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Abstract. Modeling and simulation of pneumatics net-
works is still a challenging task, plagued by initialization
problems even in sophisticated environments such as
the Modelica Fluid Library. The recently proposed DLR
ThermoFluid Stream Library uses a promising new ap-
proach to cope with such problems. Therefore, it should
be a convenient basis for a more specialized pneumatics
library.
The essential concepts and components of such a library
are presented, with a special focus on the notorious tee
branch components. Their dynamic behaviour is very
complex, since it couples the effects of dynamic pressure
changes and friction losses, and often leads to stability
problems. Results of systematic tests as well as more re-
alisticmodels are discussed. They show that even though
some problems with stability remain in special exam-
ples, the new library generally allows for the simulation of
pneumatics networks using realistic tee branch models,
which aremore accurate thanprevious implementations.

Introduction

Modeling and simulation of pneumatic systems is a

non-trivial endeavour, since it combines the turbulent

flow of a compressible medium in a usually large pipe

network with the highly non-linear behaviour of com-

ponents such as actuators and valves [1]. A starting

point for the mathematical description could be a non-

linear partial differential equation describing the fluid

flow, coupled with a set of ordinary differential equa-

tions modeling the mechanical behaviour of the corre-

sponding components. Of course, this direct approach

is usually unfeasible not only due to high computational

demands, but because it requires a lot of fine-grained

parameters to describe the model and provides much

more data than is necessary for typical applications.

Applying a divide-and-conquer strategy, different

modeling approaches are used according to the com-

plexity of the system or component under study: A sim-

ple tee branch can be analyzed using the full power of a

CFD simulation [2], while for more complex situations

a coarse grained finite volume approach is employed,

using discretizations in one or two dimensions [3]. To

cope with very complex systems, one even reduces the

description of many components to a zero-dimensional

model, using ordinary differential or even purely alge-

braic equations to describe their behaviour, disregard-

ing any spatial resolution. This approach is adopted in

the Modelica Fluid library (“MFL”) [4] for most of its

components.

For the modeling of large pneumatic networks the

MFL has been used in [5]. Unfortunately, most mod-

els studied there didn’t run in standard Modelica envi-

ronments, unless the behaviour of some components –

especially the tee branches – had been simplified dras-

tically. This is due to the structure of the model: For

a pipe network the MFL approach leads to a large sys-

tem of nonlinear equations, which needs very precise

starting values to make the initialization converge.

The recently presented DLR ThermoFluidStream

Library (“TFS”) [6] has been invented to address these

problems. For this purpose, it adds the inertial pressure

of the fluid, promoting the mass flows to state variables.

Additionally, it uses a clever approximation scheme that

decouples the equations of the components, without de-

stroying the correct behaviour in static or quasi-static

models [7]. Furthermore, the flows generally have fixed

directions, which simplifies the modeling. As a conse-

quence, the initialization usually works, even starting

with vanishing mass flow, which should make it a suit-

able approach for the modeling of pneumatic pipe net-

works. It is the basis of the specialized PneuBibTFS

library presented here, which is freely available from

[8].
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To show that the TFS library is up to this task, we

will closely follow the lines of [5]: After a short in-

troduction to the library and its basic components, a

special focus will be on the modeling of tee branches,

where several alternatives will be presented and exten-

sively tested. Finally several variants of complete net-

works containing time-varying consumers will be ana-

lyzed and compared to the simplified versions presented

in [5].

1 Using the DLR
ThermoFluidStream Library

The problems with the initialization of models in dif-

ferent application areas are well-known, and a solu-

tion based on interpolating between the complete model

and a simplified version has been proposed [9] and ap-

plied to thermofluid models [10]. Unfortunately, it only

works in very special cases, especially not for pneu-

matic network models [5].

The TFS library addresses the initialization problem

by introducing two major changes to the usual descrip-

tion of thermofluid models. They will be described

briefly in the following, more details and motivations

can be found in [7].

