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The author’s Thermodynamic Package uniquely included the use of convection bond graphs.  As 

a result of this and its treatment of fluid properties, no other bond-graph simulation package 

could effectively treat any of the several demonstration thermodynamic systems with real 

flowing fluid with vapor, liquid and mixed phases, to the author’s knowledge.  This package also 

treated a wide variety of non-thermodynamic components and systems.  Unfortunately, 

however, users were discouraged by the absence of a graphical interface. 

THERMOSIM®[1] is a user-friendly software package with a powerful graphical interface that 

remedies this weakness.  It assumes the use of mostly nonlinear classical lumped models, which 

nevertheless can be arrayed with considerable complexity.  It also treats single or multi-ported 

compliance elements based on essentially unrestricted algebraic expressions for their energy as 

a function of their multiple displacements.  Complete thermodynamic data is available for forty 

different fluids in a unique form employing analytic derivatives of several thermodynamic 

properties, allowing for efficient computation which minimizes iteration.  Because of the usual 

essential nonlinearity, linearization and associated analysis is not attempted. 

The lumped modeling of thermodynamic systems is analogous to the more traditional lumped 

modeling of non-thermodynamic systems by the dynamics and control community.  Not all 

systems of either type are amenable to this treatment, particularly those that are essentially 

distributed over multidimensional space, such as the details of the flow through a turbine.  It is 

often impractical to attempt a dynamic analysis of such models, however, which is the purpose 

of THERMOSIM.  Further, one often is willing to sacrifice some accuracy in the steady-state 

behavior of a model in order to at least approximate the dynamic behavior.  On balance, the 

ability of THERMOSIM to achieve temporal simulation in a wide variety of cases is impressive. 

Beta Release 1.0 included for the first time the modeling and simulation of hydraulic systems, in 

particular those in which the working fluid is liquid water or one of three standard hydraulic 

fluids.  A gas such as nitrogen also can be inserted into accumulators.  Also new was the major 

feature that extends to multiphase fluids the inclusion of friction, heat transfer and inertia of 

the flow in tube-like structures.  A single IRS element can have liquid at one end, a saturated 

mixture in the middle, and pure vapor (even supercritical) at the other.  Condensing and boiling 

heat transfer is included using certain specific assumptions such as quasi-steady flow.  This 
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second release adds system models with multiple fluid junctions and heat transfer coefficients, 

amongst other changes that significantly increase robustness.  The number of available files 

that represent different systems has been raised from 11 to 19.  Make sure you have the latest 

files. 

The software is downloadable from the author’s web page www.lehigh.edu/forbesbrown.  The 

MATLAB code was written by the author, and the graphical interface by his son Scott A. Brown, 

who is a software engineer. 
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1.   INTRODUCTION 
 

THERMOSIM models general physical systems as well as thermodynamic systems.  It employs 

bond-graph notation, including a unique extension to convection bonds for flowing fluids.  The 

bond-graph approach is firmly based on physical principles including the conservation of 

energy, and in the case of thermodynamic systems also the second law.  Violating these 

principles requires explicit action.  The graphs also employ a strict causal structure.  In contrast, 

the burgeoning modeling language Modelica and its implementation via the commercial 

package Dymola is based on a generalized non-causal network that accommodates multiple 

formalisms.  Physical principles are not generally applied.  The resulting flexibility is an 

advantage, while the remoteness from first principles is a disadvantage.  The THEROSIM 

package also is self-contained and relatively simple. 

The bond graph notation is described sufficiently herein so the reader with no background need 

not study the extensive available literature, which addresses many issues unnecessary for the 

present purpose.  This purpose is to enable the engineer or scientist to put the software to 

practical use, not to teach bond graphs, although some instruction about these graphs is 

necessary.  A case-study approach is used.  The software employs MATLAB®, but it is not 

necessary for the user to understand more than a small fraction of this, either.  Readers familiar 
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with traditional bond graphs can skim through much of the material, culling out the parts 

dealing specifically with convection bonds and systems.   

The user starts by modeling the system using twenty different building blocks.  These blocks 

and their interconnections are entered into a graphical-interface program in the form of a bond 

graph.  The user is alerted on the fly to any violations of the rules.  The model can be modified 

readily.  The user selects whatever fluid is being used, and is asked essential questions about 

parameter values and initial conditions for the desired simulation and its time duration.  The 

simulation ensues automatically, although the user may first wish to view a report that includes 

a list of the state variables being employed.  The user need not look to see what differential 

equations are employed.  At the end, he or she likely asks for plots of the history of variables of 

special interest, using standard (and simple) MATLAB notation that also is described herein. 

THERMOSIM has, through its Extra Variable feature, the ability to include parts or all of models 

treated by non-bond-graph methods. 

Karnopp, Margolis and Rosenberg [3] have a popular textbook that features traditional bond 

graphs.  The ICBGM series of conferences [4] provide the most concentrated collection of 

papers on the subject.  Table 1 below is offered for those readers who are already  familiar with 

these graphs.  It summarizes the traditional bond-graph elements used by THERMOSIM, 

excusing these readers from having to study much of the material later in this manual.   Those 

who are not familiar with traditional bond graphs can ignore it (but possibly use it for reference 

later on.)  Section 1.1, on the other hand, introduces a non-traditional bond graph element 

along with four traditional ones. 

1.1 Introductory example: a steam catapult accelerating an aircraft on a carrier.   

A schematic for this system is pictured on the left in Fig. 1, and the corresponding bond graph is 

shown on the right.  The cylinder, which is filled with a saturated mixture of water vapor and 

liquid water, is represented by the CS element.  The piston that connects the cylinder to the 

aircraft is represented by the element labeled as T, which in general is called a “transformer” 

 

Fig. 1  Steam catapult for aircraft on a carrier 

 (conventionally written as TF in the literature).  The element designated as I represents the 

mass  (“inertance”)  of the aircraft.    The lines between the  elements,  called  bonds or  simple 
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Table 1  Traditional bond-graph elements used by THERMOSIM 

bonds, recognize the mechanical connections and the flows of energy.  The rate of the 

energyflow, or power, is the product of an effort and a flow.  The effort on the first bond is the 

pressure in the cylinder, P, and the effort on the second bond is the force on the piston, FP.  The 

flow on the second bond is the velocity of the piston, v, (y is its position).  Efforts and flows are 

often annotated next to the bonds, using whatever symbols the user chooses; efforts are 

traditionally written above or to the left (in the event of a vertical bond) of the bond, and flows 

to below or to the right. 

The modulus of the transformer, which the author also writes as T, is the inverse of the area of 

the piston, which is both the ratio of the two flows and the ratio of the two efforts, since 
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friction is not included is this ideal element.  The half-arrows on the bonds represent the 

directions that power flows when it is positive, which you also provide.  Both of those for the 

transformer must be aligned in the same direction.  Also, the general definition of the 

transformer modulus in THERMOSIM is the flow on the bond with the power arrow drawn 

outward to the flow on the bond with the power arrow drawn inward. 

To use the software package, you display the BondGrapher screen, and start on the Options 

screen by clicking “water” as the fluid (although the order of actions can be varied).  You then 

enter the bond graph on the main screen with the procedure described in Section 4 below.  You 

provide a number for the modulus of the transformer (SI units are assumed) and provide the 

initial values of the three state variables associated with this (and every) CS element: the initial 

mass of the fluid therein, its initial temperature and the initial volume of the chamber.  The 

final element is the inertance, I, the parameter of which, also written as the letter I, is the mass 

of the aircraft (in kg).  You save your model with some name (catapult.m is used here); you can 

examine and even modify the model by calling this program from BondGrapher.  To run a 

simulation you type the name catapult in the MATLAB command window.  How to get the plots 

is described in Section 6 below.  By trial-and-error (the simulation takes only a couple seconds) 

you choose a suitable time duration for the simulation (a little over three seconds is 

appropriate), which you can decide based on plots of the results.  You need pay no attention to 

the complex thermodynamic properties of the steam (18 of these are actually computed), and 

what the differential equations are or how they are solved (numerically; the system is highly 

nonlinear mathematically.) 

In reality the aircraft sets its engines at full throttle to augment the force of the catapult, and 

subsequently to provide propulsion.  Consequently, the bond graph in catapult.m is elaborated 

as follows to accommodate this: 

 

Fig. 2  Steam catapult with engine thrust 

The element Se, generally called an effort source, places a force (effort) on its single bond.  The 

element designated by the number 1, called a 1-junction, ties the system together by forcing 

the flows (and displacements) on its three bonds to be identical, which, because the element 

neither creates not destroys power forces its three efforts (forces) to sum.  Since the half-
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arrows define the directions for which the power flows when the product of effort and flow is 

positive, the force on the mass equals the sum of the forces from the piston and from the 

engine. 

The plots given in Fig. 3 assume the initial volume of the cylinder is 0.335 m3, the initial mass of 

the water as 117.5 kg (you might first identify the specific volume as 0.002 m3/kg), the initial 

temperature is 600 K, the thrust of the engine is 100,000 N and the initial momentum of the 

aircraft is zero. 

1.2  Computational causality.  The simulation package automatically assembles algebraic and 

differential equations.  Nevertheless, applying the rules for constructing acceptable bond 

graphs and making a few rare decisions are helped by an understanding of the basic idea of 

computational causality.  Without the simulation package the assignment of causality would be 

a  practical  necessity.    The bond graph  language  employs  causal strokes  at  one end  of each 

 

Fig. 3  Selected results of a simulation of the steam catapult 

bond, in the form of a short transverse line segment, as shown in Fig. 4 for the steam catapult. 

These strokes are displayed automatically by the graphical interface program. 

 

Fig. 4 Bond graph of the steam catapult showing the causal strokes 
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As devised by the creator of bond graphs, the late professor Henry M. Paynter of M.I.T., causal 

strokes represent the bilateral directions in which the efforts and flows are communicated from 

element to element to allow a unique set of differential equations to be established.  

Specifically, the effort on a bond is communicated toward the end of the bond with the stroke, 

and the flow is communicated toward the end of the bond without the stroke, as suggested by 

the arrows in Fig. 5: 

               

Fig. 5  Meaning of a causal stroke 

The flow on the first bond of the graph for the steam catapult (the rate of change of volume,   ) 

is communicated to the CS element, where it is time integrated (the role of its differential 

equation) to give the volume of the cylinder.  A second differential equation establishes the 

temperature of the water (more about this much later).  The specific volume and the 

temperature are sufficient independent variables to allow all thermodynamic properties of the 

water to be computed, including its pressure, P.  This pressure is an effort which is 

communicated back along the bond to the transformer.   

The transformer accepts this pressure and, by multiplying it times the area of the piston (the 

reciprocal of its modulus), transmits the force FP on the second bond toward the inertance or 

mass.  The force is added to the thrust force FT of the jet engine and communicated as Fm to the 

inertance, where it is integrated (the single differential equation of the I element) to give the 

momentum of the mass, p.  Dividing this momentum by the the mass gives the velocity, v, 

which is communicated back to the transformer through the 1-junction.  The transformer finally 

converts this velocity to the rate of volume change for the CS element,   , completing the cycle.  

All of this is done automatically by the simulation process (and not in the sequential fashion 

described here, but simultaneously). 

1.3  Second example: a hydraulic cylinder connected to a mass-spring-dashpot.  This system, 

shown in Fig. 6, is chosen because it resembles the steam catapult above, but is different in 

three respects: it has no thrust force from an engine, it introduces two new building blocks or 

bond-graph  elements  (the  C  and the  R in the graph) and it assumes the working fluid is liquid 

water rather than a saturated mixture of liquid and vapor water.  The use of liquid water is 

perhaps the largest difference.  Using the identical integrators (state variables and differential 

equations, etc.) with the liquid as with the two-phase mixture would be highly inaccurate, 

although it might suffice for brief forays into the liquid domain.  The inaccuracy results from the 

fact  that  liquid  water,  and  most  other  liquids,  are  almost  incompressible,   rendering   the 
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Fig. 6  Hydraulic cylinder driving a mass with spring and dashpot 

combination of specific volume (or its reciprocal, density) a very poor set of independent state 

variables for establishing the all the thermodynamic properties; they are only barely 

independent of one another.  As a result, the author uses a different pair of variables when 

dealing with substances that remain in the liquid state.  Pressure is substituted for specific 

volume, while temperature is retained. Note that temperature and pressure are not 

independent of one another in the two-phase mixture region, so this pair would fail completely 

if used there.  From the user’s point of view, however, the only differences, apart from the fluid 

specification, are the specification of the initial pressure rather than the initial mass in each CS 

element, and recognizing that a plot of the first state variable gives pressure rather than mass. 

The mechanical spring is designated by the element C, which in general is called a compliance.  

Other compliances can represent electrical capacitance, heat storage, and a simpler version of 

fluid compressibility than is represented by the full-blown CS element with its many properties 

such as temperature and entropy.  The causal stroke on C elements is always (at least in 

THERMOSIM) at the far end of its single bond, which means that the flow is causally input, that 

it is integrated to give the generalized displacement, and that the causal output is the effort 

which is a function of this displacement.  Thus the causal output for the spring is the force on it, 

for an electrical capacitance (with its charge as its displacement) is the voltage across its 

terminals, and for a simple fluid spring is its pressure.  The parameter assigned to the element 

is its compliance itself, which the author also defines with the letter C, defined by the ratio of 

the displacement to the effort, which is also the reciprocal of the spring stiffness.  (Nonlinear 

constitutive relations are discussed later.) 

The dashpot is designated by the element written as R, which is general is called a resistance.  

In other media the element R could represent an electrical resistance or the resistance to flow 

through an orifice.  The effort and flow of a resistance are related algebraically; in the linear 

case the effort equals a constant (the modulus of the resistance, also called R) times the flow, 

which is the parameter the user inserts when asked to provide a value for the resistance. 
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This system also is tied together by a 1-junction, which again forces all of its bonds (in general it 

can have any number of them) to have the same flow, or in this case velocity and displacement.  

This flow must emanate causally from one of its bonds; in this case the automatically placed 

causal strokes indicate it is the bond to the inertance.  The causal strokes also show that the 

force on the inertance is the force on the piston minus the (compression) force of the spring 

minus the (compression) force on the dashpot.  The signs of the summation are dictated by the 

power half-arrows.  Labels have been placed alongside the bonds to indicate the various efforts 

and flows; P is pressure, FP is the piston force, FC is the spring fore, FR is for damping force of the 

dashpot, FM is the force accelerating the mass,    is the rate of change of the volume in the 

cylinder, and v is the velocity of the mass.  The state variable for the spring is the integral of v, 

which is y, the displacement of the spring and of the mass and of the dashpot and of the piston.  

Also again, the efforts are written above or to the left of the respective bonds, and the flows 

are written below or to the right.  The v is again written below and to the right of the 1-junction 

symbol, indicating it applies to all three bonds there.   

The initial volume of the cylinder, the area of the piston and the mass of the load are kept the 

same as in the steam catapult; C = 1e-6 m/N is added, as is R = 1e5 N-s/m.  The spring is given 

an initial compression (displacement) of 0.1 m in order to balance some of the force from the 

piston.  The initial pressure is set a P = 12.33 e6 Pa (the same as for the catapult), but the 

temperature of the water is set at 300 K to make it liquid.  Selected results from the resulting 

simulation, all given directly by state variables, are plotted in Fig. 7. 

 

Fig. 7  Selected results from a simulation of the hydraulic cylinder with load 
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You may observe that the spring and the dashpot were chosen partly so as to prevent the 

pressure from going negative, which in practice would cause cavitation not included in the 

model.  The combination of inertance and compliance produces an oscillation, as usual, 

damped by the dashpot. 

The behavior of the CS element is thermodynamically reversible in this example (as it also 

happens to be for the steam catapult).  The compressibility of the liquid water is so nearly 

constant that it would make good sense to represent it by a computationally much simpler 

model that assumes a constant bulk modulus.  This would replace the CS element with a simple 

C.   The simpler model also could be used for small excursions of a pure vapor such as air.  It 

would require more analysis on the part of the user, however, although it is the approach most 

hydraulics or pneumatics engineers employ.  The full slower-to-compute thermodynamic model 

is given here largely to show how it relates to the corresponding necessary model for a two-

phase mixture. 

2.   HEAT CONDUCTION BONDS AND ELEMENTS 
 

Although traditional bond graphs assume that power is the product of effort and flow, there is 

one case in which THERMOSIM, for computational purposes, lets the flow itself be the power, 

in watts (W).  That is the case of heat conduction, in which power is the rate of heat 

conduction.  The “true” flow is, instead, the flux of entropy.  A bond graph in which the flow is 

considered to be the heat rate is technically called a “pseudo” bond graph.  The effort remains 

the temperature, given in Kelvin.  Whether or not a bond represents heat conduction is made 

clear within THERMOSYM by the causal strokes and the context of the attached elements, as 

will be explained. 

A temperature source or sink is represented by the conventional Se, with its causal stoke at the 

remote end of its single bond: 

 

Fig. 8  The conventional source or sink element Se 

The heat conduction symbol here is q, given in parenthesis, as opposed to the true flow,    .  

