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INTRODUCTION

The social growth of expectations in terms of increasing 
the efficiency of machinery and equipment as well as reducing 
greenhouse gas emissions and air pollutants forced in recent 
years the intensification of research and development to 
improve the efficiency of heat exchange processes [4, 18], 
the structural improvement of working machines and power 
equipment [7, 14, 16, 24], improving the quality of diagnostics 
of these devices [11, 12] and the improvement of efficiency of 
the manufacturing process of machine elements [6, 9]. One 
of the more complex energy systems, which is covered by the 
above-mentioned development work is a ship’s engine room. 

A ship engine room is an energy system which includes 
machinery and equipment whose task is to convert chemical 
Energy into mechanical Energy, electrical and thermal 
quantities and specifications to ensure the correct operation 
of receivers necessary for the fulfillment of the assumed unit 
functions, in all states of operation and the variable external 

conditions. Marine vessels are characterized by the autonomy 
of energy, which means that all the energy needed must be 
met by using fuel consuming elements like main engines, 
auxiliary boilers, etc. . The proper design, as well as the 
operation of such a system of energy requires a comprehensive 
examination of thermal, mechanical and electric processes. 

The method of Bond Graphs (BG) which is the core of this 
study was initiated by Paynter [20] and has been developed in 
a  number of monographs [1, 3, 10, 26, 27, 28] and publications 
[5, 8, 13, 15, 17, 19, 21, 22, 23, 25]. Thanks to a singular approach 
to modeling elements of different physical nature, this method 
is especially suited for modeling energy systems consisting of 
mechanical, thermal, electrical and hydraulic elements which 
operate in the power system of an engine room. 

The flow of Energy between the individual components 
of the Energy system is marked with graphs (half-arrow) 
automatically introducing information about the direction 
of the flow. The energy flow is always described by two 
parameters of energy: metastatic potential (e) and generalized 
flow ( f ). In the case of the internal combustion engine, 
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the parameters characterizing the energy receiver to be 
transmitted are respectively Mo (e) and ϖ (f). The product of 
Energy parameters (e and f) must always give the dimension 
of power. 

Models of Bond Graphs composed of external elements: 
(fig. 1): S (source of energy), L (kinetic energy storage), C 
(potential energy storage), R (dissipative element) and the 
internal components: energy converters, node 0 of the same 
generalized potential and nodes 1 of the same generalized 
flow. The energy sources present in the modeled object, 
according to the formalism of BG may exist in two forms: 
as a source of potential: SE (systemic independent potential 
is a function of time), or as a source of flow: SF (systemic 
movement is an independent function of time). 

The model itself in the form of BG reflects clearly the 
dynamic structure of the object and can be easily modified, 
but does not allow for the direct conduct simulation 
experiments [3]. The BG model allows for a „manual” or 
automatic generation of equations of state, which means 
creating a mathematical model of cause and effect. 

Using the causality discussed in this paper, one can 
describe the relationship between metastatic potential (e) 
and generalized flow (f). By convention, the designation of BG 
causality edge is represented by short dash perpendicular line 
at one end of the Edge (fig. 4). The position of this line indicates 
which value e or f is a dependent and which independent value 
(e.g. fig. 4 a). Such value is  T(t)). The analysis of causality 
makes it possible to demonstrate conflicts that prevent the 
placement of state equations. These conflicts can be of two 
types:
– a conflict related to the use of improper or inadequate 

energy source for the energy source used, as of the internal 
structure of the model, 

– a conflict caused by the introduction of interdependent 
power accumulators into the model. 

Fig. 1 Diagram and designation of BG model Energy system to determine the 
efficiency of: e – generalized potential,  f – generalized flow, p – generalized 

momentum, q – generalized displacement [3]

The basic theory of BG concept of causality and use of it 
to analyze the BG models i clearly shown [1, 3, 10, 26, 27] 
in the construction of models of mechanical, electrical and 
hydraulic processes. Doubts arise when creating BG models 

of thermal processes, especially regarding the new elements 
introduced into these models as a dual battery [1, 27] (2-port) 
or the modeling of thermal processes using so-called „pseudo 
Bond Graphs” [1, 3, 8, 10, 26, 27]. In [2, 3] a new  method of 
modeling thermal processes has been presented using only 
elements introduced in the basic BG theory form modeling 
of mechanical, hydraulic and electrical processes. In these 
works the analysis of causality was deliberately not used 
since according to the theory proposed in separate models 
of thermal processes, there was no possibility of a conflict 
of causality [3]. 

In [2] it was found that the Energy storing models of 
thermal processes, as in the basic theory, should be in the form 
of a graph (bond) with a single node (1-port). The concept of 
an energy transducer has been introduced [2, 3] (fig. 2). In 
the basic theory of BG the transducer exists in the form of a 
transformer or gyrator. In general theory of thermodynamics 
and heat exchange there are physical concepts that could 
justify the introduction of such a distribution of energy 
converters. Introduced in [2] energy converters must comply 
only with the basic theory of the BG relationship (1) of the 
net amount of energy flow in any multiple node (multiports), 
in which the n graphs (bonds).

Fig. 2. Power converter in BG model [2]
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When modeling the extracted thermal processes, the 
available literature does not provide a specified example 
where a conflict of causality would be shown. Numerous 
examples of creating equations of state based on the BG 
model in [2, 3] showed that the determination of causality 
can only serve to illustrate the flow of energy. However, the 
need for analysis of causality exists only when the systems 
are modeled, in which the nest thermal processes taking 
place relate to processes of different physical nature such as 
the mechanical or electrical one. In real power systems such 
links always take place. Simulation studies using BG model 
can be carried out when the graphic model allows to generate 
equations of state in the form of: 

X = f X,U( ) (2)

where: X – vector of state variables,
 U – vector of controls.

