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Introduction 

With the increasing importance of e-mobility, thermal man-
agement in the vehicle is becoming an important key com-
ponent. The HVAC (Heating, Ventilation and Air Condition-
ing) system and the enclosed cooling circuit not only control 
the air conditioning of the driver’s cab, but also the cooling 
of the electric motors and the battery.  

Due to the absence of a combustion engine in electric vehi-
cles, the flow acoustics of the thermal management system 
and the compressor are becoming increasingly important as 
the new main source of the noise perceived in the driver's 
cab [1]. The main cause of noise generation are the pressure 
pulsations within the compression chamber. The pressure 
pulsations are influenced by the mass flow and the reed 
valve at the outlet of the compression chamber [2]. 

In order to better understand and reduce the pressure pulsa-
tions, a 3D-CFD simulation is necessary. However, for scroll 
compressors in particular, there has been little research in the 
literature to date on their flow simulation and noise genera-
tion. Against this background, the aim of this research work 
deals with the development of a two-way coupled Fluid-
Structure Interaction (FSI) of a scroll compressor with reed 
valve in Simcenter Star-CCM+. Considering the interaction 
between the refrigerant and the valve, it is intended to pro-
vide a basis for later conclusions about the acoustic behav-
iour for a future noise reduction. 

Working Principle 

Scroll compressors are positive displacement machines con-
sisting of two intermeshing scrolls, one of which is movable 
and the other one is fixed. A crankshaft drives the movable 
scroll, leading the refrigerant in a circular motion towards 
the centre, and compressing it in the process. This compres-
sion process is not continuous but cyclic leading to one pres-
sure surge per rotation [3]. 

 

Figure 1: Compression chamber consisting of two scrolls.  
Left - Orbiting scroll, right – fixed scroll. 

The compressed refrigerant exits the central compression 
chamber through a bore entering an outlet geometry, acting 
like a silencer, to reduce the pressure pulsations. By inflow-
ing, a reed valve is deformed, which prevents backflow into 
the compression chamber between the pressure surges.  

The complex outlet geometry of the scroll compressor under 
consideration consists of several chambers and narrow sec-
tions. 

 

 

Figure 2: Negative of outlet geometry in side view and top view. 

Two main chambers are noteworthy. The valve and the 
limiter are located in the valve chamber. The acoustic 
chamber is the second major one. Two narrow passages 
complete the characterisation of the outlet geometry. 

Continua 

The FSI consists of two continua. The first one models the 
gaseous refrigerant R1234yf with respect to its physical 
properties. It describes the fluid as three dimensional and 
compressible. Due to its flow characteristics, turbulent ef-
fects are considered using the unsteady Reynolds-averaged 
Navier–Stokes equations (RANS) with the 𝑆𝑆𝑇 model. Since 
the computational costs of a two-way coupled FSI are con-
siderably high, a Large Eddy Simulation (LES) requiring a 
significantly finer mesh was dispensed. The fluid is discre-
tised by finite volume method (FVM).  

The second continuum models the reed valve, describing it 
as an isotropic model. The calculation of the forces and 
stresses are based on the principle of virtual work [4]. For 
discretisation, the nonlinear finite element method (FEM) is 
applied. As the deformation of the reed valve is restricted in 
reality by a limiter and the floor, the contact between the 
reed valve and rigid surfaces is also modelled using the pen-
alty approach, in which a weighted term is added to the ob-
jective function that penalises constraint violation [5].  

The coupling for the FSI is realised by the partitioned ap-
proach allowing information transfer between the fluid and 
the solid continua via a coupling interface allowing two 
different discretisation types. In order to fulfil the coupling 
condition, kinematic and dynamic boundary conditions are 
met at the interface at each time step. The two-way coupled 
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approach considers both the influence of the fluid on the 
solid and vice versa, in order to map the pressure pulsations 
as accurately as possible [6]. 

 

 

Figure 3: Reed valve and limiter at bottom side of outlet geometry. 

Mesh 

To obtain a sufficient mesh quality, hexahedral cells were 
used for both continua in the whole simulation domain. They 
benefit from a naturally high cell quality and a low skewness 
angle. Further, prismatic layer cells near the wall complete 
the mesh to take account of the boundary layer and near-wall 
effects. At crucial regions, the mesh was sufficiently refined. 