Integrating the Euler equation along a stream line

leads to the “Newton’s law like” pressure balance

Δr = Δq+Δp+Δpext ,

where Δq is the dynamic pressure difference due to

change of velocity, Δp the pressure difference at the

end points of the stream line, Δpext the pressure due to

additional forces such as gravity or friction and Δr the

pressure difference due to the inertia of the fluid, given

by

Δr =−L
dṁ
dt

.

The inertance L is independent of the thermodynami-

cal state of a fluid and very small for gases. Since one

is usually interested only in quasi-static processes, the

inertial pressure difference Δr is neglected in the MFL

library.

In the TFS library, models include this term, where

L is generally defined as a globally set small value

– since one is not really interested in the transient

behaviour –, but can be set for each component indi-

vidually.

The second ingredient of the TFS library is the in-

troduction of the steady mass flow pressure p̂, which is

defined by splitting the total pressure as

p = p̂+ r.

Its change Δp̂ along a stream line generally depends on

the total pressure and the mass flow. In the steady state

r vanishes, therefore the approximation

Δp̂ = f (p, ṁ)≈ f (p̂, ṁ)

is generally sufficient for quasi-static simulations.

It leads to a decoupling of the component equations

along the stream direction. This reduces the large set of

nonlinear equations for the complete system to small-

sized equations inside the components, thereby making

the initialization problem feasible.

An important element in the design of a Modelica

library is the connector. Instead of the stream connector

used in the MFL library [11] the TFS library defines dif-

ferent connectors for ingoing and outgoing flows. They

both use the mass flow ṁ as flow variable and the initial

pressure r as normal (potential) variable.

Additionally they contain the thermodynamic state

as input or output variable, respectively. It is usually

given by the pressure, the specific enthalpy and a set of

mass fractions. Here, the steady mass flow pressure p̂ is

used instead of the total pressure, thereby implementing

the approximation scheme described above.

Based on these ideas, the freely available TFS

library contains many of the components that are

needed for pneumatics simulations. The specialized

pneumatics library PneuBibTFS mainly just contains

wrappers around the TFS counterparts, which reduce

the number of parameters to the few needed here, and

fix the medium to SimpleAir. This further reduces

possible non-linearities in the medium model, leading

to enhanced stability.

Basic elements of PneuBibTFS generated in this

way are:

• Pipe: a straight pipe with pressure loss according

to Cheng [12].

• Bend: a curved pipe with pressure loss from the

MFL dissipation library.

• Tank: an isothermal pressure tank with explicit

inflow and outflow ports.
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• PressureSource, PressureSink: simple

source and sink with given pressure.

• MassFlowSource, MassFlowSink: source

and sink that define an input or output mass flow.

This is non-trivial in TFS, since the mass flow is a

state variable. The components work by combin-

ing a pressure source or sink with a control valve

from TFS that uses a PT1 dynamic to obtain the

given mass flow.

• MassFlowSourceLin: source that uses a linear

valve component to obtain a given input mass flow.

• CVActuatorLin: actuator using a linear valve

to obtain a given output mass flow.

The linear mass flow source/sink components are

simpler than their controlled counterparts and can lead

to more stable models. Furthermore, they are used here

to make results comparable to those of [5]. The critical

tee branch components have to be created from scratch,

they will be studied extensively in the following.

2 Modeling Tee Branches

As has been shown in [5], the modeling of the tee

branch components is crucial for the stability of pneu-

matic network models.

This is mainly a consequence of their complex be-

haviour, combining pressure drops due to internal fric-

tion with dynamic pressure changes caused by the

changed cross sections of the fluid flow.

In the case of splitting flows the division of the

mass flows depends on incoming and outgoing pres-

sures, which leads to a nonlinear coupling across the

complete model. Using MFL-based components, even

simple models did only run – i. e. survive the initial-

ization phase –, when the tee branches were simpli-

fied drastically by completely disregarding all dynam-

ical pressure changes.

Using the TFS approach instead, the mass flows be-

come state variables, which breaks most of such loops.

Since the flow directions are generally fixed in TFS,

one now needs two different components: a splitter

TeeBranchS and a junction TeeBranchJ, which

join or split along the straight direction (cf. Fig. 1).

