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Abstract

As the need for increased energy efficiency grows, the
use of new energy sources is a topic of investigation for
research and industrial applications. The ability to use
low temperature heat sources via a Rankine or organic
Rankine cycle is one of the options. In this paper such a
cycle is modelled and simulated using a Modelica based
thermal management library suite as well as the simula-
tion tool Dymola. Experimental test bench data provided
by Hanon Systems allowed calibration and verification
of the simulation results. Simulation results shows good
agreement with experimental data. Additional dynamic
simulations are performed to illustrate potential applica-
tions of the model for system optimization and control
development.
Keywords: Rankine cycles, organic Rankine cycles, mod-
eling, dynamic simulations, Modelica, Dymola, ther-
mofluid

1 Introduction

1.1 Rankine Cycle

A Rankine cycle is a thermodynamic cycle which uti-
lizes heat to create mechanical power, harvested by an
expander that can drive a generator. The medium of the
Rankine cycle, usually water, is pressurized in a pump,
evaporated in a heat exchanger, subsequently passed
through an expander and finally condensed in condenser.
The process and essential components in the cycle can
be seen in Figure 1. By choosing a medium with appro-
priate properties, different heat source temperatures can
be used.

1.2 Purpose

This paper is a result of an academic collaboration with
the Faculty of Engineering (LTH) of Lund University.
The purpose of the project was to model and simulate an
industrial use-case: a Rankine cycle that utilizes waste
heat from a combustion engine vehicle to generate me-
chanical power. The project scope was defined by Mod-

Figure 1. Essential components in a Rankine cycle.

elon, a company specialized in simulation and optimiza-
tion using open standard technology. The aim of the
project was to model or use existing models of compo-
nents, parameterize the components, build the complete
cycle, implement appropriate control and gain knowl-
edge of the cycle’s behavior.

1.3 Thermofluid Modeling

The models were implemented in Modelica, an
open standard modeling language (ModelicaAssocia-
tion, 2015), using a 1-D thermofluid approach. The prin-
ciples of thermofluid modeling using Modelica are laid
out in (Tummescheit, 2002; Eborn, 2001).

The different components were either selected from
preexisting model libraries or modeled. A specialized
thermal management suite was used, based on three com-
patible model libraries: Vapor Cycle library (Modelon,
2015c), Heat Exchanger Library (Modelon, 2015a; Bat-
teh et al., 2014) and Liquid Cooling Library (Modelon,
2015b; Batteh et al., 2014).

The modeling was performed in the simulation envi-
ronment Dymola 2016 FD01(DassaultSystèmes, 2015).

1.4 Method

After the physical components were either selected or
modeled and calibrated, they are connected to create
the complete cycle. Simulations with different control
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strategies and conditions were tested. In order to ver-
ify results, data received from Hanon Systems was used.
Hanon Systems is formerly known as Halla Visteon Cli-
mate Control and specializes in thermal management so-
lutions for automotive applications. The components and
cycle were parameterized according to 11 experimental
data sets.

2 System Presentation

2.1 Refrigerant

A refrigerant called R134a, also known as 1,1,1,2-
tetrafluoroethane, is the working fluid of the cycle. While
utilizing low grade waste heat is most commonly done
using an organic refrigerant, the waste heat temperature
is sufficiently high in Hanon System’s test setup to use a
conventional refrigerant.

Results are repeatedly represented in the specific en-
thalpy - pressure diagram of the working fluid. The di-
agram for R134a can be seen in Figure 2. Within the
thumb-like shape, the refrigerant is a two-phase fluid,
a mixture of both liquid and gas. To the left and right
of the dome, only liquid respectively vapor exists. The
isotherms transverse the two-phase dome horizontally.

Figure 2. Pressure/enthalpy diagram for R134a.

2.2 Components

All but one component used for the Rankine cycle were
readily contained in one of Modelon’s thermal manage-
ment libraries suite. Hanon Systems’ test bench utilizes
a positive displacement machine, more specifically a di-
aphragm pump that was implemented as a custom com-
ponent.

A diaphragm pump operates conceptually similar to a
human diaphragm does - a chamber and a membrane that
moves outward sucking working fluid into the space or
move inwards in order to push out the working fluid. The
pump has a 4.46 kW power output at 1750 rpm. Its losses

can be described through three distinct efficiencies; vol-
umetric, isentropic and mechanical. The volumetric ef-
ficiency describes ratio of the volume in the pump that
is displaced to the geometric volume. The isentropic ef-
ficiency describes how much energy is lost during the
process of pressuring, and the mechanical efficiency de-
scribes losses in shaft and other components of the pump.
The efficiencies of the pump were estimated with the ex-
perimental data, partly relying on assumptions since data
for the fluid at the outlet of the pump was missing.