As the geometry of scroll compressors changes continuous-
ly, the mesh must be adapted at each time step. On the one 
hand, the scroll movement leads to a change in the geometry 
of the compression chamber. On the other hand, the reed 
valve moves in dependence of the calculated forces and 
pressures, which leads to narrow gaps (dis-)appearing. It is 
therefore important to use the most computationally efficient 
technique possible that allows for mesh adaptation. 

 

Figure 4: Cross section of meshed compression chamber. 

For the compression chamber, the mesh morphing technique 
adjusts the mesh nodes calculating their position with respect 
to the new position of the moving scroll. Due to the node 
shifts, a re-meshing after each time step is not required. In 
addition, no special refinement is necessary saving computa-
tion time for additional cells. However, the cell quality can 
suffer from the node displacement, so that a logic is required 
to monitor the cell quality over the course of the simulation 
and to trigger re-meshing if necessary. 

A combination of mesh morphing and the overset technique 
were used for the reed valve. In the latter, an additional 
overset mesh is placed over the traditional background mesh. 
Based on a cell cut algorithm, cells of both meshes are (de-
)activated as required to adapt the movement of the valve. 
The information is interpolated between the two meshes via 
so-called donor and acceptor cells. The advantage is that 
even narrow gaps that occur during the opening and closing 
process of the valve are mapped without the risk of negative 
cell volumes. Also, no re-meshing is required since cells are 
not skewed in the process. A disadvantage is that the number 
of cells increases due to both meshes and the overset mesh 
requires a sufficiently fine resolution. Furthermore, interpo-
lation errors may occur. While the overset technique is ap-
plied after each time step, the fluid mesh is adjusted based 
on the calculated deformation of the valve using mesh 
morphing during the time step. 

 

Figure 5: Cross section of closed valve and limiter. The overset 
mesh wraps the valve. 

Initial and Boundary Conditions 

Different initial and boundary conditions were defined for 
the simulation. The simulation starts from a resting fluid at a 
temperature of 300 K. For both the inlet and outlet condition, 
pressures and temperatures were specified obtained from 
measurements which can be seen below. 

Table 1: Boundary conditions 

 Temperature [K] Pressure [bar] 
Inlet 290.15 3 

Outlet 365.15 15 

The inlet consists of three inlet channels in total, which are 
distributed along the fixed scroll. The walls were defined as 
hydraulically smooth and adiabatic. 

Due to the resting fluid at the beginning of the simulation, 
several rotations were necessary to obtain the operating point 
with a constant pressure and temperature distribution.  

Results 

The simulation was conducted on the parallel CPU cluster 
“Fritz” at the National High Performance Computing Centre 
of the FAU. Using a time step of 0.25° crankshaft angle, a 
full rotation with 5 nodes and 72 cores per node took approx. 
8 days of computation time.  
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While the mass flow was validated by experimental data, the 
pressure in the compression chamber was confirmed with the 
results of Pham et al [7]. For the evaluation of the simula-
tion, measurement points were defined at different locations 
recording the pressure, the mass flow and the valve defor-
mation over one rotation. 

Flow Guidance 

The flow guidance in the outlet geometry, which acts as a 
silencer, is not obvious considering the complex shape. In 
order to obtain a better understanding of how the refrigerant 
flows through streamlines are a helpful tool for clarification. 

 

Figure 6: Streamlines in the outlet geometry reveal the complex 
flow guidance. 

The refrigerant enters the outlet geometry by flowing around 
the opened valve. In the area where the valve is fixed, the 
flow is almost stagnant. After passing the first narrow sec-
tion, it enters the tube section. The acoustic chamber has two 
entrances for the refrigerant. Before the outlet, the fluid 
flows through another narrow passage. While the streamlines 
in the valve area have a high degree of turbulence, this de-
creases further along the flow path due to the narrow con-
strictions and the complex flow guidance.  

Mass flow 

To investigate the flow behaviour, mass flows were recorded 
at various cross-sections. The mass flow at the inlet is the 
sum of the three inlet channels. The mass flow below the 
valve was measured at the transition between the compres-
sion chamber and the outlet geometry. In addition, the mass 
flows at both entrances to the acoustic chamber and at the 
outlet were recorded. 

