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Winterthur, Switzerland
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by:

Abstract:
Vibrations of moving and rotating parts in the crank gear of a labyrinth-seal-type compressor can cause 
a variety of problems such as bearing failure or increased wear in cylinders and pistons. Investigation 
of the dynamics of rotating parts often exceeds the possibilities of standard vibrational analysis tools 
like modal or harmonic response analyses, since large deformations and geometrical non-linearities 
are not considered. A full transient numerical analysis can handle all these non-linearities at the cost of 
high computational power requirements which conflicts with time and cost limits. To overcome these 
constraints, modelling the crank gear with beam-elements is a viable route. A typical simulation model 
of a compressor can thus be created with less than 5000 degrees of freedom, so that the several thousand 
timesteps required to capture all significant effects in a complete transient analysis can be performed in a 
reasonable amount of time. This paper presents the analysis of a 6-Crank vertical machine where bearing 
damages and excessive piston wear has occurred. A simplified model of the oil film between journal 
and bearing shell is used to capture its effect on the crankshaft deformation. The simulated minimum 
oil film thicknesses inside the main bearings are in good accordance with findings from the field, where 
excessive delamination of white metal in the edge zone has been observed. The analysis of the model 
reveals that the root cause of this is in the combination of a low crankshaft bending stiffness and a much 
higher stiffness of bearing supports and the main frame, leading to high reaction moments on the main 
bearings. A new bearing support design reduces the reaction moments and resulting edge loadings on 
the bearings significantly. Another important aspect are piston vibrations, which are a specific problem 
for labyrinth-seal-type compressors where there is no structural connection between piston and cylinder. 
The simulation highlights the effect of an increased piston rod diameter for reducing the piston vibrations 
and therefore the wear on the cylinder and piston.

 Investigation of excessive crank gear 
vibration and bearing loading by means 
of a multibody finite element analysis for 
a vertical reciprocating compressor and 

proposed mitigation measures
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by:

Abstract:
The climate change, as a result of greenhouse gas emissions and their impacts on human health and 
safety, has forced governments to change their way of thinking and to have more forward-looking views. 
Moreover, the unpredictable geopolitical scenarios push governments to reduce and diversify energy 
dependencies. 
Energy and its transition towards more sustainable ways of production, transfer and consumption are 
part of a change process that is developing with several competing technologies. 
This scenario led to an increase in LNG plants, investments in Biogas and addresses Hydrogen as the 
future energy vector. Each of these technologies brings new challenges to the processing systems. 
This paper is focused on the specific technological challenges that compressors and its valves face in 
the applications that are characterizing the current energy transition. In particular, the valves have to 
face additional critical issues, such as low temperature (cryogenic applications), high pressures (up to 
1000 bar), absence of lubrication, risks of Hydrogen embrittlement, and the presence of capacity control 
systems. 
The paper addresses the above challenges for the compressor valves and describes some experiences and 
solutions achieved starting from the compressor and valve design up to the complete installation on site.

Compressor and valve challenges in 
energy transition: the experience on LNG 

and Hydrogen applications
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Abstract:
As part of a former EFRC research project carried out at Technische Universität Dresden1, a new 
pneumatically force-controlled poppet valve was described enabling the reversible use of a reciprocating 
compressor as an expansion machine, e.g., for energy recovery from underground gas storage tanks 
during discharge. The general operation of such a valve was tested experimentally on a compressor 
in capacity control mode. The present paper deals with the experimental testing of a reciprocating 
compressor operated as an expansion machine. After a brief introduction regarding the valve system 
and the experimental compressor, the experimental setup is described. Subsequently, the results are 
discussed based on measured indicator diagrams. Finally, an outlook on further optimization potential 
in commercial applications is given.

Reversible operation of a reciprocating 
compressor as an expansion machine

Christian Stöckel 
Bitzer-Professur für Kälte-, Kryo- und 

Kompressorentechnik 
christian.stoeckel@tu-dresden.de

 Konrad Klotsche 
Bitzer-Professur für Kälte-, Kryo- und 

Kompressorentechnik 
konrad.klotsche@tu-dresden.de

by:

Christiane Thomas 
Bitzer-Professur für Kälte-, Kryo- und Kompressorentechnik 

christiane.thomas@tu-dresden.de

Technische Universität Dresden 
Dresden, Germany 
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by:

Abstract:
Steam compression with reciprocating compressors is a process that should be considered by the 
reciprocating compressor industry as a significant opportunity to contribute to carbon neutrality and 
create a new potential application for reciprocating compressors utilizing automatic valves. Steam 
compression is the process of upgrading low-pressure steam to a higher temperature and pressure 
preserving the latent heat of steam vaporization of the low-pressure steam. The energy required to 
upgrade this steam may have a coefficient of performance exceeding ten versus generating new high-
pressure steam. Mechanical vapor recompression of steam involves a two-phase process. First, liquid 
is removed from a pressurized process by a steam trap then exhausted to a mechanical separator at a 
lower pressure and flashes to steam. This steam can then be recompressed to a valuable higher pressure 
and temperature. Challenges for steam compression include controlling the quality and temperature of 
the steam being compressed and utilizing materials suitable for steam and the shock loads typical of a 
reciprocating compressor handling a two-phase fluid. Opportunities currently exist for both centralized 
and decentralized steam compression. For instance, steam may be recovered from various small processes 
and pass through a low-pressure piping system to a header for a centralized compressor. It also may be 
viable to develop small compressors that recompress steam at the process vessel trap and discharge it 
to a local high-pressure header, thereby avoiding expensive large diameter piping and thermal losses. 
This paper will explore the processes, challenges, and opportunities for compressing steam at multiple 
scales and configurations including for small-scale and distributed energy systems for which there is 
little industry precedent. It will also describe Skinner Engine Company labyrinth groove designs for 
lubricated and oil-free service.

Reciprocating Steam Compression 
Applications in Energy Decarbonization
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Abstract:
This paper proposes a process for advanced Design Automation (DA) of Reciprocating Compressors 
(RCs) cylinder assembly using Artificial Neural Networks (ANNs) to obtain an optimal system 
configuration. The study found that traditional methodologies for DA limit the system design options to 
predefined alternatives, while ANNs can overcome this limitation and obtain an optimal configuration 
of the system quickly, even beyond the constraints of the dataset they were trained on. In this study, 
the ANNs have been trained using a dataset derived from a database of complete CFD simulations 
carried out by the COMPANY over the years and integrated into the advanced DA process through a 
product configurator and an intelligent orchestrator software. The proposed method was applied to a 
real case study of the COMPANY involving a non-routine design modification of an existing cylinder 
and compared with the results obtained from the benchmark as-is process of the COMPANY (i.e., CFD 
simulations). The results showed that the ANN-based method is a reliable tool for optimising the design 
of RC assemblies, delivering multi-objective optimal solutions of the final non-routine configuration 
in a short period of time, meeting COMPANY‘s needs. The proposed method is considered a valuable 
tool for responding quickly to customer requests while improving the efficiency of the design process.

Design Automation and Machine 
Learning in API 618 Reciprocating 

Compressors

 Niccolò Batini 
Baker Hughes 
Florence, Italy 

niccolo.batini@bakerhughes.com

by:

Niccolò Becattini 
Politecnico di Milano 

Milan, Italy 
niccolo.becattini@polimi.it 

Gaetano Cascini 
Politecnico di Milano 

Milan, Italy 
gaetano.cascini@polimi.it
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Abstract:
With the increasing amount of data being monitored and available in this era of Industry 4.0, fault 
detection and predictive maintenance of complex physical systems has become a very real and viable 
possibility today. Multi-physics simulation models of reciprocating compressors as part of Digital Twin 
Environments have advanced significantly, thus allowing for the quick, easy generation of synthetic 
training datasets and specific labelled anomalous datasets simulating real-world faults. In this study, a 
well-known commercial multi-physics simulation software is used to model an industrial reciprocating 
compressor system with various domains including bearings, valves, compressor shaft mechanics, 
NVH, lubrication, and gas flow dynamics. The model is exercised with variability of typical physical 
parameters to simulate real-world operation of well running, non-faulty reciprocating compressor systems 
and generate “no-fault” virtual input datasets. Faults are then intentionally introduced within the digital 
twin system to simulate real-world anomalies manifested via behavioural changes in signals of typical 
sensor data (eg: compressed gas pressure) present in actual compressor systems. Supervised learning 
techniques are applied to train and optimize machine learning models for fault detection. The trained 
models can be deployed in real-world scenarios with online real-time monitoring to detect potential 
failures and identify fault causes. This can help with predictive maintenance of compressor systems, 
reduce unscheduled downtime, and thereby decrease the economic impact from loss of production. The 
promise of such a technology is demonstrated as the ability to reproduce and prevent faults without 
actually creating them on a real machine which would risk severely damaging these large and expensive 
machines.

Real-World Compressor Fault Detection 
for Digital Twin Environments
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Abstract:
Accurate computational models are key in enabling optimal operation of compressor systems. While 
physics-based numerical models can provide accurate results, they can be complex to set up and can 
miss some of the finer details of a specific compressor system’s operation. Data-driven models (e.g. 
artificial neural networks), on the other hand, can use field measurements to provide models tailored to 
the exact (real-world) behavior of a system, and are relatively easy to set up. However, such data-driven 
models typically require a large number of data points to provide accurate predictions, while in reality 
the number of field measurements may be limited. The introduction of data-driven models capable of 
accurate predictions, even when trained on datasets of limited size could be beneficial for (for instance) 
predicting the internal cylinder pressure. 
In this study, a machine learning technique called transfer learning was used to combine numerical 
simulation results with field data in order to create accurate data-driven models. In this process, an 
initial neural network model is trained on a large dataset of numerical model predictions to learn general 
relations, and subsequently fine-tuned to the compressor’s specific behavior using a much smaller 
dataset of field measurements. 
In this paper, transfer learning was applied to a compressor system of a Dutch gas production facility 
using 1400 numerical data points in the compressor’s range of operation and 5-40 field measurement 
data points. Models were trained to predict the internal cylinder pressure, with pressure fluctuations 
up to the 32nd harmonic, based on compressor speed, suction pressure, and discharge pressure. Results 
show that the majority of transfer learning models trained clearly surpassed models trained on numerical 
or field measurements alone. In the future, this could allow for more tailored data-driven modelling 
solutions for systems with limited field measurements.

Using Transfer Learning to Construct 
Accurate Data-driven Compressor 

Models on Limited datasets of Field 
Measurements
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1 Introduction

In general, (older) compressor fleets do not have 
elaborate condition monitoring systems installed. 
Standard sensors (as stipulated by API 618/670) will 
be available, but for example real-time monitoring of 
the cylinder pressure is not available, whereas this 
can provide valuable insight in the performance of 
the compressor and the condition of its valves1. The 
aim of this work to get more insight in the 
compressor performance, without taking the 
measurements that are normally required for this 
purpose. Standard sensor outputs in combination 
with physical models will be used to predict the 
cylinder pressure during a compression cycle. In 
principle, physical models deliver a high degree of 
accuracy, however they are computationally 
expensive and more suited for off-line rather than 
real time computations. Machine learning 
techniques are inherently positioned to overcome 
these challenges, and will therefore be a key part of 
the prediction routines.

