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Port-Based Modeling of Transport Phenomena
in 1-D Thermofluid Systems and
Object-Oriented Implementation

With the Modelica Language
Francisco M. Márquez , Pedro J. Zufiria , and Luis J. Yebra

Abstract—In this article, we present the physical founda-
tions and the development of a Modelica library with com-
ponents for modeling 1-D thermofluid systems. Modelica
was selected because it is an object-oriented modeling lan-
guage that facilitates the incremental design of the library.
Modelica also allows the modeling of acausal components,
where the input/output relation is defined by the boundary
conditions under which models are simulated. We model
single-substance systems that are macroscopically homo-
geneous, isotropic, and uncharged, which we call “simple
systems.” To model the behavior of these systems, we as-
sume the postulate of classical irreversible thermodynam-
ics. For the graphical representation of complex systems,
we utilize a modified bond graph symbology to enhance the
readability of the diagrams. We also implement the equa-
tions for viscosity and thermal conductivity to complete the
IAPWS-95 model of water, enabling its use as a fluid in the
piping systems presented in our examples.

Index Terms—Bond graphs, Modelica language, object-
oriented modeling, port-based modeling, thermofluid sys-
tems.

I. INTRODUCTION

THERMOFLUID systems are fundamental to the chemical,
energy, and process industries, playing a central role in
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processes, such as energy conversion, heat recovery, fluid trans-
port, and thermal regulation. Their importance is increasingly
evident in the context of the global transition toward clean,
sustainable, and economically viable energy solutions. Accurate
modeling and control of these systems are essential for opti-
mizing performance, improving energy efficiency, and reducing
environmental impact. A notable example is solar thermal power
plants, where accurately modeling the behavior of heat transfer
fluids (HTFs) within absorber tubes is critical to ensuring proper
control and efficient operation. Similarly, thermofluid modeling
plays a vital role in the design of heating, ventilation, and air
conditioning systems, which are essential for maintaining opti-
mal indoor environments in both large buildings and residential
settings. Moreover, the growing demand for high-performance
thermal management in emerging applications (such as the
cooling of data centers and cloud computing infrastructure)
underscores the need for robust modeling tools. These facilities
generate substantial heat loads and require precise control strate-
gies to ensure reliability, energy efficiency, and environmental
compliance.

In this article, we derive port-based thermofluid models
considering the phenomena of convective transport of mass,
momentum, and entropy, as well as their associated dis-
sipative phenomena. For the thermodynamic part, we will
follow the port-based approach to classical thermodynam-
ics and classical irreversible thermodynamics, as introduced
in [19].

A thermofluid system is generally composed of several sub-
systems with substances flowing through ducts, exchanging
mass, momentum, and energy with each other and with their
surroundings. Modeling and controlling the behavior of these
systems is not an easy task and necessarily requires a multidisci-
plinary approach with contributions from thermodynamics, fluid
dynamics, electromechanics, or control theory. This difficulty
justifies the approach and tools we have chosen to address
this problem: 1) the port-based formalism [8] for modeling
complex dissipative systems composed of simple subsystems
that store and exchange energy through interconnection ports,
2) the bond graph methodology [3] for their graphical repre-
sentation, and 3) the Modelica language [20] for their imple-
mentation and simulation. Our approach integrates the three
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abovementioned modeling tools, which until now have often
been used separately.

A. Literature Review

The work of Paynter [23] on the modeling of complex mul-
tidomain systems, focusing on energy storage and transfer be-
tween system components through bonds, can be considered an
early predecessor work to the idea of port-based systems. The
formalization of these concepts in terms of differential geometry
led to the definition of port-Hamiltonian systems [28]. In [3]
and [14], we find a detailed explanation of the bond graph
methodology and many examples of its application to model
multidisciplinary engineering systems. For a general introduc-
tion to port-Hamiltonian systems, we refer to [27], while a more
detailed explanation of the modeling and control of complex
systems using the port-Hamiltonian approach, accompanied by
illustrative examples, can be found in [8]. The modeling of
physical systems using both bond graph representation and
the port-Hamiltonian formalism shares fundamental elements
centered on the concept of energy exchange through power ports.
These power ports represent the interaction between compo-
nents via conjugate variables (effort and flow) whose product
corresponds to the exchanged power. Both approaches describe
system behavior by tracking energy flow and storage, ensuring
an explicit representation of interactions among components via
these ports. However, the bond graph method is primarily a
graphical tool that intuitively captures the structure and causality
of energy transfer, facilitating visualization and model construc-
tion. In contrast, the port-Hamiltonian formalism provides a
more rigorous mathematical framework based on differential
geometry, where Dirac structures formalize the interconnection
and energy exchange between system components. Notably,
bond graphs can serve as a practical graphical means to represent
port-Hamiltonian systems, combining rigorous theory with intu-
itive visualization. See [18] for a more comprehensive discussion
on these modeling approaches.