Although the inflow is theoretically constant due to the pres-
sure boundary condition, the behaviour deviates already 
here. This is due to the crankshaft angle and, consequently, 
the position of the moving scroll, which allows the fluid to 
enter the compression chamber at varying rates. In the area 
of the reed valve, a brief backflow occurs while the valve 
closes. This forces the refrigerant below the valve into the 
pipe between the compression chamber and the outlet geom-
etry, creating pressure fluctuations that can be seen in the 
mass flow curve. Once the valve opens, the mass flow in-
creases linearly and remains at a relatively constant level as 
long as the valve is open. 

Both entrances to the acoustic chamber exhibit very similar 
behaviour. In the course of a rotation, both curves show an 
inflow as well as an outflow. The mass flow at the outlet 
shows fluctuations due to rotation in a similar way to the 
inlet, but these are much smoother. They indicate that the 
pressure pulsations cannot be completely damped out and, as 
a result, leave the scroll compressor. 

 

Figure 7: Recorded mass flow over one rotation at different cross 
sections. 

Fluid-Structure Interaction 

The largest pressure pulsations occur in the area of the reed 
valve. For this reason, the valve deformation and the pres-
sure above and below the valve were monitored over one 
rotation using measurement points, which are shown in Fig-
ure 8. 

 

Figure 8: Measurement points for pressure fluctuations above and 
below valve. 

Starting from the closed reed valve state, the pressure below 
the valve is lower than the pressure above it. Since the valve 
is closed, the pressure rises until it exceeds the pressure 
above it. Above the valve, the pressure decreases slightly as 
no refrigerant flows in. As soon as the pressure difference 
exceeds the valve stiffness, the valve opens. As a result, the 
pressure below the valve drops briefly in the form of a 
pressure fluctuation. However, as the central compression 
chamber continues to shrink due to the scroll movement, the 
pressure increases again. When the valve is fully open, the 
refrigerant can discharge completely. 
As a result, the pressure below the valve decreases steadily, 
while above it increases slightly with fluctuations. This 
smaller increase is due to the large volume of the chamber 
above the valve. The valve is already closing gradually. 
Next, the pressure below the valve drops rapidly as the 
central compression chamber opens and the partially 
compressed refrigerant enters from an outer chamber. Due to 
this pressure loss, the valve now closes fast and completely. 
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Eventually, the pressure below the valve rises again, initially 
characterised by fluctuations, while it drops slightly above. 
 

 

Figure 9: Pressure curves in combination with valve displacement. 

Pressure in Outlet Geometry 

Similar to the investigation of the mass flow, the pressure 
was recorded at several points of the outlet geometry over a 
rotation. The pressure points are shown below. 

 

Figure 10: Measurement points for the pressure: Near valve, tube 
chamber, acoustic chamber and near outlet. 

The corresponding pressure curves are shown in Figure 10. 
At the measurement point above the limiter, a large pressure 
amplitude can be observed over the course of one rotation, 
which is characterised by several smaller pressure 
fluctuations. After flowing through the first narrow passage, 
the second measurement point is reached, which has a 
significantly lower amplitude. Furthermore, some of the 
small fluctuations are already partially damped. 

Between this measurement point and the one at the outlet, 
another narrow section reduces the pressure and its fluctua-
tions showing only minor changes over one full rotation. 
This shows that the abrupt narrowing of the channel is re-
sponsible for damping the pressure fluctuations. Due to the 
rapid increase in velocity, the pressure and thus the pressure 
fluctuations decrease.  

Although the pressure curve in the acoustic chamber has a 
similar amplitude to that in the tube chamber, it exhibits far 
fewer fluctuations. This is due to the damping effect caused 
by the large chamber volume. As the fluid in the chamber is 
almost stagnant, this chamber acts as a dual-neck Helmholtz 
resonator damping the higher-frequency pressure fluctua-
tions like a spring. 

 

Figure 10: Pressure fluctuations over one rotation at different 
measurement points. 

Conclusion and Outlook 

This flow simulation has provided a detailed insight into the 
damping behaviour of a scroll compressor. The outlet geom-
etry, acting as a silencer, uses the Bernoulli effect and a 
dual-neck Helmholtz resonator as two mechanisms to damp-
en the higher-frequency fluctuations. In addition, the struc-
tural coupling enabled the valve behaviour to be investigated 
in detail as a function of the pressure pulsations near the 
valve. The next step is to convert the measured pressure 
fluctuations into signals using a Fast Fourier Transform 
(FFT) to identify the pulsations responsible for the unpleas-
ant noise generation. 
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