Heat rate is also used as the flow for a source of heat, such as by an electrically heated coil with 

known current and voltage: 
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Fig. 9  The heat source elements Sf and Sq 

Both elements represent the same heat output, but are necessary because of their different 

causal strokes.  The causal stroke on the Sq version is the only anomalous causal stroke used by 

THERMOSIM: the temperature actually is causal toward the source, as with the Sf version, but 

is not shown that way to allow the element to be attached to a CS element without confusing it 

with a volume-change bond.  This is a programming expedient that the author hopes you will 

excuse.  An application of the Sq element will be made to a heat-pump system in Release 2.0 of 

this manual.  The Sf element is most commonly used as a general flow source, as seen below. 

Heat conduction through a thermal “resistance” (not a true resistance, since power is not lost) 

is represented by a special element known as the heat conduction RS, or RSh, not to be 

confused with the two other variations of RS elements.   All RS elements conserve energy and 

have a static relation between their efforts and flows to render them thermodynamically 

irreversible.  The three variations can be distinguished from their context, so the distinguishing 

subscripts need not be shown, although BONDGRAPHER does so anyway.  The element CS and 

the elements RSc, RSr, IRS and 1S also are potentially irreversible.  (The “S” is intended to 

proclaim irreversibility.) 

The heat conduction through an RSh , pictured in Fig. 10, is normally computed directly as a 

function of the temperature difference across it; when proportionality is assumed, the 

parameter of the element is its “heat conduction coefficient”.  The heat conducted is the same 

at both ends of the element, which neither stores, dissipates nor generates heat (it generates 

entropy, however).  Restrictions: RSh elements may be bonded only to 0, Se and C elements.  Its 

two power-arrows must be aligned in the same direction. 

           

Fig. 10 The heat conduction RSh element 

Thermal energy can be stored in a standard compliance element, which when used as such also 

has heat rate as the flow on its bond, rather than the traditional rate of change of displacement 

which would be its entropy flux rate,   .  The state variable for the compliance is then its heat, 

rather than its entropy.  (One can argue that entropy is the proper “true” displacement, and 
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therefore abandon the use of heat flow as the flow entirely; not doing so is a bow to 

convention which also more often than not simplifies the algebra.)   

The combination of elements shown in Fig. 11, which includes the C element, is extremely 

common: 

                      

Fig. 11  A common combination of thermal conduction bonds and elements 

This bond graph also introduces the 0-junction element , which forces the temperatures on its 

bonds to be identical, while the respective heat flows sum.  In general, the effort on the 

unlimited number of bonds of a 0-junction are identical, and its flows and displacements sum.   

Precisely one of the causal strokes on its bonds must be adjacent to the junction, the others 

being remote from it, since the effort must emanate causally from a single source.  This 

junction is in fact the dual of the 1-junction, for which the flows are identical and the efforts 

sum.   

The combination of elements in Fig. 11 is so common that THEMOSIM allows it to be 

represented by the version of the “macro” element Ct shown on the left in Fig. 12, simplifying a 

bond graph: 

 

Fig. 12  The two versions of the Ct macro thermal element 

The version on the right substitutes a heat source Sf for the combination of a temperature 

source and a conduction RC element.   Precisely how the parameters are read into 

THERMOSYM is discussed in Section 4.2. 

The work-to-heat RS element, designated by RSr or identified because its two causal strokes are 

asymmetrical, connects a work domain to a thermal domain: 
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Fig. 13  The work-to-heat element RSr 

It imposes a mechanical flow (velocity or angular velocity) or an electrical current on its non-

thermal side, on the left in the figure, and converts the power thus dissipated from its work side 

into the heat on its conduction side.  Its two power-convection arrows must be aligned the 

same way.  This element can replace a simple R element that represents mechanical friction or 

a dashpot or an electrical resistance, with the added feature that it bookkeeps the thermal 

energy that is created, rather than merely considering it as “lost” or “dissipated,” and then 

forgotten.  Its thermal bond could be attached to a C element or a Ct element, for example. The 

thermal energy normally causes a rise in temperature which in turn could affect the frictional 

properties itself, as happens to the brakes of trucks descending long and steep grades.  Note 

that the temperature of the conduction bond is causal from the thermal part of the model, 

whereas the slip velocity or electrical current is causal from the mechanical part of the model.  

This is the first example shown of an element that interfaces traditional bonds and elements 

with heat conduction bonds and elements.  The others involve convection bonds. 

3.   CONVECTION BONDS, ELEMENTS AND SYSTEMS 

Convection bonds and elements, an extension to traditional bond graphs introduced by the 

author [5,6], represent the flow of a fluid with relevant thermodynamic properties such as 

enthalpy and entropy.  A convection bond is written as two closely spaced parallel lines, 

one dashed: 

 

Fig. 14 The convection bond 

The flow represented by the bond is always the mass flow of the fluid,   .  The principal 

difference from traditional bonds, herein called simple bonds, is the presence of two efforts.  

Two are mandated by the fact that two independent intensive variables are required to define 

the state of a pure substance.   Which two to use is a matter of convenience; it could be for 

example enthalpy and pressure, as shown above, or entropy and temperature.  In most cases 

pressure, P, is chosen as one of the independent variables to display on the bond graph, since 

pressure is the causal variable to which the causal strokes correspond.  Enthalpy, h, or more 

properly the stagnation enthalpy, e, usually is chosen as the other variable to display, since the 
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power being conveyed along the bond is the product of stagnation enthalpy and mass flow.  

This renders stagnation enthalpy as the traditional effort, which when describing a bond is 

written as eb, the same as for simple bonds. (The suffix “b” is used in THERMOSIM for any 

variable to refer to the variable on a bond, as opposed to in an element such as a CS; hb also is 

computed automatically.)  Also, one sometimes knows the entropy, s or sb, but not the 

enthalpy, so this also may be critical to computation.  Further, temperature (T or Tb) and 

specific volume (v or vb) are the independent variables required to compute the other 

thermodynamic properties, so this pair also plays a prominent role.  (More about this later.) 

3.1  The CS element.  This element, introduced in Fig. 1 for a very special case, represents a 

control volume filled with a fluid such as within a cylinder.  It is a macro element that can be 

decomposed into simpler elements, some of which represent thermodynamic irreversibilities, 

as described in the author’s textbook [?], but for purposes of THERMOSIM and practical 

modeling is perhaps its most basic and practical building block.  The thermodynamic properties 

of dynamic systems containing fluids are found using this element. 

The CS element can have up to two convection bonds with their causal strokes at their remote 

ends, one simple power bond, also with its causal stroke at its remote end, and any number of 

simple heat transfer bonds with their causal strokes adjacent to the element, as shown in Fig. 

15.  The only properties assigned to the element are one heat transfer coefficient for each of 

the simple heat conduction bonds.  The initial conditions for the element are the volume of the 

control volume, mass of the fluid within it, and the temperature of the fluid.  How these are 

assigned is described in Sections 4.5 and 4.8. 

 

Fig. 15  The CS element 

3.2  Example of a source with constant properties charging a tank through an orifice.  This 

example, depicted in Fig. 16, introduces the convection Se and RS elements (Sec and RSc), and 
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the role of fluid flow into or out from a CS element.  The convection Se element is 

distinguishable in a bond graph by its use of a convection bond.  Its first parameter is its specific 

volume in m3/kg (for a non-liquid) or its pressure in Pa (for a liquid).  Its second parameter is its 

temperature in K.  If the element acts only as a sink (inward flow), you may make the first 

parameter 0 and the second the pressure.  The causal stroke on its bond always indicates that it 

imposes a pressure on its attached element, which here is an RS element, which represents a 

restriction to flow. 

The first of two parameters of the RS element is the effective area of its restriction.  The bond 

to the CS element is of the convection type, different from the simple bond seen earlier for 

which the flow was the rate of change of the volume of the chamber.  In the present case there 

is no such bond, since the volume is constant.  The flow on the convection bond is the same 

mass flow that emanates from the source; the RS element neither stores nor changes this flow.  

The CS element communicates its pressure to the RS element, as its causal stroke indicates.  In 

THERMOSIM, both ends of an RS element must be bonded to a CS, 0S or Se element, and both 

must have its power-convention arrows aligned the same way.  The mass flow is computed 

based on the known pressure drop and the known input enthalpy.  The enthalpy at the output 

port equals that at the input port; flow restrictions in the absence of heat transfer or changes in 

kinetic energy conserve enthalpy.  The upstream enthalpy is input; the causality of enthalpy can 

be said to propagate with the flow.  Which side of the restriction is upstream depends simply 

on which pressure is the greater.   

 

Fig. 16  A tank being charged with a fluid from a source through a valve or orifice 

The fluid in a CS element bonded to an RS element could contain a mixture of liquid and vapor 

phases, and separation of the two phases could occur depending on gravity and the elevation 

of the joining port.  You choose from a check list from one of the following nine possibilities, in 

which the “input” and “output” ends of the element are defined by the power half-arrows.  The 

actual flow can be in either direction.  The possibilities which apply to the case where both 

liquid and vapor are present are: 

(1)  No gravity separation for liquid or vapor. 

(2)  Only vapor passes into the input side (for forward flow); there is no restriction for flow 

passing into the output side (for reverse flow). 

(3)  Only liquid passes into the input side (for forward flow); there is no restriction for flow 

passing into the output side (for reverse flow). 
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(4)  Only vapor passes into the output side (for reverse flow); there is no restriction for flow 

passing into the input side (for forward flow). 

(5)  Only liquid passes into the output side (for reverse flow); there is no restriction for flow 

passing into the input side (for forward flow). 

(6)  Only vapor passes in both directions. 

(7)  Only liquid passes into the input side (for forward flow); only vapor passes into the output 

side (for reverse flow). 

(8)  Only vapor passes into the input side (for forward flow); only liquid passes into the output 

side (for reverse flow). 

 (9)  Only liquid passes in both directions. 

The user is asked to provide the initial state of the CS element, which as before involves three 

quantities: the initial mass (or pressure, in the case of liquids), the initial temperature and the 

initial volume.  In the present case the volume remains fixed at its initial value throughout the 

simulation. 

Selected results for a simulation assuming wet air as a mixture of nitrogen, oxygen, argon and 

water  vapor are  plotted in Fig. 17.  The  values  used for the  source are:  specific volume of 0.8 

m3/kg and temperature of 273 K (0 oC).  The values for the initial conditions of the tank are the 

same specific volume and temperature, and a volume of 1.0 m3.  (The user must provide the 

mass of the air, or define it as a known volume divided by a known specific volume.) 

3.3  Related example of a pump charging an accumulator.  Now, consider the corresponding 

case for a liquid; the source might be a pressure-regulated pump, and the “tank” becomes a 

hydraulic accumulator with a bladder charged with nitrogen.  Standard hydraulics symbols for 

this system are shown on the left in Fig. 18. 

At least five different models could represent this system, depending on the trade-off between 

accuracy and complexity.   At the simplest and most traditional level, a model with simple 

bonds in place of convection bonds can be used, as shown in part (a) of Fig. 19.  Here, the pump 

is represented by a simple-bonded source Se, for which only its pressure is specified, the 

accumulator is represented by a non-convection C element and the orifice is represented by an 

R element with a 1-junction imposing the requisite commonality of the flows.  The usual 

pressure-volume relation assumed for the nitrogen in the bladder is PVk = constant, which is 

readily accommodated by THERMOSIM (just how to specify this is described later).  The usual 

pressure-flow relation assumed for the flow through the orifice is taken from the standard 

Bernoulli model Q=A0*sqrt((PS-PC)/rho), which is accommodated similarly. 
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Fig. 17  Selected simulation results for charging a tank with wet air 

           

Fig. 18  A pump charging a gas-filled accumulator with hydraulic fluid through a restriction 

A model shown in part (b) of the figure replaces the hydraulic part of the system with 

convection  bonds and  elements,  allowing  temperatures  therein  to be  found,  but leaves the 
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Fig. 19  Various models for the pump charging an accumulator 

nitrogen part of the accumulator in terms of simple bonds and elements.  The part of the 

accumulator filled with hydraulic fluid is represented by the CS element.  It is necessary to 

introduce an R element in order to achieve the necessary causality on the simple bonds for 

volume change.  The R-element represents a dashpot-like resistance to motion of the bladder, 

diaphragm or piston that separates the liquid from the gas.  Such a resistance in practice would 
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be very small, so the value of R is set small enough so its presence has an insignificant effect on 

the results, but large enough not to cause computational problems during the simulation, such 

as excessively short time steps. 

A third model, shown in part (c) of Fig.19, would use convection bonds for both the hydraulic 

and  pneumatic  parts  of the  system,  that is  two  different  fluids  at  once.    How to do  this is 

discussed later.  If you wish to go this far, however, you probably should consider heat transfer 

between the accumulator and its surroundings, which is a source of irreversibility particularly 

important when enough time elapses for a hot accumulator to cool down, etc. 

The model shown in part (d) of the figure leaves the hydraulic portion in terms of simple bonds, 

as in part (a), but employs the convection element CS for the gas side of the accumulator (even 

though there is no convection bond needed).  This allows for very accurate treatment of the gas 

properties, while overlooking the rather small effects of compressibility and temperature 

change of the hydraulic fluid.  Note that the rate of change of the volume of the gas side equals 

minus the volume flow rate, Q, of the hydraulic oil, so no transformer or other connection 

element is needed.  Further, a Ct macro element, of the type shown on the left Fig. 12, is 

appended to the CS element to recognize heat transfer between the gas side of the 

accumulator and the environment.  This heat transfer can produce significant irreversibility to 

the system; you normally get less energy out than you put in. 

The fifth model, shown in part (e) of Fig. 19, appends Ct elements to both the hydraulic and gas 

sides of the accumulator in order to recognize heat transfer between the accumulator and its 

steel shell, and between the steel shell and the environment..  This heat transfer can produce 

significant irreversibility to the system, particularly when charging and discharging is slow; you 

normally get less energy out than you put in.  This therefore should be the most accurate of the 

five models.  It may take somewhat more computation than the others, although the difference 

may be inconsequential.  A simpler model, not shown, would append a Ct element to the CS for 

the nitrogen alone in the model of part (b). 

Results of a simulation using the model of part (e) are given in Fig. 20, in which an accumulator 

is charged from one atmosphere to 1MPa in a little less than five seconds.  Details are given in 

the file pumpaccumTS.m.  The temperature of the hydraulic fluid in the accumulator rises as 

warmer fluid enters, but the temperature rise caused by the flow passing through the 

restriction is less than one degree because of the limited pressure drop.  The temperature of 

the nitrogen rises significantly as it is compressed, and the cooling due to heat transfer to the 

shell of the accumulator is most evident once the charge is completed.  On the other hand, the 

temperature of the shell of the accumulator changes less than one degree, because its thermal 

capacitance is vastly greater than that of the nitrogen. 
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Fig. 20  Simulation of the charging with a hydraulic fluid of an accumulator containing nitrogen.  

(Upper plots: pressures in the accumulator in Pa;  middle plots: volumes of the liquid and the 

gas in the accumulator in m3; lower plots: temperatures of interest in K) 

3.4  Work interactions: the 1 and 1S junctions with convection bonds.  The only work 

interaction between convection and non-convection parts of bond graphs described so far is 

with the volume change bond of the CS element.  The 1 and1S junctions also play key roles. 

The 1-junction is a mainstay of non-convection bond graphs; it can have any number of simple 

bonds, forcing all their flows to be the same.  In THERMOSIM, precisely two convection bonds 

also can emanate from this junction.  Remember that the flows on convection bonds are always 

mass flows, so when convection bonds are present this must be the flow of all the bonds, 

although most commonly there is only a single simple bond.  When convection bonds are 



 

22 
 

present the 1-junction is defined to represent a reversible as well as energy conserving 

interaction, so the entropies on its two convection bonds must be equal.  Since efforts sum, and 

the product of effort and flow is power, the effort on the simple bond (or the sums of the 

efforts in the event of more than one of these) equals the difference between the enthalpies of 

the two convection bonds (assuming the two power convention arrows are aligned). 

3.5  Example of a compressor charging a tank. 

Part (a) of Fig. 21 shows the heart of a bond graph for a system in which an ideal 

positive-displacement  compressor  creates a fluid flow, which is from left to right.   The  

         

Fig. 21  Bond graphs for a positive displacement compressor 

modulus of the transformer Tm is the ratio of mass flow to the angular speed of a shaft,   , 

which would be the density of the entering fluid times the volumetric displacement per radian 

of the machine.  The effort on this boundary bond therefore is the torque on the shaft, M 

This machine has 100% volumetric and adiabatic efficiencies.  To represent irreversibilities in 

terms of lesser volumetric and adiabatic efficiencies, one can employ the structure shown in 

part (b) of the figure, which also includes a constant-pressure source, a tank or other fixed 

volume which is being charged, and a constant-speed motor with torque M.  The 1S-junction is 

the same as the 1-junction except that it is irreversible because the pressures on its two 

convection bonds, rather than the entropies, are the same.  With these definitions and the 

definitions of adiabatic and volumetric efficiencies, one can deduce that the modulus of the 

transformer on the left is           , and the modulus of the transformer on the right is 

             .  (Ref: Section 11.2.6 in the author’s textbook, 2nd ed.  Note also the use of a 

0-junction.)  See p. 54 for comments on the application of the 1S-junction to other fluid 

machines. 