The latest revision of the Modelica language specification
can be found in [20]. The authors in [6] and [29] describe the
development of a Modelica library for modeling systems with
bond graphs. Two Modelica libraries dealing with the model-
ing of thermodynamic and fluid systems are Modelica.Fluid
and ThermoPower [5], where the authors propose an applied
orientation to the modeling of thermofluid systems and power
plants, with an important number of examples ready to be
simulated.

The axiomatic presentation of equilibrium thermodynamics
can be found in [4] and the treatment of classical irreversible
thermodynamics in [7]. Öttigner [22] presented the general equa-
tions for the nonequilibrium reversible–irreversible coupling
(GENERIC) formalism, where he developed the nonequilibrium
thermodynamics with Hamiltonian structure, and the authors
in [16] and [17] related the GENERIC formalism to the port-
Hamiltonian approach by starting from the concept of system
exergy.

Regarding transport phenomena, the standard references con-
sidered are [2] and [25]. Tosun [26] studied these phenomena
with a different approach since he started with the integral

balances (of momentum, energy, and mass) and then elaborated
on the microscopic balances (equations of change).

In order to address the modeling of complex nonequilib-
rium thermodynamic systems, the network theory of complex
systems, the bond graph representation, and the lumped-
parameter Hamiltonian formulation are explored in [21] and [24]
(under the denomination of network thermodynamics). As we
will show in this article, in the context of thermofluid systems,
control volume networks play a similar role in modeling com-
plex systems to those defined in network thermodynamics.

B. Contributions

In this article, we complement the thermodynamic part of
the library pHlib described in [19] for modeling thermofluid
systems by adding the transport phenomena related to fluid
motion. To justify the inclusion in the library of new components,
as well as the structure of some subsystems (e.g., pipes), we
make a preliminary study of the classical theory of thermofluid
systems, starting with the formulation of the evolution equations
in differential form and continuing with the integral form (called
integral balances). We use the latter equations to obtain lumped-
parameter models of components (control volumes) that we will
interconnect in order to model complex thermofluid systems.

In the thermal domain, port-Hamiltonian and bond graph
modeling use entropy and entropy flow rate as state and flow
variables, respectively. Therefore, as an alternative to consider-
ing the usual balances in the modeling of thermofluid systems
(mass, momentum, and energy), we have paid attention to the
entropy balance instead of the energy balance. We have thus
obtained general expressions for entropy transported by con-
vection, generated by viscous friction, and by heat conduction.
These expressions, together with mass and momentum balance,
have been incorporated into the generic model of a control
volume with two ports for exchanging matter (with information
related to mass, volume, momentum, and entropy) and one port
for exchanging heat (with information related to entropy).

In this article, we extend the thermodynamic model for
generic substances to the thermofluid domain by adding
the transport properties (viscosity and thermal conductivity).
The object-oriented design of the library pHlib has facili-
tated this task since it was sufficient to extend the initial
class SingleSubstance defined in the package Thermodynam-
ics.Substances.Partial and add two new equations to each sub-
stance. With this extension, we have completed the formulation
1995 for the thermodynamic properties of water for general
and scientific use (IAPWS-95 [13]). The implementation of the
IAPWS-95 model is particularly interesting because it allows
establishing comparisons of accuracy and simulation execution
time with the IAPWS-IF97 [10] model implemented with Mod-
elica Standard Library (MSL).

We have also extended and adapted to the thermofluid domain
the set of graphical symbols derived from the bond graph repre-
sentation. These symbols facilitate the creation of models with
the graphical user interface of Modelica.

For performing simulations and comparing pHlib with MSL,
we have implemented a pipeline model working in turbulent
flow regime. This model extends the general two-port control
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volume model and is parameterized with the pipe’s geometrical
properties and position. To calculate the integral entropy bal-
ances, we assume a perfect mixing of the fluid (this assumption is
usual in turbulent flows), and we have also applied the customary
correlations for the friction factor (Colebrook correlation [26,
eq. (4.5-9)]) and the heat transfer coefficient (Dittus and Boelter
correlation [26, eq. (4.5-26)]).

