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ABSTRACT

The paper focuses on the modeling of heat transfer in pneumatic systems. The main aim of this work is to represent these
phenomena during the charge or the discharge of a tank for complex circuit simulation or for the identification of
instantaneous mass flow rate.

In the first part, a macroscopic model will be proposed. It is based on the dimensional analysis theory. This approach
enables the main heat transfer mechanisms to be identified according to flow conditions, pressure levels and tank shape. A
relation between the corresponding dimensionless groups is then used to develop a general model for computing the heat
exchange coefficient according to the system state and geometry. The identification procedure is presented and the first
simulation results show good agreement between experimentation and theory.
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NOMENCLATURE O : heat [J]
Phvsical qm : mass flow rate [kg/s]
ysica constgnts . 5 S surface of heat exchange [m*]
g . acceleration of gravity [9.81 m/s*] T - static temperature (K]
¢, - specific heat at constant volume [717 J /(kg.K) ] L b
: U : internal energy [J/kg]
¢, . specific heat at constant pressure [1004 . /(kgK)] V- volume of the tank (']
. m
r . gasconstant (287 J/(kg.K) ] 0., 05, ¢ & heat exchange parameters
y . ratio of specific heat [1.4] A heat exchange coefficient (W /m*/K]
Physical parameters Mo VISC?SHY Lkg /(m.s)]
b . critical pressure ratio p : density [kg/m’]
C sonic conductance [m’ /(Pa.s)]
D : characteristic diameter [m] Dimensionless groups
. Nu : Nusselt number
k. conductivity (W /m] Gr : Grashof number
mecomass (kg ] Pr : Prandtl number
n: polytropic index Ra : Rayleigh number
P . static pressure [bard] Re : Reynolds number
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Exponents and indices

d : downstream
ext : environnement
in : inlet

out : outlet

ref : reference value
u  upstream

V : tank

W : wall of the tank

INTRODUCTION

In pneumatic systems, temperature is a critical variable
when modeling or characterizing pneumatic systems. It
influences not only the fluid properties but also the
system performances. It can be an important value to
predict the dynamic behavior of a system or to determine
the sizing of components such as compressor, cylinder
chambers, tanks, etc. However it is still difficult to
directly measure it in transient conditions. Indeed,
thermocouples do not enable measurements at high
frequencies due to their high time constant. Moreover, its
measurement is punctual while a macroscopic model
focuses rather on the equivalent homogeneous
temperature than on its spatial distribution. This leads to
many difficulties at the modeling stage and at the model
validation or experimental phases. The study of an
accurate macroscopic thermal model for a tank
constitutes the main purpose of the proposed paper.
There are here two modeling objectives. The first one
aims at implementing a model, which can be used to
identified the mass flow rate characteristic according to
the new proposal for characterizing orifices in transient
conditions [1], but using standard tanks [2]. The second
one is the simulation of complex circuits such as braking
systems for railway or heavy vehicles, for which the
sizing of energy storages (tanks) are depending on
official safety requirements. The presented work
investigates the discharge of a tank, and tries to analyze
the heat transfer problem. As the success of our first
objective is conditioning the applicability of the
development to simulation of complex pneumatic
circuits, the paper focuses mainly on the modelling of the
temperature transient in a conventional tank during
charge or discharge (Fig1). The dynamic behaviour
during the discharge process is then given by (3).
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Figure 1: Charge or discharge process in a tank.
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During the last decade, a method for characterizing the
instantaneous mass flow rate of pneumatic components
was developed by the Tokyo Institute of Technology and
is based on the charge or discharge of a tank. In 1996,
Kagawa and Kawashima [3] used an "isothermal" tank to
identify the mass flow rate through an orifice, assuming
the temperature variations are small and the mass flow
the same anywhere in the circuit [4]. This method is the
basis of the Japanese Standard (JISB8390) [5]. Assuming
an isothermal process, the mass flow rate is directly
given by the measurement of the pressure and its
derivative according to (1).

g =V B (1)
Myl dt

This interesting approach was then extended first to
identify the mass flow rate characteristic of a servovalve
in the frequency domain [6], second to introduce
correction terms considering the influence of the circuit
between the tank and the component to be characterized
[7], and third to analyze the influence of a temperature
correction term [8]. In fact, for an "isothermal" tank, the
process cannot be exactly isothermal if the pressure
gradient is over a certain value (about 1 par/s). Due to
this condition, the isothermal tank still shows some
limitations but when the size is well-adapted to the
circuit, it can efficiently be used for component
characterization and as a mass flow generator [1].

These works show also that for conventional tanks the
modelling of the heat exchange is essential in order to
reach a good precision when identifying the mass flow
rate characteristic of a component [9]. Polytropic models
(2) and models with a constant heat exchange coefficient
(4) do not enable the required precision to be reached.