Restriction: One of the two convection bonds on either junction must be to a CS, 0S or Sec 

element. 



 

23 
 

 

Fig. 22  Simulation results for the charging of a tank with a positive-displacement compressor 

A plot of selected results for a particular system, using THERMOSIM, is given in Fig. 22 above.  A 

compressor draws wet air from the atmosphere (temperature 293 K, density 1.205 kg/m3) and 

charges an insulated tank from its initial atmospheric state.  The tank has volume 0.1 m3.  The 

compressor is driven at 170 rpm, has a volumetric displacement of 1e-4 m3/rev, an adiabatic 

efficiency of 80% and a volumetric efficiency of 95%. 

3.6  Example of a piston-cylinder air compressor charging a tank and driving a load. 

A single-cylinder piston air compressor pictured in Fig. 23 charges a tank, and then when a valve 

is opened activates another piston-cylinder that raises a weight.  The cylinder of the 

compressor is driven sinusoidally by an electric motor (not shown).  The bond graph includes a 

friction RSr element which places a drag force of constant magnitude but changing direction on 

the piston and generates heat that goes partly to the cylinder walls (the C element), partly to 

the air in the cylinder (through the bond between the 0-junction and the CS element) and partly 

to the environment (through the heat conduction RS element to the simple-bonded Se 

element).  The compressed air in the tank also is hot, and some of this heat is conducted to the 

walls of the tank and to the environment; both the walls and the environment are represented 

by the Ct element. 

Air is drawn in from the environment (the convection Se element).  The inlet and outlet valves 

to the cylinder act like spring-loaded check valves, opening and closing depending on the 

pressure drops  across them so as to  prevent back-flow.   The pipe tee is  represented by the 0S  
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Fig. 23  Piston-cylinder air compressor with tank and load 

junction; its behavior is irreversible whenever air from the left mixes with air from the tank..  

The valve to the output piston/cylinder is opened at 0.2 seconds and closed at 0.4 seconds.  The 
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load comprises a weight, W, that also exhibits inertia (mass).  Some of the efforts and flows on 

the bonds are labeled; F means force, v means velocity, θ means temperature and q (in 

parenthesis because it is not a ‘true” flow) means heat flux.  The coding details including the 

values of the parameters are given in Section 7. 

Selected results are plotted in Fig. 24.  The model is complex enough to allow a designer to 

study, for example, the  consequences of changing the areas of the valves or the heat capacities 

and thermal conductances of the walls of the piston/cylinder and the tank.  The model also 

could be further elaborated, for example by including the effect of heat transfer to and from 

the wall of the output piston/cylinder. 

 

 

Fig. 24a  Selected Results from the simulation of the piston-cylinder-load model 
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Fig. 24b  (continued) Selected results from simulation of piston-cylinder-load model 

3.7  The IRS element.  The convection IRS element, shown in Fig. 25, represents a fluid tube or 

channel with fluid friction, fluid inertance and heat transfer.  Heat transfer and friction relations 

for the liquid case are taken from Holman [8].  Viscosity and thermal conductivity properties 

given by Stocker and Jones [9] are used.  Its parameters are the length of the tube or channel 

and its effective area, which is assumed to be uniform over its length.  When the channel is 

other than circular, the area is taken to be the hydraulic equivalent of a round tube.  The two 

convection bonds represent the flows at both ends. Their causal strokes are always placed 

adjacent to the element, and its power-arrows must be aligned the same way. 

The simpler RS element also models a resistance to flow, but assumes an effective irreversible 

orifice flow rather than wall shear.  The IRS resistance is based rather on models for steady-

state fully developed wall shear in laminar and turbulent flow, which is a frequently assumed 

situation.     It  is  possible  for  the  user  to  modify  the  model  to  represent  non- steady-state 
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Fig. 25  The IRS element 

conditions (which the author analyzes in his textbook), but this is a very sophisticated matter 

that, if important, can be addressed by other approximate means. 

The IRS element also includes the effect of fluid inertia.  To do this it employs the momentum of 

the fluid in the tube as a state variable, assuming uniform slug flow, although the fluid density 

can vary radically along its length.  With this model, the mass flow through the tube equals this 

momentum divided by the length of the tube.  Fluid inertia is rarely very significant in 

compressible flow, because the density of the fluid and its rate of acceleration is rarely large 

enough.  It is more likely to be significant in the flow of denser liquids, although even here it 

seldom dominates other effects.  Nevertheless, fluid inertia causes wave propagation effects 

(when combined with fluid compressibility as represented by the CS element), and as such for 

example is what makes a wave-type hydraulic intensifier work.  Also, without fluid inertia a 

toilet would not flush thoroughly.  All kinds of dramatically useful devices could be created if 

only fluid lines would not have the wall shear effects of viscosity to corrupt the effects of 

inertia. 

The net pressure producing an acceleration or deceleration of the mass flow rate equals the 

pressure difference between the pressures in the two CS elements (or 0S elements) at the two 

ends of the IRS element, minus the pressure drop due to wall shear within the IRS element plus 

the difference between the two momentum flux forces (which can be very different when the 

flow is compressible) at the two ends. 

The compliance of the fluid in the channel represented by an IRS element is not included within 

that element, according to its quasi-steady nature, but rather is transferred to the CS elements 

attached at its ends.  Normally, half of the volume of the channel is assigned to each of these 

two elements.  The literal volumes of any chambers at these locations, should such be present, 

would be added. 

Heat transfer between the fluid in the IRS element and its environment, including the tube 

walls, is achieved by attaching is its one simple bond to a Ct element.  This is essential for heat 

exchangers, including for example those in refrigeration and steam generation systems.  The 

model used computes the heat transfer based on whether the fluid is liquid, vapor or a mixture 
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of the two, and whether the flows of the liquid and vapor components are laminar or turbulent, 

with blending between the two to prevent abrupt changes.  Zero slip between the phases is 

assumed, if both are present, and fully developed flow profiles are assumed.  The user should 

keep in mind that these assumptions invariably cause some error.  They are hard enough to 

address assuming steady-state conditions.  See the list of references for details. 

The temperature of the wall is assumed to vary from one end of the element to the other in 

such a way that the temperature difference between the fluid and the wall is the same at any 

given time.  This temperature difference drives the heat transfer between the fluid and the 

walls of the tube.  The external heat transfer between the walls of the tube and its environment 

is assumed to depend on the average temperature of the tube walls and the temperature of 

that environment.  It is also possible to impose this rate heat transfer by employing a direct 

source using an Sf element. 

The heat transfer feature of the IRS element requires that viscosity, thermal conductivity and 

surface tension data be included in the property files for the various substances.  At this writing, 

this requirement is satisfied only for the four liquids and the refrigerant R12, but the author 

plans to add more fluids shortly; please contact him with requests. 

THERMOSIM cannot handle chains of IRS elements, which must be connected at its convection 

ports to CS or 0S elements. 

3.8  Example of a simple hydraulic tubing system with fluid inertia and heat transfer 

The pressure, flow and heat transfer characteristics of a simple tubing system with a hydraulic 

fluid are analyzed in order to showcase the operation of the IRS element, including three 

different models for heat interaction.  A tube of length 2.0 meters and inner diameter of 2.0 

cm, driven from a source of hydraulic fluid at a pressure of 10MPa, is attached via a small 

volume to a second tube of the same length but twice the diameter.  A second small volume is 

attached at the end, followed by a third tube the same size as the second, which exhausts to a 

region with a pressure of 1MPa through an orifice of effective area of 100 mm2.  The tube walls 

are made of copper with a thickness of 0.1 cm.  The first tube communicates thermally with a 

constant temperature environment; the second tube has an external heat source of 100 W, and 

the third tube is with a second thermal reservoir, but to illustrate a different model the thermal 

compliance of its walls is neglected.  The system is started from a condition of zero flow with a 

pressure of 3MPa in the first volume, 2MPa in the second volume and 1MPa in the third.  The 

bond graph model of this system as drawn using BondGrapher is given in Fig. 26. 

The MATLAB file generated for this system by BondGrapher, named hydpipe.m, includes all the 

details of the model  and  the  simulation  instructions.   Selected  results are  plotted  in Fig. 27. 
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Fig. 26  Bond graph model of the tubing system 

Initial oscillations are seen to decays, due to the considerable wall shear in the flow, which is 

turbulent almost from the first instant.  (Note that Reynolds numbers also could be plotted.)  

Most of the pressure drop in the steady-state occurs across the tube with the smaller diameter, 

and which has a significant dynamic head as can be seen by the lowest plot in the group of plots 

of pressure.  All three tubes experience significant heat flow from their environments.  (The 

temperatures of the fluid, not shown here, do not change radically but take considerably longer 

than the 30 milliseconds to reach equilibrium.)  

3.9  Example of a heat-pump system 

The author has simulated a refrigeration or heat-pump system before, but by assuming heat 

was conducted directly to assumed fluid volumes (represented by CS elements.  This meant 

that heat transfer relations could be chosen to make the system work with little consideration 

of practical heat transfer correlations, seriously limiting the value of the modeling and 

simulation.  In an actual  heat pump or refrigerator, the heat is transferred through the use of 

tubes or similar channels, which for modeling requires the use of IRS elements. 

A bond graph of the present model of a heat-pump system is shown in Fig. 28.  The steady-state 

torque-speed characteristic of a single-phase induction motor is assigned to the element Se at 

the right side.  The inertance element I represents the rotational inertia of the motor and its 

attached  compressor.   The nominal  ratio of the mass flow rate  pumped by the  compressor to  

the speed of its shaft is given by the transformer T(22).  This modulus depends not only on the 

volumetric displacement of the compressor per radian of rotation, but also on the fluid density; 

the assumed relation is given in the Parameter section of the Options page of BondGrapher (see 

below).  The transformers T(19) and T(21), along with the the 1 and 1S junctions bonded 

thereto, enable the volumetric and adiabatic efficiencies of the compressor to be specified. 

The fluid part of a refrigeration or heat-pump systems comprises primarily an evaporator in 

which heat is transferred from the cold reservoir to the working refrigerant, an evaporator in 

which heat is  transferred  from the  refrigerant  to the hot  reservoir, and an expansion valve or 

capillary tube.  Both the condenser and the evaporator comprise long tubes.   External fans help  
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Fig. 27  Selected results, pipe system: top, pressures, Pa; middle, flows, kg/s; bottom, heat in, 

J/s 
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Fig. 28  Bond graph of heat pump model, as drawn using BondGrapher 

 
conduct the heat to or from the cold and hot reservoirs.  In the model, the part of 

theevaporator that conducts heat and exhibits fluid inertia and friction is represented by the 

element IRS(2).  The thermal energy storage in the fluid there is represented by the elements 

CS(1) and CS((2), which split the volume of the tube equally.  The evaporator is represented by 

the elements CS(6), IRS(7), CS(8), IRS(9), CS(10), IRS(11) and CS(12).  The expansion device is a 

simple orifice-type restriction, represented by the element RSc(13).  The compliances of the 

tube walls as well as the thermal conductivities from the tube walls to the hot and cold 

reservoirs, and the temperatures of these reservoirs, are included in the four Ct elements.  An 

electric heating element is sometimes employed in heat pumps to insure that only vapor 

reaches the compressor during steady-state operation; this is included here using the element 

Sq(18). 

The simulation package helps one design a system for a desired steady-state behavior.  Never 

having actually designed a refrigeration or heat pump system, the author found this process to 

be a significant challenge, because achieving sufficient heat transfer without excessive fluid 

friction or unreasonable tube lengths or diameters is inherently difficult.  After choosing the 

temperatures of the desired hot and cold reservoirs, and guessing the magnitudes of the 

various key temperature differences, he chose a reasonable temperature and quality (in this 

case slightly negative) for the state of the fluid at the end of the evaporator (in CS(12)).  From 

this the complete tentative state of CS(12) was found, (using the file therprop.m).  The enthalpy 

for CS(1) must be the same, and the prior guess for the temperature there gives the complete 

tentative state of that element also  
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The author repeatedly ran the simulation program (refrig2013.m) for a single time step, which 

is virtually instantaneous, working counter-clockwise around the fluid path to hopefully achieve 

a near match of the state at its end, making sure the enthalpy changes and pressure drops for 

the various IRS elements matched the calculated heat transfer rates and frictional pressure 

changes, respectively.  He had to try various values of the equilibrium mass flow rate, and 

quickly found that excessive values produced too much fluid friction (observed through the 

pressure drop vector PW) and that small values did not produce enough heat transfer 

(observed through the vector Q).  Also, the diameters and lengths of the tubing sections are 

critical.  Too small a diameter produces excessive pressure drop, and too large a diameter 

requires excessive length and fluid mass.  He adjusted the displacement of the compressor to 

match whatever flow rate he was testing.  (The final design used different diameters for the 

tubes in the evaporator and the condenser.)  To expedite the process he repeatedly used the 

simple program statePh.m which finds the full state of a general thermodynamic substance 

given the enthalpy and the pressure. 

In effect, the author learned a great deal that designers of refrigeration systems must acquire 

through long experience.  Then, when he was satisfied that he was reasonably close to a 

desirable design, he ran a six-second simulation which was sufficient to reach virtual 

equilibrium, that was happily almost identical to what the design process had produced. 

Designing systems for equilibrium behavior appears to be a major role for THEMOSIM. 

When a heat pump or refrigerator is turned off, most of the refrigerant blows back from near 

the end of the condenser to the evaporator, where it becomes a compressed liquid at the 

temperature of the cold reservoir.  The fluid remaining in the condenser becomes a uniform 

saturated mixture at the temperature of the hot reservoir.  All pressures equalize. 

During start-up, the bulk of the fluid in the evaporator must migrate through the compressor to 

the condenser, which takes significant time that is of interest to the designer and the customer.  

It turned out that this simulation tested the software for nearly every conceivable combination 

of fluid states, from pure liquid through superheated vapor.  There were unexpected temporary 

reversals in the direction of the flow in parts of the condenser.  For one thing, it was necessary 

to insure that a small change in Reynolds number did not produce a discontinuity in heat 

transfer or wall shear, which the correlations in the literature actually specify.  Smoothing was 

incorporated to handle this problem. 

The use of BondGrapher and simulation results are given in Section 4.7, and details of the IRS 

element for general substances are discussed in Section 7.5. 
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4.   CONSTRUCTING BOND GRAPHS: THE GRAPHICAL INTERFACE 

4.1  Acquisition information 

THERMOSIM runs on the powerful matrix-oriented platform MATLAB®, which is very popular 

for mathematical and scientific computing. The user must have access to at least its core 

components, and the symbolic toolbox is needed to use the optional Cf tab. 

 

This manual and all of the several programs needed to use the THERMOSIM package, except for 

the graphical interface BondGrapher, are freely downloadable for the foreseeable future from 

the author’s Lehigh University web page, www.lehigh.edu/forbesbrown.    You will need a license 

to acquire the BondGrapher component, however; email the author at ftbmhb@aol.com.  

Simple installation instructions will be included.  There is no charge for the forseeable future.  

This registration will allow the recipient to be informed of corrections and sent upgrades, and 

to be encouraged to provide feedback to the author.  For most purposes the system is 

backwards compatible, continuing to work without BondGrapher, although the advantages of 

the new system are very great. 

You should make sure you have the latest upgrades of all files.  The updated basic simulation 

file is convec1.m or, for hydraulic fluids, its new counterpart convecliq1.m.  If you use the 

convection RS element for a non-liquid, you also need convRS.m.  If your system has an IRS 

element, you need IRS1.m and boiling.m, or IRSliq.m.  You need whichever of the 41 data files 

correspond to the substances you will use, all of which begin with “dat”.  Please inform the 

author if you would like to see some new substance added to the list.  The files therprop.m and 

vapor1.m, vapor2.m . . . vapor8.m are needed to evaluate the properties of the non-liquids; the 

file liqprop.m treats hydraulic substances.  Your program is passed first to THERMOSIM.m.  The 

graphical interface is BondGrapher.exe.  The files produced by BondGrapher for the particular 

systems discussed in this Manual are also available, and can be run without having the graphical 

interface itself: catapult1.m, tankchargewetair1.m, pumpaccum1.m, comptank1.m, 

aircompsys1.m, hydpipe1.m, compfin.m, compbasic.m, heatpump1.m, GEMwetair1.m, 

hydsys1.m, rockdrill2.m hydsysmod.m, compressorloop.m rootsblower.m, DCmotor1.m, 

solenoids.m, EMbalance1.m and gyroscope2.m.  

4.2  BondGrapher 

One constructs a bond graph model of a system and enters all of its parameters and other 

information necessary to carry out a dynamic simulation by running the program 

BondGrapher.exe, which starts by giving the screen pictured in Fig. 29.  You may then either 

construct a new model or download an existing MATLAB system file (with extension .m).  Such 

system files are created automatically by using the save or save as command of BondGrapher, 

http://www.lehigh.edu/forbesbrown
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and supplying a name of your choice.  Running the system file produces the simulation.  

Subsequently, you enter commands to plot, print or save whatever results you wish. 