II. EVOLUTION EQUATIONS FOR MASS, MOMENTUM, AND

ENTROPY IN THERMOFLUID SYSTEMS

For a system modeled as a network of connected control
volumes, the conservation, transport, and production of the
main physical quantities must be considered. In single-substance
thermofluid systems, these quantities are typically mass, mo-
mentum, and energy. However, in the context of energy-based
port modeling approaches, such as port-Hamiltonian and bond
graph formalisms, the thermal domain is described using the
entropy S as a state variable and the conjugate pair 〈T |Ṡ〉 =
〈temperature|entropy flow rate〉 to define ports for energy trans-
fer. This approach contrasts with common industrial practice,
where entropy modeling is often avoided due to its mathematical
complexity, leading instead to the use of pseudobond graphs
based, for example, on heat and heat flow rate (see [3, Sect.
10.1] and [14, Sect. 12.5]). While such approximations may
simplify implementation, they sacrifice the formal structure of
the underlying port-based framework. We, therefore, present
the evolution equations for mass, momentum, and entropy
in a unified and port-compatible formulation, employing the
standard notation of the transport phenomena literature (see
[2, Appendix A]).

Transport phenomena are molecular and are modeled through
partial differential equations in three independent space vari-
ables and time, called evolution equations. To complete the
model, we need the constitutive equations, “which serve to
distinguish different types of material behavior” [9, p. 115].

The evolution equation of the extensive variable F (r, t), (r ∈
Ω ⊂ R3, t ∈ R), expressed from its density f(r, t) = dF/dV is

∂f

∂t
+∇ ·Φf = qf + sf (1)

where Φf is the flux of F (amount of F which flows per
unit surface and unit time), qf (r, t) is the rate of produc-
tion/consumption per unit volume of the quantityF (e.g., density
of energy produced or consumed by chemical reaction), and
sf (r, t) is a long-range process density from the surroundings
(e.g., radiation, gravity, etc.).

From the quantities defined in Table I, our proposal consists
in deriving the evolution equations for mass (2), momentum (3)
(see [2, Ch. 11]), and entropy (4) (see [25, Ch. 5]), as an alterna-
tive port-based formulation to the standard ones that explicitly
consider the energy

∂�

∂t
+∇ · (�v) = 0 (2)

∂�v

∂t
+∇ · (�vv + pI+ τ ) = �g (3)

TABLE I
QUANTITIES FOR THE EVOLUTION EQUATIONS (2)–(4) OF SINGLE

SUBSTANCE THERMOFLUIDS SYSTEMS

TABLE II
CONSTITUTIVE EQUATIONS FOR SINGLE SUBSTANCE THERMOFLUID

SYSTEMS [15, PP. 45 AND 192]

∂�s

∂t
+∇ ·

(
�vs+

1
T
jq

)
= − 1

T 2
(jq · ∇T )

− 1
T
(τ : ∇v) +

1
T
qr. (4)

Table II gives the constitutive equations that complete the
model of the system. If we do not have enough constitutive
equations, the model will have more unknowns than equations
(indeterminate system). In this case, experimental information
usually referred to as “experimental correlations” is used; it is
rather common that such experimental information is limited
to a specific geometry of the control volume Ω(t) where the
equations are defined.

To study transport phenomena at a “macroscopic level” in
practical engineering applications, the evolution equations are
integrated in each control volume that exchanges mass, mo-
mentum, and entropy with the environment. In the following
section we derive the “integral balances” that allow to obtain
lumped-parameter models of dynamic systems described by
ordinary differential equations (see Sections III-A–III-C). From
these equations, we will identify the state variables, as well
as the effort and flow variables, of a port-based model of the
thermofluid system (see Sect. III-D).

III. INTEGRAL BALANCES FOR THERMOFLUID SYSTEMS

The evolution (2)–(4), the constitutive equations of the in-
volved materials (see Table II), and the boundary conditions
altogether characterize a thermofluid system, but their solution
has to be found usually by numerical methods, either because
the geometry of the volume Ω is so complex that it is not easy
to define the conditions at the boundary ∂Ω, or because the
constitutive equations are nonlinear.

Fortunately, for many engineering applications, it is not nec-
essary to know all variables at each point of the volume Ω,
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so it is sufficient to decompose the system into a network of
connected control volumes and characterize each volume with
a set of lumped parameters.