In previous work2, machine learning was used to 
model the dynamic cylinder pressure in a 
compressor system for the purpose of speeding up
pulsation calculations for damper design. However, 
in this work only synthetic numerical data was used 
to train the model. As such, it is unlikely to perform 
well on real-world systems and cannot be used for 
proper condition monitoring application, as there is 
always a discrepancy between simulation and real-
world. In this work, the aim is to use measurement 
data to bridge this gap between simulated and real-
world data. However, in most cases, the amount of 
data available from field measurements is limited, as 
they are time consuming and expensive to perform,
and thus deriving a data-driven model from this data 
is challenging. For this reason, the so-called transfer 
learning principle is investigated. In transfer 
learning3,4, the parameters of one model trained on a 
large dataset of a related problem are transferred to 
a second model and further finetuned on the actual 
problem to be solved. In this work, we aim to 
demonstrate this process by first training a model to 
predict dynamic cylinder pressures using a large 
numerically generated dataset, then finetune it using 
the limited measurement data to improve overall 
model performance.

In Section 2, a high-level overview on machine 
learning, and the type of machine learning model and
transfer learning method used are given. Then, 
Section 3 provides an overview of the case study to 
which the transfer learning process was applied 
along with the measured and simulation datasets. 
Section 4 discusses the machine learning test cases 
that were run, their results and a discussion of the 
outcomes. Finally, Section 5 provides conclusions 
and future outlook on the work.

2 Methodology
In this section a brief overview is given of the 
machine learning methods and transfer learning 
approach used within this work.

2.1 Machine learning
Machine learning is a broad collection of 
mathematical methods that aim to “learn from” (take 
advantage of) data in order to solve a given 
problem5. They do so by adapting their inner model 
parameters to reflect the relationship between given 
examples of input-output combinations or patterns 
within datasets in order to generalize to new, yet 
unseen, instances5,6.

Machine learning is typically used in favour of 
classical analytical or numerical modelling 
approaches when the problem at hand is difficult or 
slow to solve with such methods, no conventional 
models exist, or the problem is not well understood, 
but there does exist data describing the problem. For 
instance, it is nearly impossible to create a 
conventional model that maps an image to the object 
it depicts (e.g. “is this image a dog?”), but using 
machine learning and a large number of example 
images, this is a fairly trivial task.

In addition, once “trained” (see next section), a 
machine learning model is typically much faster to 
execute than numerical methods, making them 
powerful alternatives in design optimization 
problems2 or real-time applications. 

2.2 Artificial Neural Networks
In this work, the type of machine learning model 
used is the artificial neural network (ANN), a type of 
predictive model that maps a given input to its 
corresponding output. In essence, an ANN consists 
of a collection of non-linear functions called neurons 
that are arranged in a network of mutually exclusive 
layers5 (see Figure 1). Each neuron receives 
information from all neurons in the previous layer 
through the connections between them, combines 
this information based on the weight of each 
connection, runs the combined information through 
its non-linear function, and passes the corresponding 
outcome on to all neurons in the next layer (ending 
at the final layer where the outputs are read out). 

By changing the values of the weight of the 
connections between layers, the output of the ANN 
changes accordingly. By providing a comprehensive 
dataset of known input-output combinations, an 
optimization algorithm can be used to find a set of 
weights such that for each input, the ANN provides 
the correct corresponding output5,6. This process is 
called training, and is (aside from the technical 
implementations) generic to all types of machine 
learning models. Once completed it provides a 
“trained” machine learning model that can be used 
to make prediction on new input data.

.
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Figure 1: Schematic of a two-layer artificial neural 
network with three inputs, two outputs and five 
neurons in the hidden layers.

2.3 Transfer learning approach
One of the main hurdles in machine learning 
applications is the presence of proper datasets that 
can be used for training. In many practical cases 
where machine learning could provide great 
benefits, there is only very limited data available. As 
a result, it can be difficult to create machine learning 
models that learn the correct relations from the data, 
as the number of known input-output combinations 
is small and might not cover the full range of 
possibilities.

In such cases, transfer learning can potentially help 
solve the problem. Transfer learning is a process in 
which knowledge or information gained from one 
problem is transferred to a different but similar 
problem3,4. In machine learning, this is often done by 
transferring the learned model parameters (e.g. ANN 
weights) from an existing model trained on one 
problem (the source) to a new model, and then 
finetuning this new model to a second problem (the 
target). 

When dealing with limited data for a given target 
problem, transfer learning can help by first training 
a source model on a similar problem for which 
sufficient data is available, transferring the learned 
parameters to a new model, and using the limited 
target data to adjust the minor details of the model 
specific to the target problem3. This idea is 
illustrated in Figure 2. If only the target data is used, 
the resulting model is typically too simplistic (a). If 
only the source data is used, the general trends are 
captured better, but not the details (b). However, by 
starting off with the general trends from the source 
model as a baseline, it can be subtly tweaked using 
the target data (c) to better align with its details 
without creating a model that is too simplistic, 
resulting in a model that is better than models trained 
on either dataset alone (d).

In this work, the target problem is the creation of a 
predictive model of amplitudes for the harmonics of 
the cylinder pressure signals of a compressor system
based on a limited set of measured data, while a
larger set of data generated using a numerical model 
is used as the source. Just as described above, the 
source problem has abundant data to train on, but 

still lacks in accuracy with respect to the details of 
the real-world system, while the measured dataset 
better reflects the real-world, but is too limited to 
create an accurate model with.

Figure 2: Visualization of the transfer learning 
principle.

To apply the transfer learning process to ANN 
models, the following steps were taken:

• A source neural network model is trained on the 
simulated data to predict the first 32 harmonics
of the cylinder pressure based on the RPM, 
suction pressure and discharge pressure.

• The weights of the source ANN are copied and 
used as the initial weights of the target model.

• The measurement dataset is divided into one 
dataset for training, and one dataset that is kept 

.
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aside for testing and evaluating the trained 
model.

• The training process is repeated, now with the 
measured data.

• The final transfer model is evaluated on 
measured test dataset and compared against a 
model trained only on the simulation data, and a 
model trained only on the measured data.

• If successful, the transfer model should 
outperform both other models.

The specific case the methods were applied to and 
the data used are described in the next section.

3 Case study
3.1 System description
The compression system considered in this project
contains one horizontal 4-throw reciprocating 
compressor that is operated in two stage mode (stage 
1: cylinders 1-3, stage 2: cylinder 4). The
compressor speed is variable. The system is used to 
compress natural gas, with a molar weight of 18 
g/mol. Only the 2nd stage cylinder was taken into 
account during this research (as the primary purpose 
of the measurements was to study the reliability of 
the 2nd stage compressor valves).

3.2 Measurement data
Field measurements were conducted for varying 
operating conditions, on the compressor system 
shown in Figure 3. The cylinder pressure was
measured at the crank-end and head-end side of the 
2nd stage cylinder. HBM P3TCP pressure 
transducers were mounted in the cylinder tap
connections, in direct contact with the process gas.

Figure 3: Pressure measurement locations on the 
2nd stage cylinder, at the head-end (HE) and crank-
end side (CE).

Pressure measurements were conducted for 45 
different cases of operating conditions. The 
compressor speed was regulated by changing the set 
point of the 1st stage suction pressure, this also 
resulted in variations in the 2nd stage suction 
pressure. Figure 4 gives an overview of the 2nd stage 
suction pressure, discharge pressure and compressor 

speed of each operating case. The conditions varied 
in the following ranges:

• Suction pressure: 45 barg to 63 barg.
• Discharge pressure: 87 barg to 91 barg.
• Compressor speed: 170 RPM to 375 RPM.
The suction temperature was around 23 ºC during the 
measurements.

Figure 4: Overview of the operating conditions 
during the different field measurement cases.

3.3 Numerical model and data
A pulsation simulation tool was used to construct a 
numerical model of the 2nd stage cylinder. The 
numerical calculations are used to determine the 
dynamic cylinder pressure during a compression 
cycle. For this purpose it is sufficient to only model 
the cylinder and the pulsation dampers, the field 
piping is not taken into account. Figure 5 gives an 
illustration of the simulation model.

Simulations were run for the same range of operating 
conditions as encountered during the field 
measurements, 1400 simulation steps were used in 
total to generate a larger dataset to make training 
more accurate. The simulations were run with 3 
different settings of compressor valve losses,
(hereafter referred to as a low, intermediate and high 
value).

CE
HE

.
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Figure 5: Overview of  the simulation model, with 
the head-end (HE) and crank-end (CE) side of the 
2nd stage cylinder.

Figure 7 gives an illustration of the cylinder pressure
signal during a compression cycle, for simulations 
with different settings of valve losses and for the 
corresponding field measurement case. Figure 7
shows that with increased valve losses, the pressure 
overshoot will be larger when the discharge valve 
opens. The models with different settings of valve 
losses are useful to study the performance of the 
transfer learning algorithms with respect to the 
accuracy of the simulation input data. While there 
are many different parameters that can affect model 
accuracy, valve losses were used to emulate different 
accuracy levels as it was an easy to change single 
parameter, and did not require changes to the 
numerical model design itself.

Figure 7: Comparison of the internal cylinder 
pressure of simulations and a field measurement. 
The operating conditions match with case number 
10 of the field measurements.

The dynamic pressure harmonics, i.e. the 
distribution of the frequencies in the dynamic 
pressure spectrum, are relavant to study the dynamic 
interaction with the compressor valve structural 
behavior. In order to train the data-driven models,
the first 32 harmonics of the dynamic pressure were 
extracted from both the measured and simulated
pressure profiles. Figure 6 shows the minimum, 
maximum, and mean values of each harmonic for 
both the simulated and measured datasets. As can be 
seen for the first few harmonics, both line up quite 
well, however, as the harmonic number increases, 
the discrepancy between measured and simulated 
values increases. As such, it is expected that for these
higher harmonics transfer learning will give higher
benefits, as it is aimed at bridging the gap between 
simulated and measured data.

HE
CE

Pressure 
overshoot

Figure 6: Minimum, maximum, and average values per harmonics of respectively the simulation (blue) and 
measured (orange) data.

.
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4 Transfer learning results
In this section, the different transfer learning tests
that were run are first briefly described, after which 
their results are given and discussed.

4.1 Test descriptions
In order to investigate the potential of transfer 
learning under different circumstances, a number of 
different tests were performed. The following three 
aspects were investigated:

• The effect of the size of the measurement 
dataset. In this experiment, the number of 
measurement datapoints was varied in order to 
evaluate how this affects the accuracy of the 
resulting models and the potential benefits of the 
transfer learning process.

• The fidelity of the numerical model used to 
generate the simulation data. By this experiment 
it is investigated to what extent the initial 
accuracy of the numerical model impacts the 
final performance of the transfer model.

• The number of harmonics included in the 
analysis. Here the transfer learning process is 
repeated for a model predicting the first 16 and 
32 harmonics respectively in order to gauge 
where the process performs best.

4.2 Results
In the following subsections the results of each of the
tests described in the previous section will be given. 
All tests provide results for three different machine 
learning models, these are:

• The simulation model. A model that was 
trained only on the simulation data generated 
with the numerical model.

• The measurement model. A model trained 
only on measurement data.

• The transfer model. The model trained through 
the transfer learning process; first trained only 
on simulation data, and then finetuned by 
training on the measurement data.