BondGrapher has a nascent Help feature which will have more detail about the various bond-

graph elements and construction rules than is given in this manual.  To access Help you press 

the F1 key, either before or after you have selected some feature from a BondGrapher screen. 

To call up an old MATLAB system file, click on “file/open” at the upper left and enter its name.  

The bond graph then appears, and you can find all of the associated information on a couple 

screens.  Otherwise, a new model may be constructed as follows. 

The large field in the initial shows a rectangular array of nodes (barely visible in the figure) at 

which bond graph elements of a new model may be placed.  The first step is to place the cursor 

over a desired location, which produces a ? there.  One option then is to type the first letter of 

the desired element.  If the element has more than one letter, re-typing the first letter will cycle 

 

Fig. 29   The initial screen of BondGrapher 

through the choices.  A second option is to select the element from a check-list by clicking the 

box at the upper left of the screen.  Other boxes there allow you to enter parameter values and 

initial conditions, but you may defer these actions and proceed to insert further elements until 

they are all there.  At any point you may also insert interconnecting bonds.  You do this by 

double-clicking on the element at the tail end of the bond (referring to the intended power 

convention arrow) and dragging to the second, where you give a final click.  The elements are 
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numbered in the order in which you draw them, and the bonds are separately but similarly 

numbered.  Each bond is automatically shown in simple or convection style according to the 

rules.  Its causality also is automatically assigned, following the rules whenever they are explicit.  

You may change the assignment of the bond type, index, causal stroke or power-convention 

arrow by clicking on the indicated boxes on the left side of the screen.  This also allows you to 

activate bonds (a special bond-graph feature discussed in Section 6.5 below.).  You may expand 

or contract the size of the field a couple of different ways, most simply by using the mouse 

wheel.  Changes to the bond graph can be made readily (see Help for the options), and you may 

print it at any time. 

You can insert constant parameter values for those elements that require them at any point in 

the process.  Select the element by clicking on it, and then click the Parameter tab.  One or two 

boxes will appear in which you enter either numerical values or symbols for later definition.  

You similarly insert initial conditions (which by definition are constants) by clicking on the 

“initial state” tab.  Default values of zero are assigned if you do not indicate otherwise. 

The constitutive relations entered this way for the C, I and RSr elements may be either linear or 

satisfy the power-law relation 

output variable = parameter∙∙sign(input variable) ∙ abs((input variable) ^ exponent 

To achieve a linear relation, the exponent is set to 1.  The RSr element gives Coulomb friction 

when the exponent is 0.  Other elements allow only linear relations unless information is 

inserted elsewhere.  To achieve other constitutive relations, including those that are functions 

of time or a state variable, you use a callback function described later in this Section.  The RSr 

element also has a unique requirement in certain nonlinear cases, described in Section 4.4. 

The macro Ct element has three parameters and one initial state.  The choice of the Sf heat 

source is made by setting the first parameter equal to zero.  For the alternate Se thermal 

reservoir, the heat conduction of the implicit RSh element is used, with units of W/K.  In both 

cases the second parameter is the value of the thermal compliance, in J/K.  Since there are only 

two places for nominal parameters, the third parameter is entered where a second initial 

condition would go; this is the temperature of the Se, in K, or the heat rate of the Sf, in W.  The 

first initial state is the actual heat in the compliance, which is the product of its compliance and 

its temperature, with units of Joules. 

The simulation program saves the value for the temperature and specific volume (or density) 

for bonds representing fluid flow after each time step (as vectors Tc and vc), to help start 

iterations for the subsequent time step.  If default values for the very first time step fail, you 

usually need only provide values within an order of magnitude.  Click on one of the bonds, and 
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look for the “selected bond” group on the left side of the screen.  Click on “initial state” and 

enter a value.  You are asked if you’d like to use that value for all of the bonds.  Try “yes.” 

At any point you may click on the “view error report” box, which is located at the lower left 

(you may need to scroll down).  In addition to pointing out any mistakes or essential omissions 

you need to correct before running a simulation, it will observe issues over which only you 

know the correctness of, such as whether parameters or initial conditions still set at zero are 

what you intend.  Also, clicking Help at the top of the main screen displays an extensive Help 

contents, and clicking the “?” after highlighting an item usually displays related information. 

Any further needed information is inserted on the Options screen, which is selected by clicking 

on the Options box also at the lower-left side of the screen).  Here you select the main and 

possibly alternate substances you may be using from a list.  At present, the alternate substance 

is restricted to CS elements, and is largely intended to allow hydraulic accumulators to be 

charged with a gas.  You also select the ode MATLAB simulation type (the default is ode45; 

ode23 often is more reliable for thermodynamic systems, and there are many other possibilities 

that the MATLAB HELP feature compares.)  You select the final time for each simulation 

interval, which is the total simulation time unless you request the data compression option.  

The first and last step numbers should be set at 1 (the default values) if you want the single 

interval.  You may change these numbers if you want the data compression option (see the next 

two paragraphs).  You also may change the default choices for the relative and absolute 

tolerances and the initial step size; this seldom is needed but can either speed up simulation 

(larger tolerances) or help a simulation survive a rough patch (tighter tolerances) as explained 

by the MATLAB HELP. 

Most simulations are carried out over a single time segment or interval.  The MATLAB ode 

procedures evaluate the state of the system x(t) at various and variable intermediate times t, 

according to a complex logic that keyed to the accuracy and robustness of the simulation.  

When the going gets tough, the time steps shrink; when the going is smooth, the time steps 

expand.  You have some control over this accuracy in your choice of integration algorithm as 

well as your choices of the initial time step and the two resolution indices.  The entire state x at 

for all the times within the time interval are stored in the file TSIMdata.mat. 

When you run an exceedingly long or difficult simulation you may find that the amount of 

stored data is excessive.  You have the alternative choice of making many successive short runs 

of fixed duration and saving only the state at the end of each of these runs.  To do this you 

merely indicate in Options the number of desired such runs, which typically might be 100 to 

2000, and the duration of each run.  For example, 1000 runs of duration 0.01 seconds would 

account for 10 seconds of total run time.  The data is stored in a different file, dataX.dat. 
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This approach has a couple advantages beyond mere data compression that may tip you in its 

favor.  First, you may restart the simulation at the end of any completed time interval.  

Therefore, if you are unsure how long an overall simulation you want, and carrying out a single-

interval simulation takes much of your time, you may like the flexibility of starting and stopping.  

This is especially useful if some risk of a glitch, physical or computational, exists, since almost no 

data is lost and you can restart at a time just before the glitch appears.  You are also able to 

change the model in the middle of the overall simulation.  Finally, some glitches occur because 

the simulation algorithm became too optimistic and chose too long a time step at a critical 

moment, such as when a physical impact occurs.  The frequent starting and stopping associated 

with the fixed time increment method greatly reduces any propensity to failure.  You also may 

have constructed a faulty model in which some mass goes to zero or some temperature goes 

out of the range the thermodynamic data recognizes.  The two drawbacks of the method are its 

obvious dropping of possibly useful state data between the specified time intervals, and the 

fact that overall simulation time usually is increased. 

The CUSTOM tab on the right side of the Options page is where you enter whatever MATLAB 

code you need to define your choices of fixed parameters and/or initial state values you 

specified on the main page with symbols rather than direct numbers.  The tabs there also will 

get you boxes where you can enter MATLAB code for callback functions.  The Parameter tab is 

where you place code that defines any parameters that are direct functions of the state 

variables (x) or the time (t).  The first parameter for the element numbered I is designated as 

el(I,1); the second parameter as el(I,2), etc.  A description of which elements in the vector x 

describe which variable appears in the program listing automatically generated by the 

program…This tab employs the callback function DoTimeStepParameter(t,x,P,X,h,s,Pb), which 

also allows you to define parameters in terms of any of the arguments listed in the 

parentheses.  For example, you may enter orifice areas dependent on the pressure on one or 

more bonds (Pb) as well as on variables on bonds. 

The tab Extra Variable lets you define as “extra” state variables things you want strictly for 

purposes of printing or plotting output, but that are not otherwise state variables.  It invokes 

the callback function  timeStepExtraVariable(t,x,eb,fb,Pb,Tb,Xb,Q,Fw,vg); the variables listed in 

the parentheses are available for this purpose.  For example, if you want to plot the pressure on 

bond 23 as your first non-state-variable item you would enter ff(1)=Pb(23).  Then, when it 

comes time to generate the plot, you use the “diff” command of MATLAB as described in the 

section on plotting below.  The author has found reasons to use all of the indicated variables.  

For bonds, remember that eb means the effort, fb means the flow, Pb the pressure, Tb the 

temperature and Xb the quality.  The variables Q, Fw and vg refer to the heat, wall friction and 

specific volume variables on IRS elements, respectively.  You enter the number of extra 

variables that you desire into the box “# extra variables” in the left side of the Options page.  In 
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response, the Extra Variable tab anticipates that you will enter the same number of lines in the 

form “ff(1)=”, ff(2)=”, etc.  Failing to do this produces an error message. 

The tab Sec, which invokes the callback function timeStepSec(t,x), is for the unusual purpose of 

specifying the efforts of convection Se sources as other than constants.  See p. 78 for its use. 

The final tab Cf, implements the powerful Cf elements.  It is discussed in Sections 6.2 - 6.3 

below. 

4.3  Rules for constructing THERMOSIM bond graphs 

THERMOSIM allows elements with compatible mandated bond types and causal strokes to be 

bonded together, according to the rules given for the individual elements.  The less obvious 

restrictions are repeated below.  Before trying to execute a simulation, you are urged to check 

the button “error report” which will alert you to problems.  You may need to add CS elements 

beyond what is physically necessary.  If you keep the volumes of any such added CS elements 

small, they will have a negligible effect on the behavior of the model, they may in fact increase 

its accuracy somewhat. 

Repeating some of the rules: 

1.  One of the three convection bonds on each 0S element must be to a CS or an Sec element. 

2.  One or two of the two convection bonds allowed on a 1-junction or required on a 1S-

junction must be to either a CS or an Sec element 

3.  RSh elements may be bonded only to 0, Se and C elements. 

4.  Cf elements may be bonded only to I, T, G, 0, 1 and CS elements. 

5.  Ct elements may be bonded only to CS and IRS elements. 

6.  The power half-arrows on elements with two bonds (T, G, RSh, RSr, RSc, IRS, AC) must be 

aligned in the same direction. 

4.4  Example of a ground-effect machine: GEM.m.  An example of the vertical motion of a 

ground-effect machine (or “Hovercraft”), adapted from pages 376-378 in the textbook (pages 

316-319 in the first edition) is depicted schematically in Fig. 30.  There are two nonlinearities in 

the model: the resistance to airflow under the skirt, which is a function of the elevation y of the 

craft as well as a  nonlinear  function  of the  pressure  in the  plenum, P, and the  pressure –

flow characteristic of the fan.  The pressure-volume flow characteristic, also plotted below, is 

represented by the equation 
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Fig. 30  Schematic of ground-effect machine (GEM) and fan characteristic 

               
      

   

In which    is the gage pressure in the plenum and Q0 = 180 m3/s, a1 = 0.08 m5/N s, a2 = 2.0e-5 

m7/N2 s and a4 = 1.482e-12 m9/N3 s. 

The main BONDGRAPHER display given in Fig. 31 shows the bond graph drawn there.  The 

element CS and the “initial state” button are clicked at the left side of the screen, showing how 

the initial mass of the fluid in the plenum, the initial temperature there and the initial volume 

are entered. 

The model assumes that the fluid is compressible wet air.  This is superior to the model in the 

book which neglects the compressibility of the fluid altogether, but has an advantage of quicker 

simulation as discussed in Section 6.4 below. 

The fan flow in this model is represented by the Sec source on the left (element 1) with gage 

pressure equal to Psg = 3 kPa and an RSc restriction (element 2).  Considering that the 

compressibility of the air is slight, the volume flow through this restriction can be modeled by 

the Bernoulli equation 

                    , 
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Fig. 31  Main BONDGRAPHER screen for the GEM model with wet air 

In which v is the specific volume of the fluid in the plenum, equal to the ratio of the volume to 

the mass of wet air, Pg = P(3) – P0 is the gage pressure in the plenum and A is the area of the 

restriction.   It is this area that is needed to specify the RSc element,  which therefore is given by 

                       
      

   
    

              
 

In which x(1) is the mass in the CS element and x(3) is its volume.  The use of the matrix el in 

programming nonlinearities is discussed in Section 7.1. 

The second RSc element passes the flow that emerges from under the skirt.  Its area is set equal 

to the periphery of the GEM (28 m) times the elevation y of the GEM above the surface and the 

approximate vena contraction coefficient 0.65: 

  
       

  
                               

Here, A0 is the area of the plenum.  Note also that the force provided by the Se element equals 

the weight (mg) of the GEM plus the atmospheric force (P0 ∙ A0). 

The equations above are coded using the Parameter tab into the callback 

DoTimeStepParameter and given in Fig. 32.  The left side of this screen also shows where wet 
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air (air – mixture) is chosen as the fluid, the default integrator ode45 is allowed to stand, the 

time interval of the simulation is chosen as 3 seconds, and the allowable simulation errors are 

chosen as a compromise between the accuracy and the speed of the simulation. 

The Custom part of the Options screen is shown in Fig. 33.  This is the principal depository for 

the values of constants. 

When you are done with BONDGRAPHER you save the output to a file with a name of your 

choosing; the extension is automatically .m.  If you are modifying a previous file and wish to 

save it with a different name, click on the element at the very bottom of the “file” screen and 

then “save as”.  You may revisit a BONDGRAPHER file, (and make changes), by using the “open” 

button on the file window and typing the name of the file.  

Commands to start a simulation and produce plots or other output are presented in Section 5.  

The resulting elevation of the is given by the solid line in Fig. 34.  The solution given by the 

dashed line is discussed in Section 6.4. 

 

 

Fig. 32  Options screen with the Parameter button clicked 
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Fig. 33  Custom part of the Options screen 

 

Fig. 34  Simulation results for the GEM 

4.5  Programming the piston-cylinder air compressor system 

The BONDGRAPHER screen following the modeling of this system as described in Section 3.4 Is 

pictured in Fig. 35.  The C-element (9) has been clicked, causing it and its bond to be colored 

yellow and producing the display on the left of the screen.  The “Parameters” button was 

clicked, allowing the value of C the exponent used in the compliance relation to be entered.  

Clicking on the “Initial state” button allows the initial value of the element to be entered 

(“C9*366”), where 366 is the initial temperature on bond 6 in Kelvin. 

Clicking on the Options button at the bottom left of the screen produces the form given in Fig. 

36.  Most of the data is entered into this screen or one of its sub-screens opened by pressing 

the buttons at the upper right.  The fluid (nitrogen) is selected from a pop-up check list (not 

shown).  The MATLAB integrator is chosen; the default is ode45, but the choice of ode23 made 

here has generally proved to be more robust, particularly for thermodynamic systems, although 

it is not usually as fast.  .  The duration of the simulation is chosen as 1.0 seconds.  The use of a 

single simulation run is made for this simulation, as it is for most relatively simple systems, by 

placing 1’s in the boxes for “first step #” and “last step #’. 

Constant parameters chosen by clicking on the various elements in the main screen can be 

entered  as numbers or  symbols.    Any symbols thus chosen are defined in the  Custom  box on  
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Fig.35  Main screen of BONDGRAPHER. For the air compressor system 

the right side of the Options screen, including for example the value of C9 mentioned above.  

Standard MATLAB coding is used.  Clicking the Parameter box gives the screen shown at the top 

of Fig. 37.  This is where relations for any non-constant parameters that are functions of time 

and/or the state variable x are placed.  In the present case this includes the time-dependent 

value for the speed of the motor shaft.  Also, the desired operation of the check valves RS(19) 

and RS(3) are prescribed by expressing their effective orifice areas as functions of the pressures 

on the bonds (in general t or x also, were it necessary).  The area of the valve to the load 

RSc(21), which is a function of time only also is given, although it could have been placed in the 

Custom screen since it is only a function of time.  Finally, the Parameter box also is used to 

implement a unique requirement for nonlinear work-heat RSr elements that happen not to 

have a bond on the mechanical side for which the flow is directly specified by an energy-storage 

or source element.  Details for coding the nonlinear functions are given in Section 7.1  In the 

present case the flow comes through a transformer, which is neither an energy storage element 

nor a source, and therefore must be expressed as a function of known parameters, t and x.  (No 

other element has such a special requirement, which is a technical consequence of the order in  
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Fig. 36  The “Options” screen for the air compressor system 

 

 

Fig. 37 The screens for the air compressor system revealed by the tabs in the Options page 
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which state variables are computed.  Also, the requirement doesn’t apply in the linear case for 

which the resistance of the element is a constant.) 

 

It is desired to plot five quantities for the air compressor system that are not directly 

expressible in terms of the state variables (the matrix x): the flows on bonds 16 and 1, and the 

pressures on bonds 1, 5 and 18.  Note the number “5” placed opposite “# extra variables” on 

the left side of the Options screen.  These variables are placed in the screen displayed by 

pressing the tab Extra Variable, shown at the bottom of Fig. 37.  The left sides of these 

equations are (always) “ff(1), ff(2)”, etc.  In this case, and quite often, it is necessary to state 

first that their values for time t=0 should be zero, for the right sides may not be otherwise 

defined by the coding for this time, and giving them no value would produce an error message.  