For simplicity, we will only consider tee branches with

a 90◦ angle and identical cross sections A at all three

ports. This is a common situation in many pneumatics

networks.
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Tee Branch components.

The basic equations to describe the behaviour of a

tee branch have been formulated in [13] and are widely

used in applications. They rely on two functions ζcs and

ζcb that describe the pressure losses across the straight

and branch directions.

Since they contain a part of the dynamical pressure

effects, they can be negative in certain cases, giving an

actual pressure rise. Unfortunately, their concrete form

varies largely in the literature [5]; we will use simple

polynomials that fit published data.

The basic component TeeBranchS is simplified

further by assuming constant temperature and density,

using the density of the incoming flow everywhere.

This avoids additional nonlinear loops inside the com-

ponent and leads to the following equations:

0 = ṁi + ṁs + ṁb

ρ = ρ(p̂i,hi)

Δps = − 1
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1
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p̂s = p̂i +Δpdyn,s +Δps

p̂b = p̂i +Δpdyn,b +Δpb

hs = hi

hb = hi

It is important to note that the equations to calculate

the dynamic pressure differences Δpdyn along the

straight or branch direction are using the total input

mass flow, while only a part of this mass flow reaches

the corresponding output. This formulation is used,

because the mass flow split is unknown beforehand.
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The error introduced here is made up for by includ-

ing the difference to the correct dynamical pressure in

the ζ -functions – which makes clear, why they can have

negative values.

These are the same equations that have been used in

[5] for the split case, if one identifies p̂ and p. In the

TFS context, one needs additional equations describing

the behaviour of the r variables. They can be derived

from results in [7] or directly read off the component

SplitterN provided in the TFS library:

Lm̈i = ri − rmix

Lm̈s = rs − rmix

Lm̈b = rb − rmix

where rmix is an internal variable that is defined im-

plicitely by the component equations.

A different approach to the modeling of a tee

branch splitter uses the DynamicSplitter that is

provided by the TFS library (cf. Fig. 2). It con-

tains DynamicPressureInflow/Outflow com-

ponents that compute dynamic pressure differences

from the cross section area and the inlet/outlet velocity,

which are given as parameter values. This leads exactly

to the dynamic pressure differences from above.

DynamicSplitter component.

The complete TeeBranchS1 component adds a

SplitterPressureLoss that computes the pres-

sure loss caused by friction and the correction of

the dynamical pressure, again using the ζ -functions

(cf. Fig. 3). Basically, it reproduces the equa-

tions from above, with two small differences: The

DynamicPressureInflow/Outflow include the

temperature changes that are due to the – usually adi-

abatic, not isothermal – pressure change, and the fric-

tional pressure computation uses the density at the out-

puts of the DynamicSplitter, not at the inlet. This

corrects a part of the approximations that are made in

the simpler TeeBranchS.

Furthermore, its approach is more modular and

easier to understand.

On the other hand, its Modelica implementation

consists of 147 equations altogether, compared to only

28 equations for the simpler component. Luckily, the

Modelica preprocessing usually gets rid of this over-

head.

Alternative component TeeBranchS1.

To get even better results, one can use the com-

ponent TeeBranchS2, which calculates the dynamic

pressure differences by correctly using the densities of

the input and output streams instead of using the input

density everywhere.

The price is the addition of two nonlinear equations

inside the component. A similar approach can be used

with the SplitterPressureLoss, which would

lead to two more nonlinear equations.

The construction of corresponding joining elements

TeeBranchJ, TeeBranchJ1 and TeeBranchJ2
completely follows the lines above. The basic differ-

ence lies in the handling of the r variables when mixing

input streams. The proper equations again can be found

in [7] or in the component JunctionN from the TFS

library.

3 Testing Tee Branches

The various tee branch components have been tested

thoroughly using similar models as in [5], a typical ex-

ample for the joining case is shown in Fig. 4. Here, the

mass flows at the inflows and the pressure at the outflow

are given explicitely.

The results for this example using the three differ-

ent TeeBranchJ components and the TeeBranch1
component from [5] are shown in Fig. 5. The plots for

the basic MFL and TFS based components are almost

identical, which is expected, since they use basically the

same equations. The deviation at the beginning is due

to the different initialization methods: MFL starts with

a given value of ṁ, while TFS starts here with ṁ = 0

and winds it up using the inertance equation.

