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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Micro-ORC systems are characterized by low efficiency values, but at the same time could be used as energy recovery systems in 
domestic applications for which reliability and low noise level represent the biggest challenges. In this paper, an integrated 
Reverse Engineering (RE)-Computational Fluid Dynamics (CFD) methodology is applied in order to study the adaptation of a 
commercial scroll compressor to be used as an expander in a micro-ORC system. 
The analyses reported in this paper consist of: (i) the acquisition of the 5-kW oil-free scroll expander through a RE procedure and 
its CAD reconstruction, (ii) the set-up of fully three-dimensional transient simulations with the Chimera strategy using the 
Siemens PLM software, (iii) the validation of the computational analysis by means of experimental tests and finally, (iv) the 
analysis of the geometry-flow features like flank and axial gaps, coupled with the analysis of the scroll volumetric efficiency and 
overall performance. Chimera strategy is able to move the computational grid at each time step in order to accommodate the 
shape and size changes of the gas pockets. 
The scroll characterization was carried out using both experimental and numerical tests. Six different rotational velocities in the 
range of (400 – 2400) rpm with a fixed pressure level (7.5 bar) were tested for validating the numerical model using air as a 
working fluid. The numerical model was then used to calculate the scroll expander performance operating in an existing ORC 
system with R134a as working fluid. 
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Nomenclature 

T torque      peak peak value 
n rotational velocity    CFD Computational Fluid Dynamics 
V volume flow rate     FS Full Scale 
y+ dimensionless distance    RE Reverse Engineering 
Z compressibility factor    DAQ Data AcQuisition device 

1. Introduction 

In the last decade, several studies related to micro-ORC applications were reported [1]. Many of these, (up to 10 
kW) use a scroll as expander [2] thanks to its reliability, compact structure, relative few moving parts and low level 
of noise. Examples of these applications, having an average value of scroll power equal to 2 kW, can be found in [3 
– 5]. In [3] an open-drive oil-free air scroll compressor with a 4.05 built-in volume ratio was investigated, while in 
[4] an hermetic scroll compressor design for heat pump applications with a 3.00 built-in volume ratio was used. 
Eventually, the analysis concerning an air scroll compressor with a 3.95 built-in volume ratio is reported in [5]. 
Moving to lower power range, approximately equal to 1 kW, in [6] a semi-custom, commercially derived scroll 
expander with a 2.5 expansion ratio was used. Other applications are reported in [7], where an in-house designed 
scroll compressor was analysed, and in [8] in which a modified hermetic scroll compressor was studied. 

The performances of the volumetric expander are related, in particular, to the variation of the isolated volumes 
during rotation and the seals. Indeed, understanding the relationship between the scroll spiral profiles and, therefore, 
scroll pockets evolution and the machine overall performances both in terms of energy and mechanics is the first 
step towards understanding scroll machine working behavior. For these reasons, laboratory micro- and sub-systems 
have been developed in order to study and optimize the scroll geometry. At the same time, CFD numerical analyses 
have been carried out in order to discover flow peculiarities that could affect the overall scroll performance. 

Numerical simulation for the scroll machine is still in an early stage because of the complex geometry and unique 
motion of orbiting scroll wrap [9]. Particularly, the interaction between moving part and the fixed one represent the 
great challenge in this application. The CFD model allows for the evaluation of the influence of leakage flows, e.g. 
due to radial (flank) gaps, which play a key role in the determination of the performances of the machine, as for 
instance, cavitation phenomena [10] or pressure fluctuation [11]. Moreover, it can be used for the tuning of 
analytical and thermodynamic models with fewer resources in the design phase [12]. 

In the present paper, the actual geometry of a commercial available oil-free scroll air compressor has been 
acquired by means of a RE procedure in order to perform a CFD analysis. This procedure represents a very useful 
method for generating a computational geometry of the real machine, and in the last years its reliability has increased 
dramatically. Instrumentation and methodology have improved their accuracy and, at the same time, the progress in 
software development allows three-dimensional representation of real objects in a very short time [13, 14]. 

