with/without internal re-
generation, Fig. 1(a); (ii) organic Rankine cycle with liquid-flooded expansion and internal regeneration
(Woodland et al., 2013), Fig. 1(b). The details of the GUI are described in Ziviani et al. (2015b).

2.1 Thermo-physical properties

In order to cover several ORC applications, the working fluid library has to be extensive, including both
pure or pseudo-pure fluids as well as mixtures. Furthermore, many applications require thermal oils
or other liquid heat transfer fluids to serve as the ORC heat source. The open-source thermo-physical
property library CoolProp (Bell et al., 2014) has been used as the main source to retrieve properties for
the wide range of refrigerants and incompressible fluids that may be used in ORC applications. This
library implements the most accurate equations of state available in the literature, as well as highly
efficient tabular interpolation methods to speed up property calculations. CoolProp can also be used as
an interface layer around REFPROP (Lemmon et al., 2013). In this way, it is possible to make use of most
of'the features implemented in REFPROP as well as in CoolProp. A separate routine has been developed
to compute the properties of the flooding mediums, typically lubricant oils, and of homogeneous mixtures
of refrigerant and flooding mediums.

2.2 Pre-conditioning and cycle solver

The individual components of the ORC system are connected together in a cycle model. The solution
of a simulation is initialized with a pre-conditioner, which calculates the first set of guesses of the evap-
orating and condensing temperatures and other required parameters. The pre-conditioner is basically
equivalent to the main cycle to be solved with simplified models for the plate heat exchangers and ex-
pander. After the pre-conditioning loop is completed, the main solver drives three residuals to zero using
a multi-variable Newton-Raphson algorithm. Two of these residuals are an overall energy balance and a
conservation of mass flow rate between the pump and expander. Pressure drops through the system lines
and heat exchangers are neglected so a momentum balance residual is not needed. The general form of

'The ACHP website is at http://achp.sourceforge.net.
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the overall energy balance, which also includes the flooding loop, is given by:

pr,r + Qev,r + pr,oil + Qev,oil - Wexp - ch,r =0 (1)

The third residual is the total mass of refrigerant in the system. The user can select whether this residual
is minimized directly, by specifying the total system charge, or indirectly, by specifying the condenser
exit subcooling. The validations proposed in this paper are limited to the cases in which subcooling is
imposed. Additional details regarding the solution scheme can be found in Ziviani et al. (2015b).

3. PLATE HEAT EXCHANGER MODEL

Only plate heat exchangers (PHEX) are considered in the current version because they are a common
choice for waste heat recovery. The model is based on a moving-boundary approach and a validation is
proposed for both evaporating and condensing streams.

3.1 Moving Boundary approach

An efficient moving-boundary algorithm is implemented to simulate the steady-state behavior of the
heat exchangers. The model is based on the algorithm proposed by Bell et al. (2015). This model can
accommodate evaporator and condenser duty, as well as cascade duty heat exchangers, in which phase-
change occurs in both fluid streams. The model is robust and guarantees that the temperature profiles are
physically-possible. The PHEX is modeled as a counterflow heat exchanger with two streams, i.e. hot
and cold, separated by a wall. By imposing the inlet states of both streams and the geometric parameters,
the algorithm determines the maximum possible heat transfer rate corresponding to 100% effectiveness.
Then, the heat transfer rate is decreased due to internal pinch points, allowing for the possibility of phase
change in both streams. The actual heat transfer rate is obtained iteratively by using a numerical solver
with proper physical boundaries, i.e. the heat exchanger is divided into a number of zones corresponding
to a phase, i.e. liquid, vapor or two-phase. The residual function to be driven to zero is given by,

: Are j
r(Q)zl—ijzl—ZA—:” )
J J

where w; represents the j-fraction of the total heat exchanger length predicted from each zone. The
correct solution is achieved once the sum of the length fractions of all the zones is equal to unity. The
current model is suitable for sub-critical conditions only and the internal pressure drops are neglected.
An extension has been added in the code with respect to Bell et al. (2015), to allow incompressible
fluids, i.e. thermal oils, to be used as a heat source. In the solution process, if an incompressible fluid is
selected, the algorithm excludes vapor and two-phase zones from the possible combinations by forcing
the subcooled phase to be used. Thus, numerical artifacts have been added to eliminate the dependency
on vapor quality.