4.6  The OS-junction.  This element fulfills the essential function of an actual or virtual tubing or 

pipe tee.  The 0S junction is allowed precisely three convection bonds, for which the flows sum 

to zero when signed according to the directions of the power convention half-arrows.  The 

three pressures are forced to be the same; since this pressure must causally emanate from one 

of the bonds, precisely one of them has its causal stroke adjacent to the junction. 

This description is the same as that of a simple-bonded 0-junction, so you may wonder why a 

different symbol is used.  The answer is that unlike the 0-junction, the 0S-junction can 

represent an irreversible interaction.  This happens whenever two flows at different 

temperatures merge at the junction, their sum flowing out the third leg.  (Recall that the S 

designation is used to indicate potential irreversibility).  When the flow is diverging rather than 

merging it is in fact reversible, but flow directions can change from moment to moment and 

there is no point in changing the symbol for the element accordingly. 

THERMOSIM requires than one of the three convection bonds on each 0S element must be to a 

CS or an Sec element.  The other two bonds must connect to RSc or IRS elements. 

A hydraulic system model using a couple 0S junctions is given in the next section, and an 

example of a system with multiple 0S junctions is given in the following section.  This latter 

system also highlights the use of multiple heat conduction bonds on CS elements. 

The presence of multiple 0S elements in a system model has posed perhaps the greatest coding 

challenge to the author (except possibly for the IRS element for multiphase fluids), resulting in 

several hundreds of lines of complex code.  Although the user rarely would need to know this, 

there are several different computational challenges for a given junction, based on what is 

known about its various efforts and flows before the junction rules are applied.  Whether a 

junction has merging or diverging flow is for example a key distinction, and usually is not known 

in advance.  It is often necessary to perform a complex vetting process to select the order in 
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which the junctions are treated.  What the user does need to know is some limitations on the 

use of these junctions: at least one of their three bonds must be to a CS or an Sec element.  The 

other bonds must be to either RSc or IRS element. 

4.7   Example of a hydraulic system simulation using the data compression feature 

A typical hydraulic system driving an actuator is suggested by the diagram of Fig. 38, which uses 

standard fluid power symbols. 

   

       Fig. 38  Schematic for the hydraulic system (using fluid power symbols) 

The BondGrapher screen showing this model is pictured in Fig. 39.  This model incorporates 

significantly more detail than the diagram.  The flow source Sf(1) provides the motor speed, 

T(2) converts this to the nominal mass flow rate for the pump, and T(4) and T(24) provide its 

adiabatic and volumetric efficiencies.  The elements CS(18) and CS(36) represent the hydraulic 

sides of the low-pressure and high-pressure accumulators, respectively, while CS(22) and CS(31) 

represent the nitrogen sides.  Se(23) and Se(33) represent the temperature of the environment 

with which the accumulators interact, while R(21) and R(27) provide resistances associated with 

the motion of the accumulator interface, which is necessary for computational causality 

although they are too small to have a significant effect.  CS(6), and CS(9) represent small fixed 

volumes along the fluid lines to accommodate a small affect of compressibility and to satisfy 

computational causality.  The friction and inertia effects of fluid lines are represented by IRS(7), 

IRS(10) and IRS(16); the latter two are quite long (4 meters)  and also exchange heat with their 

copper walls and the environment through the use of the elements Ct(34) and Ct(35).  RS(25) is 

a check valve that opens when the upstream pressure exceeds 20 MPa, preventing 

overpressure.  (The area of the opening is proportional to the excess pressure, as results from 

spring loading, which has the effect of minimizing potential chatter of the valve).  RS(12) is a 

valve that is opened  when it is desired to move the  double-sided  piston-cylinder  actuator, the 
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Fig. 39  BondGrapher image of the bond graph for the hydraulic system with element CS22 

selected 

two sides of which are is represented by the elements CS(13) and CS(15), which have 

dependent changeable volumes as well as some fluid compressibility.  (Note that bonds 13 and 

14 are simple bonds, contrary to the depiction in the 2014 paper.)  The area of the piston is 

given by the transformer T(26), converting the pressure difference to force.  The mechanical 

load comprises a weight the moves at a angle far from the vertical, represented by the force 

source Se(30), an inertia (mass) represented by the element I(28), and an effective dashpot 

resistance provided by the resistance R(29). 

It is best to choose the working fluids before attempting to supply the parameters and initial 

conditions, since the choice affects the meanings of some of these values.  Pressing the Options 

button at the lower left then gives the display shown in Fig. 40.  The working fluids are chosen 

via a check box at its top.  The “primary” fluid is used everywhere except possibly in isolated CS 

elements.  The “alternative” fluid is used, if you so choose, in these elements.  The restricted 

purpose  is  to  allow  accumulators  to  be  charged  with  a  gas,  while  the  rest  of  the  system  
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Fig. 40  Options screen for the hydraulic system 

operates with a hydraulic fluid or liquid water.  Note that this choice is indeed made for the 

present system.  A CS element is “isolated” if it has no convection bonds (which could convey 

the secondary fluid to other parts of the system).  You may then choose to return to the main 

display by clicking “OK”. 

The left side of the BondGrapher screen shows the display when the element CS(22) (shown in 

yellow) is selected and the “parameters” tab is pressed.  This element represents the gas side of 

the low-pressure accumulator, so the check box for “alternate fluid” is provided and checked by 

the user.  The only parameter is the heat conduction coefficient between this element and its 

surroundings, which in the present case is represented by the temperature reservoir Se(23); a 

particular value is given.   

When the “initial state” button is pressed, the user is able to enter two initial values.  The first is 

the mass of the gas, in kg.  It is most convenient to write this as V0/v(22), where V0 is the initial 

volume of the gas in m3 and v(22) its initial specific volume in m3/kg.  These two values are 

specified numerically on the right side of the Options page.  The second initial state chosen is 

the temperature of the gas.  This is written as Te, which also is given numerically in the Options 
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screen.  The third initial state is the volume of the gas, indicated as V0 (already specified 

numerically).  These three values completely define the initial state, allowing all other intensive 

and extensive properties, such as enthalpy and entropy, to be computed.  The same process is 

repeated for the element CS(31). 

The Options screen at first showed the default MATLAB integrator to be ode45.  This was 

changed by the user to ode23 when a problem arose, as commented below.  The duration of 

the simulation also is chosen.  The default values for the integrator and the initial step size are 

retained; only infrequently is a change needed. 

Element RSc(25) is a spring-loaded relief valve, with opens only when its upstream pressure 

exceeds a set amount, and by an amount proportional to the excess pressure above this value.  

Coding prescribing the effective orifice area of the valve is placed in the tab Parameter that is 

accessed a tab at the upper right of the Options screen.   The coding is shown  in Fig. 41;  details 

       

Fig. 41  The Parameter screen for the hydraulic system 

are spelled out in Section 7.1.  The element RSc(12) is a valve to the piston-cylinder load, which 

the user specifies is to be opened at 3.0 seconds and closed at 6.0 seconds.  The load slows 

considerably before this closing, because of the nature of the valve and the dwindling supply of 

hydraulic fluid from a small accumulator. 

There are no variables defined to create plots of non-state variables, and therefore no entries in 

the tab ExtraVariable.  Should it have been desired to plot the Reynolds number in the return 

tube and the heat flux to the tube walls, for example, one would enter 

ff(1)=NRe(19); ff(2)=fb(38); 

and enter the number 2  in the box on the left for “# extra variables.” 

Selected results are plotted in Fig. 42.  The simulation starts when the high-pressure 

accumulator  is not quite fully charged.    The check  valve  opens at  about 1.6  seconds, and the  
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Fig. 42b  Selected results from a simulation of the hydraulic actuator, continued 
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operator opens the valve to the actuator at 3.0 seconds.  The motion o the load almost stops 

because of the limited sizes chosen for the accumulators, rather than by shutting off the valve.   

The simulation was carried out using the compressed data feature, which allowed various 

changes to be tried out for later stages of the simulation without repeating the earlier stages, 

such as the timing of the opening of the valve to the actuator.  Note the selection in the 

Options screen of 800 time segments each of duration 0.01 seconds, for a total time of 8.0 

seconds.  The simulation revealed a huge surge in flow through the return line, as compared to 

the other flows, as shown in the second plot.  The resulting impediment to this flow by the wall 

shear severely constricted the motion of the actuator.  As a result, the diameter of this line was 

increased from an original 1.0 cm to 1.5 cm, solving the problem.  This illustrates the utility of 

the IRS elements.  Also, changing from the integrator ode45 to ode23 was prompted when an 

abrupt seeming instability in the solution occurred well into the simulation.  (The author has 

also found on other occasions that ode23 is more robust in treating thermodynamic systems, 

although it may not be quite as fast.) 

The first plot shows the rapidly changing pressures in the two rather small accumulators.  The 

second plot shows the greatly larger flow in the return line than in the supply line.  The third 

plot shows how the motion is slowed by the limited capacity of the accumulators.  The final plot 

shows the temperatures in the gas sides of the two accumulators, which would not be 

computed in a traditional non-thermodynamic hydraulic simulation.  The heat interaction with 

the environment causes the temperatures to decline after the valve is closed.  Temperatures of 

the walls of the copper tubes also could be plotted; their changes are small compared to the 

changes in the gas.  The plotting commands are given in the next section. 

4.8  Example of a system with multiple 0S elements and heat conduction bonds.  Mahbod 

Heidari and Alfred Rufer have presented a nice paper[11] which, along with two precursor 

papers, models a complex piston/cylinder with internal fins that greatly increase the heat 

transfer to the environment in order to improve its efficiency.  They employ analogies to 

electric circuits and conventional bond graphs.  This appears to have required a major effort, 

and does not enjoy the benefit of a general operating fluid.  A model for this system using 

convection bond graphs, available as compfin.m, is given in Fig. 43.  (A model of the basic 

system before the fins were added is available as compbasic.m.)  Although the present author 

does not know what parameter values were chosen, particularly for the myriad heat transfer 

coefficients, he has included in this model the entire structure of the original model.  The 

convection bond graph appears to be significantly simpler, however, with fewer elements 

needed.  (The coding for hydraulic systems may be less competent at this writing.) 

Most details of the physical system and the modeling process is not given here, but the Sf 

element at the lower left represents the sinusoidal motion of the piston.  The Sec element at  
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Fig. 43 Convection bond graph for the system of Heidari and Rufer 
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the upper right represents the chamber to which the cylinder is attached, which switches from 

the inlet to the outlet at prescribed times.  The RSc element below it represents the flow 

restriction to this element, which includes opening and closing as a function of time. 

There are three 0S junctions.  Often, one of these, which varies according to the immediate 

situation, must be tackled computationally before the others, etc.  Note also that there are six C 

elements, all of which represent thermal energy storage in metal surfaces.  Four of the heat 

transfer coefficients are represented by RSh elements, and twelve others are represented as 

part of the four CS elements (three for each one).  This requires special coding on the part of 

the user, since the box on the left side of the main BondGrapher screen accommodates the 

coefficient for only a single heat conduction bond.  When a CS element has more than one heat 

conduction bond, this box is left blank and the parameters are entered into the parameter box 

on the options screen.  The matrix CSH is universally designated for this purpose.  (This feature 

is not yet available for hydraulic systems.)  For the present case, this matrix of heat conduction 

coefficients is coded as  

CSH(9,1)=value; CSH(9,2)=value; CSH(9,3)=value; 
CSH(10,1)=value; CSH(10,2)=value; CSH(10,3)=value; 
CSH(11,1)=value; CSH(11,2)=value; CSH(11,3)=value; 
CSH(12,1)=value; CSH(12,2)=value; CSH(12,3)=value; 
 

The numbers 9, 10 and 11 are the index values for the respective CS elements.  The numbers 1, 

2, 3 represent the heat conduction bonds attached to these elements in the order of their 

increasing bond numbers. 

Heidari and Rufer appear to have gone to great trouble to secure, in effect, the various 

differential equations, using relatively simple state equations for the fluid.  The convection 

bond graph model required much less effort and is more transparent, but its execution time 

with THERMOSIM was significantly longer.  This trade-off is likely typical. 

4.9  Example of the heat-pump system 

The use of BondGrapher for the heat pump system introduced in Section 3.7 is now discussed.  

The Options page of BondGrapher for the start-up simulation is shown in Fig.44, including the 

Custom tab.  The Parameter and Extra Variable tabs are shown in Fig. 45.  The user also may 

display a wide variety of detailed information, for example describing how the state of the fluid 

in each IRS channel or tube varies from one end to the other.  Details are given in Section 7.5. 

The history of the compressor power, the heat into the evaporator (the low-temperature part 

of the system) and the heat out from the condenser (the high-temperature part of the system) 

as revealed by the start-up simulation are plotted in Fig. 46.  The purpose of a heat pump is to 

provide  output heat,  but for the first 15  seconds there is  actually cooling  rather than heating. 
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Fig. 44  The Options screen of BondGrapher for the start-up simulation 

 

Fig. 45  The Parameter and Extra Variable tabs 
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Fig. 46  The compressor power, heat into the evaporator and heat out of the condenser during 

start-up of the heat pump 

About three seconds later the output heat at least equals the input compressor power 

(although a full accounting would also recognize the modest 200 watts used by the heater).  By 

30 seconds the device is finally acting like a heat pump, although it takes 60 seconds for it to 

approximate equilibrium operation.  If one considered this to be a refrigeration system, on the 

other hand, the cooling can be seen to rise rapidly starting at 13 seconds to become close to its 

steady-state before the 20-second mark.   

The reason for this seemingly strange behavior follows from the fact that at equilibrium the 

fluid mass is concentrated at the downstream end of the condenser, whereas at rest the fluid 

mass is concentrated in the evaporator.  The history of the fluid masses in the six CS elements is 

shown in Fig. 47.  Note that the time scale for the first second in the plot is greatly expanded, 

since the changes there occur very rapidly.  Note also that the scale for masses in the low range 

below 0.1 kg is expanded by a factor of 20, to allow both small values and large values to be 

shown on the same plot.  The mass in CS3, which is just upstream of the compressor, is 

depleted extremely quickly, and transferred to CS6, which is just downstream of the 

compressor.  It takes considerably longer for the mass in CS1 (the beginning of the evaporator) 

to be depleted, although by 5 seconds this is below the final equilibrium value.  Then, between 

about 5 and 12 seconds, the fluid in the entire evaporator is so depleted, being starved by the 

pull of the compressor at its downstream side and the paucity of flow through the expansion 

restriction at its upstream side, that the compressor can pump little flow.  The mass in CS7 

peaks at a mere 0.11 seconds, and the mass in CS7 (the next downstream element) at about 0.7 

seconds.  The mass in the largest element, CS9,  however,  doesn’t peak until about 15 seconds, 
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Fig. 47  The fluid masses in the six CS elements during start-up of the heat pump 

and before this relatively little mass passes to the downstream element in the condenser, CS11, 

which must contain the lion’s share of the total mass for the system to operated as a heat 

pump, a condition it finally achieves toward the end of one minute. 

The author improved the calculation of the Prandtl numbers after this simulation was run, and 

increased the orifice area somewhat.  You should expect slightly different results if you rerun 

the simulation. 

One can understand the behavior better by also studying how the pressures and the fluid 

qualities in these elements vary over time.  Also, of course, a model with more CS and IRS 

elements would give a more accurate result, but the author expects the net result would be 

little different.  The objective of simulations like this is probably not to predict precise behavior, 

but rather to see how changes in design are likely to influence both the steady-state and the 

transient behavior without having the expense of exhaustive physical testing. 

The use of the 1S junction in this system, and in the compressor-tank system, allows the 

adiabatic efficiency of the compressor (as well as the volumetric efficiency) to be incorporated 

into the model.  The same type of representation (including a loop with a 1-junction, a 0-

junction and two transformers) can model the analogous efficiency of a turbine.  In these cases 

the only physically meaningful behavior results from assuming the direction of the flow in the 
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bond between the 1-junction and the 1S junction is from the former toward the latter.  This 

assumption is made in the coding, and the user is issued a warning if it is violated.  The author 

has not as yet established other uses of the 1S-junction, although the special irreversibility 

inherent in this element strongly suggests that there must be others for fluid machines. 

4.10  Additional thermodynamic models.  The bond graphs for four more thermodynamic 

models are given below to illustrate important available features of THERMOSIM.  Their system 

files are available, as for the other systems in this manual, but relatively few details and no 

simulation results are given herein. 

A model of a commercial pneumatic rock drill (rockdrill2.m), shown in Fig. 48, illustrates a 

relatively complex system.  More detail is given elsewhere[12]. 

Release 1.0 of this manual allowed a 1-junction to be inserted between a CS or Sec element and 

a 1S-junction, and three examples of this were cited.  Ironically, however, it did not allow the 

simpler case of a 1-junction being inserted directly between the CS or Sec element and a 

second CS element, which is important for modeling fluid machines with assumed 100 percent 

efficiency.  This is remedied in the present Release 2.0.  The first of three examples is given by 

the model hydsysmod.m, shown in Fig. 49, which is the same as hydsyst2.m above except for 

the removal of its 1S-junction and a couple of simple transformers to remove losses from the 

pump.  The simulation results are little different. 