The consequent CFD analysis was conducted using a Chimera strategy that is proven to give comparable results 
with other transient numerical simulation based on moving mesh [15] on a fully three-dimensional scroll geometry. 
At the preliminary stage, the validity of the computational strategy was checked comparing numerical results with 
the experimental one. The experimental procedure was conducted on the scroll expander using air as a working fluid. 
Subsequently, the scroll expander performance was calculated using the R134a and a detailed flow field analysis was 
conducted. 

In synthesis, the main contributions of this paper are: 
 the application to a real world scroll machine of a combined RE/CFD methodology which allowed to gather 

information regards flank gaps, actual geometric features of scroll profile nose. These details seldom are 
available either in literature or from manufacturer data; 

 the utilization of the Chimera approach for the analysis, made it possible to investigate the fluid dynamics of 
small and variable-with-orbit flank gaps. This feature is usually modelled as if the gap size is fixed and by 
using values greater than 100 µm; 

 the evaluation of scroll performance operating with R134a in an actual ORC system. 
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2. Chimera strategy 

In the present paper, the CFD analysis has been conducted using the Chimera strategy as mesh adaption 
technique. Chimera strategy, known also with the name of overlapping grid or overset method, was first introduced 
in the early 1980ʼs [16] when several grid assembly packages have become available [17]. In the present paper, the 
simulations of the scroll expander were carried out by means of Siemens PLM software 11.02. 

Chimera strategy usually involves one background mesh, which is adapted to environment, and one or more 
overset grids attached to bodies, overlapping the background mesh and/or each other as reported in Fig. 1a, adopted 
from [18]. Each grid can move according to the motion models implemented in the CFD software. The peculiarity of 
this type of approach is related to the complete absence of mesh deformation during the transient calculation. An 
overset mesh consists in the contemporary use of active and passive cells. In active cells, regular discretized 
equations are solved, while in passive cells, no equation is solved, they are temporarily or permanently de-activated. 
Since the solution is computed on all grids simultaneously, to link the results in the background region to the ones 
obtained in overset regions, acceptor and donor cells are used; acceptor cells represent the very first layer of passive 
cells near active ones and exchange data with donor cells, which belong to the other mesh and have to be active 
cells: the change of cell status is automatically controlled by the solver. Grids are implicitly coupled through the 
linear equation system matrix. Different interpolation functions can be used to express values at acceptor cells via 
values at donor cells. Figure 1b depicts a sketch of the flank gap, also visible in Fig. 2 together with the background 
mesh and the overlapping mesh. The overlapping mesh bounds the moving scroll spiral and was obtained by an 
offset of 1 mm from the actual moving scroll spiral. 

The Overlapping mesh employed in this work is made up of about 7 million elements while the background mesh 
(that refers to the scroll stator and fixed spiral) is made up by about 12 million elements. Both overlapping and 
background meshes are composed by polyhedral elements and prism layers close to the wall as showed in Fig. 2, 
where are clearly visible the polyhedral elements in the core regions and the prism layers near the domain 
boundaries. Prims layers allow the grid refinement and the good representation of the scroll flank leakage. 

 

 
Fig. 1. a) N1, N2, N3 neighbors from same grid; N4, N5, N6 neighbors from overlapping grid [18] and b) sketch of the flank gap 

 
Fig. 2. Chimera strategy applied to a scroll: a) background and moving meshes and b) detail of the mesh in narrow gaps 
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3. Numerical setup and experimental validation 

As mentioned above, this paper deals with the numerical simulation of a commercial available oil-free scroll air 
compressor converted as an expander. Figure 3 reports the actual scroll and the virtual model obtained after RE 
procedure by means of a three-dimensional solid modeler. Table 1 summarizes the geometric characteristics and 
performance of the scroll working as a compressor; the reader should notice that the flank gap is variable over the 
orbit up to 300 µm. This is related to the scroll typology: oil-free design has to guarantee a minimum distance 
between the moving and fixed spirals avoiding the mutual friction. This non-fixed gap is one of the challenging 
aspects of scroll machine modeling together with the variable-with-crankshaft angle volume of the gas pockets; thus, 
extra care should be taken when setting up the numerical simulation and carrying out the CFD analysis. 