The expander used in Hanon Systems’ cycle is a posi-
tive displacement machine: a scroll turbine. It has two
intertwined spirals, one stator and one rotor. The hot
high pressured gas enters in the middle, pushing the rotor
around as it makes its journey between the spirals until it
at last exits the positive displacement machine. Similar
to the pump, the expander is subject to losses and they are
described using equivalent efficiencies; volumetric, isen-
tropic and mechanical. Again, these efficiencies were
calculated from the data provided by Hanon Systems.

The cycle includes a plate heat exchanger which acts
as evaporator, using glycol on the secondary side. Not
all geometry parameter data was available, and the miss-
ing parameters were estimated or set to typical values. A
detailed geometry-based plate heat exchanger model ex-
ists in the model libraries, with a higher number of states
due to its flow configuration. A less complex counter-
flow heat exchanger model with equivalent parameteri-
zation was used assuring fast solver convergence but less
accurate behavior representation. In Table 1 some geom-
etry data provided by Hanon Systems for the plate heat
exchanger can be seen.

Item Value
Type MCV Plate

# plates 36 rows
Fin N.A.
Path 6-12-18

Effective size mm 93.1*170.5*70.4

Table 1. Plate heat exchanger data

The condenser of the cycle is a flat tube heat ex-
changer using ambient air to cool down the working
fluid. A detailed geometry-based heat exchanger model
was used, parameterized with both available geometry
data and typical geometry data. In Table 2 some geome-
try data provided by Hanon Systems for the flat tube heat
exchanger can be seen.

A tank is integrated in the cycle between condenser
and pump. The purpose of the tank is twofold: (1) ensure
only liquid entered the pump as gas would damage it and
(2) balance the amount of working fluid in the cycle. A
static head of 1 m was introduced between condenser and
pump to confirm that the dynamic pressure at the inlet of
the pump was sufficiently high to avoid the creation of
bubbles in the fluid. The tank has a 8 L volume.
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Item Value
Type SC 20t

# tubes 54 rows
Fin 80 fpdm
Path 44-10

Effective size mm 570*383

Table 2. Flat tube heat exchanger data

2.3 Control
Based on the cycle configuration different control strate-
gies are relevant. The following strategies were consid-
ered:

• Adequate super heating to let only gas into the tur-
bine

• Adequate sub cooling or other measure to avoid gas
entering the pump

• Preferred power or torque from the turbine

• Optimal evaporation temperature

• Low condenser pressure

• Appropriate amount of refrigerant in the cycle

Except for choosing appropriate components that will
match the requirements, it is possible to change the fol-
lowing variables (Quoilin et al., 2011):

• The speed of the turbine

• The speed of the pump

• Add tanks after condenser/evaporator

• Drain or charge the cycle with WF

• Change the temperature of the heat source for the
evaporator

• Change the temperature of the cooling air in the
condenser

The temperature of the heat source in the evaporator as
well as the cooling air in the condenser are typically not
entities that can be controlled in automotive applications
as the heat source typically is the heat from the engine
and the temperature of the air is dependent on ambient
conditions. It is however of interest to gain knowledge
about the behavior of the cycle under different condi-
tions.

The speed of the pump has a direct consequence on
the amount of superheat of the working fluid leaving
the evaporator. Decreasing the speed of the pump, the

amount of superheating is increased. Effective superheat
control is important to ensure no two-phase fluid enters
and potentially damages the expander. The speed of the
expander was varied in order to achieve desired power or
torque as they are correlated according to Equation 1.

Torque(Nm) =
Power(W )

Speed(rad/s)
(1)

For both superheat and torque control PI-controllers
were used.

In this project the heat source and temperature of cool-
ing air were kept constant. The overall efficiency is cal-
culated according to Equation 2.

ηoverall =
Wturbine −Wpump

Qevaporator
(2)

2.4 Initialization
Initialization is important to ensure a fast solver conver-
gence. In this cycle, the most complex components are
the heat exchangers. Since the heat exchangers contain
the majority of continuous time states, their initializa-
tion is key. Additionally, it is necessary to set the PI-
controller parameters correctly in order to achieve robust
control.