The integration of (2)–(4), by applying the Ostrogradsky–
Gauss theorem and the Reynolds’ transport theorem [9, p. 78]
to a time-dependent volume Ω(t) (with a boundary ∂Ω(t) that
moves at velocity vA), leads to a set of ordinary differential
equations that provides a macroscopic description of the system

ṁ =
d

dt

∫
Ω

�dV =

∫
∂Ω

�[vA − v] · dA (5)

Ṗ =
d

dt

∫
Ω

�vdV =

∫
∂Ω

�v ([vA − v] · dA)

−
∫
∂Ω

{pI+ τ} · dA+

∫
Ω

�gdV (6)

Ṡ =
d

dt

∫
Ω

�sdV =

∫
∂Ω

�s[vA − v] · dA

−
∫
∂Ω

1
T
jq · dA−

∫
Ω

1
T 2

(jq · ∇T )dV

−
∫
Ω

1
T
(τ : ∇v)dV +

∫
Ω

1
T
qrdV. (7)

In the following sections we compute the vector fields for
each one of these rate equations.

A. Mass Flow Rate

The vector [vA − v] represents the velocity of the boundary
∂Ω relative to the fluid. The fluid enters the control volume if
[vA − v] · dA > 0, and leaves it if [vA − v] · dA < 0. If we
consider the specific quantity x = X/m and decompose the
boundary∂Ω intoN parts∂Ω1...N through which the fluid enters
or exits, then the integral

∫
∂Ω �x[vA − v] · dA represents the

flow rate of X transported by the incoming and outgoing fluid
(convective flow rate). This is the case for mass transport (5)
in a thermofluid system with N ports with boundaries ∂Ω1...N ,
such that vA − v = 0 at the boundary ∂Ω0 = ∂Ω\⋃ ∂Ω1...N

[Assumption (i)]

ṁ =

∫
∂Ω

�[vA − v] · dA

=
∑

i∈1...N

∫
∂Ωi

�[vA − v] · dA =
∑

i∈1...N

ṁi. (8)

If we call v∂Ωi
the average of the velocity [vA − v] at the

boundary ∂Ωi (more details on area averaging of quantities
in [25, Ch. 4 and 7]), and assume that: (ii) ∂Ωi is a plane
with constant cross section Ai, (iii) the fluid enters or leaves
orthogonally each plane ∂Ωi, and (iv) the density �i is uniform
in the boundary ∂Ωi, then (see Fig. 1)

ṁ =
∑

i∈1...N

�iv∂Ωi
·Ai. (9)

B. Rate of Change for Momentum

The first term of (6) is the convective part Ṗconv of the rate
of change for momentum Ṗ. If we call vi the average of the

Fig. 1. Control volume Ω with N ports. It should be noted that vA −
v = 0 in ∂Ω0 (outside the ports).

fluid velocity at the boundary ∂Ωi and we keep the assumptions
(i)–(iv) of the previous paragraph, then

Ṗconv =

∫
∂Ω

�v ([vA − v] · dA)

=
∑

i∈1...N

ṁivi =
∑

i∈1...N

Ṗconv,i. (10)

The second term of (6) accounts for the molecular transport
contribution Ṗmolec to the rate of change for momentum. In
practical applications, it is common to assume: (v) area-averaged
pressure pi at cross section of each port ∂Ω1...N and (vi) zero
viscous forces (or neglected in comparison with the pressure
forces) on ∂Ω1...N . Under assumptions (i)–(vi), we can write

Ṗmolec =

∫
∂Ω

{pI+ τ} · dA

=
∑

i∈1...N

∫
∂Ωi

pdA+

∫
∂Ω0

{pI+ τ} · dA

=
∑

i∈1...N

piAi +

∫
∂Ω0

pdA+

∫
∂Ω0

τ · dA

=
∑

i∈1...N

Ṗpress,i + Ṗpress,0 + Ṗvisc,0. (11)

The third term of (6)

Ṗgrav =

∫
Ω

�gdV = mg (12)

accounts for gravitational contribution to the total rate of change
for momentum, leading to

Ṗ = Ṗconv − Ṗmolec + Ṗgrav

=
∑

i∈1...N

ṁivi −
[ ∑
i∈1...N

piAi + Ṗpress,0 + Ṗvisc,0

]
+mg.