4. EXPANDER MODEL

Different types of expander models have been included within the simulation frame: (i) an empirical
model based on the Pacejka equation (for dry expansion only); (ii) a semi-empirical model based on the
physics of the expander. Both models have been described and validated by the authors (Georges, 2012;
Ziviani et al., 2015a) for a scroll and single-screw expanders under dry running conditions. In the fol-
lowing, the semi-empirical model is extended in order to allow for the liquid-flooded expansion process.
The extension of the semi-empirical model to allow for liquid flooding, as well as the experimental data
for a liquid-flooded scroll expander, were originally presented in (Georges, 2012). By considering the oil
as an incompressible fluid and by assuming mechanical and thermal equilibrium between the refrigerant
and the oil, the model is adapted by introducing a liquid fraction, i.e. ratio of the oil mass flow rate to
the refrigerant mass flow rate, that accounts for different flooding ratios, y,; = 7/, .
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Figure 2: (a) Schematic of the semi-empirical model; (5) ORCLFE at Ray W. Herrick Laborato-
ries, Purdue University; (¢) ORC at UGent, Campus Kortrijk.

*

An effective built-in volume ratio, 7}, ;,,,

ber:

is defined due to the presence of oil in the expansion cham-

* _ rv,int —da

rv,int -

; )

l1-a
where a = I'/o,-l,su / Vdis’exp is the fraction of the expander displacement volume that is occupied by oil.
By considering the schematic proposed in Fig. 2(a), the expansion process is split into two steps, i.e.
isentropic and constant volume, linked by a common internal state point. In particular, the isentropic
step is computed by keeping the specific entropy of the mixture constant:

Sm,int = Sm,su2 = Sr.int * Xoil Soil,int = Sr,int T (L) Soil,int “4)
My — Mieqf
where a new mass ratio, x,;;, has to be introduced to account for the internal leakage i.e. 71, j,; = 11,~1i1, jegi
and the presence of oil. The internal isentropic work and the work at constant volume are expressed
by:
Wint,s = hr,su2 - hr,int + Xoil (hoil,su2 - hoil,int)

(5)
Wint,v = (pr,im‘ _pr,exZ) (Vr,int + xoilvoil,suZ)
The overall definition of the isentropic effectiveness is then given by:
mnint (Wint,s + Wing, V) - Wloss
€exp,s = ) (6)

”"’r [hr,su - hr,ex7s + Voil (hoil,su - hoil,ex,s)]
where the mechanical losses W), are computed in the model as described in Ziviani et al. (2015a).

5. ORCSIM VALIDATION

The validation of the simulation tool has been carried out by considering two different ORC systems,
shown in Fig. 2. The first one, Fig. 2(b), is an ORC with liquid-flooded expansion and internal re-
generation (ORCLFE), where the high pressure and temperature refrigerant is homogeneously mixed
before entering the expander with a lubricant oil at the same thermodynamic conditions in order to force
the expansion toward a quasi-isothermal transformation. The working fluid is R134a and the lubricant
oil is a 150 SUS polyol ester (POE) oil. The system includes four PHEXs (evaporator, oil heater, con-
denser and regenerator), two diaphragm pumps, a mixing section, an oil separator and a scroll expander
(Woodland et al., 2013; Georges, 2012). Steam at around 105 °C and municipal water at around 15 °C
are used as the hot and cold source, respectively. From the experimental results and data processing,
7 steady-state points have been obtained for different flooding ratios (y,; = 0 ~ 1) with the rotational
speed of the expander fixed at 2500 rpm, as reported in (Georges, 2012). The second system, Fig. 2(c),
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Figure 3: Validation of the PHEX model in the case of the evaporators.

is a standard ORC with regenerator derived from an industrial version. The system is composed of three
identical PHEXs, a multi-stage turbopump, a liquid receiver and an 11 kW single-screw expander. The
working fluid is R245fa. A thermal oil, therminol 66 (or simply T66), is used as the heat source. It is
heated by means of a 250 kWe electric heater. Typical supply temperatures of the T66 are around 125
°C. The cooling medium is a mixture of water and ethylene glycol (around 30% by volume), which is
cooled by a rooftop air-cooler unit. A total of 60 steady-state points have been identified at different
expander rotational speeds (Ziviani et al., 2015a). Only the nominal speed of 3000 rpm is considered for
the following validation, i.e. 21 steady-state points. The first part of the validation addresses the PHEX
and expander components for each of the ORC systems. The second part is related to the overall cycle
model and the estimation of the cycle efficiency.