For all models, experiments and datasets, the sizes 
of the neural networks and training settings were 
kept exactly the same. All models were scored on the 
same subset of the measurement data to evaluate 
their performance, and the mean absolute error 
between the predicted harmonics and true measured 
harmonics is reported, which is expressed as 
follows:

𝑀𝑀𝑀𝑀𝑀𝑀 = ∑ |𝑦𝑦𝑖𝑖−𝑥𝑥𝑖𝑖|𝑛𝑛
𝑖𝑖=1

𝑛𝑛 (1)

Where n is the number of data samples (predictions),
yi is the predicted value, and xi is the true value of 
each predicted sample.

4.2.1 Measurement dataset size
Figure 8 shows the ANN model accuracies as 
evaluated on the test set of the measurement dataset

for 5, 10, 20, and 40 datapoints used to train the 
measurement model and finetune the transfer model. 
In all cases the number of simulation model 
datapoints was not changed. All models were trained 
on the first 32 pressure harmonics, and the process 
was repeated three times for each dataset size with 
randomly selected data points. As can be seen from 
the figure, as expected, the modelling accuracy in 
general goes down with a decrease in the number of 
training points, with the model trained on the largest 
set of measurement data model clearly 
outperforming the simulation data only model when 
using 40 data points, while being roughly equal to or 
worse than it as the number of points drops to 10 and 
5. When looking at the transfer model performance, 
it can be seen that in most cases except for the 5 
datapoints it improves over or performs equally to
both the measurement and simulation models, with 
the clearest improvement being seen for the 10 
datapoint case where it shows improvement of 
around 67%.

In addition, it can also be seen that in general for less 
points the variance in possible outcomes is much 
higher, which is to be expected, as there is a much 
greater chance that the randomly selected points do 
not provide a good representation of the problem, 
resulting in a bad model (for instance if all five 
points are for similar operating conditions, the model 
will do poorly for other operating conditions).

Finally, there are a few instances in which the 
transfer model get marginally or significantly worse. 
This is something that can always occur as the 
training process is stochastic, and in some cases fails
to find the optimal set of weights. This does show 
that the transfer learning process should not be 
trusted blindly.

.
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Figure 8: ANN model accuracies based on the 
number of measurement datapoints used for 
training. All models were trained to predict the first 
32 pressure harmonics using the intermediate valve 
losses level model simulation data.

4.2.2 Numerical model accuracy
Figure 9 shows the accuracies evaluated on the test 
set of measurement data for three source models 
trained on simulation datasets generated using 
numerical models of different accuracies (see Figure 
7). In this, the high, intermediate, and low valve
losses levels corresponded to low (model 1),
medium (model 2), and highest (model 3) accuracy 
respectively. For all comparisons, the measurement 
model was kept the same, and was trained on a 
measurement dataset size of 10 datapoints (for which 
the biggest transfer learning benefits were seen 
previously). As can be seen from the figure, the 
biggest effect of the numerical model fidelity can be 
seen in the accuracy of the simulation source model 
itself, where it is clear that lowest fidelity model 
(model 1) also results in the worst performance on 
the measurement data, while in this case the other 
two simulations models perform much better, even 
outperforming the measurement model.

Looking at the transfer learning accuracies, we again 
see that they all outperform both the simulation and 
measurement model, with the transfer model based 
on the worst performing simulation model showing 
the overall highest accuracy after the transfer 
process. This seems to indicate that the absolute 
accuracy of the final transfer model is largely 
independent of the fidelity of the original source
model.

Figure 9: ANN model accuracies based on the 
fidelity of the simulation model used to generate the 
simulation training data (low fidelity model 1, 
intermediate fidelity model 2, and best fidelity model 
3). In this case the measurement model was left 
unchanged and trained on 10 datapoints, for which 
the best improvement was previously found.

4.2.3 Number of harmonics modelled
Figure 10 shows a comparison between ANN 
models trained to predict the first 16 and 32 pressure 
harmonics respectively. Simulation data used came 
from the intermediate fidelity model, and again 10 
measurement datapoints were used for training. As 
the figure shows, whereas the improvement for the 
32 harmonics case is clear, it provides no significant 
benefits for only 16 harmonics. This is as was 
expected, as Figure 6 showed that the biggest 
discrepancy between simulated and measured data 
occurs primarily for the higher harmonics, and as 
such, these will benefit the most from the potential 
improvements that can be achieved with the transfer 
process.

.
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Figure 10: ANN model accuracies based on the 
number of harmonics predicted by the models. Both 
measurement and transfer target models used 10 
measurement datapoints. Simulation and source 
models used the intermediate valve losses level 
model simulation data.

4.2.3 Computational speed
As one of the main benefits of a machine learning 
model lies in its speed of computation, a speed 
comparison was performed between the numerical 
and ANN model. In total, it took roughly 90 minutes
to perform all 1400 numerical model simulations, 
while the same number of calculations done using 
the ANN model took only an average of around 0.2 
seconds, which comes down to a speed up of 5 orders 
of magnitude.

5 Conclusions and outlook

In this work, machine learning and transfer learning 
were used to leverage a combination of numerical 
simulation data and measurement data to train
models that could predict the dynamic cylinder
pressure of a compressor based on its RPM, suction 
pressure and discharge pressure. In the transfer 
learning process, an initial source model was trained 
solely on the simulation data, before being finetuned 
on (a subset of) the measurement data. By doing so, 
the model first learns the overall behaviour of the
compressor system, before attuning to its finer real-
world details. Models trained using this method 
generally outperformed models trained on either 
type of data alone.
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Abstract:
Small-bore branch connections (SBCs) are known as a prominent failure mode in reciprocating 
compressor systems1. SBCs are for example used for drains, vents, level gauges and pressure sensors. 
In general, SBCs exhibit low stiffness and mechanical damping while containing heavy components 
(valves, flanges, or instruments), resulting in low mechanical natural frequencies which are well within 
the excitation range of a reciprocating compressor. To prevent SBC failures, two conventional approaches 
exist. Reducing the branch length and overhung weight or stiffening the branch with braces or welded 
gussets. These approaches tend to have some disadvantages (expensive due to the required downtime, 
re-qualification in case of welding on existing structure, limited stiffness of braces).
Constrained Layer Damping (CLD), a non-conventional vibration mitigation technique, offers both an 
effective and an easy-to-use solution to control SBC vibrations. CLD is a combination of three different 
layers that are held together; a base layer (the side branch), a viscoelastic damping layer and a constraining 
layer. The shear that is generated due to pipe vibrations and transferred to the viscoelastic layer creates 
additional damping due to the characteristics of the viscoelastic damping layer. CLD applications have 
already been successfully field tested for main lines of reciprocating compressor systems2. 
The EFRC R&D working group sponsored an investigation into the application of CLD on small branch 
connections. Laboratory tests were performed on several SBC layouts. Several CLD layouts were tested 
(thickness, material, clamping and location). A Finite Element Model analysis was done, allowing to 
calibrate the non-linear properties of the viscoelastic material, resulting in a good correspondence with 
test results. As future work, using the FEM analysis, a large variety of SBC and CLD configurations will 
be evaluated, resulting in practical guidelines to design and evaluate the effect of CLD during design.

Constrained layer damping for  
small-bore side branches



EFRC PAPER88
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



  EFRC PAPER 89
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



EFRC PAPER90
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



  EFRC PAPER 91
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



EFRC PAPER92
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



  EFRC PAPER 93
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



EFRC PAPER94
by: Irma Meijer. Can Tümer, Jan de Vreugd – TNO



  EFRC PAPER 95

13th EFRC CONFERENCE
 September 19th – 21st 2023, Zagreb 

Cyril Wentzel 
Wentzel Dynamics 

The Hague, The Netherlands
cyril@wentzeldynamics.com

Leonard van Lier
TNO, Unit Energy Transition

Delft, The Netherlands
leonard.vanlier@tno.nl

by:

Abstract:
Application of hydrogen as a fuel for the mobility sector, requires reliable compression techniques 
that are able to provide very pure hydrogen at high pressure. In addition, for the typical operation of 
Hydrogen Refuelling Stations (HRSs), the compressors must be able to handle intermittent conditions. 
The diaphragm compressor is a mature technology that has been successfully applied for decades, in 
various parts of the process industry. Moreover, the diaphragm compressor offers favourable performance 
indicators, such as high end-pressure, operational flexibility, high efficiency and high purity. Moreover, 
compared to other traditional (e.g. hydraulic) or innovative techniques (e.g. electro-chemical), the 
capacity of a diaphragm compressor is relatively large. However, in intermittent hydrogen service, issues 
were identified amongst operators with the reliability of the diaphragms. The EFRC R&D working 
group initiated a project focusing on solving the reliability challenges (“HyMem”).
A comprehensive overview was made of operational issues that may impact on the diaphragm 
lifetime. This inventory was based on literature survey, conference proceedings and interviews with 
manufacturers, end users and service providers. These operation aspects include, amongst others: liquid 
ingestion, dust, foreign particles and failing components, inadequate control of hydraulic oil supply and 
start/stops during intermittent operation. The most relevant aspects are discussed in more detail in this 
paper. Also, typical mitigation strategies will be discussed with an outlook to improved techniques.
In a parallel effort, the potential was investigated to increase diaphragm lifetime. This work involved the 
study of fatigue performance under complex stress states and fretting conditions at the contact surface. 
Metallic materials as well as other material classes were reconsidered for potential performance increase 
to both identify and increase the performance gap between nominal lifetime and observed lifetime of 
conventional diaphragms. 
A major outcome of the study is the need to generate a fundamental understanding of the requirements 
for stiffness in diaphragm behaviour and design. Moreover, a need was identified for a dedicated test 
method to evaluate the fatigue performance of sheet metal alloys as well as other materials. Finally, it 
appeared that with the introduction of non-metallic materials, a substantial increase can be achieved in 
chamber volume, opening the path to higher capacity machines.

Diaphragm compressors for hydrogen 
service: inventory of operational 

challenges and feasibility of diaphragm 
optimization
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Abstract:
The global push for decarbonization and decreased greenhouse gas (GHG) emissions will require a 
significant amount of hydrogen. Green hydrogen (hydrogen produced by the electrolysis of water using 
only renewable energy sources, such as wind and solar), is perceived by some as the best source of 
hydrogen needed to meet current decarbonization goals. While this may or may not be true, increased 
hydrogen production will require additional hydrogen compressors. While multiple compressor types 
are used for hydrogen, this paper will focus on reciprocating piston-type compressors.
Reciprocating compressors have been used in hydrogen service for years, primarily in the refinery and
petrochemical industries. Recently, companies have been trying to determine what is required for the 
energy transition and how they can participate. Companies have come up with several „new“ hydrogen
applications. These new applications, such as hydrogen storage, hydrogen mobility, and hydrogen 
blending (with natural gas) will have different requirements for hydrogen compression than have been 
typical for refinery and petrochemical applications.
This paper will describe the „new“ applications, including summarizing the operating conditions and the
compressor requirements, along with some of the projects being considered. These can be complex 
applications and because of that, some users are willing to operate outside of the typical hydrogen 
operational limits that have been used for years in the refinery and petrochemical industries.
Gas cleanliness is crucial for these hydrogen applications so the majority of them are non-lubricated. 
Nonlubricated compressors do not use oil for cylinder lubrication, these compressors typically use 
„selflubricating“ materials. The decision to use lubricated or non-lubricated cylinders, along with the 
source of the hydrogen, whether from an alkaline electrolyzer or a PEM electrolyzer, will determine the 
design of the compressor.
If it proceeds as expected, the Hydrogen Economy will be an opportunity for reciprocating compressors 
to shine and we should all look forward to seeing where things go from here.