_ v dp, )

e =" on(0) T (1) dr

Up to now, only a few works have tried to use
conventional tanks for identifying mass flow
characteristics. For example in 1989, assuming that the
process is isentropic for very fast discharge, Wencan and
de Las Hers proposed a first method [10, 11] but these
approaches are only usable in sonic conditions.
Benchabane was the first in 1994 to develop such a
method [12]. His work constitutes the basis of a French
standard NF E49-300 [13]. In this case, the polytropic
index » is adjusted according to the temperature
measured in the tank at any time. There were here
important limitations due to the size of the tank in order
to reach slow transient conditions and the need to equip
the tank with a fan air for temperature homogeneity. In
2004, Kuroshita [14] defined a method still using the
temperature measurement in the tank but enabling to
adjust the polytropic index from the initial and final



values of the temperature.

However, all these approaches show some drawbacks
such as the validation of the assumptions and their
sensitivity to flow conditions. Figure 2 shows clearly the
difficulty. It plots the instantaneous polytropic index and
the heat exchange coefficient according to time during
the discharge of a tank through the same circuit but
starting from different initial pressures. Therefore it
justifies the development presented here that uses a
physical approach to properly model the heat exchange
phenomena.
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Figure 2: Polytropic index and heat exchange coefficient
for different initial pressures in a discharge process.

In the first part, a macroscopic model will be proposed. It
is based on the dimensional analysis theory. This
approach enables the main heat transfer mechanisms to
be identified according to flow conditions, pressure
levels and tank shape. A relation between the
corresponding dimensionless groups is then used to
develop a general model for computing the heat
exchange coefficient according to the system state and
geometry. The identification procedure is presented and
the first simulation results are compared with
experimentation.
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THERMAL EXCHANGE MODELING

Considering the discharge of a tank (Fig.1), if the
chamber volume is large enough, the kinetic energy of
the fluid in the chamber can be neglected. The mass
conservation law and the energy conservation law enable
the complete description of the dynamic behaviour of the
gas in the chamber. Considering the heat exchanged with
the environment, without any mechanical work, the first
law of the thermodynamics can be applied to this opened
system. With the hypothesis of a perfect gas, and
assuming that, at any time, the pressure P, , the

temperature 7, and the density p, of the gas are uniform

in the chamber and equal to their mean value according
to space, the state model of the system can be described
by (3) using pressure and temperature in the volume as
state variables.
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Figure 3: Thermal exchange between tank and gas.

Environment

Generally, 3 types of heat transfer are considered [15]:

v radiation: the transfer of thermal energy is due to
absorption or emission of electromagnetic radiation
(it is the only mechanism without a material
medium);

v conduction: the heat transfer is due to molecular
movement inside the medium;

v convection: the heat transfer occurs between a solid
and a fluid in association with mass transfer.

It is thus necessary to study more precisely the heat

exchanges taking place between the gas in the tank and

the environment (Fig.3). Classical hypotheses used in

pneumatic chambers rely on the assumption that the

thermal conductivity and the heat capacity of the wall

material are sufficiently large compared with those of air,

the wall temperature is therefore considered as a constant

and the heat exchanged (4) can be described by a

convection heat transfer model expressed by the

Newton's Law using a convection coefficient 4.

(22 )

=A8(7T, -T,
2) =asin-1,)
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Benchabane [12] and Det [16] have tried different
approaches to obtain an evaluation of the heat exchange
coefficient 4 according to flow conditions. For example,
Det used the Eichelberg's model (5) [17], but this
improves only slightly the precision and requires a
calibration procedure for each circuit.

PT,
})Vre/ T Vre/

A=Y (5 )

CONVECTION PHENOMENA

The convection can be split in two phenomena according

to the phenomena influencing mass transfer:

v natural convection: it occurs when the mass transfer
is due to a temperature gradient;

v' forced convection: the mass transfer is here imposed
by a difference of pressure.

The dimensional analysis is used at the mascroscopic

scale for modelling physical phenomena depending from

several variables. For convection, it is shown that 3

dimensionless groups are required: Nusselt (Nu), Prandtl

(Pr) and Grashof (Gr) numbers. According to the

Buckingham's theorem [18], the relation between these

groups is then given by (6):

Nu= Q’Gr‘i‘ Pre (6)

The parameters ¢,5 and 6, are constants that can be

obtained experimentally by varying characteristic values
of the dimensionless groups defined as follows (7), (8),
and (9):

Nu =’7'7 Q)

Gr=g TR ®)
HT Ly

e ©)

r, =G'r/(Re)2 (10)

R, =GrPr (11

The main advantage of this approach relies on the
physical interpretation of the phenomena that are
associated to the dimensionless groups [15]:

v the Nusselt number corresponds to the ratio between
the heat power exchanged by convection and
conduction;

v' the Prandtl number characterizes the velocity
distribution versus the temperature distribution;

v the Grashof number is the ratio between the product

of Archimedes and inertial force, and viscous forces.
Combining these dimensionless groups, the main heat
exchange mechanism can be determined:
v’ the ratio r, (10) is used to determine the type of

convection phenomena:
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e if ,, «I, natural convection can be neglected,
e if », » 1, forced convection can be neglected,
o if r, = 1, both phenomena have about the same

magnitude, it is called mixed convection.

the Rayleigh number (eq.11) is also used for natural
convection modelling in order to determine the
transition between laminar (Ra <10°) and turbulent
convection (Ra > 10'"°).