3.1. Boundary conditions 

For the simulations of scroll expander using air as working fluid, the results were validated against experimental 
data for an inlet pressure of 7.5 bar and six different rotating speeds: 400 rpm, 800 rpm, 1200 rpm, 1600 rpm, 2000 
rpm and 2400 rpm. The numerical model was set up as follows: a stagnation inlet boundary condition was imposed 
on a circle centered in the middle of the stator trace, with 7.5 bar as inlet pressure and 292 K as inlet temperature, 
while a pressure value equal to 1.013 bar was imposed at the physical output of the scroll machine. Stator and rotor 
surfaces were considered as adiabatic walls, while the 1 mm-extruded overset surface was set as an overset mesh 
interface, which defines moving and stationary domains. 

With regards to turbulence modeling, the realizable k-ε model with a two-layer y+ wall treatment was chosen, in 
order to model the flow across the gaps with a higher accuracy than the one offered by the realizable k-ε model with 
standard wall functions. In fact, realizable model is predicted to give better results than the standard model for flows 
involving rotation and strong streamline curvature [19], as the one which can be encountered inside a scroll 
machine, while the two-layer approach has been chosen because of the different y+ values for the first cell inside the 
flank gap and the first cell outside this gap. 

Air was modeled as a real gas using the Redlich-Kwong equation of state, to consider the effective behavior of 
the gas even if only the third decimal place of Z varies, under the actual operating conditions of the expander. This 
choice was taken in order to create a simulation template useful for the future comparison of the performance of 
scroll machines under the same operating conditions, except for the working fluid. 

The hybrid mesh approach (polyhedral cells in the core domain and prismatic cell type near the boundaries) 
adopted  in this work could  reduce the stability  of the solution  related to the  numerical  scheme, together  with the 
 

    
Fig. 3. Oil-free scroll air compressor: internal view and solid modeler reconstruction 

Nominal power 5 kW 

Volume ratio 3.5 

Displacement 73,000 mm3/rev 

Maximum rotational velocity 2600 rpm 

Flank gaps 20 – 300 µm 

     Table 1. Oil-free scroll air compressor geometric characteristics and performance 
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contemporary presence of stretched meshes (for more details see [20]). For these reasons, great care has been taken 
in the choice of temporal discretisation. The CFD analyses have been carried out with a variable time step, ranging 
from 1e-5 s to 5e-6 s depending on the scroll rotational speed and initialized with a solution obtained with a first 
order Upwind advection scheme, before passing to the second order one. The simulation with R134a as working 
fluid was set up with the same conditions listed above apart from the time step, diminished to 1e-6 s. 

3.2. Pressure and velocity fields for the air-driven scroll 

Solution of the pressure field inside the machine is presented in Fig. 4 as a function of the normalized angular 
position of the rotor with respect to the stator. A comparison between the results obtained for 800 rpm and 2400 rpm 
velocities is shown. These results are similar to the ones reported in [21], comparing the zones of the machine with 
the highest and lowest pressures. In fact, it is possible to see that, due to the machine geometry, pressure values at 
the suction chamber are constant during the whole expansion process, while they slowly decrease in the other 
chambers along with crankshaft rotation. 

Velocity values inside the machine are of great importance, because high values can be encountered in axial and 
radial gaps and thus they can lead to energy dissipation related to eddies structure. Furthermore, this is emphasized 
in oil-free expanders, where gaps are wider than lubricated machine ones. In the current geometry, is visible how 
velocity magnitude is greater in the gaps and in the outlet duct (vectors with the biggest tip) as reported in Fig. 5. 

3.3. Scroll test bench 

The  experimental  data presented  in this paper  were  collected  by means of a test bench equipped  with  several  
 

 
Fig. 4. Pressure plots on a section plane perpendicular to machine axis. 

                      
Fig. 5. Global velocity magnitude of the fluid and flank leakages (2000 rpm) 
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sensors: pressure transducers, flowmeter, load cell, rotational speed sensor and temperature probes. The pressure 
transducers for the inlet and outlet pressure measurements were thin-film sensors with 16 bar FS and ± 0.5 % FS 
accuracy: the first was placed 1.5 m before the scroll inlet port, while the second was screwed downstream the 
plenum used to damp pressure fluctuations. The flow meter was placed upstream the inlet pressure sensor and it was 
a thermal type one with 0.05 m3/s FS and ± 1.8 % FS accuracy. The load cell (10 kg FS with ± 0.05 % FS accuracy) 
was placed between the expander and the electrodynamic brake. The rotational speed sensor was a Hall-effect one, 
which measures the velocity with a resolution of one sample per scroll shaft revolution. Temperature probes, A-class 
Pt100 probe, for the flow at the inlet and outlet of the machine, were positioned near pressure transducers. 