Reciprocating Compressors and 
the Hydrogen Economy



HYDROGEN COMPRESSION110
by: Ben Williams – ARIEL



  HYDROGEN COMPRESSION 111
by: Ben Williams – ARIEL



HYDROGEN COMPRESSION112
by: Ben Williams – ARIEL



  HYDROGEN COMPRESSION 113
by: Ben Williams – ARIEL



HYDROGEN COMPRESSION114
by: Ben Williams – ARIEL



  HYDROGEN COMPRESSION 115
by: Ben Williams – ARIEL



HYDROGEN COMPRESSION116



  HYDROGEN COMPRESSION 117

13th EFRC CONFERENCE
 September 19th – 21st 2023, Zagreb 

Michael Schöbel 
Leobersdorfer Maschinenfabrik GmbH 
Südbahnstraße 28, 2544 Leobersdorf, 

Austria 

Marc Langela 
STASSKOL GmbH 

Maybachstraße 2, 39418 Stassfurt, 
Germany

by:

Abstract:
Hydrogen compression is one of the critical technologies for the value chain from electrolyzers to 
fuel cell membranes, needed to achieve the transition from fossil energy sources to renewable energy 
concepts. The reliability of the hydrogen compression by reciprocating piston compressors relies on 
the wear resistance of the compressor spare parts. These are predominately piston and rider rings and 
internal parts of pressure packings out of PTFE-based materials. The downside of PTFE are the poor 
mechanical properties and the high cold flow; both disqualifying PTFE for high pressure applications 
within the hydrogen value chain. Thus, the work within this paper concentrates on new material solutions 
where most of the sealing material is based on a thermoplastic polymer with a higher pressure resistance 
than PTFE-based solutions. Pressure resistance is only one key aspect – the more important is the 
wear resistance and the combination of both – wear resistance and superior mechanical properties into 
one recipe. Therefore, the paper investigates the wear behaviour of polyimide-based material recipes 
and their mechanical properties in dependence on the ingredients to identify the critical aspects that 
enable PI-based formulations to work as high-performance sealing materials in demanding hydrogen 
compressor applications.

Wear Mechanisms of High-Pressure 
Hydrogen Sealing Materials
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Abstract:
Green energy transition and decarbonization commitment require to design innovative machines, to
successfully handle multiple fuels and accommodate an ever increasing quota of renewables. In the
mid-long term, the hydrogen is expected to play a key role both as a fuel in the long range mobility
context, as well as an energy vector within an innovative industry panorama, traditionally hard-toabate.
Several technical applications require a high degree of gas purity, thus the development of dryrunning
compressors, at high pressure levels, becomes a challenging objective that requires proper
investigation and design tools. During compression and expansion strokes, large non-uniformity of the
pressure distribution in the sealing system may lead to premature excessive wearing of the piston rings
within the reciprocating compressors. Accurate experimental campaign and numerical computations
are needed to obtain a reliable digital twin of the capacity of a newly designed high pressure, dry
running, hydrogen compressor, during its lifetime. In this work, the sealing effectiveness of
specialized piston rings, ad-hoc developed for a newly designed high pressure hydrogen compressor to
avoid severe leakage and excessive wearing, is discussed by a proper test model, taking into account
numerical predictions and experimental results. The proposed combined theoretical, experimental and
CFD approach allowed to deepen the behavior of newly designed rings, showing their superior
performance for high pressure, light gases applications, when compared with more conventional
designs.

Experimental and numerical 
investigation on the sealing capability of 
a high pressure, dry running, hydrogen 

reciprocating compressor
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Abstract:
The defossilization of our economy to achieve climate neutrality is the biggest challenge mankind is 
facing today. Hydrogen, especially with a low carbon footprint, will support this transition by serving as 
an energy vector and an energy storage medium. Furthermore, it can be used as a feedstock or reaction 
partner for various industrial processes.
All these applications require reliable and well controllable compression technology. Especially due to 
the low molecular weight positive displacement compressors are best suited. As oil-free compression 
is often required by e.g., fuel cells, non-lune piston and diaphragm compressors are ideally suited for 
H2-compression.

Efficient H2 compression with  
Pistons & Diaphragms – Recips as a 

keystone of the energy transition
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Abstract:
High costs for energy and global focus towards reduction in carbon emissions are demanding to operate 
reciprocating compressors at their optimum capacity, continuously adjusted to the requirements of the 
production. Wasting energy by using a recycle valve to expand compressed gases to suction pressure 
is economically inefficient. Thus, several capacity control devices such as suction valve unloaders, 
clearance pockets, reverse flow control or variable speed drives for motors are used to operate the 
reciprocating compressor as per downstream requirement. 
Condition Monitoring Systems can support to monitor the health of capacity control systems so that 
operators can rely on them. Automated rules can be programmed to automatically detect malfunctions 
of capacity control devices. 
This paper will describe the impact of capacity control systems on dynamic pressures, calculated 
performance and vibration and will show several cases.

Identifying capacity control related 
problems using condition monitoring
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Abstract:
We are Oil India Limited (OIL), an upstream Indian National Petroleum Company under the aegis of 
Govt. of India. The roots of OIL date back to 1889 when its parent company Burmah Oil Company Ltd, 
UK discovered Asia‘s first crude oil in Digboi (Assam) in North East India.
OIL has been using Reciprocating Compressors for compression of field gas for flare reduction and 
delivery of Gas Lift Gas to Artificial Gas Lift Wells since 1970s. We take pride in maintaining more 
than 130 numbers of Reciprocating Gas compressor packages placed in 19 Nos. of Gas Compressor 
Stations(GCSs) spread across an area of 1400 Square KMs in the state of Assam.
OIL started its gas business with integral slow speed compressors, subsequently moving on to high 
speed separable compressors with either Electric Motors or Gas Engines as prime movers. The journey 
encompasses compressors makes of Nuovo Pignone, Ingersoll Rand, Worthington, Dresser Rand, 
Energy Industries (Gemini) and Indian BPCL, which is a plethora of different makes on a platter.
Constituting 1/3rd of our entire arsenal, our Worthington and Indian make BPCL compressors had been 
factory equipped with PUMP TO POINT Lubrication Systems. Owing to serious drawbacks of the 
system as explained in this paper, we decided to upgrade the compressors to DIVIDER BLOCK system.
Our paper is highlighting, in detail, disadvantages encountered while using the earlier PUMP TO POINT 
system AND the advantages, both technical and financial, we have been harvesting since the induction 
of DIVIDER BLOCK system in the above mentioned reciprocating gas compressors.

Upgradation of Compressor Lubrication 
System from Pump-to-Point “to” 

Divider Block in Worthington and BPCL 
Compressors of Oil India Limited & 

benefits obtained
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Abstract:
Root cause analysis, impact detection and verification for reciprocating machinery such as piston and 
hyper compressors are always challenging. When talking about condition monitoring of reciprocating 
machines, vibration signals are an integral element used for monitoring of different components, such as 
crosshead, valves, frame, etc. Analysing vibration signals is a challenge for each monitoring system, and 
analysts needs to be aware of the filter configuration to take the right conclusion for proper action. The 
goal is to minimize nuisance alarms and maximize the capability of early (automatic) failure detection. 
Filtering a vibration signal helps to avoid noise, but on the other hand it should be set in the right 
way to indicate problems and not conceal them. For the right procedure, filtering, and protection limit 
adjustment always must be considered together.
In the paper, signal analysis considerations and their consequences for failure detection will be explained, 
such as filtering, analysing RMS vs. Zero-to-Peak, Good vs. Bad condition, etc.. 
The paper introduces the theoretical background proven by real-life case studies as an add on the 
publication of Dr. Eisenmann and Mr. Franz3. It is showing different failures on crossheads, piston/
plunger, and valves.

Impact versus Impact – Comparison 
of different filter modes for vibration 

measurement
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Abstract:
Reciprocating compressors have been used for a long time in the field of oil refining, chemical 
and petrochemical industries, air separation as well as gas transport and storage applications. The 
reciprocating compressor‘s flexibility to handle wide flow variations, and to generate a high pressure 
independent of the applied gas, makes it a vital component in today‘s energy markets, and must operate 
reliably, efficiently, and safely for long-term operation. 
Hydrogen will play a key role in the energy transition and will replace natural gas in several sectors of 
industry. Due to the advantages of reciprocating compressors, they will also be applied in new hydrogen 
applications such as production, storage, or fuelling stations. Large reciprocating compressors may 
replace turbo compressors because turbo compressors are less efficient in compressing hydrogen due to 
the low molecular weight. 
Hydrogen has a low caloric value per volume and larger volumes are required compared to natural gas for 
the same energy, so existing reciprocating compressor systems need to be redesigned and increased in size. 
The reciprocating compressor generates pulsations and vibrations which can lead to failures, inefficiency, 
flow meter errors and capacity limitations, and for those reasons the requirements as stipulated in the 
API 6181 shall be met. Due to the high speed of sound and low molecular weight of hydrogen, changes 
to pulsation and vibration mitigation measures may be required when an existing natural gas system is 
adjusted to hydrogen mixtures (mixture is defined as a blend of natural gas and hydrogen). This paper 
discusses this effect for the damper/filter design, orifice plate, side branch absorber, volumes, and pipe 
support layout. The effect on the design of the reciprocating compressor itself is not discussed in this paper. 
Despite the fact that the AVIFF (Avoidance of Vibration Induced Fatigue Failure) guidelines of the 
Energy Institute (EI) for process pipe work are not widely applied for reciprocating compressor systems, 
they will be briefly discussed to give some background information in case engineers will use them. 
More detailed information as discussed in this paper can be found in the book2 “Machinery and Energy 
Systems for the Hydrogen Economy”.

Effect on Pulsation and Vibration 
Mitigation Measures when Adjusting 
a Natural Gas System to Hydrogen 

Mixtures
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Abstract:
Flexibility, safety, endurance, and cost efficiency of compressor applications can significantly benefit 
from a correct treatment of torsional vibrations. Especially for multi-cylinder applications with large 
operation speed ranges for flow control as well as for compressors driven by combustion engines, 
torsional vibration issues often lead to unnecessarily high vibrations and as a consequence to increased 
wear, noise and failure risks of powertrain components. 
To simply avoid critical speed ranges is often not an admissible countermeasure since it increases the 
operational complexity and does not target the root cause of the problem. However, a sustainable solution 
has to primarily solve the vibration issue at its origin, for which simulation studies and subsequent 
dimensioning of appropriate countermeasures, such as tuning masses, flexible couplings or torsional 
vibration dampers, might be used to minimize the risk of preventable failure and wear of shafts, bearings 
and other system parts.
It is the scope of this paper to introduce two case studies to demonstrate the possibilities of state-
of-the-art technical measures like high-flexible and high-damping couplings and torsional vibration 
dampers. The focus lies on identifying, assessing and solving torsional vibration problems for various 
reciprocating compressor applications by specifically reducing potentially harmful resonances without 
restricting the operation speed ranges.

