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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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1. Introduction 

In the last years, different simulation approaches have been presented for studying positive displacement 
machines [1]. The most common method is represented by the lumped parameter model, where it is assumed that in 
each control volume the fluid has homogeneous properties. Its main merit is the fast computational time, even if 
some physical phenomena must be inevitably simplified. However it is possible to describe geometrically the unit 
with a very high accuracy, also with the aim of CAD tools [2].  

 
Nomenclature 
b gap width 
Cd discharge coefficient 
Dp piston diameter 
h gap height 
l gap length 
p pressure 
Rm circumference radius of piston axes 
Q volumetric flow rate 

 
S flow area 
V0 cylinder dead volume 
α swashplate tilt angle 
β bulk modulus 
ρ fluid density 
φ shaft angle 
μ dynamic viscosity 
ω angular velocity 

 
The three-dimensional CFD approach is the most advanced method, but the CPU times are orders of magnitude 

higher. PumpLinx is a very popular software specific for the simulation of pumps. Just recent examples are the 
works of Frosina et Al. on balanced rotor vane pumps [3] and on external gear pumps [4]. However, it is very 
complicated with 3D CFD models to implement some features, such as the variable clearances or the elastic 
deformations of the bodies. For these specific aspects, different ways can be followed. With reference to external 
gear machines, Borghi and Zardin [5] used a commercial FEM software for evaluating iteratively the stiffness 
matrix of the balance plates and the pressure field in the gap with 2D CFD simulations. A further step is to calculate 
at the same time both the deformation and the instantaneous position of a mechanical part as function of the current 
pressure field [6]. Nevertheless the 3D CFD simulations can be efficiently used as a tool for optimizing and tuning a 
0D model, along with other FEM software packages. Examples of applications can be found in the references [7] for 
crescent pumps, [8] for gerotor pumps and [9] for variable displacement vane pumps. Overall, the proper 
combination of CFD and 0D simulations represents a time-efficient tool that can be utilized for assessing the 
interaction between the pump and a fluid power circuit.  

With specific reference to the modelling of axial piston pumps, a significant contribution was provided by 
research works performed at the Purdue University with dedicated proprietary tools [10]. An integration between a 
0D hydraulic model and a multi-body tool was also developed at the Politecnico di Torino by Roccatello et Al. [11]. 
Other authors [12] performed a similar co-simulation for optimizing the pump and made a CFD analysis of the new 
geometry. Numerous papers deal with very specific aspects of the pump, such as the modelling of the fluid [13], the 
CFD simulation of the slippers [14], the evaluation of the friction force within the cylinder bores [15] and so on. 
However very detailed models are not suitable for system-level studies, such as in hydrostatic transmissions [16], 
due to the complexity of the circuit. A possible solution is to simulate the unit by interpolation of look-up tables, 
which in general can be obtained by experimental measurements or by a more or less complex model. This approach 
becomes mandatory if the model is used for a real-time simulation [17]. Hence, regardless of the specific 
application, it is becoming more and more important to contrast 0D and 3D models in order to understand the type 
of phenomena that can be correctly simulated. For instance, an aspect that must be reproduced with a very good 
accuracy is the transition of the chambers from the inlet to the outlet volumes and vice versa, above all with 
unconventional port plates [18]. A recent example of comparison between a lumped parameter and a PumpLinx 
model of a pump is described in the paper of Pellegri et Al. [19], for the case of a gerotor unit. A similar comparison 
is not still present in the open literature for axial piston pumps.  

In the current paper a 0D model of a swash plate piston pump developed in the Amesim environment is 
contrasted with a 3D PumpLinx model in terms of flow rates and chamber pressure history. The aim is to evaluate if 
the simplifications adopted in a lumped parameter approach have a significant influence on the results. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.038&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
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The unit used as reference is a Casappa LVP48 swashplate axial piston pump with a displacement of 45.5 cc/rev 
and maximum operating pressure of 350 bar. In Figure 1a a section view of the pump is shown. The pump has 9 
pistons provided with hydrostatic slippers sliding on the flat surface of the swashplate. The tilt angle of the 
swashplate defines the pump displacement, which can be modified by means of two hydraulic actuators and one or 
more pilot valves depending on the type of control. The details of the displacement control are not reported in this 
paper, since the study was performed at fixed tilt angle. A view of the port plate, provided with triangular silencing 
grooves is shown in Fig 1b. 

Fig 1. (a) section view of the axial piston pump; (b) detail of the port plate.