The example of fig. 50, compressorloop.m, implements a simple system that forces a general 

two-phase fluid through a simple restriction. 

Fig. 48  Bond graph model of a commercial rock drill 
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Fig. 49   Bond graph for the simplified hydraulic system 

 

Fig. 50  Bond graph for a simple compressor forcing fluid through a restriction. 
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The final example, shown in Fig. 51, is an approximate dynamic extension of the static model of 

a Roots blower given in the author’s textbook.  This model also illustrates an application with a 

1-junction between two CS junctions, and with two 0S junctions that by themselves could cause 

trouble before the present release.  It employs the concept of thermodynamic availability to 

compute the thermodynamic efficiency of the machine. 

 

Fig. 51  Bond graph for a dynamic model of a Roots blower 

5.   EXECUTING A SIMULATION AND DISPLAYING RESULTS 

To execute a simulation you simply run its .m file.  It initiates an automatic chain of calls, first to 

the function file THERMOSIM.m and then to the principal simulation function file convecTS.m 

or, if the principal fluid is a liquid, convecliq.m.  Other files are called as needed, as explained in  

Section 7.2.  Only in rare cases of special problems will you have to concern yourself about 

these. 

You must, however, take an active role in directing the display of whatever results of a 

simulation interest you.  You can display or print numbers, or create exportable files or most 

importantly plots.  The primary mode is requested after a simulation is completed.  if you ran a 

single simulation segment (or wish to plot or otherwise record the behavior over the final time 

segment) you can issue the MATLAB command load TSIMdata.  If you used data compression 

option you can issue the command load dataX.dat.  Both of these are data files; dat is the 

MATLAB extension for such files.  In the first case gives you access to the history of the state of 

the system, x=x(t), in the form of a matrix x and a vector of associated times, t.  The state for 

the successive times is given by the successive rows in the x matrix.  In the second case gives 

you access to the history of the state of the system, state=state(time), where time is the vector 
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of the time at the ends of the successive time segments, and state is the corresponding matrix 

of states.  Should you wish to save these files you should change their names. 

Consider the example of the steam catapult presented in Section 1.  The system program 

catapult.m, as created by BondGrapher, lists the state variables.  To plot the temperature of the 

steam, which you identify as the second state variable in x, you enter the code plot(t,x(:,2)).  

The colon tells the program to plot all of the relevant data.  If you wanted the results for only 

the first 50 time steps, you would type plot(t(1:50),x(1:50,2)).  For the velocity of the aircraft, 

you type plot(t,x(:,4)/16000), since the fourth state variable is momentum and velocity equals 

momentum divided by the mass of 16,000 kg.  For position you type plot(t,x(:,3)-.335)/.024), 

since the third state variable is the volume of the cylinder which has the initial value of 0.335 

m3 and the area of the piston is 0.024m2.  If you want all of these plots to be superimposed, you 

type hold on.  This feature is removed by typing hold off.  In its help section, MATLAB describes 

ways you can annotate and edit your plot.  You can print it on paper or save it as a readily 

exportable picture (.jpg) file. 

To identify the indices of the state variables you can read the related text from the middle of 

the MATLAB m-file generated for the system in question.  Fig. 48 shows this text for the  

% The initial state vector x0 is for the Cf, CS, C, Ct, I and IRS elements 

% in the order of their respective state variable indexes. 

% The state variables are defined as follows: 

%   x(1), . . .x(q0) are the displacements on the Cf element (if any) 

%   x(q0+1), . . .x(q0+p) are the pressures in the CS element 

%   x(q0+p+1), . . .x(q0+2*p) are the temperatures of the CS elements 

%   x(q0+2*p+1), . . .x(q0+3*p) are the volumes of the CS elements 

%   x(q0+3*p+1, . . .x(3*p+q) are the displacements of the C and Cf elements 

%   x(3*p+q+1), . . .x(3*p+q+q1) are the displacments on the 

%            compliance elements within the Ct macro elements 

%   x(3*p+q+q1+1), ...x(3*p+q+q1+r) are the momenta of the I elements 

%   x(3*p+q+q1+r+1), ...x(3*p+q+q1+r+s) are the momenta of IRS elements 

% CS element initial pressures: 

x0=[19.8e6 19.8e6 19.8e6 19.8e6-W/10/A30 5e6 V0/v26 V0/v35 19.8e6]; 

% CS element initial temperatures: 

x0=[x0 Te Te Te Te Te Te Te Te]; 

% CS element initial volumes: 

x0=[x0 .0001 0.0001 0.001 0.011 0.01 V0 V0 0.01]; 

% Ct element initial displacements (entropies): 

x0=[x0 C*Te C*Te]; 

% I element initial momenta: 

x0=[x0 0.0]; 

% IRS element initial momenta: 

x0=[x0 0.0 0.0 0.0]; 

% NOTE: There are 0 Cf, 8 CS, 0 C, 2 Ct, 1 I and 3 IRS elements. 

% Therefore, q0 = 0, p = 8, q = 0, q1 = 2, r = 1, and s0 = 3. 

% Ct element properties: 

ct=[Te Te]; 

% CS element substance indexes (1 = using alternate substance): 

cssub=[0 0 0 0 0 1 1 0]; 

 

Fig. 48  Excerpt from the file hydsysTS.m generated by BONDGRAPHER for the hydraulic system 
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example of the hydraulic system.  Note also that the initial values for the state variable for the 

particular system are listed, and a vector is given that specifies which CS elements use the 

alternative substance.  You can also identify the indices of the state variables. 

An alternate way to identify the index numbers of state variables is to turn on the box “index 

state variables” near the bottom of the main BondGrapher screen.  The values given do not 

recognize that there are three state variables for each CS element, and up to four for each Cf 

element, however, so you may need to deduce higher numbers than those that appear.  (Note 

also that activating this button turns off the “show element indices”, to avoid clutter.) 

From either approach the commands for the plots in Fig. 42 can be deduced as follows: for the 

pressures, plot(time,state(:,3)), plot(time,state(:,4)), plot(time,state(:,5)), plot(time,state(:,8); 

for the mass flow rates, plot(time,state(:,29)/4) and plot(time,state(:,30)/4), since the flows 

equal the flow momenta divided by the lengths of the sections (4 meters);for the piston 

position, plot(time,state(:,19)/.01), where the 0.01 is the area of the piston in square meters; 

for the plot of the piston velocity, plot(time,state(:,27)/5000), where 5000 is the mass being 

accelerated in kg; for the plots of the temperatures, plot(time,state(:,14)) and 

plot(time,state(:,15)). 

Plotting non-state variables such as the pressure of the steam or its quality, or a host of other 

thermodynamic properties of the steam or values of some of the efforts and flows on the 

bonds, is not quite so simple.  The numerical values of these variables may be displayed on the 

screen while the simulation is running if you merely type their symbols at the end of the 

simulation program convecTS.m, but this doesn’t give a permanent record.  More likely you will 

display only the running time, in milliseconds, which is the automatic default.  If you are using 

the data compression option, however, the default is to display only the current value of the 

time segment index, istep. 

To plot a non-state variable you must define a new state variable by setting its time derivative 

equal to the desired variable.  This is done in the Extra Variable tab of the Options section of 

BondGrapher, as described in the previous section.  For example, to set up a plot of the 

pressure in catapultTS.m, you enter ff(1) = eb(1).  ff is the vector of the derivatives of the added 

state variables, and eb(1) stands for the effort on the bond numbered 1.  To also plot the steam 

quality, which is defined as X, you enter ff(2) = X(1), since that quality is defined as X and refers 

to the first (the only, in this case) CS element.  Then, when the time comes for requesting the 

plots, you first determine how many time steps there are by typing size(t).  For catapultTS.m, 

the answer was 101.  You then type 

 plot(t(1:100),diff(x(:,5))/1e5./diff(t),t(1:100),diff(x(1:100),diff(x(:,6))*100./diff(t)) 
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The two plots are distinguished by different colors.  (To do less typing, you could ask for the two 

plots sequentially, calling up the previous line and changing the single number from 5 to 6, and 

using the hold on.)  The program estimates the desired derivatives of the state variables (the 

answers) by dividing the differences between successive values of the defined state variables by 

the differences between the corresponding values of time.  The use of the index 100 for the 

final value of t, 1 less than the actual number of times recorded, is necessary for the number of 

times to match the number of differences of the state variables.  Otherwise, you would get an 

error message alerting you to the mismatch. 

MATLAB will print out all the values of x and t if you enter t, x.  If you want only the first 50 time 

steps you would enter t(1:50),x(1:50), etc.  The same is true for time and state. 

Data also can be displayed on the screen at the end of every time step.  This display can be 

studied most closely when the simulation ends or is paused following the completion of a time 

segment using the compressed data option.  To simplify your task of specifying just what you 

want displayed, the script file DISPLAY.m is called at the end of the calculations for each time 

step.  This is the only file you as a user are encouraged to edit.  To display the state vector x, for 

example, you simply remove the symbol % in front of the symbol x.  Similarly, to display the 

qualities of the fluid on the convection bonds, you simply remove the % that otherwise blocks 

the display labeled Xb.  (Note: the Xb and X for air refer to its water component only.) The file 

as it resides in the website only automatically displays a single variable, the running time t in 

seconds (note that you have the option of displaying milliseconds, instead). 

Similar plots can be made if you choose the multiple segment (data compression) option, using 

time in place of t and state in place of x.  In this case, all the time differences happen to be 

identical.  In the command, you must type diff(time’) rather than diff(time), however. 

When your system has convection bonds, variables in addition to the state vector are saved at 

the end of each time step.  These are T and vc and, when an IRS element is present, TDac and 

flowold.  They are used to expedite the calculation of each new time step.  When the data 

compression option is active, the history of the states at the ends of all the time segments are 

included in the files time and state within dataX.mat.  The extra variables are stored there, also, 

as historyTc, historyvc, historyflowold and historyTDac.  This allows the user to recompute the 

behavior starting at any time step, simply by entering the desired starting point under “first 

step” on the options page. 

6.   OTHER ELEMENTS, ACTIVATED BONDS AND NON-BONDGRAPH MODELING 

Two elements remain to be presented, the gyrator and the compliance field.  Neither of these 

play a role in the convection part of a system, but they can be critical in the non-convection 
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part of a system with thermodynamic components or in any non-thermodynamic system that is 

treated by THERMOSIM.  How to model in the absence of a bond graph also is addressed. 

6.1  The gyrator.  This element is designated by the symbol G in THERMOSIM and by GY in most 

of the literature.  Its two simple bonds have power-convention arrows aligned the same way 

and represents an energy-conservative static or algebraic relation between the two efforts and 

flows, much like its partner, the transformer.  The difference is that while the modulus of a 

transformer represents the ratio of its two flows and the ratio of its two efforts, the modulus of 

a gyrator represents the ratio of each effort to the flow on the opposite bond (both ratios are 

identical, because of the assumed conservation of energy and power), as suggested in Fig. 49.  

Note that this difference means that the causal strokes for a gyrator must be symmetric with 

             

Fig. 49  The gyrator and the example of an idealized DC motor 

 respect to the element, unlike the transformer for which they must be asymmetric.  The 

moduli need not be constants; they could be made functions of other system variables. 

The word “gyrator” may conjure up “gyroscope”, and indeed the behavior of the perpendicular 

shafts in a gyroscope are gyrationally coupled.  More commonly, an idealized DC motor can be 

modeled by a gyrator as shown in part (b) of the figure, since the effort on its mechanical bond 

(the torque) is proportional to the flow on its electrical side (the current), and the effort on its 

electrical side (the voltage) bears the same proportionality to the flow on the mechanical side 

(the angular velocity). 

More information regarding the DC motor is given in Fig. 50.  The addition of the electrical 

resistance of the armature and a mass-spring-dashpot mechanical load produces the bond 

graph shown underneath.  This was drawn using BondGrapher, which also produced the 

available MATLAB simulation file DCmotorTS.m.  (The simulation assumes the voltage source Se 

executes a sinusoidal excitation, using the Parameter button.) 

People who deal with bond graphs routinely like to point out and sometimes actually employ 

the fact that a compliance element viewed through a gyrator acts exactly like an inertance, and 

an inertance viewed through a gyrator acts exactly like a compliance.  (As a result, it is possible 

to dispense  altogether  with  either  compliances  or  inertances,  although this  is not a popular 
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idea.)  Also, two cascaded gyrators act exactly like a transformer, prompting the observation 

that a gyrator is sort of the square root of the transformer.  Just as it would be possible to 

eliminate real numbers by treating them as the product of imaginary numbers, it would be 

possible to eliminate transformers by treating them as a pair of cascaded gyrators, although 

these are not popular ideas either. 

 

Fig. 50  Adding armature resistance and a mass-spring-dashpot load to the DC motor 

6.2  The Cf field compliance element.  This unique and powerful element is designated as Cf or 

Cf.. It represents a non-convection compliance with one to four bonds (an arbitrary limit 

imposed by BondGrapher) and corresponding state variables.  The user expresses the energy 

stored in this element as an analytic function of the displacements on its multiple bonds. This is 

particularly helpful, for example, when modeling electromechanical components in which an 

electrostatic energy is a function not only of electrical charge but also of mechanical position.  

BondGrapher accepts any number of Cf elements (contrary to an earlier version of the 

Simulation Package). 

Not having to deduce the constitutive relations for these often highly complex elements 

relieves the user of a difficult task that is prone to mistakes (particularly regarding signs).  The 

symbolic math toolbox of MATLAB is used to automatically compute the constitutive relations 

by performing the appropriate differentiations of the energy relations analytically, and handling 

the messy matter of signs.  The cases in which their use is most attractive is where energy 

expressions are almost the only practical way to deduce constitutive relations anyway.  The 

expressions for energy are placed in tab Cf, with its callback function DotimeStep EnergyCf in 

the Options page, as illustrated in the example below.  You must make sure the power 
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convention arrows are all directed inward toward each Cf element.  Restriction:  Cf elements 

may be bonded only to I, T, G, 0, 1 and CS elements. 

6.3  Example of a solenoid.   Drawing of this system, taken from Problem 9.38 on p. 677 of the 

textbook and used in the author’s 2012 ICBGM paper, is given in Fig. 51.  The modeling assumes 

that the only significant mmf drops in the magnetic path occur across the sleeves, which are 

assumed to have the same magnetic permeability as free space.  The flux lines are assumed to 

be radial.  This gives the bond graph of Fig. 52, which represents the magnetic coupling as a 

two-port Cf compliance.   

         

Fig.  51 Schematic drawing of the solenoid 

      

Fig. 52  Bond graph of the solenoid model 

The potential energy in the solenoid, which is the energy in the radial gap, is coded in the Cf tab 

of the Options screen as shown in the upper part of Fig. 53.  The model also assumes a load 

very close to coulomb friction plus some stiction, represented by the RSr element, as detailed in 

Fig. 54.  Note that the actual velocities range over 0.5 m/s, considerably off the horizontal scale 

of the plot.  This is coded in the Parameter tab of the Options screen as shown in the lower part 

of Fig. 53. 

A 12-volt step is applied to the solenoid.  The resulting displacement of the plunger and some 

other variables of interest are plotted in Fig.  55. 
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Fig. 53  The Cf and Parameter tabs for the solenoid 

       

Fig.  54 Assumed mechanical friction for the solenoid 

6.4  Example of an electromechanical balance 

The electromechanical balance beam pictured in Fig. 56 is taken from Problem 9.31 in the 

author’s book (2nd Edition).  A solenoid pulls the balance one way, and a variable-plate 

capacitor pulls it the other way; both elements share a common electrical current.  Balance is 

achieved when the frequency of the sinusoidal excitation is set at a particular value that 

depends on the various parameters.  In practice, one knows all the parameters with significant 

accuracy accept for the magnetic flux and its induced mechanical force.  The instrument is used 

to measure the associated parameter, α.  The nominal separation distance d shown in the 

figure is given by x0 in the coding. 
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Fig. 55  Selected results for actuation of the solenoid 

 

Fig. 56  The electromechanical balance beam 

The bond graph generated using BondGrapher is shown in Fig. 57.  Since the properties of a Cf 

element are entered in the Options screen, there are no parameters to enter into the 

“parameters” box on the left side of the main BondGrapher display.  Multiple Cf elements are 

ordered according to the bond numbers on them.  In the present case the first is Cf(5) (which 

represents the solenoid), since its bond numbers (4 and 5) are lower than for the second (Cf(6), 

with bonds 6 and 7, which represents the variable plate capacitor).  The bond numbers for any 

Cf element must be consecutive.  If you find that they are not, you can easily change a bond 

number by clicking on it and selecting “change bond index”.  (If for example you were to click 

on bond 10 and change it to 8, the indices of bonds 8 and 10 would be reversed.  You could 

change all the bond numbers by starting with what you want to be the first and proceeding 

toward what you want to be the last.) 
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Fig. 57  BondGrapher display featuring the multiport Cf element 

The first state variables in the state variable matrix x are for the first Cf element, followed by 

the state variables for the second Cf element, etc.  (See any m-file generated by BondGrapher 

for a list giving the complete ordering of the state variables within x.)  The energy for the first Cf 

element is called PotE(1), for the second is called PotE(2), etc.  In the analytic expressions for 

the energies entered into the tab Cf  you write x1 for the state variable x(1), x2 for the state 

variable x(2), x3 for x(3), etc.  In the present example the energy for Cf(5) therefore is written as 

a function of x1 and x2, and the energy for Cf(6) is written as a function of x4 and x5. 