On solving torsional vibration problems 
of reciprocating compressor systems
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Abstract:
Due to the discontinuous working principle of reciprocating compressors, their drivelines are prone to 
detrimental torsional vibrations. During each working cycle, the cylinders experience a non-uniform gas 
pressure as a function of the crank angle. Therefore, the corresponding load components tangential to the 
crankshaft yield periodic fluctuations around the mean value of the static driving torque. Besides these 
gas loads, the linear translational motion of the reciprocating piston masses represents an additional 
source of excitation. These varying dynamic loads lead to torsional vibrations which are transmitted 
through the driveline and detrimentally affect the fatigue lifetime of the crankshaft and any connected 
components. As a countermeasure, barred speed ranges are defined around critical operating points to
avoid large-amplitude resonant vibrations. Consequently, the compressor’s operating range is reduced 
to a limited amount of feasible shaft speeds. In addition, flywheels, torsional vibration dampers, and 
couplings may be used to reduce torsional driveline vibrations to an acceptable level. Since the additional 
inertia of these components has to be driven by the powering unit of the driveline, the overall power 
demand may increase. Furthermore, the components required for torsional vibration mitigation have to 
be accommodated within the available installation space.
To address this issue, the application of a novel concept of a flywheel-integrated damper and coupling 
to mitigate torsional vibrations of reciprocating compressor drivelines is presented: the FIDC. Since the 
FIDC concept combines all components for torsional vibration reduction in a single compact device, 
it benefits from a reduced installation space comparable to that of an individual flywheel as well as a 
lower overall inertia when compared to using separated flywheel, damper, and coupling components. 
Consequently, it allows the realization of more compact driveline assemblies while requiring less 
driving power. To illustrate the benefits of the FIDC concept over conventional torsional vibration 
control strategies, an exemplary case study of a generic reciprocating compressor is presented. By 
simultaneously adapting the flywheel and damper properties of a rigidly coupled FID layout, an optimal 
tuning with respect to the target compressor application is achieved. Finally, the numerical results of 
torsional vibration analyses indicate an increase of the compressor’s operating range since formerly 
inaccessible barred speed ranges become available.

Optimizing the torsional vibration behavior 
of reciprocating compressors using a 
flywheel-integrated damper concept



PULSATIONS AND VIBRATIONS196
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



  PULSATIONS AND VIBRATIONS 197
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



PULSATIONS AND VIBRATIONS198
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



  PULSATIONS AND VIBRATIONS 199
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



PULSATIONS AND VIBRATIONS200
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



  PULSATIONS AND VIBRATIONS 201
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



PULSATIONS AND VIBRATIONS202
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



  PULSATIONS AND VIBRATIONS 203
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



PULSATIONS AND VIBRATIONS204
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



  PULSATIONS AND VIBRATIONS 205
by: Sebastian Willeke, Stephan Bohmeyer, Norbert Reinsperger and Michael Steidl – HASSE & WREDE



PULSATIONS AND VIBRATIONS206

13th EFRC CONFERENCE
 September 19th – 21st 2023, Zagreb 

 Johann Lenz 
Technical Director

j.lenz@koetter-consulting.com 

Franz-Josef Düttmann 
Senior Engineer 

KÖTTER Consulting Engineers GmbH & Co. KG 
Rheine, Germany 

by:

Abstract:
For injection of hydrogen into the existing natural gas pipeline system, a 1 MW electrolysis plant was 
installed in Haurup near Handewitt, directly adjacent to the neighboring wind farm. For this purpose, 
two diaphragm piston compressors are used, which feed the hydrogen with up to 2 % volume fractions 
into the natural gas pipeline system. During commissioning of the plant, volume measurements by 
rotary piston meters showed a significant over-reading, which did not allow regular operation of the 
plant. Increased pulsations of the compressor could be identified as the cause. To solve the problem, a 
special Helmholtz resonator was designed and installed. As a result, a pulsation reduction of up to 96 
% was achieved. Since then, the plant has been able to inject green hydrogen during regular operation 
without any pulsation problems.

Green hydrogen can also pulsate – 
Successful use of a Helmholtz resonator
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Abstract:
Storengy operates 14 underground gas storage sites in France. These UGS systems typically have a 
large operating window. In these highly variable operational conditions, various design aspects must be 
optimized, often involving compromises. One of the key design aspects is the control of pulsations and 
vibrations for reciprocating compressors.
For the specific compressor system subject of this paper, the operational window is even larger, due to 
a multi-purpose requirement for natural gas, blended and pure hydrogen storage. This multi-purpose 
requirement, combined with variable inlet/outlet pressure, variable compressor load and variable 
compressor speed, makes the design very challenging.
This paper discusses the specific challenges for the control of pulsations, under these conditions. Some 
aspects for hydrogen service are judged as favorable (comparison with pulsation limits in the API 618 
standard [1], shaking forces). However, other aspects are not necessarily favorable in case of hydrogen, 
such as efficiency of restriction orifice plates, the effect of damper volumes and the occurrence of flow 
pulsations.
This paper describes the design of the pulsation dampers and the optimization of restriction orifice plates, 
for the multiple purposes. In addition to traditional ‘fixed’ solutions such as restriction orifice plates, 
also more flexible, variable solutions are presented and discussed. For example exchange of orifice 
plates in various phases of the compressor’s lifetime. Or variable orifice plates that can be dynamically 
adapted to the actual conditions. Some other design challenges, for example discharge temperature will 
be discussed. A compromise design was found that satisfies the entire operational envelop.

*see acknowledgements

Pulsation control for a multi-purpose 
underground storage reciprocating 

compressor system (natural gas, 
hydrogen and mixed gas)
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1 Introduction  
Storengy has been active in the area of natural gas 
storage, for many years, with the main basis of 
operation being in France (Figure 1). Storage of 
hydrogen will be a future expansion of its 
commercial portfolio. In a recent association with 
multiple industrial partners, the possibilities to 
produce and store hydrogen are explored. There, the 
subsurface is suited for storage of natural gas and 
hydrogen [2].  

Typically, the compressor design for underground 
gas storage has to meet a great deal of flexibility. The 
range of operating pressures is highly variable. In 
injection mode, the inlet pressure is dictated by the 
gas grid, which is a moderate variation typically 
within +/- 15 bar. The outlet pressure is dictated by 
the cavern pressure, and can have a variation in 
excess of 100 bar. In principle, the timescale of the 
pressure swings can be both day/night and seasonal 
variation. Due to the (economic) nomination for 
energy storage, a flexible and reliable capacity 
control is also of adamant importance for the 
compressor design. In future, with also the renewable 
power supply for the compression being highly 
variable (solar, wind), the demands for operational 
flexibility will be even more important. Finally, the 
system must also be able to handle fluctuations in gas 
composition (foreign gas import, LNG, biogas, 
admixing with hydrogen). The most robust and 
efficient compression solution for this large matrix 
of operational demands and considerable pressure 
ratios, is the reciprocating compressor.  

The reciprocating compressor, while being a mature 
and reliable compression device, delivers an 
intrinsically unsteady (pulsating) flow. These 
pulsations shall be mitigated with an adequate 
design. The pulsation control strategy will be the 
main topic of this subsequent paper, with special 
attention to effects that play a role when a design for 
natural gas is applied for a system operated with 
hydrogen.  

For the storage system under investigation, a new 
reciprocating compressor has been purchased. 

 

 

 

 

 

 

 

 

 

Figure 1. Storage sites operated. 

2 Multi-purpose compressor design  
The compressor was procured and designed with the 
performance for natural gas storage as primary focus. 
As a secondary requirement, the compressor shall be 
designed for the best possible application in 
hydrogen service as well. However, this secondary 
requirement may require a compromise on various 
design aspects. The operation in natural gas service 
will be applicable for the immediate situation after 
commissioning. On the mid-term, an admixed 
scenario (hydrogen blended with the natural gas, at 
small fractions) can be foreseen for the compressor 
in several years. For the long-term, an operation at 
pure hydrogen can be foreseen as a future application 
(new, dedicated H2 cavern excavation required, 
typically foreseen in 10 years).     

The multi-purpose ambition for hydrogen storage 
has many different aspects. Of primary interest is the 
environmental impact and economic viability (not 
part of this paper). In addition, several technical 
challenges need to be identified and resolved. For 
example, the geology of the storage cavern, the re-
use of equipment, the alternative process conditions, 
the impact of H2 on materials, the compliance with 
design standards and additional safety constraints for 
flaring/venting. Reciprocating compressors are the 
most mature technology for compression of (pure) 
hydrogen. Therefore, a main aspect is the impact of 
a transition to hydrogen on the reciprocating 
compressor design. More specific: the impact on the 
pulsation control strategy is the key focus of this 
paper.  

The most fundamental consequence of mixing or 
replacing the heavier natural gas with the lighter 
hydrogen is the change in molecular weight (MW), 
see Figure 2. 
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Figure 2. Molecular weight for mixtures of  

natural gas and hydrogen. 

As an example, the impact of the gas composition on 
basic thermodynamic parameters is discussed below. 
The thermodynamic properties of natural gas and 
hydrogen are relevant for the compression process 
and the rise in outlet temperature. Note that the outlet 
temperature of each compression stage is bound to 
specific limits as formulated in the API 618 standard. 
At typical compressor inlet conditions for 
underground storage systems, the isentropic 
expansion coefficient (γ) is larger for hydrogen than 
for natural gas (Figure 3). As a consequence, for the 
same compression ratio, a larger temperature rise is 
predicted for hydrogen. On the other hand, for 
hydrogen-rich gases, API 618 imposes a stricter limit 
for the outlet temperature (135 °C instead of 150 °C). 
The combination of these effects is illustrated in 
Figure 4. In practice this means that either the 
number of stages for hydrogen service shall be 
increased, or (for the same design) that the total 
pressure ratio over the compressor shall be limited 
(ultimately bottlenecking the storage pressure). 
 

 
Figure 3. Isentropic expansion coefficient  

for natural gas – hydrogen mixtures at typical 
inlet conditions (Psuc=50 bar). 

 

 

 

 

 

 

 
 

Figure 4. Predicted gas outlet temperatures for 
natural gas and hydrogen, and API 618 limits 

 for outlet temperature. 

Even though this is clearly a relevant aspect for the 
design and selection of materials and compressor 
parts, this challenge resides with the OEMs. It shall 
be mentioned that reciprocating compressors have a 
vast track record for hydrogen service (both 
hydrogen-rich process gas as pure hydrogen), which 
confirms that these aspects are well understood and 
controlled in industry. 

In the remainder of this paper, the focus will be on 
the impact of introduction of hydrogen on 
compressor pulsations.  

3 Bench-mark description 
In many benchmarking studies for re-use of natural 
gas infrastructure for hydrogen service [3], the basic 
assumption is that the same energy content is 
transported. In such case, the gas velocities need to 
be tripled to achieve the same energy flux. This 
would demand a major re-design of the compressor, 
which is not the intention of the end user in this case. 
Therefore, in this paper, another benchmarking 
philosophy is used. The compressor is simply ‘re-
used’ with a different gas composition. The volume 
flow will remain (approximately) the same, and 
hence the energy flux will be lower for the re-use 
case with hydrogen. In reality, for example cylinder 
diameters may be enlarged, clearance may be 
modified and valve passage areas may be different. 
These aspects are not considered in the comparisons 
in this paper.  

4 Case study system description 
The compression system under investigation 
contains one horizontal 4-throw reciprocating 
compressor that is operated in single stage mode (all 
cylinders parallel, see Figure 5). 

Natural  
gas 

Hydrogen admixed 
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Figure 5. View of reciprocating compressor. 