2. Lumped parameter model 

2.1. Basic equations 

The fluid domain is divided in control volumes, to which the mass conservation in isothermal conditions is 
applied in order to calculate the pressure p: 

 i
dp dVQ
dt V d

 


   
 
  (1) 

being Qi the i-th flow rate (positive if ingoing). The control volumes are associated to the variable chambers and to 
fixed capacities representing the volume of the pipes. The volume and the derivative of a chamber are calculated as 
function of the shaft angle and of the tilt angle α of the swashplate: 

  
2

0tan 1 cos
4
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The control volumes are connected by hydraulic resistances, representing the flow areas S in the port plate and 
the leakage passageways. For the former, the Eq. (4) for flow in turbulent regime condition is used for calculating 
the flow rate as function of the pressure drop Δp: 

 
2

d
pQ C S


  (4) 
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For the latter, the Eq. (5) for laminar flow through a constant-height rectangular gap with width b, height h and 
length l is applied: 

 
3

12
bhQ p

l
   (5) 

The flow area S is calculated analytically as the intersection between the profile of the kidney port and the 
contour of the hole on the cylinder block. Through the silencing grooves, it is calculated as the minimum between 
the frontal and cross sectional area of the groove itself. 

2.2. Amesim implementation 

The aforementioned mathematical model has been implemented in the Amesim environment. Most submodels 
have been developed in-house using a vector approach, so that all components of the same type (chambers, 
restrictors and gaps) are simulated by a single submodel, in which the geometric quantities of the different chambers 
are simply shifted by the angular pitch. The advantages are the simplification of the layout and the possibility to 
make the number of chambers a parameter. The sketch of the complete model is presented in Fig. 2. The 
configuration shown includes the absolute pressure limiter (A), the Load Sensing control (B) and the torque limiter 
(C).  

Fig. 2. complete model of the pump in the Amesim environment. 

The component 1 simulates all chambers, connected to the inlet and outlet ports through the variable restrictors 2 
simulating the port plate. The submodels 3 calculate the leakages on the two sides of the port plate in the radial 
direction, while the component 4 the leakage through the clearance between each piston and the respective bore in 
the barrel. Finally the submodel 5 calculates the cross-port leakage through the port plate. 

The history of the volumes and of the derivatives is evaluated by the component 6 and supplied to the chambers 
1. In a similar way, the flow areas are calculated by the element 7. In the lower part of the circuit, the models for the 
evaluation of the forces and torques on the mechanical components are shown. In particular, the element 8 evaluates 
the dynamic equilibrium of the swashplate as function of the forces exerted by the actuators and by the pistons. 
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The actuators are modelled using the Hydraulic Component Design library as well as the controls, which are 
represented by means of the “supercomponent” facility. 

The model validation is reported in a previous paper [20] in terms of steady-state flow-pressure characteristics, 
while in the reference [21] a comparison between the simulated and the experimental pressure ripple and more 
details about the controls can be found. Depending on the type of study, also other phenomena could be taken into 
account. For instance, by means of a specific submodel (not shown in Fig. 2), it is possible to study the variation of 
the gap between the cylinder block and the port plate by means of a 2D simulation of the pressure field. Another 
very important feature that will be implemented in a future version of the model is the slipper dynamics. The 
analysis of the slipper-swashplate interface has been studied with different levels of details by many authors, for 
instance to determine the condition of instability [22] or more recently involving the thermo-elasto-hydrodynamic 
lubrication [23]. 

3. CFD model 

The commercial software PumpLinx® was used for building the 3D model. It discretizes the governing equations 
with the finite volume method and allows managing moving grids through specific templates for piston pumps. The 
volume of fluid was extracted from the CAD geometry, then was divided in subdomains, converted in STL format 
and imported in PumpLinx. The model of the pump is shown in Fig. 3; the displacement control is not included, 
being the study performed at fixed tilt angle. 

 

Fig. 3. model of the pump in PumpLinx with indication of three different regions in a piston and the detail of the mesh in a notch. 

The cells belonging to the variable chambers rotate around the shaft axis. In particular the cells in the region 1 
rotate rigidly, being anchored to the barrel, while the cells inside the hollow pistons (3) also translate along the 
cylinder axis. Finally the cells in the region 2 are also stretched in order to follow the movement of the piston. In the 
model, the leakage between the cylinder block and the port plate is simulated by means of an annular disc with three 
layers of cells (see the detail). Two additional passageways could be considered: the radial clearance between the 
piston and the bore and through the hydrostatic slippers, assuming a constant height of the gap. However, due to the 
simplified geometry of the gap with respect to the lumped parameter model, it has been preferred to not consider 
these last two leakages in this first study, due to the difficulty of comparison. The details about the equations used in 
the software and the management of the volume interfaces can be found in the reference [24]. 
A single-phase model of the working fluid is implemented, nevertheless it is able to manage the gas and vapor 
release [25], since it computes the variation of the mixture density as function of the local pressure. The fraction of 
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air is calculated as function of the local pressure and of the equilibrium value given by the Henry's law. The 
separation and dissolution phenomena are considered instantaneous.  
Some tests with the standard model k-ε were performed, but it was found that the turbulence model has negligible 
influence on the results in this particular application. 
The simulations were performed with an angular step of the shaft of 0.5°. As boundary conditions, the atmospheric 
pressure was imposed at the inlet port and on the lateral surfaces of the gap of the port plate, while a delivery 
pressure of 300 bar was set at the outlet. The working fluid has a kinematic viscosity of 28 cSt and a density of 855 
kg/m3. An almost pure oil, with just 0.1% of total air, has been considered. 