(13)

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



MÁRQUEZ et al.: PORT-BASED MODELING OF TRANSPORT PHENOMENA IN 1-D THERMOFLUID SYSTEMS 5

C. Entropy Flow Rate

The first term of (7) is the convective part of the entropy flow
rate. If we keep the previous assumptions (i)–(vi), and assume
area-averaged specific entropies s1...N at boundaries ∂Ω1...N

[Assumption (vii)], then

Ṡconv =

∫
∂Ω

�s[vA − v] · dA =
∑

i∈1...N

si (�iv∂Ωi
·Ai)

=
∑

i∈1...N

ṁisi =
∑

i∈1...N

Ṡconv,i. (14)

The second term of (7) is the entropy flow rate by heat conduc-
tion through the system boundary. If we assume area-averaged
temperatures T1...N on ports ∂Ω1...N [Assumption (viii)] in
addition to assumptions (i)–(iv), then

Ṡcond,∂Ω = −
∫
∂Ω

1
T
jq · dA

=
∑

i∈1...N

∫
∂Ωi

λ

Ti
∇T · dA+

∫
∂Ω0

λ

T
∇T · dA

=
∑

i∈1...N

Ṡcond,i + Ṡcond,0. (15)

The third and fourth terms of (7) correspond to the generation
of entropy inside the control volume, and both terms are positive.
Indeed, the third term is due to heat conduction, and the integrand
is a positive quantity

Ṡcond,Ω = −
∫
Ω

1
T 2

(jq · ∇T )dV =

∫
Ω

λ
|∇T |2
T 2

dV ≥ 0 (16)

and the fourth term is the entropy produced by viscous dissipa-
tion, and the integrand − 1

T (τ : ∇v) is also positive (see [2, p.
82])

Ṡvisc = −
∫
Ω

1
T
(τ : ∇v)dV ≥ 0. (17)

The last term of (7), Ṡqr =
∫
Ω

1
T qrdV , is the entropy flow

rate by the long-range processes from the surroundings, and no
further simplification will be made at this time. In summary

Ṡ =
∑

i∈1...N

ṁisi + Ṡcond,∂Ω + Ṡcond,Ω + Ṡvisc + Ṡqr . (18)

We can now identify the state, effort, and flow variables of
a port-based model of the thermofluid system, as shown in the
next section.

D. Port-Based Variables

According to the definition of power port (see [18,
Def. 1]), for thermofluids systems, joining the thermodynamic
part (see [19, Sect. IV.A]) and the transport part [see (5)–(7)], the
state variables used to define the lumped port-based models are
x = (P, S, V,m) ∈ R3 × R3

+ (where R+ = {z ∈ R : z > 0}).
Based on the previous analysis, the total energy E of a system,
the flow variable ẋ, the effort variable dE, and the energy flow

Listing 1: Thermofluids.Interfaces.

rate Ė are

E : R3 × R3
+ → R

ẋ = Ṗ · ∂P + Ṡ∂S + V̇ ∂V + ṁ∂m ∈ T (R3 × R3
+)

dE =
∂E

∂P
· dP+

∂E

∂S
dS +

∂E

∂V
dV +

∂E

∂m
dm

= v · dP+ TdS − pdV + gdm ∈ T ∗(R3 × R3
+)

Ė = 〈dE|ẋ〉 = v · Ṗ+ T Ṡ − pV̇ + gṁ. (19)

IV. MODELICA IMPLEMENTATION OF 1-D THERMOFLUID

SYSTEMS

In this section, we develop and add the package Thermofluids
to the library pHlib for modeling 1-D thermofluid systems.
Taking advantage of the inheritance mechanism offered by the
Modelica language, we have declared new classes that extend
the classes defined in the packages Dirac, pHS [18], and Ther-
modynamics [19].

A. Power Ports and Bonds

To model the energy transport in a thermofluid system, we
need ports and bonds related to the mechanical energy, in addi-
tion to those already defined in thermodynamic systems for the
internal energy [see (19)]. Listing 1 shows these new ports and
bonds defined in the package Thermofluids for modeling 1-D
thermofluid systems.

Fig. 2 shows the symbols used for graphical representation
of bonds, sources, storage elements, and other elements defined
in the package Thermofluids. These symbols facilitate the com-
position of complex systems with the Modelica drag-and-drop
graphical user interface.
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Fig. 2. Symbols added to pHlib: kB1 (kinetic bond), thfB1 (4-D ther-
mofluid bond), K1 (kinetic energy storage element), hfr1 (heat flow rate
source), S_cond (thermal conductor), S_visc (viscous resistor), source1
(fluid source), pipe1 (pipe), and sink1 (fluid sink).

Listing 2: Thermofluids.Substances.Partial.SingleSubstance.