There is one initial value for each bond, representing its initial displacement.  To enter these 

you do not click “initial values” under the Cf element, but instead select each bond and place its 

initial value under “selected bond, initial state”.  Since the two Cf elements in this example have 

a total of four bonds, there are four associated state variables with four initial values.  

You carry out the simulation and the plotting the same way as for any other system.  The 

simulator package uses the Symbolic Math toolbox of MATLAB to implement the Cf elements, 

but you do not need to know about this apart from making sure this toolbox is available to you. 

The capacitor comprises two large parallel flat plates of area A=0.1 m2, separated by a small 

gap  x(4) = x0 + x, with x0 = 0.0005 m.  The x in the figure is state variable x(5) in the model, 

corresponding to the displacement of the spring compliance C(10); its value is 0 when the 

spring is relaxed, its initial condition.  The state variable x(3) is the charge on the capacitor, with 

a zero initial value.  The position of the coil or solenoid is x(2) = x + 0.005 m, giving an initial 

value of 0.005 m.  The magnetic flux is x(1), with an initial value of 0. 

For proper operation the electrical current should be virtually sinusoidal, but use of a current 

source would produce an unacceptable differential causality for one of the Cf bonds.  Instead, 

the source is modeled by a sinusoidal voltage (effort) of very large amplitude (3300 V) 

combined with a series resistance of very large magnitude (1150 ohms).  The solenoid coil has 
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1000 turns and the friction is represented by a linear dashpot with a resistance of 10 N∙m/s.  

The capacitance is virtually C = Aε/x(4), where ε is the dielectric constant.  Thus, the total 

potential energy of the solenoid and the capacitor is 

        
  
 
 
 

 
 
 

 
    

        
    
   

   

Since φ = x(1), y = x(2), q = x(3) and x = x(5) = x(4) – x0, the corresponding coding including the 

parameter values is as given in the Cf tab shown in Fig. 53. 

The two ends of the beam are of equal length, so the transformer modulus is 1.  The beam is 

started in balance, with zero spring force, when the air gap in the capacitor equals x0 and the 

position of the solenoid is y = 0.005 m.  The inertia (equivalent mass) is taken as I = 0.02 kg and 

the spring  constant  (equivalent linear)  is taken  as  1/C = 1000 N/m  (including tension),  fo r a 

 

Fig. 58  The Cf tab for the electromechanical balance 

mechanical natural frequency of 223.6 Hz, much lower than the electrical natural frequency, 

which is  9837 Hz. 

The simulation is run three times, with sinusoidal excitations at 90%, 100% and 110% of the 

theoretical balance frequency, which is 

 

     

  
 

   
    

 

 
  

 

    
        

   

 
           

 (Here, c is the speed of light.)  The resulting displacements of the balance beam from its 

balanced position are plotted in Fig. 59.  An enormous number of cycles are computed, so data 

compression is used and execution requires considerable time. 
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Fig. 59  Key result of the simulations 

6.5  Activated bonds.  The bond-graph structures presented thus far conserve energy, apart 

from the resistance, R.  Occasionally one may wish to model a coupler (two-ported non-

dynamic element) that violates the conservation of energy.  This need may arise because the 

details of the actual system are too complex and too unimportant to justify representation 

faithful to the conservation of energy, suiting the purpose better.  The activated bond 

accomplishes this desire.  One classic example is an electronic amplifier, for which the modeler 

does not wish to include details of the power supply. 

A word bond graph for a related control system is shown in Fig. 60.  (A WORD BOND GRAPH is a 

graph that uses conventional bonds but substitutes words as macro representations of more 

complicated structures.)  An electronic instrument measures a pressure or a velocity, etc., and 

thereby stimulates an electromechanical or hydraulic control system.  The power drained from 

the system by the instrument is likely trivial; including it in the model would introduce 

unnecessary complexity.  To ignore this power you simply activate the signal bond by placing an 

arrow at its center, as shown.   

The activated bond conveys either the effort or the flow in the direction of the arrow, but not 

the complimentary flow or effort, so while the power at its starting end is not strictly zero, the 

power at its receiving end is identically zero.  This choice is shown in part (b) of the figure.  

Which version is used is indicated by the causal stroke used, which the user must provide.  

Either one could be used for the signal in the example application, depending on whether the 

effort or the flow is transmitted from the system to the instrument. 
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Fig. 60  Example and meaning of the activated bond 

In his textbook, the author features electronic amplifiers to illustrate the use of activated bonds 

(Section 9.2.1 in the second edition).  A more mechanical system is shown in Fig. 61, comprising 

the filling of a tank with a liquid through a pipe that enters at a height z above the liquid surface 

in the tank.  The end of the pipe is submerged in the version on the left, and simply sprays the 

liquid into the tank in the second.  Gravity increases the pressure in the pipe in the version, on 

the left, whereas the corresponding energy is dissipated in the version on the right.  The 

differences in the bond graph on the right are the absence of the Se source and the presence of 

the bond activation. 

   

 

Fig. 61  Contrasting examples without and with activated bonds 
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Another example, shown in Fig. 62, uses activated bonds to dissipate frictional energy in a gear 

pair.  The ratio of the two angular velocities, Tφ, equal to the ratio of the gear diameters or 

number of teeth, is different from the ratio of the two torques, TM.  This leads to either of two 

alternative models, depending on whether the input variables are     and M2 or M1 and     .  

Note that should the direction of the power be reversed, the moduli must be changed.  When 

there is no friction, the two moduli are equal, so the activated pair can be reduced to a single 

ordinary (bilateral) transformer. 

 

Fig. 62  A gear pair with friction 

6.6  Integrating a state variable 

Sometimes one needs the integral of a state variable, either for purposes of plotting or because 

it is needed as an argument of a function.  In the example shown in Fig. 63, an inertance 

produces a momentum and a velocity (the momentum divided by the value of the inertance), 

but the associated displacement (the time integral of the velocity) is not automatically available 

as a state variable because no compliance is present.  Bonding a fake compliance to the 1-

junction for the inertance via an activated bond, as shown, achieves this end.  The compliance 

produces the desired displacement (x) as its state variable, whereas the bond activation 

removes any effect this element would otherwise have on the momentum and the velocity.  

Any non-zero value can be assigned to the compliance; it has no effect on the system. 

 

Fig. 63  A compliance with an activated bond producing the time integral of a state variable 
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The integral can be assigned any desired initial value, unlike integrals produced using the tab 

ExtraVariable. 

6.7  Example of the GEM with incompressible fluid.  The second of two plots of the lift off from 

the ground of the ground-effect machine (“Hovercraft”) given in Fig. 34 results from the neglect 

of the compression of the air, showing that compressibility has little effect.  This simulation has 

the advantage of being much quicker to compute, but the disadvantage of being harder to 

program as well as having the uncertainty associated with the assumption.  It uses the 

technique given below. 

The schematic and fan characteristic given in Fig. 30 still applies.  The bond graph for the model 

with no compressibility, shown in Fig. 64, employs a flow source with the flow Q0.  The balance 

of the fan flow is subtracted from the flow emanating from under the skirt to form the flow fR 

on the bond to the resistance, R, where the effort is the gage pressure in the plenum, P: 

          
     

            
 

 
   

 

 

Fig. 64 Bond graph for GEM with compressibility neglected 

Here, x(1) is the elevation of the GEM from the ground, as discussed below.  The difficult  part 

of the programming results from the fact that P is the causal output from the R element, and 

this equation is not reversible analytically.  Resort is made to a Newton-Raphson iteration 

which is expedited by computing the derivative of the equation with respect to P.  



 

74 
 

P is also the effort on the 0-junction, which is converted by the transformer to give the force 

lifting the vehicle.  The flow of the 1-junction is the upward velocity of the GEM, which equals 

its momentum x(2) divided by its mass.  The integral of this velocity is the elevation of the GEM, 

which is needed in the equation above.  To get this integral, the C element is introduced.  The 

bond to the C is activated, however, so that the force it would otherwise generate is set at zero.  

Thus any value can be set for the compliance; the value C=1 used here is arbitrary, and the 

state variable x(1), is identically the desired elevation.  This technique of placing an activated 

bond to a C-element can also be used whenever you wish to plot the integral of a flow for 

purposes of plotting.  Since gage pressure is used, the force of the Se junction is simply the 

weight of the vehicle, mg.   

The equations that invert the equation above are set in the Parameter tab, as shown in Fig.  65. 

6.8  Incorporating non-bond-graph models or parts of models; example of a gyroscope 

It may be inconvenient or even impossible to model part or all of a system of interest using a 

bond graph.  If differential equations for it can be deduced in state-variable from by some other 

means, however, inserting them is a simple matter.  You add the following two-element bond 

graph into the BondGrapher screen for each such differential equation, as shown in Fig. 66. 

           
Fig. 65  The Parameter tab of the Options screen for the GEM 

 

Fig. 66  Bond graph for a state differential equation 
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You set both inertance parameters equal to 1, so that the derivative of the state variable itself 

(the flow on the bond) is the left side of the differential equation and the effort on the bond is 

the right side of the differential equation.  Since the right side is likely not a constant, it is set 

using the Parameter tab.  The initial value of the state variable is a constant, however, and is set 

using the initial state button. 

The example of a classical gyroscope, taken from Problem 12.15 in the author’s textbook, is 

pictured in Fig. 67, including the traditional Euler angles used to define its position. 

 

Fig. 67  The classical gyroscope 

Although the author shows in his Solutions Manual for the textbook how to draw a bond graph 

for this system, the analyst likely would prefer to deduce the first-order differential equations 

directly using Lagrange’s equations.  For present purposes it as assumed that this task has been 

completed, and one is ready to insert these equations into BondGrapher and carry out a 

simulation.  The bond graph drawn on the BondGrapher screen of Fig. 63 shows five first-order 

differential equations; each is assigned a linear “inertance” of magnitude 1 (and “exponent” of 

1).  In the figure the first inertance is chosen and the “initial value” button clicked, where the 

first of the five values was entered.  The vector of the five is 

[10/9*pi/2    0.0    0.1   I3*phidot    0.0]. 

Some constants are defined in the Custom box in the Options screen.  The five differential 

equations are placed in the Parameter tab, shown in Fig. 68. 

Plots from the simulation are given in Fig. 70.  The upper plot comes from typing plot(t,x(:,1)), 

and the lower plot from plot(t,x(:,5)).  The initial angle of the rotational axis is chosen to be 10 

degrees below the horizontal.  This angle subsequently oscillates approximately sinusoidally, 

while the axis also  precesses  about the  vertical  axis with the sum of a  fixed rate plus  virtually 

sinusoidal fluctuations at the same frequency.  The motion is known as nutation.  For the initial 

conditions chosen, the angle of the axis oscillates roughly ±10 degrees about approximately the 

horizontal.  
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Fig. 68  BONDGRAPHER screen for the gyroscope, with the first inertance selected 

                  

Fig.  69  The Parameter tab for the gyroscope simulation 
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Fig. 70  The precession and nutation motion of the gyroscope 

 

7.   PROGRAMMING NONLINEARITIES; FILE STRUCTURE; TROUBLESHOOTING 

This section addresses three classes of technical issues which you may need to deal with. 

7.1  Programming Nonlinearities.  Entering nonlinearities into the tabs Parameter, Cf, Extra 

Variable and Sec requires that you use the matrix el, in which the parameters of the various 

elements is entered.  This is done, for example, in Figs. 37 and 41 above.  This matrix is first 

deduced from your entries of fixed parameters in the main page of BondGrapher and in the 

Custom tab of the Options page, and appears near the beginning of the MATLAB file created for 

your system model.  If the model has no nonlinear parameters you need not bother yourself 

with this matrix at all.  What follows assumes you do have nonlinearities. 

The matrix el comprises one row of three elements for each bond graph element, including 

those with no parameters.  The elements (rows) are in the order of the element numbers in the 

bond graph; element with the number i is given in row i 

The first of the three numbers is a code that identifies which of the twenty different elements 

types it is.  You do not need to know this code unless you want to fully decipher pre-

BondGrapher system files.  It is the second and the third numbers that apply to parameters; 

you need to know which parameters only if entering nonlinear functions for them.  These 

therefore are coded as 

el(i,2) = [nonlinear function] 

 el(i,3), = [nonlinear function]  
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where the terms in the nonlinear function must be listed as arguments in the callback functions 

printed at the top of the respective tabs in the Options page.  (Please inform the author if you 

wish to see these lists expanded.) 

Just what the parameters are is identified in the table below.  The numbers coding the 

parameter types (el(1,1)) are given in parentheses under Element type. 

Element type Parameter el(I,2) Parameter el(I,3) 
    
R    resistance (15) 0 value of resistance 
G    gyrator (11) 0  gyrator modulus (impedance) 
T    transformer (9) 0 transformer modulus 
Se  simple effort source (7) 0 value of effort 
Sf  flow or heat source (8) 0 value of flow or heat flux 
Sq  heat source, alternate) 
(10) 

0 value of heat flux 

C    compliance (12) exponent; See note (a) value of compliance 
I…..inertance (13) exponent; See note (a) value of inertance 
RSr  work-to-heat (17) exponent; See note (a) value of effort 
RSh thermal “resistance” (16) 0 heat conduction modulus 
RSc  fluid resistance (3) See note (b) equiv. orifice area, m^2 
IRS…fluid channel (5) length of channel, m area of channel, m^2 
CS….fluid compliance (4) 0 heat conduction modulus; see 

note (c) 
Ct   thermal environment (20) Conductance  or 0; see note (d) compliance, K*J 

Cf….energy-dependent   
multiport (19) 

0 0 

Sec   fluid source (14) If using tab Sec, enter 0 
If fully known and constant, 
Specific volume, m^/kg 
If constant pressure only,  0 

If using tab Sec, enter 0 
If fully known and constant,  
Temperature, K 
If constant pressure only,  P 

   
Notes for table: 

(a)  The constitutive relation for the C, I and RSr elements are in the power-law form 

Output variable=parameter ∙ sign(input variable) ∙ abs(input variable)^exponent, 

In which the parameters are 1/C, 1/I, and R, respectively, and the input variables are 

displacement, momentum and flow (velocity), respectively.  As an example, RSr gives 

coulomb friction (constant, sliding direction dependent) when the exponent is set at 0; R 

becomes the coulomb force. 
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(b)  The RSc element permits gravity separation of vapor or liquid when both phases are 

present, either or both on the input or output ends as defined by the power half-arrows.  

The actual flow can be in either direction.  The parameter tab will ask you to click on one 

of the following: 

  no gravity separation for liquid or vapor 

  only vapor passes in input side; no restriction on output side 

  only liquid passes in input side; no restriction on output side 

  only vapor passes in output side; no restriction on input side 

  only liquid passes in output side; no restriction on input side 

  only vapor passes in both directions 

  only liquid passes in input side and vapor on output side 

  only vapor passes in input side and liquid on output side 

  only liquid passes in both directions 

(c)  This assumes there is precisely one thermal conduction bond.  If there are more, see 

Section 4.8. 

(d)  Entering 0 indicates use of a flow source rather than a temperature source.  The 

heat of the flow source or the temperature of the temperature source is supplied 

separately through the parameter selection on the main page of BondGrapher.  Note 

the use of quasi-bond graph variables for the compliance and the conductance. 

7.2  First defense against aborted runs.  Should a simulation not run properly, the first place to 

look is at the bond graph drawn in BondGrapher.  Does the error report tell of problems?  Are 

the causal strokes consistent with the rules for the individual elements and for the system?  Are 

the power convention half-arrows across elements with two ports aligned similarly?  Are all the 

necessary programs available? 

Even if the graph is proper and all files installed, however, sooner or later you are apt to run 

into either a system crash or possibly a pronounced dither in a simulation that slows progress 

unacceptably.  The least likely cause is a programming bug, although the programming is not as 

seasoned as would be desired, and the author’s endeavor to eliminate all bugs would be 

furthered in subsequent releases by notification of any problem you face.  More likely, the 

problem can be solved by a simple change in the chosen MATLAB integrator, by using the time-
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segmented data compression mode, by tightening tolerance allowances in MATLAB or by 

changing the convergence rate of one of the numerous iterations in the coding.  These 

problems and their solutions are discussed in Sections 7.3 and .7.4. 

7.3  File structure.  There is one script data file for each of the 40 substances; the file for 

whatever fluids you use must be available.  As of this writing, air is available only as a mixture of 

three gases plus water; air as a single-component gas may be added at a later date.  Please 

advise the author if you would like some other substance to be added also.  Thermodynamic 

properties are evaluated in the core function file therprop.m which also calls one of the 

function files vapor1.m, vapor2.m . . . vapor8.m, depending on the substance.  The analytic 

models which include derivatives of thermodynamic properties are deduced principally from 

relations for these properties given by Reynolds [7]. 