5.1 Validation of PHEX model as evaporator

The validation of the moving-boundary model applied to the evaporators is carried out by imposing the
mass flow rate and the inlet temperature and pressure of the heat source fluid and the refrigerant. The
model is used to determine the heat transfer rate and the outlet temperatures. The first result that is
possible to obtain is the temperature profile across the heat exchanger length for both streams. Fig. 3(a)
shows the temperature profile in the case of the ORCLFE, where the hot stream is saturated steam and
the working fluid is R134a. Similarly, Fig. 3(b) represents the temperature profile in the case of the
standard ORC with T66 as the heat source fluid and R245fa as the working fluid. Note that the internal
location of phase-change points is predicted by the model. In a design-stage analysis, this information
would allow one to optimize the geometry of the evaporators. The parity plots of the calculated outlet
temperature of the refrigerant, e, oy, caic, With respect to the experimental data, T, ex,r meas, are shown
in Fig. 3(c) and Fig. 3(d). In particular, Fig. 3(c) represents the outlet temperature for the evaporator
installed in the ORCLFE. The relative error between calculated and measured values is negligible. This
is due to the high heat capacity of the steam relative to the working fluid. It results in the limiting case
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Figure 4: Validation of the PHEX model in the case of the condensers.

that the working fluid exit temperature is equal to the steam inlet temperature. In the case of the standard
ORC with R245fa and T66 (Fig. 3(b)), the maximum heat transfer case is also apparent. However, the
outlet temperature of the refrigerant is actually over-predicted by up to 1.8 K. A comparison between the
thermo-physical property routines CoolProp and REFPROP has also been done in terms of computational
time. By considering a single run of the PHEX model in the case of R134a and steam steady-state points,
the same calculation has been performed using CoolProp, REFPROP called through CoolProp and native
REFPROP. The PHEX simulation with CoolProp resulted to be 1.44 times faster than native REFPROP
and up to 9.63 times faster than using CoolProp as an interface layer to REFPROP.

5.2 Validation of the PHEX model as condenser

In the same manner as for the evaporators, the PHEX model has been applied to the condensers by im-
posing the mass flow rate of both streams and the inlet conditions. For each of the ORC systems, two
examples of the temperature profiles across the PHEX length and the parity plots of the outlet temper-
ature of the refrigerant calculated and measured, T¢y ey r calc A0d Tey ex,rmeas» are shown in Fig. 4(c). It
should be noted that the ORCLFE uses water as the cooling medium, while the standard ORC has an
aqueous mixture of ethylene glycol. The outlet temperatures have been predicted within 1 K and 2.5 K,
respectively. Only four points in the case of R245fa/ethylene glycol aq. have been predicted within 5 K.
This represents an error in the predicted heat transfer rate of 11 %. The same results have been obtained
with native REFPROP. In the current PHEX model, general heat transfer correlations are implemented in
order to guarantee a general validity. An improvement could be made by integrating refrigerant-specific
heat transfer correlations.

5.3 Validation of the expander model
The semi-empirical model proposed for the expanders aims to be general enough to cover different types
of positive displacement machines and different operating conditions by adjusting a set of parameters.

3RD International Seminar on ORC Power Systems, October 12-14, 2015, Brussels, Belgium