The compressor system under investigation has an 
extremely broad operating window, even for a 
storage application. The following operational 
design parameters had to be considered in the 
pulsation study: 

• Variable suction pressure, depending on the 
pressure in the gas supply grid. Values range 
from 45 bar to 80 bar. 

• Variable discharge pressure, dictated by the 
pressure in the underground cavern. Values range 
from 67 bar to 174 bar. 

• Storage capacity. A nominal storage capacity of 
130.000 Nm3/h shall be met for storage pressures 
up to 137 bar. For higher storage pressures, the 
capacity shall be limited, with a linearly 
declining slope down to 30.000 Nm3/h at the 
maximum storage pressure.  

• The above capacity requirement is realized by a 
combination of suction valve unloading (stepped 
control) and variable compressor speed (stepless 
control). The capacity steps by valve unloading 
are 12.5%, from 100% down to 25%. The speed 
range is from 420 RPM down to 297 RPM. 

Due to the requirements for capacity, not all load 
steps and speed combinations are applicable for each 
pressure condition. Based on the compressor 
performance curves, a realistic selection of pressure 
conditions and associated load & speed conditions 
shall be considered.  

To expand the design map even further, also different 
gas compositions have to be considered, in different 
phases: 

• Phase 1: operation with natural gas. The range in 
molecular weight is relatively limited (16.9 - 18.5 
g/mol). 

• Phase 2: operation with natural gas, blended with 
hydrogen (admixing). Exact admixing scenarios 
were not available, but based on recent studies, 

an upper limit of 20-30% of hydrogen has been 
considered [4]. The estimated shift in molecular 
weight is down to 14-15 g/mol. 

• Phase 3: operation with pure hydrogen. The 
nominal molecular weight reduces to 2 g/mol. 
However, even small (volume) fractions of 
heavier components (CH4, N2, O2) will cause a 
significant upset in the molecular weight. 

The transition from phase 1 to phase 2 will be 
‘smooth’. By introducing more and more hydrogen 
into the gas grid, the molecular weight will reduce 
gradually. As fluctuations of hydrogen content 
between 0% to 20% are to be expected, the system 
design shall be optimized to control pulsation issues 
for any point within this range. On the other hand, 
the step from phase 2 to phase 3 will be ‘abrupt’ and 
irreversible. In other words, an optimization strategy 
may be considered, dedicated to phase 3, with a 
clear-cut implementation moment. 

5 Pulsation analysis philosophy and 
scope definition 

Any design study for systems with a very large 
operational window is a challenge. For pulsation and 
vibration control this is not different. A careful 
selection of the scope is required. On one hand, the 
selection shall be all-encompassing, considering the 
worst-case conditions that may occur, even for short 
durations. On the other hand, the selection shall be 
realistic (to keep the analysis effort within 
manageable proportions and avoid over-conservative 
designs). A pulsation study for large, reciprocating 
compressor systems, is generally executed in 
accordance with the API 618 standard, design 
approach 3. This contains an acoustic analysis 
(pulsations and shaking forces) and a structural 
analysis (vibrations and cyclic stresses). The typical 
worst-case conditions for either of these perspectives 
are associated with resonance effects. The highest 
pulsations and shaking forces are typically found in 
acoustic resonance conditions (e.g. excitation of 
standing waves in the process gas). The highest 
vibrations and stresses are typically found in 
mechanical resonance conditions (e.g. excitation of 
cantilever modes of small branch connections). In 
case of low damping, the resonances occur at very 
specific conditions, with a sharp and narrow 
response. This implies that the search for these 
critical resonance conditions requires a very fine 
‘mesh’ in the calculations, by sweeping of all 
possible conditions. This is typically done in small 
steps <1%, in the compressor speed range or in the 
speed-of-sound range, requiring a large set of 
simulation runs. The absolute worst-case is found 
when the excitation frequencies (the orders of the 
compressor speed) coincide with acoustic resonance 
frequencies and coincide with mechanical resonance 
frequencies. These coincidence effects are 
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schematically illustrated in Figure 6. In this example, 
an acoustic source at the 4th order of the compressor 
speed (28Hz) may trigger the 2nd acoustic mode (30 
Hz) AND the 2nd mechanical resonance mod (26Hz), 
within the uncertainty ranges in the acoustic and 
mechanical modelling. Obviously, the pulsation 
study shall consider these risks. Depending on the 
choice of the sensitivity ranges (around nominal 
conditions) the calculations may be very 
conservative and extensive. 

 
Figure 6. Coincidence of excitation, acoustical  

and mechanical resonance frequencies for a  
fixed speed compressor, including sensitivity 

ranges (small lines). 

For a fixed speed compressor, such coincidences 
may be readily observed. In case of a variable speed 
compressor, also the excitation frequencies will 
occur within a bandwidth and the chances on 
coincidence increase even further.   

In addition to the scope of the operation conditions, 
also the extent of the piping simulation model needs 
to be determined. Here, engineering practice is to 
extend the model up to those areas where pulsations 
effects are still expected to be significant (the 
significance often expressed as a ratio to the 
recommended pulsation limits in API 618). 
Adequate boundary conditions for the pulsation 
analysis are typically large vessels, large diameter 
transitions, closed valves (or with large Δp) or very 
long pipe lines. A specific feature of hydrogen 
systems is the high speed-of-sound (consequence of 
the low molecular weight). This implies also large 
acoustic wavelengths and intrinsically little acoustic 
damping. Moreover, the ‘capacity’ effect of volumes 
(vessels) is also less pronounced than for heavier 
gases. In other words, in hydrogen systems, pressure 
pulsations can generally propagate over larger 
distances from the source. This effect demands for a 
careful selection of the simulation scope during the 
design phase, to avoid problems upon start-up at 
remote locations from the source. Also the 
interaction between neighbouring compressors may 
be stronger. This effect also demands a critical 

consideration of the ‘additive pulsation effects’ in 
case of parallel operation of multiple compressors 
[5]. 

Considering the above aspects, for multi-purpose 
reciprocating compressor systems, the following 
general pulsation analysis approach is deemed 
adequate: 

1. Include all future scenarios during the design of 
the system, even if some details of future phases 
are not available. This allows the end user to 
forecast potential issues, and take appropriate 
actions in a very early stage. Also agree clearly 
with the project team, in case design 
compromises are to be made, which scenario 
shall be leading for the design. This allows for the 
most economical and effect system design.  

2. Select a representative number of gas conditions, 
that span the operating window. Preferably 
datasheet cases are used, not averaged or 
interpolated values, to avoid confusion in 
subsequent discussions. Gases with molecular 
weight separated by more than 20-30% are to be 
treated separately. For example, one calculation 
case for the natural gas operation (MW=18.5) 
one calculation case for the admixed operation 
(MW=14) and one calculation case for the pure 
H2 condition (MW=2). Sensitivity range around 
the nominal gas condition values shall be used, to 
ensure adequate overlap. Overlap may be in the 
speed-of-sound (fixed speed compressors) or in 
the acoustic wavelength (λ=c/f) for variable 
compressor speed. Note that for pure hydrogen, 
the sensitivity range may not be equally 
distributed around the nominal value, but 
‘eccentric’: foreign traces in pure hydrogen 
(hydrocarbons, nitrogen, etc) will shift the speed-
of-sound to lower values, never to higher values. 

3. Select an adequate set of pressure conditions. For 
storage applications, the minimum and maximum 
inlet pressures shall be considered in conjunction 
with the minimum and maximum outlet 
pressures. Possibly, also intermediate pressure 
conditions may be selected; as a guideline, a 
maximum of 40% is recommended for 
subsequent pressure steps. 

4. Select all relevant load steps, that may appear in 
conjunction with the chosen as conditions and 
pressure duty. Compressor load has a significant 
effect on the pulsation amplitude and dominant 
frequencies. For loaded (double-acting) cylinders 
usually the 2nd order of the compressor speed is 
dominant. For unloaded cylinders, in general the 
1st order of the compressor speed is dominant. In 
case of manifold dampers with multiple cylinders 
connected to a single damper, the unloading 
scheme/sequence is also relevant, even if the 
number of unloaded cylinders on a damper 

4th order may  
excite acoustic 
resonance 

which  may  
excite structural 
resonance 
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remains the same. In case of simple volume 
bottles with a single cylinder mounted on each 
damper the effect of unloading sequence is 
usually small.  

5. The pulsation damper design shall be judged 
according to the stipulations in API 618, 
including as a minimum the verification of PV 
diagrams, the pulsations at line and cylinder 
flanges, pulsations near the compressor valves, 
shaking forces on the dampers and the damper 
internals, pressure loss over the dampers and 
orifices. In case of inadequate performance, 
optimization may include the damper volume, the 
cylinder nozzle layout, internals (baffles, chokes, 
half pipes) and cylinder orifice plates. A specific 
remark for pulsation bottle sizing for hydrogen 
compressors is the fact that the recent API 618 
release (5th edition) is more permissive for light 
gases than the previous 4th edition. This implies 
that, for hydrogen compressors,  pulsation 
dampers that are traditionally designed according 
to the 4th edition are larger than dampers sized 
according to the 5th edition, depending on the 
exact gas composition. This also implies higher 
pulsations and shaking forces in the piping, for 
systems sized according to the 5th edition. A 
comparative approach, including economical 
aspects is discussed in a previous EFRC 
conference paper [6].  

6. It is recommended to select a broad matrix of 
cases for the sizing of the pulsation dampers (pre-
study). This is an essential step toward a robust 
system design, and allows to scan a large window 
at low computational cost, in an early stage of the 
project. Later in the analysis, when the pipe 
system is added to the simulation model, the 
number of cases may be reduced, based on the 
observations in the pre-study. 

7. When the pulsation simulation model is extended 
with the field piping, select an adequate, ample 
scope, bearing in mind that in hydrogen, 
pulsations may travel over very long distances. 
The residual pulsation amplitudes at the model 
boundaries shall be validated and confirmed to be 
low (recommended value: lower than 20% the 
pulsation criterion for piping in the API 618 
standard). 

8. During the optimization of the system by means 
of fixed orifice plates (which suppress the 
acoustic resonances in the system) a careful 
design shall be chosen for the pressure loss over 
the orifices. The shall consider the various 
operating phases of the system. Within each 
phase, due to the variance in loads steps and 
capacity, a compromise is necessary. Here, the 
most critical conditions shall be leading for the 
‘nominal’ choice of the orifice bores. To ensure a 
minimum performance of the orifices at the 

minimum capacity (smallest load step and/or 
minimum compressor speed), a pressure loss may 
be chosen that results in a considerable loss at the 
maximum capacity. An exceeding of the 
recommended values in API 618 shall be clearly 
communicated and agreed with the end user of 
the system. If the compromise is judged as 
unsatisfactory (in rare cases) a dedicated solution 
with dynamic orifice plates may be considered.  

9. For transitions between phases, a new dedicated 
set of restriction orifice plates may be proposed. 
For the transition from phase 2 (admixed)-3 (pure 
H2) this is more straightforward than for the 
phase 1-2, due to the larger difference in MW. In 
general, it is recommended to evaluate in the 
analysis the benefits of orifice re-fitting in 
various phases. This will enable to plan a swap of 
orifices well in ahead, and based on solid 
arguments. 