The conflict of causality prevents the arrangement of the 
equation in the form of (2).
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CAUSALITY IN BG ELEMENTS IN 
THERMAL PROCESSES MODEL

The basic elements of BG, which should clearly define 
the causality are the heat energy accumulators and energy 
sources. As shown in [2] the thermal processes, there is only 
one type of energy storage accumulator wherein the state 
variable characterizing is the temperature of the kinetic 
energy of the molecules. There is no physical evidence to 
assign two kinds of causality to heat accumulators just as it 
has been, for example, in the mechanical processes, namely 
integral and differential causality. According to this reason, 
causality of heat accumulator is marked clearly as shown in 
Fig. 3. According to the general theory of BG it is causality of 
the generalized potential of the kinetic energy accumulator. 

Fig. 3. Determination of causality of thermal energy accumulator 
in the BG model

The general form of the dependence defining the flow 
of the accumulated heat is presented by the relation: 

Cv( mT )
tAA d

= dTS = E (3)

For many cases, for example, heat conduction, it can be 
assumed that the product is Cvm=const, then .

In work [2] various types of heat sources have been shown, 
which are graphically shown in Fig. 4. In the general theory 
of BG [1, 3, 10, 27] the causality of energy sources is uniquely 
determined for a source of potential or sources of movement. 
Case „b” on Fig. 4 shows an energy source in the form of 
mass flow of agent  of enthalpy i. There is here the special 
case where both generalized parameters can be independent 
time functions. Fig. 4 indicates, as example, a generalized 
flow causality. Determination of the energy gates, which are 
regarded arbitrarily as a source of Energy, depends on the 
purpose served by the built model. For example, in the electric 
power network as an energy source may be indicated the 
energy flux in the fuel supplied to the boiler steam turbine, 
or otherwise as an energy source one can treat the electrical 
energy received from the generator current. In the first case, 
causality will be designated as the source of the flow, and in 
the second one, as source of potential. 

Fig. 4. Sources of Energy and determination of causality in the thermal 
processes BG model

CAUSALITY IN COMPLEX BG MODELS 

As a first example of a complex system in which the thermal 
processes are associated with processes of different physical 
nature an electric circuit with a resistor will be considered 
(fig. 5) in which the heating and heat exchange with the 
environment takes place. The BG model of these processes 
is shown in Fig. 6 and consists of the electrical circuit model 
and the model of the heating system. The source of power 
is the voltage generator V(t) of the internal resistance Rs. 
The external resistor R is the thermal energy accumulator of 
mass m, specific heat Cv and surface of heat exchange with 
environment F.
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i

Fig. 5. The electrical circuit in conjunction with a thermal process

The output equation of the state follow directly from the 
BG model shown in Fig. 6: 

(4)

In this equation, the flow of heat exchange with the 
environment is determined by the relationship: 
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(5)

where: α – heat transfer coefficient of the resistor surface area 
F and temperature T to ambient temperature TO.

Fig. 6. BG model of related systems: electrical and thermal

As already mentioned, the determination of causality of 
the BG model of the electrical system in Fig. 6 has been made 
according to the general principles of the BG theory [3, 10, 27]. 
According to these rules, the causality scattering element R 
can be arbitrary. Assuming the causality of heat accumulator 
C according to the above accepted rule, the causality of other 
thermal model graphs can be marked in different ways as 
shown in Fig. 6 and 7. In any of these cases, there is no 
conflict of causality. Assuming the rules introduced above, 
the causality of the PE energy transducer results from the 
adopted arbitrary causality of dissipation elements and can 
be gyrator causality (fig. 6) or of the transformer (fig. 7).
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Fig. 7. Two additional versions of the possible designation of BG causality 
model from Fig. 6

The second example concerns the relationship of the 
mechanical system in which the change in volume V 
by changing the predetermined piston speed v(t), of the 
thermodynamic system, wherein the solid mass of gas m is 
in variable volume V(t) (fig. 8). The existence of friction force Ft 
was assumed in a piston cylinder and the introduction of the 
heat flux Q(t) to the gas medium. The BG model of the related 
system indicating causality is shown in Fig. 9. In this system, 
there are two energy converters. The first one is a transformer 
(TR) with unambiguous causality, the second a transduce in 
a thermal system (PEVS), whose causality can be arbitrary. 

The output equation of state, as before, follows directly 
form the BG model shown in Fig. 9:

(6)

Fig. 8. Diagram of the related systems: mechanical and thermodynamic

Fig. 9. The BG model of the related systems: mechanical and thermodynamic

Using the basic physical dependence in both of the above 
examples, the output equations of state (4) and (6) should be 
presented in the form of (7) [2] enabling simulation research: 

(7)

CONCLUDING REMARKS

In previous papers [2, 3] a new method of modeling thermal 
processes using the BG method has been presented. It has 
been shown that the thermal process models can be created 
without entering new elements into the BG theory such as 
„Pseudo Bong Graphs” and dual elements of capitalization and 
distraction. There is also no need to introduce the „gyrator” [1] 
into the BG models as in the theory of thermodynamics and 
heat exchange there is no equivalent of this concept, as is the 
case of mechanical and electrical processes. By creating a BG 
model covering only thermal processes, there is no possibility 
of a conflict of causality, mainly due to the existence of only 
one type of heat energy accumulator. In complex energy 
systems, the heat processes are associated with the processes 
of different physical nature, and in this case, the analysis of 
causality BG model is justified and necessary. 
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