The amount of working fluid in the cycle can be
changed either by:

• Changing the initialization of the cycle, i.e. the
continuous times states of the thermofluid model,
which results in a refrigerant mass.

• Directly setting the tank level.

• Adding a charge component that can either charge
or drain the cycle to a desired amount of working
fluid during simulation.

2.5 Data
Hanon Systems provided 11 data sets that varied in the
amount of working fluid and super heating. For every
data set the speed, power and torque were measured for
pump and turbine, and inlet and outlet pressure and tem-
perature were measured for all the components (with ex-
ception of outlet of pump).

On the test bench test conditions such as speed of the
pump, ambient temperature, air velocity, mass flow and
boiler coolant temperature were controlled. The speed
of the expander was controlled such that the torque re-
mained constant at 9 Nm, and a tank was placed between
the condenser and the pump. Controls for dynamic op-
eration of the cycle weren’t implemented at the time of
the measurements. However, the maximum power of the
expander was determined by changing expander brake
torque for different pump speeds and air temperatures in
the condenser.
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2.6 Test Scenarios

The following control strategies or conditions were
tested for the cycle:

• The different data sets were simulated.

• The cycle was tested with different torques on the
turbine to match the maximum power point tracking
diagram Hanon Systems had implemented. Hanon
Systems concluded from experimental data that
maximum power is achieved at 9 Nm brake torque.

• Superheat control was tested.

• The cycle was tested with varying amounts of re-
frigerant.

3 Creating the Model

3.1 Expander

The isentropic efficiency for the expander was calculated
using the data. For all the data sets it varied between 43-
55% depending on pressure ratio and speed. No correla-
tion could however be demonstrated, likely due to mea-
surement errors and thus a mean value was used. When
calculating the mechanical efficiency, only 3 of the 11
data sets give values under 100%. For 9 of the data sets
the mass flow was too low, and it was assumed that an
error in either the data or the measuring of data had oc-
curred. Consequently a mean value of the mechanical
efficiency from the three good data sets was used and re-
sulted in a base value of 87%.

3.2 Pump

Unlike the expander, the pump’s efficiencies were
mapped in a grid depending on speed and pressure ratio.
Since it was known that the mass flow was inconsistent
for 9 of the data sets, only the three data sets with con-
sistent data were used to calculate the efficiencies. The
mechanical efficiency was set to 73%, and the isentropic
ranged between 58% and 70% depending on speed and
pressure ratio over the pump.

Figure 3. The model of the pump as seen in Dymola.

The top level class of the pump in the Dymola di-
agram layer is illustrated in Figure 3. The model is
based on a generic pump model from the Liquid Cool-
ing Library, in which a function prescribes the pump’s
behavior. Through an interface, this function can be ex-
changed. The speed of the shaft, density at the inlet and
pressure at the inlet, and at the outlet are inputs to the
interface. Outputs of the interface are isentropic and me-
chanical efficiencies, as well as mass flow. To create a di-
aphragm pump, appropriate behavior-prescribing tables
dependent on speed and pressure ratio were inserted in
the interface, and the efficiencies are then extrapolated
from the tables. The interface additionally calculates the
mass flow based on the density at the inlet, speed, maxi-
mum displacement volume, and volumetric efficiency.

3.3 Heat Exchangers

In order to calibrate the heat exchangers, virtual test
benches were set up. In these virtual test benches, the
heat exchanger was connected to mass flow and pressure
source components (Figure 4). After setting geometry
parameters, applying correct boundary conditions, and
selecting appropriate heat transfer and pressure drop cor-
relations, the calibration factors were used to calibrate
the heat exchanger model. The calibration factors tune
the pressure drop as well as the heat transfer coefficients.

3.4 Complete Cycle

The complete assembled cycle in the Dymola diagram
layer is illustrated in Figure 5. The cycle contains a sim-
ple evaporator, a tank between the condenser and pump,
and includes all necessary control for dynamic simula-
tion.
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Figure 4. Virtual testbench for the condenser. It was
based on a template with a default heat exchanger
and boundary condition parameterization (HeatEx-
changer.HeatExchangers.FlatTube.Experiments. Test-
Benches.AirTwoPhaseHomogeneous).