SNE 35(2) – 6/2025



121

Junglas & Gebhart Simulating a Pneumatics Network using the DLR ThermoFluidStream Library

Model for testing a TeeBranchJ component.

The slight phase difference is not caused by the in-

ertance, but by the PT1 dynamic of the mass flow con-

troller used in TFS. Much larger are the pressure dif-

ferences between the three TFS components, especially

for the straight branch. At this point, this seems to indi-

cate that a better modeling of the density changes could

be useful.

More important than the exact results – which de-

pend on the choice of the ζ -functions anyhow – is the

question of stability: Do the models run immediately,

only with special initial values or doesn’t the initializa-

tion converge? To check this, test models similar to Fig.

4 have been analyzed, using different kinds of boundary

conditions:

• a: pressure given at inflow, mass flow at outflow

• b: mass flow given at inflow, pressure at outflow

• c: pressure given at inflow and outflow

The results are unexpected: Only in the simple case,

where two mass flows are given (case a for the splitter,

case b for the joiner), all four components work. For

the other cases, the MFL models work always, the ba-

sic TFS components in most cases, the more advanced

TFS components never. The problem here is not the

initialization, all models start and run for a (very) short

time. Then the pressure values diverge rapidly. Ob-

viously, the differential equations used here are highly

unstable. In some cases, the problem can be fixed by

using non-zero initial conditions for the mass flows, but

often even very good starting points – coming from the

working MFL model! – don’t lead to a stable solution.

In additional tests a small pipe has been added either

at the incoming or the outgoing straight branch. For the

stable cases this leads to a problem with an MFL model:

The splitter doesn’t run with a pipe at output [5].

Comparison of the pressure drops in join mode.

The corresponding TFS models are not affected,

they all work with the additional pipe on either side.

In the unstable cases, the situation is more complicated,

but generally, the situation gets worse in the MFL case,

while in the TFS case several models that didn’t run be-

fore, get stabilized by the additional pipe.

In conclusion, the tests show that the TFS approach

does not solve all problems, due to the inherent insta-

bility of the basic equations. This apparently gets worse

when the change in density is included. But at least it

works in many cases, and the addition of pipes some-

times stabilizes a model.

4 Modeling Pneumatic
Networks

To check the performance of the PneuBibTFS library in

more realistic situations, the basic example model from

[5] has been studied, which contains one TeeBranchJ
and four TeeBranchS components, together with sev-
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eral pipes and curves, a pressure source, a few con-

sumers and an auxiliary tank. Since the tank uses ded-

icated inflow and outflow ports, it is connected to the

network via a loop consisting of a splitter and a joiner

(cf. Fig. 6).

Model of the simple pneumatics network 1.

Starting with an empty tank (i. e. p = p0), running

the model works without problems and leads to results

that are similar to those from [5] (cf. Fig. 7). If one re-

places all tee branches by their more sophisticated ver-

sions, the models still run and reproduce the results of

Fig. 7 within the plot accuracies. But in the MFS case,

the model didn’t run at all, unless one replaced the basic

tee branch model by a very simplistic model based on

substitutional pipe lengths. This shows that the some-

what unconvincing conclusions from the teebranch test

results are much clearer in larger models: While the

initialization problems in the MFL case get much more

serious for larger models, in the TFS approach, the in-

stabilities are largely mitigated.

A slightly extended example has been studied in [5]

that contains an auxiliary tank between the two con-

sumers on the right side. Building this model with

PneuBibTFS, the simulation stops immediately with the

error message

Positive mass flow rate at Volume outlet.

Apparently, in the initial phase of the simulation

the medium flows i nto t he t ank t hrough t he out-

flow p ort, w hich i s c aught b y a n a ssertion. The

TFS library includes a variable – hidden inside the

DropOfCommons component – to reduce the asser-

tion level from error to warning. Doing this, the model

runs fine and produces the expected results. The back-

flow issue is a minor initialization problem and can be

safely ignored here.