4. Results and comparisons 

The mesh sensitivity analysis of the CFD model was performed by progressively increasing the number of cells 
in the interface between the barrel and the port plate, in particular in the silencing grooves. In fact this region is 
particularly critical for capturing the transition of a chamber from the low to the high pressure volumes and vice 
versa. In Fig. 4 the detail of the mean pressure in a chamber as function of the shaft angle is plotted for 5 different 
levels of refinement. In the legend, the CPU times expressed in hours per shaft revolution are also indicated. The 
simulations were performed on an eight-core Xeon HT processor at 3.4 GHz. The depressurization of the chamber is 
more sensitive to the number of cells. The next results have been obtained with a total number of 2.9 million cells, 
even if it is evident that about 1 million is largely enough. 

Fig. 4. (a) chamber pressure at the beginning and (b) at the end of the delivery phase with different numbers of cells at 1500 rpm. 

The comparison with the lumped parameter model is shown in Fig. 5 in terms of chamber pressure (in PumpLinx 
it is the average value calculated on the entire chamber volume). The discharge coefficients used in the Eq. (4) have 
been left to the default value of 0.7. With the 0D model the pressure is slightly higher at the beginning of the 
delivery phase, while the slope is the same with a small delay at the beginning of the suction phase. However, 
overall, the differences are quite negligible in spite of a significantly lower computational time, about 10 seconds 
per revolution. 

A possible use of the CFD model is the tuning of the discharge coefficients to be used in the 0D model. It was 
found that for the beginning of the delivery phase, a coefficient of 0.7 already represents the best compromise for 
reproducing the pressure increase in Fig. 5b, while for the end of the delivery phase a better behavior is obtained 
with Cd = 0.8, as shown in Fig. 5c. In Fig. 6 the flow ripple is shown; in PumpLinx it has been measured on the 
boundary interface where the outlet pressure of 300 bar is imposed. The amplitude of the oscillation is slightly 
higher with the CFD, while the mean value is 63.55 L/min against 63.44 L/min calculated with Amesim. Also for 
the instantaneous flow rate, Cd = 0.7 gives the best results. For sake of completeness, the flow rate calculated with 
PumpLinx with 1.2 million cells is 63.61 L/min. 
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analysis of the slipper-swashplate interface has been studied with different levels of details by many authors, for 
instance to determine the condition of instability [22] or more recently involving the thermo-elasto-hydrodynamic 
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3. CFD model 

The commercial software PumpLinx® was used for building the 3D model. It discretizes the governing equations 
with the finite volume method and allows managing moving grids through specific templates for piston pumps. The 
volume of fluid was extracted from the CAD geometry, then was divided in subdomains, converted in STL format 
and imported in PumpLinx. The model of the pump is shown in Fig. 3; the displacement control is not included, 
being the study performed at fixed tilt angle. 

 

Fig. 3. model of the pump in PumpLinx with indication of three different regions in a piston and the detail of the mesh in a notch. 

The cells belonging to the variable chambers rotate around the shaft axis. In particular the cells in the region 1 
rotate rigidly, being anchored to the barrel, while the cells inside the hollow pistons (3) also translate along the 
cylinder axis. Finally the cells in the region 2 are also stretched in order to follow the movement of the piston. In the 
model, the leakage between the cylinder block and the port plate is simulated by means of an annular disc with three 
layers of cells (see the detail). Two additional passageways could be considered: the radial clearance between the 
piston and the bore and through the hydrostatic slippers, assuming a constant height of the gap. However, due to the 
simplified geometry of the gap with respect to the lumped parameter model, it has been preferred to not consider 
these last two leakages in this first study, due to the difficulty of comparison. The details about the equations used in 
the software and the management of the volume interfaces can be found in the reference [24]. 
A single-phase model of the working fluid is implemented, nevertheless it is able to manage the gas and vapor 
release [25], since it computes the variation of the mixture density as function of the local pressure. The fraction of 
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air is calculated as function of the local pressure and of the equilibrium value given by the Henry's law. The 
separation and dissolution phenomena are considered instantaneous.  
Some tests with the standard model k-ε were performed, but it was found that the turbulence model has negligible 
influence on the results in this particular application. 
The simulations were performed with an angular step of the shaft of 0.5°. As boundary conditions, the atmospheric 
pressure was imposed at the inlet port and on the lateral surfaces of the gap of the port plate, while a delivery 
pressure of 300 bar was set at the outlet. The working fluid has a kinematic viscosity of 28 cSt and a density of 855 
kg/m3. An almost pure oil, with just 0.1% of total air, has been considered. 