Paper ID: 30, Page 7

As mentioned before, two different expanders have been considered in this study, i.e. a scroll expander
with liquid-flooded expansion and a single screw expander. The model has been calibrated with the
experimental points of each machine by means of a genetic algorithm. The procedure is explained in
Ziviani et al. (2015a). It should be noted that the limited number of steady-state points obtained for the
scroll expander under different flooding ratios does not allow for a validation of the model over a wide
range of operating conditions. Nevertheless, it is possible to verify whether the model is able to capture
the influence of the flooding medium. Regarding the single screw expander, a more comprehensive
investigation and analysis of such a machine can be found in Ziviani et al. (2015a). The comparison
between experimental data and calculated results is carried out by providing the expander rotational
speed, inlet pressure and temperature, the expander discharge pressure and the ratio of the oil to the
refrigerant mass flow rate. In the case of the single screw expander, the last parameter is set to zero.
The result of the validation is a set of parity plots for the predicted refrigerant mass flow rate, the power
output, the discharge temperature and the adiabatic efficiency. The validation of the scroll expander is
shown in Fig. 5. Fig. 6 shows the four parity plots for the single screw expander. By comparing the
results of both expanders, it is possible to notice that the model presents a better agreement in the case of
the single screw expander, mainly because the complexity of two-phase, two-component flow within the
working chamber is not involved. Despite this added complexity with the liquid-flooded scroll expander,
the model is able to predict its performance with reasonable accuracy. Note that, while the mass flow rate
is overestimated in all of the cases within 10% (Fig. 5(a)), the discharge temperature agrees within 1 K
(Fig. 5(c)). The power output presents a larger deviation compared to the previous parameters, as shown
in Fig. 5(b). The predictions have been improved by using a compressible two-phase flow model to
calculate the pressure drop at the inlet port of the expander, as proposed by Morris (1991). The remarked
difference between the measured and the predicted power is related to the presence of the oil and the
consequent mechanical losses. The viscous effect of the oil increases with the flooding ratio. A proper
viscosity model to take into account these losses should be introduced. The uncertainties of mass flow
rate and power output within the model accumulate and directly affect the predictions of the adiabatic
efficiency, as shown in Fig. 5(d).

5.4 Overall cycle validation
ORCSim is used to validate the cycle models of the ORCLFE and the standard ORC. The general defi-
nition of the cycle thermal efficiency for the ORC with liquid-flooded expansion is given by,

Wexp = Wop,r = Wpp,oil
Qev + Qoil

The definition is readily adapted for the standard ORC by dropping the terms related to the oil loop. The
cycle simulations have been performed by using the condenser exit subcooling as a convergence criteria
(in addition to the cycle mass flow and energy balances). Two examples of temperature-entropy plots of
the cycle are shown in Fig.7 for both the ORCLFE and the standard ORC. For most of the points of the
ORCLEFE, the error on the prediction of the cycle efficiency is less than 25%. Higher accuracy has been
obtained in the case of the standard ORC for several points. The parity plots are shown in Fig. 8.

(7

NorcLFE =

6. CONCLUSIONS

In this paper, a general ORC simulation framework is presented. The architecture of the software has
been described and its capabilities have been proven by considering two cycle architectures: an organic
Rankine cycle with liquid-flooded expansion (ORCLFE) and internal regeneration using R134a with a
scroll expander and a traditional ORC system using R245fa as working fluid with a single screw expander.
The main results achieved are summarized below.

* A moving boundary model has been used to model PHEX. The model is general and it is able to
capture the performance of an evaporator, a condenser or a regenerator. Thus, a wide range of
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fluids, i.e. refrigerants, incompressible liquids, mixtures, etc., have been included. The model has

been validated as an evaporator and a condenser for both ORC systems.

A general semi-empirical model of an expander has been implemented to take into account the

presence of different oil fractions. The model has been calibrated for two different expanders, i.e.

scroll and single screw, showing good agreement with the experimental results. The agreement is

not as good for the liquid-flooded scroll expander. Additional data and more model sophistication
could yield improved results. The validation has been shown with a set of parity plots for mass
flow rate, power output, discharge temperature and adiabatic efficiency.

» The validation of the overall cycle performance in terms of thermodynamic efficiency has also
been carried out. The maximum relative error of 25.7% was obtained in the case of the ORCLFE.
This is attributed to the fact that both fluids enter the evaporator in the two-phase state, making
heat input measurement highly uncertain. Also, several uncertainties can be associated with the
presence of oil in the expander model. For the ORC, the maximum relative error on efficiency
prediction was 28.9% mainly because of the over estimation of the expander power output.
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NOMENCLATURE

A area (m?) .
h  specific enthalpy (J/kg) W' power . W) ev evapf)rator
i1 mass flow rate (ke/s) X mass ratio () h hot side

ressUre (Pi) Yy mass ratio (-) int  internal
4 E ¢ rat W €  adiabatic efficiency (-) m mixture
0 e? ;? erati E ) ) n  cycle efficiency ) pp  pump
Ty VOlumMeTato Subscript oil  flooding fluid (oil)
S specific entropy  (J/kg-K) od condenser . refrigerant
r temperature (K)3 dis displacement req required
v specific volume (m’/kg) . .
: 3 ex exhaust s isentropic
V' volume flow rate (m°/s) exp expander su supply
w  specific work (J/kg)
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