Data was acquired by means of a DAQ which introduced a maximum accuracy of ± 1 K for temperature and less 
than ± 1 % of reading for the other analog current signals. The A/B-type uncertainty of 2.5 % of reading was 
estimated, to take into account others contribution to uncertainty which were not, a priori, known (such as 
installation, flow conditions, etc.). 

3.4. Data comparison 

Experimental results reported in Fig. 6 are referred to average values obtained during stationary working 
condition of the scroll expander. The trends depicted in Fig. 6 show that the CFD results are similar to the measured 
ones, even if the former are always greater than the on-site values. This is due to the fact that the gaps of the 
numerical model are wider than the real ones, because of numerical issues given by mesh updating process. In light 
of this, wider gaps cause an increase in fluid leakages, with a decrease of pressure in first expander chambers and an 
increase in the last ones, allowing for a higher torque and an augmented fluid flow at the inlet with respect to the 
effective geometry. Both of these aspects are visible in the graphs of Fig. 6; no error bars are shown because of the 
small magnitude of the uncertainties, less than 0.0013 m3/s and 0.10 Nm. On the other hand, trend showed by CFD 
results is very similar to the experimental one as reported in Fig. 7, where data are presented in dimensionless form, 
obtained by dividing each result for the peak value. 
 

 
Fig. 6. Numerical versus experimental results: torque and volume flow at the inlet section 

 

 
Fig. 7. Numerical versus experimental results: dimensionless values of torque and volume flow at the inlet section 
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4. Scroll operation in an actual ORC system 

After model validation, a simulation was run in order to assess the behaviour of the scroll machine employed as 
the expander of an off-the-shelf ORC system described in [22]. In this study, 1,1,1,2-tetrafluoroethane (R134a) was 
chosen as the working fluid. The pressure at the inlet section of the expander was set equal to 13.9 bar while the 
inlet temperature of the fluid was 338 K. At the outlet port the value of 296 K was imposed. To match the scroll 
expander volume ratio (see Table 1), the rotational speed imposed for the CFD analysis is equal to about 350 rpm. 

4.1. Results analysis 

Figure 8 shows the output torque and the volume flow rate at the inlet as functions of the normalized crankshaft 
angle. Their average values are 4.3 Nm and 0.011 m3/s. It is possible to see the great variation of torque values, 
ranging from 1.3 Nm to 8.5 Nm, which can lead to vibrations of the expansion device during the actual operation. In 
Fig. 9 are then showed plots of the pressure inside the expander; pressure distribution is similar to the one found 
when studying the expander behavior with air as working fluid. Cases with similar pressure distribution inside the 
expander chambers can be found in literature [2, 9, 15]. 

5. Conclusions  

In this paper, the CFD study of a scroll expander and its validation against real data has been presented. The 
actual operation of the scroll expander was modeled by means of overset mesh coupled with transient analyses with 
real gas models. Data regarding pressure and velocity field inside the expander, torque and volume flow rate at the 
inlet are shown. The numerical model, which was validated against experimental data, was able to capture torque 
and mass flow rate trends, while a certain deviation (up to 100 % in volume flow rate values) is highlighted, due to 
the higher values of flank gaps which cause a large amount of fluid to leak. Using the CFD model, the application of 
a specific scroll expander geometry to an existing ORC system was carried out. Results related to torque and flow 
rate trends are useful to  discover the possibility to improve the analysis of this device, and more in general, to detect 
 

 
Fig. 8. Torque and volume flow at the inlet section as a function of normalized crankshaft angle with R134a 

 
Fig. 9. Pressure plots inside the scroll, fluid: R134a 
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the issues that affect the scroll operation and the ORC system, such as vibrations or incomplete expansion of the 
fluid within the machine. 
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