4. Results and comparisons 

The mesh sensitivity analysis of the CFD model was performed by progressively increasing the number of cells 
in the interface between the barrel and the port plate, in particular in the silencing grooves. In fact this region is 
particularly critical for capturing the transition of a chamber from the low to the high pressure volumes and vice 
versa. In Fig. 4 the detail of the mean pressure in a chamber as function of the shaft angle is plotted for 5 different 
levels of refinement. In the legend, the CPU times expressed in hours per shaft revolution are also indicated. The 
simulations were performed on an eight-core Xeon HT processor at 3.4 GHz. The depressurization of the chamber is 
more sensitive to the number of cells. The next results have been obtained with a total number of 2.9 million cells, 
even if it is evident that about 1 million is largely enough. 

Fig. 4. (a) chamber pressure at the beginning and (b) at the end of the delivery phase with different numbers of cells at 1500 rpm. 

The comparison with the lumped parameter model is shown in Fig. 5 in terms of chamber pressure (in PumpLinx 
it is the average value calculated on the entire chamber volume). The discharge coefficients used in the Eq. (4) have 
been left to the default value of 0.7. With the 0D model the pressure is slightly higher at the beginning of the 
delivery phase, while the slope is the same with a small delay at the beginning of the suction phase. However, 
overall, the differences are quite negligible in spite of a significantly lower computational time, about 10 seconds 
per revolution. 

A possible use of the CFD model is the tuning of the discharge coefficients to be used in the 0D model. It was 
found that for the beginning of the delivery phase, a coefficient of 0.7 already represents the best compromise for 
reproducing the pressure increase in Fig. 5b, while for the end of the delivery phase a better behavior is obtained 
with Cd = 0.8, as shown in Fig. 5c. In Fig. 6 the flow ripple is shown; in PumpLinx it has been measured on the 
boundary interface where the outlet pressure of 300 bar is imposed. The amplitude of the oscillation is slightly 
higher with the CFD, while the mean value is 63.55 L/min against 63.44 L/min calculated with Amesim. Also for 
the instantaneous flow rate, Cd = 0.7 gives the best results. For sake of completeness, the flow rate calculated with 
PumpLinx with 1.2 million cells is 63.61 L/min. 
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Fig. 5. (a) pressure in a chamber in a complete revolution of the shaft; (b) detail of the connection with delivery and (c) inlet volumes. 

Fig. 6. simulated flow ripple with discharge coefficients equal to 0.7. 

5. Conclusions 

In this paper, the comparison between two simulation approaches for studying an axial piston pump has been 
presented. The first method is based on a 0D proprietary library developed in the Amesim environment, the other 
one exploits the commercial software package PumpLinx. The 0D model can simulate the pump with different 
levels of detail and in particular also the interaction between the fluid and the dynamics of some components. These 
aspects cannot be reproduced easily in a CFD environment that, on the contrary, allows taking into account the non-
homogeneous pressure distribution in the control volumes and to evaluate with a higher accuracy the pressure drops 
in complex geometries. In order to compare the two approaches, the reference pump has been simulated at constant 
displacement with only the leakage on the port plate. As far as the comparison of the chamber pressure history and 
of the flow ripple is concerned, quite small differences have been found, without any specific tuning of the 0D 
models. This suggests that the 3D effects, in the analyzed operating condition, are not so important. Even better 
results can be achieved by tuning the discharge coefficients. 
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Fig. 5. (a) pressure in a chamber in a complete revolution of the shaft; (b) detail of the connection with delivery and (c) inlet volumes. 

Fig. 6. simulated flow ripple with discharge coefficients equal to 0.7. 

5. Conclusions 

In this paper, the comparison between two simulation approaches for studying an axial piston pump has been 
presented. The first method is based on a 0D proprietary library developed in the Amesim environment, the other 
one exploits the commercial software package PumpLinx. The 0D model can simulate the pump with different 
levels of detail and in particular also the interaction between the fluid and the dynamics of some components. These 
aspects cannot be reproduced easily in a CFD environment that, on the contrary, allows taking into account the non-
homogeneous pressure distribution in the control volumes and to evaluate with a higher accuracy the pressure drops 
in complex geometries. In order to compare the two approaches, the reference pump has been simulated at constant 
displacement with only the leakage on the port plate. As far as the comparison of the chamber pressure history and 
of the flow ripple is concerned, quite small differences have been found, without any specific tuning of the 0D 
models. This suggests that the 3D effects, in the analyzed operating condition, are not so important. Even better 
results can be achieved by tuning the discharge coefficients. 
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