6 Case study: pulsation damper design 
The basic design for the pulsation dampers was 
proposed by the compressor vendor. The design is 
rather typical for natural gas applications, with a 
multi-throw single stage compressor. Each cylinder 
has a single suction damper, with a half pipe, to 
ensure a central connection to the damper 
compartment (to minimize damper shaking forces). 
The discharge dampers are of a manifold type (2 
connections to 2 cylinders). The discharge dampers 
have a centred baffle with a hole.  The internals have 
the primary purpose to limit the shaking forces acting 
on the dampers. The cylinder nozzles of the 
discharge damper have a considerable length, which 
causes a risk on high pulsation levels in the cylinder 
gas passage [7]. To avoid excessive pulsations, the 
discharge silencers have orifice plates in the damper 
cylinder nozzles, located close to the vessel entry 
point. This is the most effective location to suppress 
acoustic resonances.  
 

 
Figure 7. Discharge damper with baffle 

and cylinder orifices. 

To enable a clear benchmarking between the various 
gas conditions and optimization steps, not the 
complete calculation matrix is discussed here. 
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Instead, the nominal pressure ratio (certification 
point, Psuc=48 bar and  Pdis=137 bar) from the 
datasheets was selected as the reference condition, 
for the Natural Gas and the admixed case. For the 
pure hydrogen case, the nominal discharge pressure 
ratio is limited to 120 bar (to limit the outlet 
temperatures). For each gas case, all load steps were 
considered (100% down to 25%). For each case, a 
sweep over the complete speed range is made. 

For the natural gas case, which is the focal point of 
the design, the pulsation damper performance is 
judged as adequate: 

• The pulsations at the line connections (LC) are 
smaller than 70% of the API 618 limit, which the 
requirement for the pre-study. 

• The pulsations at the cylinder connections (CC) 
are within the limits formulated in API 618.  

• The shaking forces on dampers are considerable: 
8 and 11 kN peak-to-peak at suction and 
discharge side, respectively. However, 
considering the robust mechanical layout the 
forces are judged as acceptable according to the 
OEM standards.  

• The pressure loss over the dampers is within the 
API 618 limit for the certification point. 

 

 
Figure 8. Pulsation damper analysis results. 

For the future admixed case and the future hydrogen 
case, the following trends are observed (see Figure 
8): 

• In the admixed case, the pulsations at the line 
connections are relatively comparable. A slight 
increase at the suction side is caused by a 
Helmholtz resonance that is not triggered in the 
heavy MW, but is in case of the lighter admixed 
gas. This effect will be less prominent, once 
orifice plates are designed at the line side of the 

dampers (see next section). For the pure 
hydrogen case, the pulsation levels are more 
favourable, if compared to API 618 

• The pulsation amplitudes at the cylinder 
connection are comparable for admixed gas 
cases. For pure hydrogen, the pulsations are 
significantly lower.  

• Also the shaking force amplitudes are reducing 
for lighter gases.  

• The pressure loss over the dampers is lower for 
admixed case and much lower for pure hydrogen, 
due to the reduced gas density.  

In general, the pulsation effects for natural gas (high 
MW) are more severe than for admixed and pure 
hydrogen (lower MW). The main reason is for low 
MW, the increased acoustic wavelength shifts the 
occurrence of critical resonances to higher orders in 
the pulsation spectrum (which have less energy).  

As a general and important observation, it must be 
noted that the limit value for pulsation amplitude in 
API 618 depends on the speed-of-sound (symbol a). 
The other parameters are line pressure (PL), line 
inner diameter (DI) and frequency (f).  

 
Thus, API 618 is (much) more permissive for 
hydrogen. Even though the pulsations may appear 
more favourable compared to API 618, the absolute 
pulsation amplitudes may be comparable. This shall 
be kept in mind when comparing pulsations in 
natural gas service with hydrogen service.    

7 Case study: pulsation analysis of the 
field piping 

In the next step of the pulsation analysis, the field 
piping is added to the simulation model. This is 
illustrated in Figure 9.  

Figure 9. Simulation model including field piping. 
The colours indicate the sections of the system 

(suction, discharge and after-cooler). 

Inlet filters 

Discharge cooler 

PSVs 
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At the upstream side, the model is bounded by the 
inlet filters. At the downstream side, the discharge 
cooler is included, truncating the model downstream 
the bypass line. The long relief lines are mounted 
directly to the discharge dampers (reasons for this 
choice will be explained further down). The study 
focusses on pulsation analysis; results of the 
mechanical study (vibrations, stresses) are not 
presented in this paper. Note, that the mechanical 
behaviour does not depend on the gas composition of 
the process fluid (or extremely weakly). For the sake 
of comparison, the amplitude and frequency of the 
shaking forces are sufficient input for the present 
discussion. 

The full set of simulations was re-run, for the natural 
gas baseline. Even though the pulsation dampers are 
compliant with the guidelines in API 618, the 
pulsation levels in the field piping significantly 
exceed the limits (up to 3x in main lines and up to 6x 
in closed side branches), a situation judged as 
unacceptable. The high pulsations are explained by 
the occurrence of acoustic resonances in the field 
piping. To suppress these resonance effects and to 
limit the pulsations, the beneficial effect of 
restriction orifice plates at the damper line 
connections was investigated (the first and foremost 
optimization step in such systems). A significant 
effect was obtained, by optimizing the orifice plates 
for the natural gas duty, at full load and maximum 
speed. At the higher speeds and the high part loads, 
the effect of the orifices is optimal. However, at 
lower speeds and low part loads, the pressure loss 
over the orifices becomes very low and the beneficial 
effect is much lower. As an example, the pressure 
loss over the discharge line connection orifices are 
shown in Table 1 (in % of static pressure), for the 
various conditions.  

 
Table 1. Pressure loss of discharge orifice plates, 

for various conditions. 

From this table, the challenge of the compromise for 
the orifice design is obvious. If tuned for the 
maximum capacity in natural gas service, there will 
be no effective pressure loss in hydrogen service, in 
particular at lower capacity.  

 
Figure 10. Maximum pulsation levels for natural 
gas service, with fixed orifice plates (red color 
indicates a high level, green color a low level). 
Residual exceeding occurs at lower part loads. 

At full load, the pulsation amplitudes are 
considerably reduced due to the fixed orifices. 
However, at the lower part loads the performance is 
‘bottlenecked’ for further improvement. For 50% 
load and lower, the API 618 limits are exceeded. The 
exceeding in the relief lines is not at all mitigated by 
orifices at the line connection of the dampers. Here, 
additional (local) measures are needed for effective 
control of pulsations and vibrations.  

Also the admixed and pure hydrogen services were 
analysed, with the same fixed orifice plates. The 
admixed case is relatively comparable to natural gas 
case: the pulsation levels on the main lines remain 
within limits, the worst-case conditions occurring at 
lower part load and a strong, local exceeding in the 
relief lines. The hydrogen case is significantly better: 
lower pulsations (compared to API 618) and lower 
shaking forces. Therefore, even with the sub-optimal 
orifice plates, the pulsation issues appear to be better 
under control.  

A special aspect is the effect of unsteady flow, 
associated with the pressure pulsations. These flow 
pulsations, though not directly related to integrity, 
may be relevant, for example for flow meters 
(reduced accuracy) and non-return valves 
(hammering). Here, the relative flow pulsation 
amplitude (relative to the mean flow) is of 
importance. Therefore, especially at low-flow 
conditions (low speeds, low part load) issues may be 
observed [8]. The main point of interest here is, that 
in case pure hydrogen, the relative flow pulsations 
near the flow meter may increase significantly, even 
if the comparison of pressure pulsations with API 
618 is more favourable. At the location of the flow 
meter (~15 meter upstream of the compressor) the 
pressure pulsation amplitudes (p’) are comparable 
for the different gas duties. The flow pulsation 
amplitude (q’) is roughly a factor 3-4 lower for 
hydrogen, proportional to the inverse of the speed-
of-sound. However, for hydrogen, the relative flow 
pulsations (q’/Q0) are a factor 2-3 larger, due to the 

MW full load part load full load part load
Natural gas 18,5 0,63 0,04 0,32 0,02
Admixed 13,9 0,45 0,03 0,23 0,01
Hydrogen 2,0 0,09 0,00 0,04 0,00

max speed min speed
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difference in static mass flow. The largest relative 
flow pulsation levels are found in part load 
conditions, in excess of 200% peak-to-peak. As the 
most severe effects occur at low mean flow, this 
cannot be conveniently resolved with re-fitting 
orifices plates (see section 6.2). 

8 Dedicated optimization strategies 

8.1  Detuning resonances 

As a theoretical optimization strategy, the piping 
layout may be modified, in an attempt to avoid the 
occurrence of acoustic resonances. This may be done 
by limiting the length of piping, in order to achieve a 
‘compact layout’ compared to the acoustic 
wavelength. If this would be achieved, no resonance 
would occur, and pulsation levels would be minimal. 
However, a quick glance at the real system confirms 
that this a vain approach. For natural gas and 
admixed cases, the acoustic wavelengths (assumed 
up to 4th order of the compressor speed) are 10-20 
meter. The distances between main equipment and 
connections to the inlet/outlet headers are well above 
these wavelengths: resonant conditions cannot be 
avoided. Note also that due to the variable speed, the 
range of excitation frequency is continuous and 
broad, which makes a separation of excitation and 
resonance frequencies virtually impossible. Even in 
case of pure hydrogen – with much larger 
wavelengths (50-100meter) – the system dimensions 
are considered large. Only specific local resonances, 
such as ¼λ standing wave in pressure relief lines, 
may be avoided by a sufficiently short length.  

8.2  Re-fitted orifices to gas condition 

The standard engineering optimization strategy was 
described above. This included an adequate damper 
layout, and optimized orifice plates (at cylinder and 
line connections), tuned for the natural gas service. 
For this ‘standard layout’ residual concerns are: 1) 
increased pulsations at lower part load conditions, 2) 
increased pulsations that are found in the admixed 
cases 3) increased flow pulsations for the admixed 
and hydrogen service. Issue 1) is a fundamental 
limitation, for a system with ‘fixed’ orifice plates that 
shall be run over a large range of capacity: fixed 
orifice plates cannot be swapped on a hourly or daily 
basis. For issue 2) it may be considered to swap the 
orifice plates upon a transition to a new project 
phase; optimized (re-fit) orifices for the admixing 
service and later for the hydrogen service. The new 
orifice plates will have smaller bores, larger pressure 
losses and will more effectively suppress the 
pulsations. While a small step for the admixed case, 
for the transition to pure hydrogen, this re-fit may be 
a major step, allowing for a much more squeezed 
orifice bore.  

The effect of the re-fitting is overall beneficial, but 
limited. The limitation is again due to the bottleneck 
at part load conditions, where the orifices have 
virtually no pressure loss.  

8.3  Dynamic adjustable orifices  

A rigorously new concept of optimization is a really 
‘dynamic’ restriction orifice. Such orifice shall be 
adjustable to the actual conditions in real time, 
ensuring an optimal pressure loss at the actual 
conditions. Thus, at part load conditions, the pressure 
loss can be set to the optimally required values, and 
pulsations may be better reduced. Commercial 
products for such a dynamic solution are available, 
but rarely seen in practice. The end user has previous 
experience with an alternative approach, where a 
Pressure Control Valve is used as a dynamic orifice 
plate. Considering the limited dimensions of the 
valve, compared to the acoustic wavelength, the 
control valve should have the same acoustic effect on 
pulsations, as an orifice. The adaptive PCVs are 
located relatively close to the compressor, but cannot 
be fitted at the line connection flange. Instead, they 
are mounted in the two inlet and outlet lines (Figure 
11). 