B. Transport Properties of Single Substances

The class SingleSubstance (see Listing 2) incorporates the
transport properties (viscosity μ and thermal conductivity λ),
in addition to the thermodynamic properties that are modeled in
the class Thermodynamics.Substances.Partial.SingleSubstance,
from which it is derived. Both classes are partial classes that we
will use as templates to define derived classes for modeling the
properties of specific substances.

C. Transport Properties of Water

The class WaterIAPWS95 (see Listing 3) extends Sin-
gleSubstance and Termodynamics.Substances.WaterIAPWS95
(see [19, Listing 12]), and models water transport properties de-
scribed in [11] for viscosity and in [12] for thermal conductivity.
This implementation has been validated with the computer pro-
gram verification test values given in [11, Table 4] for viscosity
with μ̄2 = 1 and [12, Table 4] for thermal conductivity with
λ̄2 = 0.

D. Storage Elements

Thermodynamics.Storage.InternalEnergy [19, Listing 4] is
the base class for Thermofluids.Storage.InternalEnergy and, as

Listing 3: Thermofluids.Substances.WaterIAPWS95.

we can see in Listing 4, the set of substances we can choose
to model the internal energy behavior of the control volumes
that make up a thermofluid system is constrained by the class
SingleSubstance (see Section IV-B).

To model the kinetic energy, we define the class Kinet-
icEnergy (see Listing 5), which extends pHS.Storage.C [18,
Def. 23].
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Listing 4: Thermofluids.Storage.InternalEnergy.

Listing 5: Thermofluids.Storage.KineticEnergy.

E. Rigid Two-Port Control Volumes

Ducts are essential components for transporting substances in
a thermofluid system. For example, in a parabolic trough solar
thermal power plant, the absorber tubes are the elements through
which the HTF flows and where the electromagnetic energy from
solar radiation is transformed into the internal energy of the fluid.
Pipelines are the conduits used in these installations and can be
modeled as control volumes with two ports called port 1 (or inlet
port) and port 2 (or outlet port).

Fig. 3 shows the components and bonds of the partial class
TwoPortsKU that models a CV with a fixed boundary and,
therefore, constant volume.

TwoPortsKU implements the integral balance (8)–(13)
and (14)–(18), and consists of the following elements.

1) The storage elements U1 and K1 for internal and kinetic
energies, respectively.

2) The four-port slicers slc1 and slc2 that separate the 4-D
thermofluid port1 and port2 into four 1-D ports (thermal
port #1, pressure port #2, mass port #3, and kinetic port
#4).

3) The 000-junction j1 used to connect internal energy
storage elements.

4) The 0-junctions j6, j8, and j12, and the gyrators gY1 and
gY2 that take into account the terms

∑
i∈1...N Ṗpress,i

[see (11)] and Ṗgrav [see (12)]. For a two-port CV

−(Ṗpress,1 + Ṗpress,2) = −(p1A1 + p2A2)

= (p1A1 − p2A2)n1→2

wheren1→2 is a unit vector in the flow direction port1 →
port2. We do not consider the term Ṗpress,0 =

∫
∂Ω0

pdA
in the model because it has a zero value in a CV with
radial symmetry and equal pressure in each section of
Ω. This is the case for an ideal pipe but it must be taken
into account in elements where there is a change of flow
direction, such as bends and T-junctions.

The term Ṗgrav is calculated by the modulated source
p_grav, depends on the position of the CV, and will
be evaluated when extending TwoPortsKU in a derived
class.

5) The modulated mass flow rate generator mmfr1 that
calculates ṁ2. In ducts, such as pipes, ṁ2 is calculated
as a function of Δpequiv = p1 − p2 − �L|g| sinα [2, p.
50], and this value is available in the pressure sensor
delta_p.

6) The modulated gyrator mGY1 that calculates the fluid
outlet velocity |v2| = ṁ2/(�A2) as a function of the
mass flow rate ṁ2.

7) The dissipative element S_visc that calculates Ṡvisc

[see (7)] based on the mass flow rate ṁ2.
8) The modulated thermal conductors S_cond_0 and

S_cond_Omega that implement (15) Ṡcond,0 and (16)
Ṡcond,Ω, respectively. The conductance of both conduc-
tors depends on the CV geometry and will be defined
when extending TwoPortsKU in a derived class. Port3 is
a thermal port for connecting an external heat source.
The implementation of class MGS is shown in [19,
Listing 15].

9) The modulated transformers mTF1 and mTF2 that cal-
culate the convective part Ṡconv,2 = ṁ2s2 of the outlet
entropy flow rate [see (14)].

10) 0-junctions, 1-junctions, and bonds for connecting the
previous components.