BondGrapher creates a MATLAB function file with whatever name you assign to the model.  You 

can change the model by returning to BondGrapher and re-loading this file if it’s not already 

there; you are urged to follow this practice rather than change the file directly.  The simulation 

ensues when you run this file, which calls the function file THERMOSIM.m which in turn issues 

the ode MATLAB simulation command.  The ode command in turn calls the principal simulation 

script function file convecTS.m (for a non-liquid) or convecliq.m (for a liquid) several times for 

each time step, depending on the particular integrator.  If you use a single time segment, the 

running time is displayed on the screen, in milliseconds (“tms”); if you choose multiple 

segments instead the segment number istep is displayed instead.  It is possible to display more 

running data, such as the matrices of efforts or flows or pressures on the bonds (eb, fb and Pb, 

respectively), by typing their names at the end of convectTS.m or convecliq.m. 

If there is an RSc element in your model, the special script file convRS.m is called, and either 

IRSAC.m (for a non-liquid) or IRSACliq.m (for a liquid) is called to treat potential IRS elements.  

Some details of IRSAC.m are given in Section 7.5 below. 

 The information describing the bond graph elements in order and their fixed parameters is 

transmitted by BondGrapher to the MATLAB function file in the form of a matrix, el, as 

described in Section 7.1 above.  It also passes information about the bonds that tie the system 

together in the form of a second matrix, b.  Initial state information is transmitted in the form 

of a vector, x0.  The coding you place in the Options page is transferred more or less as you 

entered it.  (Before BondGrapher existed, the user had to code these matrices and other 

information directly into a master program for the system, which was a chore that could easily 

lead to unrecognized mistakes.  Now, you don’t need to know anything about them except as 

indicated in Section 7.1 for nonlinear functions.) 
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7.4  Choices of ode integrator and time-segmented simulation.  Mathworks recommends 

ode45 as the usual best choice, since when it works it provides a good balance between speed 

and accuracy of simulation.  This choice is the default selected by BondGrapher in the section 

Options, also.  In the author’s experience, however, ode23 is apt to be significantly more robust 

for simulating thermodynamic systems, so you may reasonably decide to use this as your 

default choice.  There are several other choices available, also, as described in the help file of 

Mathworks.  The choice ode15s is particularly powerful for stiff systems (systems with an 

unusually broad or changeable range of eigenvalues). 

The choices for the accuracy measures made in the Options section largely affect the accuracy 

of the results of a simulation, but they also have some effect on the robustness of a simulation, 

so you might try reducing the allowed errors. 

As noted before, the frequent starting and stopping when the data compression mode is used 

can have a major beneficial effect of preventing large potentially fatal time steps from being 

used, making the simulation more robust.  Further, it stores nearly all the critical data up until 

any such failure occurs, allowing the user to focus on the specific problem without having to re-

run most of the simulation.  The downside is increased simulation time. 

7.5.  The  IRS element for general substances 

The file IRS.m computes the heat transfer and wall shear for general substances.  It is necessary 

that the data file for the substance of interest includes data that proscribes viscosity and 

thermal conductivity as well as the usual thermodynamic properties.  As of this writing this 

applies only to the refrigerant R12, which has been used to develop the software.  After a 

hopefully short trial period the author plans to secure data for the other general substances for 

which the thermodynamic properties are already given, and make the expanded data files 

available on the website.. 

The fluid temperature, specific volume, quality and so forth can vary radically along the length 

of a channel represented by a single IRS element.  The primary assumption of the lumped 

modeling is that at any given moment the temperature difference between the fluid and the 

wall of the channel, coded as TDavg, is uniform along its length, which means that the wall 

temperature itself varies considerably from one end to the other.  For the first of a set number 

of passes this temperature difference is nominally taken to be the same as for the previous 

time step.  A slightly different value is used for the second pass.  The further passes are made 

using iterative numerical Runge-Kutta corrections.  For each pass, a weighted average of the 

temperature difference between the fluid and the wall is computed, based on the heat and 

friction computed along the length of the channel.  This average is most complicated when part 

of the channel contains liquid, part contains a saturated mixture varying from pure liquid at one 
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end to pure vapor at the other, and pure vapor at the other end.  Relations for condensing heat 

transfer are adapted from Holman [8], and for boiling heat transfer are adapted from Kandlikar 

[10].  Values of TDavg and the heat transfer and the frictional pressure drop are passed from 

time step to time step to expedite convergence, using the symbols TDac, Qc and PWc. 

An additional assumption is that the mass flow rate is uniform along the channel.  The rate of 

change of this flow is addressed in the main program, using in part the wall friction pressure 

drops computed in IRS.m. 

The program treats the channel in six different sections according to the “state” of the fluid 

therein, as follows: 

State 1:  Pure liquid at the upstream end of the channel, with either increasing or decreasing 

fluid quality in the downstream direction. 

State 2:  Pure vapor or supercritical state at the upstream end of the channel, with decreasing 

quality or temperature in the downstream direction. 

State 3:  Saturated mixture, with decreasing quality in the downstream direction. 

State 4:  Pure liquid toward the downstream end of the channel, with decreasing quality in the 

downstream direction. 

State5:  Saturated mixture, with increasing quality in the downstream direction. 

State 6:  Pure vapor or supercritical state at the downstream end of the channel, with 

increasing quality or temperature in the downstream direction. 

An IRS element can contain any one of the six states exclusively.  It can also contain the 

following combinations of states: State1 and State 5; State 1, State 5 and State 6, State 5 and 

State 6, State 2, State 3 and State 4; and State 4 and State 5.  Special care is devoted to the 

interface between states, when the fluid quality passes through 0 or 1.  Whenever more than 

just State 1 is involved, a special calculation determines whether the fluid quality is decreasing 

(flagX=-1) or increasing (flagX=1) in the direction of the flow, thereby assigning the work to the 

proper State section.  (This calculation is coded after that for State 1 and before that for State 

2.)  The index of the IRS element being treated at any given point is I, and the number of pass is 

given as flagT.  The number of passess, currently set at 5, is specified in line 96 of IRS.m. 

For States 1, 2, 3 and 5, the changes in the state of the fluid are computed in effect by a 

numerical integration along the channel, which is divided into one to twenty-two subsections 

depending on the difference between the quality of the entering fluid and the quality that 

would effect a transition to a different State.  States 4 and 6 are treated relatively simply, since 
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the length of those downstream parts of the channel is known in advance and only a single fluid 

phase is present. 

Certain preliminaries are addressed in an opening section of the program, such as identifying 

which bonds contain the input and output flows of the various IRS elements, and correcting the 

prior values of TDavg when the flow direction suddenly reverses.  The final section of the 

program integrates all the potentially many different temperatures and heat flows from the 

various State regions to compute the new value of TDavg.  It also sums the component heat 

flows to determine the change in the enthalpy of the fluid emerging from the element 

compared with that of the entering fluid, and the rate of change of the state of the C element 

within the Ct element attached to the IRS element.  Further, it also sums the wall shear 

pressure drops for later use in determining the rates the rate of change of the mass flow in the 

IRS element. 

Hopefully the code is now robust enough for you not to experience a problem.  It is possible for 

the user to activate the displays of many different variables for purposes of troubleshooting, 

should that ever become desirable.  One display the author has found to be particularly helpful 

in his development of the code is that of presently suppressed lines 1263-1264 in IRS.m, which 

if activated display the contributions of the individual States to the overall heat transfer and 

wall shear pressure drop.  Please contact the author if you have a special need, or if you think 

this discussion should be expanded; it could be a large topic.  

As noted earlier, the default choice is five runs to compute TDavg for each section: two 

preliminary evaluations are followed by three numerical Runge-Kutta iterations.  Should greater 

accuracy be wanted (at the expense of a longer run time), the user may increase the number of 

runs on line 96 of IRS.m.  There is a slight danger that such an increase could cause a round-off 

error problem, although some protection against this is written into lines 1274-1277. 

7.6  Non-convergent iterations.  The most common cause of system crashes or hang-ups is 

iterations that fail to converge, possibly giving false complex numbers for the measure of error 

that is used in every iteration.  If the measures above do not successfully treat this problem, 

they usually can be treated successfully by reducing the rate of convergence, which in most 

cases, particularly those with a two-variables, is embodied in the parameter rr that is different 

for each of the many distinct iterations within convecTS.m, convRS.m, IRS.m and IRSliq.m.  The 

value rr=1 produces the most rapid convergence, but also has the greatest likelihood of failure.  

The value rr=0.1 is about the smallest that is tolerable.  In general, the smaller the value the less 

likely a failure will occur, but the more certain that the simulation time will increase.  Also, 

should a term in the measure of error be mistakenly set at zero, a failure is virtually certain. 
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The following table identifies the locations of such iterations within these files and the 

associated default values of rr chosen relatively conservatively by the author based on his 

experience.  The line number cited is the line with the command “while”, which starts the 

iteration.  Coding has been incorporated in most such potential cases to display an error 

message that pinpoints the location of the problem.  Armed with this knowledge, it is not 

difficult for the user to visit this location and change the value of rr or otherwise insert code 

that displays relevant information regarding the measure of error. 

Table of iterations and the default values of rr 

File name Line number Nominal value of rr 

convec6.m 395 1 

 507 0.2 

 622 0.2 

 662 0.5 

 696 NA 

 711 0.5 

 748 1 

 918 1 

 978 1 

 1035 0.5 

 1181 0.5 

 1298 0.5 

 1935 0.25 

convRS.m 86 NA 

 116 0.3 

 161 0.25 

IRSliq.m 95 1 

IRS.m 838 0.5 

 1192 0.25 

The program convecliq.m is not included in the table because its several iterations involve a 

single variable instead of two, and no convergence slower than the maximum is known to be 

necessary.  The lines that start these iterations with “while” are 384, 458, 480, 495, 606, 628 

and 721. 

A special problem may occur when wet air passes through an RS element.  A discontinuity in 

the value of the sonic speed c occurs when the quality of the water component passes through 
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1.00.  A correction is applied in line 183 of convRS.m.  It may need to be adjusted.  The 

discontinuity in c can be observed by activating the display on line 185. 

REFERENCES 

There are thousands of references regarding bond graphs, and relatively few regarding 

convection bonds and bond graphs or thermodynamic systems.  The following is a highly 

focused list. 

1.   The paper that introduces the THERMOSIM package, entitled “Improved Simulation of 

Thermodynamic and Other Systems Using a New Graphical Interface,” is be delivered at the 

ICBGM2014 conference in Monterey, CA, July 2014, sponsored by the Society for Modeling and 

Simulation International. 

2.  To download the many files and other information about THERMOSIM except for the 

BondGrapher, go to http://www.lehigh.edu/~ftb0/index.html.  Considerable other information 

about bond graphs and simulation is there also, including slides shown in the plenary session of 

the 2007 of the International Conference on Bond Graph Modeling (ICBGM 2007) entitled 

“Bond Graph Modeling and Simulation of Thermodynamic Systems”, which explains convection 

bonds and bond graphs from the more complex perspective that was pre-THERMOSIM. 

To acquire BondGrapher.exe and a couple ancillary files, for the present you are asked to email 

F. Brown directly at ftbmhb@aol.com.  He will ask you to agree to conventional minimal 

restrictions on the distribution of freeware, will send you any updates, and encourage you to 

inform him should you encounter any problems. 

3.  System Dynamics, 4th Ed., Modeling and Simulation of Mechatronic Systems, John Wiley & 

Sons, 2006, by D.C. Karnopp, D. L. Margolis and R. C. Rosenberg has with its other editions been 

the most popular textbook that employs traditional bond graphs.  

4.  The ten largely biennial ICBGM conferences and their proceedings, sponsored by the Society 

for Modeling and Simulation International, offers the greatest concentration of bond-graph 

literature over the past two decades. 

5.  An exposition of convection bond graphs and bond graph modeling in general, circa 2006, is 

given in the author’s textbook Engineering System Dynamics, A Unified Graph-Centered 

Approach, Second Ed., CRC Press, 2007. 

6.  The paper “Convection Bond Graphs,” J. Franklin Institute, v 328 n 5/6, 1991, pp. 871-886 

introduced the idea of convection bonds and bond graphs.  That issue of the JFI also included 

the greatest concentration of bond-graph information up to its date, although bond graphs 

originated in the mind of noted MIT professor Henry M. Paynter in 1959. 

mailto:ftbmhb@aol.com
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7.  The analytic expressions for the thermodynamic properties used in THERMOSIM were 

derived largely by the author from analytic models assembled by William C. Reynolds in the 

book THERMODYNAMIC PROPERTIES IN SI, by William C. Reynolds, Department of Mechanical 

Engineering, Stanford University, Stanford, CA, 1979.  Other sources are identified in 1. above. 

8.  Analytic models for heat transfer and wall shear in single-phase flow and condensing flow 
with two phases are taken from Holman, J.P. (1990) Heat Transfer, 7th Ed., McGraw-Hill, N.Y. 
1990. 

9.  Expressions for viscosity and thermal conductivity of the refrigerant R12 are taken from 
Stoeker, W.F. and Jones, F.W. Refrigeration and Air Conditioning, 2nd ed, McGraw-Hill, 1982. 

10.  The critical models for boiling heat transfer are adapted largely from Kandlikar, S.G. “A 
General Correlation for Saturated Two-Phase Flow boiling Heat Transfer Inside horizontal and 
Vertical Tubes,” Journal of Heat Transfer, ASME Trans.,  Feb. 1990, v. 112, pp 219-228. 

11.  Mahbod Heidari and Alfred Rufer, “Bond Graph Model of a New Reciprocating Air 
Compressor,”  Proceedings, 2014 ICBGM Conference, The Society for Modeling and Simulation 
International (SCS), Monterey, CA, July 2014. 

12. F. T. Brown, “Extension of Simulation Software for Thermodynamic and Other Systems 

Including Energy-Based Modeling,” ICBGM conference, SCS, Italy, July 2012. 
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      RSr  work-heat conversion  13-14, 23-24, 43, 
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      Se  effort source, simple  5, 6-7, 11, 13, 19, 
             24, 31, 40, 43, 47, 52, 57, 58, 64, 65, 68, 
             72, 73, 74, 76, 78  
      SeC  convection effort source  24-31, 38, 40,  
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            43, 52, 57, 59, 78 
      Sf  flow or heat source, 11-13, 22, 24, 43, 
            47, 52, 58, 59, 73, 76 
      Sq  heat source (alternate)  11, 31, 78  
      T  transformer  4-9, 22, 24, 31, 38, 40, 43, 
             47, 52, 57, 58, 59, 68, 72, 78 
Bond-graph elements, traditional, summary,  4 
bond-graph, pseudo  11-14, 19, 24, 31, 35, 43, 
             47, 52, 58, 59, 65 
bond-graph, Word,  70-71 
BondGrapher  33-38 
      data compression  option  36-37, 48, 54, 59- 
             -62, 74 
      Cf tab  38, 64-69 
      Custom tab  37, 42, 44, 45, 54 
      error report  36 
      Extra Variable tab  37, 38, 44, 45, 54 
      Initial state tabs 35, 36, 39, 47 
      Main screen of  34-35, 40, 47, 57, 58, 59, 70 
      Non-bond-graph use   74-77 
      Options screen  36, 41, 46, 54,  
      Parameter tab  35, 37, 40-41, 44, 49, 54, 66, 
            74, 76 
      Rules for constructing bond graphs  38 
      Sec tab  38, 76 
bond, activated  35, 70-74 
bonds, convection  14-26 
bonds for fluid flow, initial conditions for 35-36 
bonds, simple  4-5 
catapult, steam  4-8 
causality, causal stroke,  7-8 
compressor, air  22-26, 42-45 
compressor, finned  51-53 
compressor loop with R12  57-58 
DC motor  63-64 
Dymola  3 
 
 
 
 
 
 
 
 
 
 
 
 

efficiencies of machines, adiabatic and  
      volumetric,  22-23, 29, 47 
effort and flow  5-6 
electromechanical balance  67-70 
entropy  11-14, 19 
file structure  80 
fluid, alternative,  36, 47-48 
friction  13-14, 66, 72 
ground-effect machine (GEM) 38-42,73-74 
gyroscope   75-77 
half-arrows, power  6, 38 
heat conduction  11-14;  see also RSh  
heat-pump system  29, 31-32, 53-57, 81-83 
Help files  34 
hydraulic systems  1, 8-10, 17-21, 28-29, 46-50, 
       57-58 
integrating a state variable  72-73 
iterations, non-convergent  83-84 
lumped models  1 
Modelica  3 
MATLAB  33-34 
      ode  integrators  36, 79 
      plotting commands  59-62 
nonlinearities, programming  35, 37,38-40, 44, 
      49, 54,64-69, 73, 76, 77-79 
plots, drawing  59-62 
pump charging accumulator  17-21 
quality of water in air, 62 
references, annotated  85-87 
results, displaying,  59-62 
rockdrill  57 
Roots blower  59 
Solenoid  65-66 
spring, mechanical  9-11 
tank, charging  15-18 
troubleshooting  79-85 
Web page, author  33 