 
 
 
 
 
 
 
 

Figure 11. Fixed orifices at LC (left), dynamic 
orifice plates with PCV (right). 

For the pressure loss, the following upper limit was 
investigated, as suggested by the end user: a 
maximum 2% static pressure loss for both suction 
and discharge PCVs (at maximum speed). The 
beneficial effect of the fixed orifices, the re-fit 
orifices and the dynamic orifices are shown in Figure 
12, for the 3 different gas conditions. 
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Figure 12. Effects of orifices (fixed, re-fit and 
dynamic) for the different gas duties. 

While the re-fitted orifices are always (moderately) 
beneficial, this is not the case with the dynamic 
orifices. The dynamic orifices may perform much 
better (especially at part loads) but also worse. This 
is observed for the pulsations, the shaking forces and 
relative flow pulsations. The observation that, with a 
higher pressure loss, a lower performance is reached 
can be understood as follows. Compared to LC 
orifices, the dynamic orifices (PCV) are located 
further from the pulsation damper volume (~4-5 
meter). This is in principle a less favourable location. 
Moreover, certain resonance types (e.g. standing 
waves or Helmholtz resonances between the suction 
bottles) are not effectively suppressed. The effect of 
the orifice depends strongly on the acoustic 
resonance condition (location of pressure nodes/anti-
nodes, frequency) and is thus specific for each 
system. To circumvent this disadvantage, it shall be 
considered to re-locate the PCVs closer to each line 
connection flange of the dampers. In addition to 
these fundamental limitations of the dynamic 
orifices, also a number of practical points must be 
considered carefully: 
• An additional investment must be made, for the 

procurement of the PCVs, which are expensive 
equipment compared to simple orifices.  

• The PCVs shall be able to control accurately a 
relatively small differential pressure, in the order 
of 1-2% of the mean pressure. This is not a 
typical operating range of standard control 
valves. In addition, the PCV shall be able to 
control in highly dynamic (pulsating) 
conditions). 

• The PCV are relatively heavy components with 
considerable dimensions (stem), that are 
typically liable to mechanical excitation from the 
vibrating pipe work and/or compressor. On the 
suction side, this introduces a risk on vibration 
issues and an adequate mechanical layout around 
the PCV is mandatory. 

• A HAZOP scenario includes failure mode of the 
control valve, which dictates the pressure relief 
connection upstream of the discharge PCV. This 
leads to the design of long pressure relief lines 
mounted directly onto the discharge dampers. 
Here, high pulsations and observed that are not 
easily mitigated. The options to use short relief 
lines, connected to the main line are considerable 
limited by the introduction of the PCVs. 

9 Conclusions 

Based on a careful consideration of pulsation effects 
in reciprocating compressor systems designed for 
multi-purpose gas conditions, and a case study for an 
underground gas storage, the following conclusions 
are proposed: 
• When designing a multi-purpose gas system, the 

various gas conditions shall be investigated as 
separate cases (e.g., natural gas, admixed, pure 
hydrogen). Pressure duties, load steps and 
compressor speed shall be fully considered for 
each gas case, including an adequate sensitivity 
range around the nominal conditions, to account 
for resonance effects 

• For hydrogen systems, a careful assessment of 
the model boundary conditions shall be made. 
Due to the larger wavelength and the limited 
effect of volumes, pulsations may propagate over 
large distances from the source without 
significant acoustic damping. 

• In the case studied for this paper, when 
comparing pulsations to the limit values in API 
618, the admixed gas conditions are comparable 
to the natural gas conditions, while the hydrogen 
cases appear much better than natural gas. 
However, it must be kept in mind that the API 
618 criterion is more permissive for hydrogen: 
absolute pressure pulsations may be comparable.  

• Due to the increasing acoustic wave lengths for 
admixed and hydrogen service, the shaking force 
amplitudes are generally lower than for natural 
gas. However, the frequency spectrum for the 
shaking forces has a tendency to shift from lower 
orders to higher orders, when migrating from 
natural gas to hydrogen. The shift in frequency 
generally scales with the speed-of-sound 
(typically a factor 3 upward).  
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Control of vibrations at higher frequencies may 
require special techniques, such as adequate 
bracing of small branch connections or 
mechanical damping techniques.  

• The relative flow pulsation effects may be more 
severe for hydrogen than for the natural gas 
conditions. The critical pulsation effects mainly 
occur at low capacity, and hence cannot be 
conveniently controlled with fixed restriction 
orifice plates. The design of critical equipment, 
such as flow meters and non-return valves shall 
be carefully checked before application into the 
new gas service.  

• The concept of a dynamic orifice plate, that is 
able to set the optimal pressure loss in real time 
is in principle much more effective at lower part 
loads. However, the dynamic orifice plates shall 
be located at the optimal positions (damper line 
connections), to exploit its full potential. If 
placed a unfavorable locations, the dynamic 
orifices may perform even worse than fixed 
orifice plates at the line connections.  

• The application of fixed orifices is considered a 
well-proven practically effective approach. At 
lower part loads, fixed orifices are less effective 
to suppress pulsations. It is recommended to 
design dedicated sets of orifice plates (specific 
for new gas condition such as admixed gas and 
pure hydrogen), to be implemented upon the start 
of the new gas service. 

• Specific requirements due to the new gas services 
that are related to the equipment, shall be 
addressed by the OEM. This includes for 
example the selection of materials of compressor 
parts. In particular the wearing parts such as 
compressor valves, piston rings and packings. 

• It is advised to gain further experience with 
dynamic pulsation control techniques and 
optimize the approach. This should be a 
combination of simulation techniques and 
verification in the field with pulsation 
measurements.  
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Abstract:
Setting up a new compressor plant is a challenging task. Many different physical aspects must be 
considered when designing the pipework. In addition to the fluid mechanical design, the dynamic loads 
on the piping and support structure are also an important component. The mechanical load and the 
pulsation excitation coming from the compressor are considered in an acoustical and a structural study 
during the design phase. Modern software and accumulated experience of the design engineers have led 
to a high predictive accuracy in these studies. However, it is not uncommon to face increased vibrations 
during start-up. 
Especially the mechanical study is known to be of limited accuracy regarding the avoidance of 
resonance conditions with potentially excessive vibration levels. To avoid the problems associated 
with this uncertainty, a methodology with is presented that allows the engineering firm to accept a 
residual of uncertainty. This methodology implements a modal analysis of the as-built condition. Based 
on the findings regarding natural frequencies, conspicuous pipe sections are provided with dynamic 
pipe supports having a maximum flexibility. The highly damped design of these devices eliminates the 
critical natural frequencies and enables a safe start-up regarding the dynamic load on the piping system. 
The unique approach with its new flexible dynamic pipe support reduces the time frame for vibration 
reduction from weeks/months down to hours.

Compensating uncertainties of 
mechanical calculations during 

commissioning
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Abstract:
During the energy transition phase, natural gas as an energy source plays an important role due to 
its lower CO2, NOX and SOX emissions compared to oil or coal. The transport over large distances 
of liquefied natural gas (LNG) is managed by vessels seaborne which require a boil-off gas (BOG) 
management system. Boil-off gas as fuel complies with the IMO Tier III regulations, unlike marine 
diesel but requires a fuel gas handling system with high demands placed on the boil-off gas compressor. 
The standard technical solution implemented for the high-pressure stages of a fuel gas compressor was 
lubricated ring type cylinders. The operational mode of the compressor e.g., the recycle mode, can 
result in an oil accumulation at the reliquification unit and subsequently in the LNG tank. The most 
enduring solution to eliminate any oil contamination is the conversion of the fuel gas compressor into 
a non-lubricated machine with a dry-running friction system. The challenge of operating an oil free 
compressor for high discharge pressure is the lifetime of the sealing system of the high-pressure stages. 
In particular, the high dynamic and static pressure difference acting on the piston rod sealing can limit 
the mean time between overhaul (MTBO) of the compressor. Therefore, the design of the rod sealing 
system, the applied sealing ring design and the choice of the ring material is crucial. The dry-running 
sealing system of the fuel gas compressor of a large LNG carrier covered in the present paper, achieved 
more than 10’000 hours of operation. The packing ring design and material was carefully selected and 
optimized to meet these high demands. Monitoring data and the wear analyses of the friction rings 
indicated a stable operation and gives a promising outlook for an increase of the maintenance intervals.

A non-lube sealing system in a 
high-pressure fuel gas compressor – 

field experience
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Abstract:
Typical engineering standards for compressor rod packings rely on rules of thumb and selection tables. 
While there is consensus that piston rod temperatures are one of the important design criteria for the 
lifetime of packing rings, they are generally unknown. With the Packing Performance Prediction Tool, 
an essential step towards developing a sophisticated design tool for pressure packings is underway. It 
allows detailed estimation of piston rod temperatures as a function of specific design parameters (num-
ber of rings, ring design, etc.). While the tool is still under development, first results are very auspicious. 
In this paper, a case study shows that the average lifetime of a compressor’s rod packing could be greatly 
increased by upgrading to pressure-balanced rings. The tool is used retrospectively to estimate the rod 
temperatures for both ring types in the adopted solutions. Simulation results suggest that the mean rod 
temperature was indeed significantly lowered by the redesign. Based on the premise that lowering the 
rod temperature is one important aspect of increasing the packing lifetime, other possible future packing 
optimizations are discussed in theory.
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Abstract:
Nitrogen purging of reciprocating compressor rod packings is common practice, but is often misunderstood 
and thus not used to best advantage. A thorough understanding of nitrogen purging in both theory and 
practice underpins the creation of purpose-designed nitrogen panels that make life easier for operators. 
Right from the detailed design phase of a project, through installation, commissioning and a lifetime of 
trouble-free operation, an optimized approach to nitrogen purging improves safety and environmental 
protection while cutting the cost of maintenance.
Modular design and standardisation of the panel design can greatly reduce the need for detailed 
engineering input at the design stage, without compromising on the flexibility needed to adapt to 
different compressors. Nitrogen panels should also ideally be used in combination with packing cases 
that incorporate purpose-designed vent sensing lines. The result is a purge system that is straightforward, 
easy to specify, reliable and cost-effective.

A simplified approach to the design 
of nitrogen purge systems to improve 

safety and reduce emissions
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Abstract:
One of the challenges designers have to face when designing hydrogen diaphragm compressors operating 
above 500 bar is the reliability of the static sealing of the diaphragm heads. This sealing system is one 
of the key differentiating features of diaphragm compressors, preventing any leakage to atmosphere and 
is therefore essential to safe operation of these compressors.
In this paper, an in depth analysis of case studies is presented to illustrate the degree of complexity of 
a high pressure sealing system, showing amongst others that at such high pressures the assumption that 
the diaphragm head sealing system can be designed for static conditions is not always valid.
It explains how the conclusions of the analyses have been used to define a comprehensive sealing system 
design method for high pressures and how it differentiates from usual design practices for medium and 
low pressures. Factors of influence of the seal performance and reliability, design activities, validation 
steps and results are detailed.
Finally, an example of application and tests on a 1000 bar compression stage will be shown.

Overcoming reliability challenges 
of sealing highpressure hydrogen 
diaphragm compression stages
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