In the case of the mass flow rate characterization [2] of a
component by discharge of a tank (Fig.4), the heat
exchange is essentially due to laminar natural convection
because the flow velocity is low inside the tank (small Re
number). Note that mixed convection may occur in
specific conditions such as high initial pressure, high
component sonic conductance, or small tank volume.

v

Fast on/off

Tank

Component to be
characterized

Figure 4: Experimental bench for mass flow rate
characterization using tank discharge.

IDENTIFICATION OF CONVECTION
COEFFICIENTS

The experimental bench (Fig.4) is used here for
characterizing the heat exchange phenomena. The
discharge of the tank is realized through a component
with a known mass flow rate characteristic obtained from
a direct mass flow rate measurement according to
I1SO6358:89 [19]. According to (12), deduced from (3),
measuring the pressure and the temperature in the tank
during the discharge allows the computation of the heat
transfer. The instantaneous heat exchange coefficient 4
is then computed from (13). Median filtering and under
sampling is applied to pressure measurement before
differentiation, and the temperature is obtain from partial
discharges of the same circuit according to the stop
method introduced by Kawashima [4].

o V dP,

(2] - teng, (8.1 (12)
,,
%)

__\ad), (13)
S(TV_TW)

The experimental results presented in the paper
correspond to the discharge of a 45 ¢ tank through a
component with a critical pressure ratio p=0.41 and a

sonic conductance C =3.3910"kg /(Pa.s)-
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Figure 5: Pressure and temperature during the tank
discharge.

Figure 6: Heat exchange coefficient during tank
discharge.

From the experimental data (Fig.5), the dimensionless
groups (Nu, Gr, Pr, and Ra) can now be computed.
Because the air viscosity shows low variations in the
range of temperature observed in this kind of application,
the Prandtl number can be considered as constant
(Pr=0.715) and according to (14) deduced from (6), the
parameters s and ¢’ can be identified.

In(Nu)=1n({")+8,In(Gr) (14)

with &= ¢ ppo

Initial

conditions

In (Gr)
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Figure 7: Nusselt number according to Grashof number.

Figure 7 presents the results obtained for several initial
pressures. They show clearly two domains. When the
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discharge starts, complex transitory phenomena occur for
a few seconds (A), and the proposed approach can not be
applied. However in zone (B), the results are in good
agreement with (14) and this part is used to identify the

parameters 9 and ¢ of relation (6).
VALIDATION AND MODEL ANALYSIS

The simulation model of the tank is consequently given
by (15):
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Figure 8: Simulation vs. experimentation when the initial
transitory effect is neglected.
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Figure 9: Simulation vs. experimentation when the
component is changed.
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Figure 10: Simulation vs. experimentation when the tank
volume is changed.
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The simulation model is firstly validated for the same
circuit as previously using the heat exchange parameters
obtained from zone (B). Figure 8 shows a good
agreement with experimental results. The modeling error
resulting from the approximation of the heat exchange
parameter when the discharge starts, has a low influence
on the representation of the temperature and pressure
change during the whole discharge.

Finally, if circuit (component) or tank is changed, the
results (Fig.9 and 10) from the simulation model are still
in good agreement with experimental data.

CONCLUSION

This paper has proposed a physical approach for
modeling heat transfer phenomena during the discharge
of a tank. The model is based on dimensional analysis.
This approach allows firstly the main thermal effect to be
characterized and the heat exchange parameters to be
identified from experimentation.

However the simulation results presented here are only
given for a single tank, the modeling approach has been
extended to other tanks using a shape factor ¢ that

modify the effective heat exchange area § in order to
take into account the tank shape changes (for example
the ratio between tank length and diameter). Moreover a
forced convection model has been now developed to
reach a better approximation of the global convection
phenomena (mixed convection) that are observed for
high flow rate and pressure level.

One of the main advantages of this modeling approach is
that it allows a proper evaluation of the heat exchange
coefficient according to different factors such as pressure,
temperature, flow conditions and tank shape.

Further works rely now on a rigorous model validation in
order to verify the shape factor £ and to evaluate the

influence of other parameters such as tank material
(conduction) and painting (radiation).
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