4 Results

The result section is composed of two parts. The first
part validates the model by comparison with the experi-
mental data and demonstrates that the model can mimic
its physical counterpart under static conditions. A com-
parison of a relevant cycle metric is performed: a power
tracking diagram is plotted. Secondly, the dynamic ca-
pabilities of the model are shown through a set of simu-
lation experiments. Simulations took between 2 and 10
min for a cycle with the simple evaporator, and 0.5-1.5 h
with the complex one.

4.1 Simulation of Different Data Sets

All 11 data sets, each with different boundary conditions,
matched the simulation results well. The sets with coher-
ent data resulted in the best match as expected. In Figure
6 two specific enthalpy - pressure diagrams with ther-
modynamic cycle are depicted; on the left is the cycle
constructed with experimental data of data set 10 and on
the right the cycle as obtained from the simulation using
data set 10 boundary conditions.

In Table 3 and 4 simulation results as well as experi-
mental data are compared. The simulation of data set 10
is more accurate than the one of set 9; data set 10 had
coherent data and set 9 did not.

Data set 9 Simulation
Power W 834 836

Overall efficiency % 2.2 1
Mass flow kg/s 0.12 0.12

SH ◦C 2.5 2.5
Speed of turbine rpm 885 886
Speed of pump rpm 350 343

Torque of turbine Nm 9 9
Turbine pressure ratio 1.87 2.03
Pressure ratio error % - 8.6

Isentropic efficiency turbine - 61

Table 3. Simulation results for data set 9.

Data set 10 Simulation
Power W 820 827

Overall efficiency % 1.7 1.8
Mass flow kg/s 0.138 0.138

SH ◦C 0.5 0.5
Speed of turbine rpm 870 879
Speed of pump rpm 400 406

Torque of turbine Nm 9 9
Turbine pressure ratio 1.89 1.84
Pressure ratio error % - 2.6

Isentropic efficiency turbine - 60

Table 4. Simulation results for data set 10.

4.2 Maximum Power Tracking Diagram

The graph in Figure 7 illustrates the behavior of the
power harvested by the expander as a function of the
torque applied to the expander. Experimental and simu-
lation data match well. The largest difference is approx-
imately 3%.

4.3 Superheat Control

Dynamic superheat control setpoint control response is
plotted in Figure 8. The super heating was measured by
the sensor component in Figure 5. The output was then
sent to the PI-controller which compares the measured
value with the desired value and subsequently adjusted
the pump speed.

4.4 Refrigerant charge

The refrigerant source components allows charging or
draining the cycle during the simulation. It was demon-
strated that overcharging the cycle results in any increase
of pressure in all components with a ultimately a loss of
pressure difference between evaporator and condenser.
Similar observations could be made for a starved cy-
cle where the pressure in components decreases as illus-
trated in Figure 9. Expander power loss was significant,
ranging from approximately 850 W with sufficient re-
frigerant charge, to 137 W for a starved cycle.
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Figure 5. The whole Rankine cycle as seen in Dymola.

Figure 6. Simulation result for data set 10, on a pressure/enthalpy diagram to the left, data to the right.

5 Discussion and Conclusion

A Rankine cycle was modeled and parameterized ac-
cording to data from Hanon Systems, and control strate-
gies were implemented to gain insight into the behavior
of the cycle and for controls virtual prototyping. Some

variables had to be estimated since data was missing or
inaccurate.

Steady state simulation results matched experimental
data well. Additional geometrical information on indi-
vidual components as well as the piping between com-
ponents would allow to create a more trustworthy model,
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Figure 7. Maximum power point diagram, comparison of ex-
perimental and simulation data

Figure 8. Superheat control. Setpoint and system response.

with an accurate total volume and all pressure drops in-
cluded. The power point tracking diagram measured out
by Hanon Systems is created with the model with only
small deviations of the expander power output.

The control strategies that were implemented and the
initialization worked effectively. At the point of comple-
tion of the model, no control was specified for the system
test bench. Dynamic simulations were carried out based
on typical control mechanisms for Rankine cycles.

The cycle created in this project was a generic and
simple one intended for automotive applications. In or-
der to gain more knowledge about industrial Rankine cy-
cles different setups should be modeled and simulated.
The overall efficiency of the cycle varied between ap-
proximately 1.7 and 2.2 %. Hanon Systems’ primary in-

Figure 9. Thermodynamic cycle after drain to a specific charge
of 300kg/m3 - turbine power output is at 137 W.

tention with the test bench was to focused on the devel-
opment and testing of an expander. Higher efficiencies
can be achieved with state-of-the-art Rankine cycles.
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