Simulation results of example network 1.

Increasing the simulation time one runs into another

problem: The simulation stops at t = 80 s, one has hit

the instability region. Taking a closer look at the model,

one finds, t hat a t t his m oment t he c onsumer n ear the

first tank is switched on for the first ti me. To increase

the stability, a small pipe has been added between the

splitter and the joiner that form the loop containing the

tank (cf. Fig. 8). This works fine and the model now

runs for long simulation times. Fig. 9 displays the pres-

sure curves at the two consumers at the right side for the

MFL and TFS variants. It shows clearly that the simpli-

fications, which had been necessary to make the MFL

model run, lead to significant deviations in the results.

Finally, one of the real-world models from [5],

coming from an industrial partner, has been ported to

PneuBibTFS. It contains almost 60 components, among

them three pumps, one tank, 12 consumers and 17 tee

branches.

SNE 35(2) – 6/2025



123

Junglas & Gebhart Simulating a Pneumatics Network using the DLR ThermoFluidStream Library

Model of the enlarged pneumatics network 2.

The MFL version only contains the simplistic tee

branch component and has about 4500 equations. For

the port to TFS the flow directions have to be specified

everywhere. Furthermore, the tank again has to be in-

cluded via a small loop, and its initial pressure has been

set to the (identical) pump pressures. The final model

has only 1750 equations, since the TFL library has a

much simpler structure than the MFL library.

The simulation of the TFS-based model stopped af-

ter 1 s with the usual blowup of all pressures. Addition-

ally, several flows had the wrong direction, which is due

to the identical pressures of all pumps. To ensure the

correct flow d irections, t he p ressure o f o ne p ump has

been increased marginally. With this change, the model

runs immediately and qualitatively reproduces the re-

sults of the MFL version.

5 Conclusions

Though the PneuBibTFS library still has problems with

stability in special examples, it allows for the simula-

tion of pneumatics networks using a realistic tee branch

model. In many cases, the TFS-based methods work

much better than an MFL-based approach, especially

for larger models. If problems appear, they can often be

cured by insertion of auxiliary pipes.

Simulation results of example network 2.

Comparison with the MFL-based results show sig-

nificant differences, which are due to the very crude tee

branch models used there. Apparently, the omission of

the proper dynamic pressure changes introduced con-

siderable errors.

Using the more detailed tee branch models that

take into account local variations in density and tem-

perature changed the results only marginally. Since

these components reduce the general stability of the

model, one should stick to the basic TeeBranchS and

TeeBranchJ components.

In [5] the use of OpenModelica [14] as a model-

ing and simulation tool introduced additional problems.

This has changed completely, all PneuBibTFS models

that run in Dymola [15], work in OpenModelica as well,

and vice versa. This is due to two effects: On the one

hand, the OpenModelica simulator has been enhanced

considerably in the last years [16], on the other hand,

the new models are much simpler conceptionally, since

they don’t lead to huge monolithic nonlinear equations

. An interesting point for improvement is the model-
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ing of the tanks: In reality, a tank is often connected

to the pipe network using a simple port. It works as a

buffer, the flow direction changes according to the pres-

sure differences between the tank and the network. To

model such a tank, one also needs a tee branch model

that works with different flow directions. For such pur-

poses, the TFS library has been enhanced to allow for

bidirectional flows [17]. T his l eads t o m ore complex

components that are more tightly coupled. Whether

such models deliver better results and – more impor-

tantly – are more stable, is an interesting question.

Clearly, the most important open point is the ques-

tion of stability. Probably, the difficulties i n solving

the MFL-based nonlinear equations and the instability

of the TFS-based differential equations are related. It

would be interesting to study the instability of the ba-

sic tee branch equations in more detail and to find out,

whether there exist more stable formulations, as well as

how the stabilization in larger models actually works.

A basic conclusion from [5] with respect to the MFL

library was: The fundamental problem of initialization
seems to be still far from being solved.

In the light of the results presented here, it seems to

be justified to claim that the TFS library has solved the

initialization problem, at least for the class of models

that have been studied here.
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