F. Rigid Pipes

Pipes can be modeled as circular cross-section, two-port con-
trol volumes. We have implemented the Modelica code of class
PipeTurbulentKU that extends class TwoPortsKU and models
the behavior of a turbulent flow through a constant volume pipe.
We implement the turbulent flow model because it is the most
frequent in industrial thermofluid installations. In the case of
solar thermal power plants, it is necessary to work in a turbulent
regime to favor heat transfer to the HTF.

The parameters that define the geometry and position of a
pipe are diameter D, length L, roughness ε of the surface ∂Ω0,
and angle α of horizontal elevation. In each instance of the class
PipeTurbulentKU, it is also necessary to specify the substance
and the initial state (T0, S0, and �0) of the storage element U1.

For completing the model of a pipe, it is necessary to extend
the partial class TwoPortsKU with equations for ṁ2, f (friction
factor), Ṡvisc, Ṡcond,0, Ṡcond,Ω, and Ṗgrav. The last one depends
on the pipe horizontal elevation α and produces the equivalent
pressure

pgrav = −�L|g| sinα. (20)

To calculate ṁ2, we use the correlations for a steady-state
turbulent flow in pipes (see [26, Sect. 4.5])

ṁ2 = �

√
π2D5|Δpequiv|

32�Lf
(21)
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Fig. 3. Port-based model of a rigid two-port control volume. In the case of pipes with circular cross section, this model is associated with the pipe
icon shown in Fig. 2. This helps users to build systems, such as the one represented in Fig. 5, using the drag-and-drop functionality of Modelica
graphical editors.

and the friction factor f is computed from the Colebrook corre-
lation [26, eq. (4.5-9)]

1√
f
= −4 log

(
ε/D

3.7065
+

1.2612

Re
√
f

)
, Re =

4ṁ2

πμD
. (22)

S_visc is an RSmu dissipative component that extends the
class pHS.Dissipative.RS (see [18, Remark 26]) and adds to
the thermal domain the entropy flow rate Ṡvisc calculated as a
function of ṁ2 and the friction factor f (see [1, eq. (14)])

Ṡvisc =
32Lṁ3

2f

�2TD5
. (23)

In thermofluid systems, the temperature is a quantity with a
very slow transient compared to pressure, fluid velocity, or mass
flow rate. Therefore, assuming steady-state conditions for the
mass flow rate is suitable for modeling the transient temperature
response.

For calculating the conductance G(Ṡcond,Ω) of the component
S_cond_Omega, we assume perfect mixing conditions in the
fluid, which simplifies the evaluation of (16) with the following
approximation:

Ṡcond,Ω =

∫
Ω

λ
|∇T |2
T 2

dV
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Fig. 4. MSL model of a system with one source of flow (source1), six
heat sources (hfr1...6), six pipes (pipe1...6), and one sink (sink1).

Fig. 5. Implementation with pHlib of the piping system previously mod-
eled with MSL (see Fig. 4).

≈
∫
Ω

λ
|(T1 − T2)/L|2

T1T2
dV =

λV

L2

(T1 − T2)
2

T1T2

and comparing with [19, eq. (96)]

G(Ṡcond,Ω) =
λV

L2
=

λπD2

4L
. (24)

To calculate the conductance G(Ṡcond,0) of the component
S_cond_0, we apply the Dittus–Boelter correlation [26, eq.
(4.5-26)] to determine the heat transfer coefficient for turbulent
flows in pipes

ΔTch = T01 − T1(see [2, eq.14.1 − 2])

Nu = 0.023 Re4/5
0.4
Pr, Pr = cpμ/λ

h =
λ Nu
�ch

=
λ Nu
D

(25)

U̇cond,0 = hA0ΔTch(see [2, eq.14.1 − 1]) (26)

and comparing with [19, eq. (95)],

G(Ṡcond,0) = hA0. (27)

V. EXAMPLES

The examples in this section have been processed and sim-
ulated with Dymola running in a Windows 10 PC computer
configured with a 3.40 GHz Intel Core i5-7500 CPU and 32 GB
of memory.

Fig. 4 shows the MSL model of a system with one source of
flow (source1), six heat sources (hfr1...6), six pipes (pipe1...6),
and a sink (sink1). Fig. 5 shows the same piping system modeled
with pHlib. The system is parameterized to perform simulations
where we can define the following:

(a)

(b)

Fig. 6. Evolution of (a) water temperature and (b) relative error in
pipe1...6 during a one-and-a-half-hour simulation for the pHlib model of
Fig. 5. Source1 injects a flow of 1 kg/s at 60 ◦C into pipe1, and hfr1...6
do not inject heat.

1) pipes geometry, position, and flowing substance;
2) source mass flow rate and temperature;
3) sink temperature and pressure;
4) heat flow rate of the heat sources.

Fig. 6 shows the temperature evolution of water in the
aforementioned six-pipe test system during one-and-a-half hour
simulation of the MSL and the pHlib models. The simulation
parameters are as follows:

1) source1 injects a flow of 1 kg/s of water at 60 ◦C into
pipe1;

2) pipe1...6 are ideal pipes (ε = 0) in horizontal position
(α = 0), 20 cm diameter, 10 m long, and initially filled
of water at 20 ◦C;

3) sink1 is at 20 ◦C, 1 bar pressure;
4) the sources hfr1...6 do not inject heat into the

pipes;
5) water properties have been modeled with IAPWS-

IF97 in the MSL model and IAPWS-95 in the pHlib
model.
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(a)

(b)

Fig. 7. Evolution of (a) water temperature and (b) relative error in
pipe1...6 during a one-and-a-half-hour simulation for the pHlib model of
Fig. 5. Source1 injects a flow of 1 kg/s at 20 ◦C into pipe1, and hfr1...6
inject a 1000 W/m2 heat flux each one.

Fig. 7 shows the results of the simulation with the following
changes in the boundary conditions:

1) source1 injects the same flow but at 20 ◦C;
2) hfr1...6 inject a 1000 W/m2 heat flux into pipe1...6.

As we can see, both models show qualitatively similar be-
havior. For quantitative comparisons, we have taken MSL as a
reference and calculated the relative errors of the pHlib model
with the expression

error%(TpHlib) =
|TMSL − TpHlib|

|TMSL| × 100. (28)

Table III summarizes the results obtained when measuring
the simulation times for models developed using both libraries
across two scenarios while varying the number N of pipes
in the system. In the first scenario, where water is injected
at 60 ◦C without any applied heat flux, the average simula-
tion time for models built with pHlib is approximately 3.12
times higher than that of the equivalent MSL-based models. In
the second scenario, involving water injection at 20 ◦C along

TABLE III
EXECUTION TIMES (IN SECONDS) COMPARING PHLIB WITH MLS

with a heat flux of 1000 W/m2, the computational overhead
decreases, with pHlib-based models taking on average 1.62
times longer than those using MSL. The observed performance
difference can be attributed to the fact that pHlib relies on the
IAPWS-95 formulation for the fundamental equation of wa-
ter, whereas MSL employs the simpler IAPWS-IF97 standard.
While IAPWS-95 is computationally more demanding, it offers
a significant modeling advantage: it provides a single, contin-
uous, and differentiable equation valid over the entire range
of thermodynamic states. This contrasts with IAPWS-IF97,
which is segmented into five regions and may experience chat-
tering phenomena, especially in systems with dynamic region
changes.

VI. CONCLUSION AND FUTURE WORKS

In this work, we have developed components that model
the transport properties of simple substances. These properties,
together with their thermodynamic properties, allow us to build
port-based models of thermofluid systems for industrial applica-
tions. In a particular case, we have modeled the behavior of water
as a heat transfer fluid and used it in a piping system operating
in a turbulent regime.

When comparing pHlib models (using the IAPWS-95 im-
plementation for water) with MLS models (using the IAPWS-
IF97 implementation), we have seen that they exhibit the same
qualitative behavior and that the relative errors depend on the
dominant excitation. For example, when injecting a water mass
flow at 60 ◦C in a six-pipe system, transient temperature errors
are less than 0.2%, and steady-state errors tend to zero, while
when injecting a heat flux of 1000 W/m2, transient errors are
almost zero, and steady-state errors do not exceed 0.008% . With
these results and accounting for the average execution time ratio
of both simulations (tpHlib/tMSL ≈ 3.12 for the first scenario and
tpHlib/tMSL ≈ 1.62 for the second one), we can conclude that our
models with IAPWS-95 can be used in real-time applications
for control or implementation of digital twins. Regarding model
complexity, we note that both implementations are comparable
in terms of the number of state variables in the computational
models generated by Dymola. The results obtained encourage us
to continue working on the library enhancement to add new phe-
nomena to thermofluid systems modeling (e.g., radiation effects,
external convection, bend resistance, and entropy generation
in T-junctions) and thus undertake the modeling of complex
systems.
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