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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

In the pursuit of an increasing cleaner fuel, methane represents a widely-employed solution for vehicles. The lower emissions, if
compared to gasoline or diesel fuel, makes it an attractive opportunity in tackling transport-related pollution. Methane-powered
vehicles are indeed often excluded from driving bans, pushing the demand for such kind of car. Methane is usually stored on board
in tanks filled with pressure up to 20 MPa. The fuel injection systems for methane feeding usually work at pressure lower than
1 MPa (around 0.7 MPa). This difference demands a pressure-reducing valve to be installed to adjust the pressure and the fuel
flow rate as required by the driver. This component and its design in hostile condition is the object of this study. Particularly, in
automotive applications, the fluid operates not far from the critical point and therefore the behavior should be modelled with a real
gas approach. In such light, it is immediate to note that, by the throttling procedure, the temperature of the gas drops. In addition
to the acceleration of the flow, the Joule-Thomson effect related to the non-ideality of the fluid lowers the static temperature of
the gas itself during the expansion. If this is combined with particularly cold environmental conditions, the material of the seals
may fail entailing gas leakage. In this work, an integrated numerical and experimental study of methane fluid and thermodynamic
conditions when passing through the valve orifice is reported. Extreme environmental conditions have been numerically tested,
comparing and validating the results with experiments. The numerical simulations have been carried out with the open-source
software suite OpenFOAM-v1712. The capability of real gas modelling has been extended by implementing a new thermophysical
strategy based on the CoolProp set of libraries.
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1. Introduction

Road transport is acknowledged to be one of the major causes of air pollution. In 2015, the transport sector con-
tributed to the 21 % of the greenhouse emissions (without considering aviation and maritime transports)[2] and to the
40 % of the PM2.5. Emissions need to fall by around two thirds by 2050, compared with 1990 levels, in order to meet
the long-term 60 % greenhouse gas emission reduction target as set out in the 2011 Transport White Paper [12]. The
engagement in reducing such source of pollution is testified by the several policies conducted by the European Union,
for example improving fuel quality [5]. The fuel quality directive, requires a reduction of the greenhouse gas intensity
of transport fuels by a minimum of 6% by 2020. Together with the Renewable Energy Directive [4], it also regu-
lates the sustainability of biofuels. Among the others, the latter directive pushed researchers and industry to look into
cleaner fuels to power vehicles. Nowadays, one of the most spread propellant is natural gas [3]. The lower emissions,
if compared to gasoline or diesel, makes it an attractive opportunity in tackling transport-related pollution.

The employment of such fuel entails extra care from the design standpoint. Methane (or rather Compressed Natural
Gas, CNG) is usually stored on board in tanks, with pressure up to 20 MPa. Such high pressure vessel is separated
from the fuel injection systems by a pressure-reducing valve. This valve is required since the methane feeding system
usually works at pressure lower than1 MPa (around 0.7 MPa), and thus pressure needs to be reduced. This operation
is done by regulating the orifice height (that is related to the piston lift) to let the nozzle working between the two
pressure values and allowing a certain amount of fuel flow rate as required by the driver. The valve and its design
in hostile condition is the object of this study. Particularly, the design of the pressure reducing valve entails several
difficulties. The flow through the orifice should entail the careful estimation of the passage area, in order to correctly
predict the flow rate; typical working conditions locate the properties of the gas not far from the critical point. The
real gas behaviour should be therefore taken into account, as well as the variation of the thermophysical properties.
Eventually, particular severe conditions, such as very low environment temperature or very high storage pressure, can
cause the fluid condensation.

In order to improve the knowledge of the behaviour of the fluid inside the nozzle, the computational fluid dynam-
ics (CFD) can be of help. Flows through nozzles are widely studied, also when real gases are of concern, see for
example [10, 11]. An example of the effects of the real gas is an upwind displacement of the shock structures, with
the consequent variations in the heat transfer. Normally, the real gas modeling entails the adoption of a cubic-type
laws for the modeling, so called since they can be re-written as a function of V3

m, where Vm is the molar volume [6].
The termophysical properties as cp or cv and the transport properties as µ or κ are not constant but are considered as
a function of the temperature. Seldom the effects of the pressure variation are considered: the pressure ratio in this
nozzle, when the tank is filled, can exceed the value of 25, entailing strong variation in the thermophysical properties.
For example, passing from a value of p0=20 MPa and T0 = 250 K to p1=0.7 MPa and T1 = 250 K, one finds cp,0=

4.129 kJ/kgK and cp,1= 2.203 kJ/kgK [7]. This is only an example of how pressure can affect the CFD reliability.
The design of the valve is particularly critical when the device operates in hostile conditions. When the engine

operates,the throttling procedure causes the temperature of the gas to drop. In addition to the acceleration of the flow,
the Joule-Thomson effect related to the non-ideality of the fluid lowers the static temperature ofthe gas itself during
the expansion. If this is combined with particularly cold environmental conditions, the material of the seals may fail
entailing gas leakage. The study of this problem is the object of this work, in order to understand how the fluid-
dynamics of the fuel affects the valve temperature and the best heating strategy to avoid seals failure. The numerical
simulations have been carried out with the open-source software suite OpenFOAM-v1712. The capability of real gas
modelling has been extended by implementing a new thermophysical strategy based on the CoolProp set of libraries.

2. Design and Integration with CFD

The common practice when dealing with convergent-divergent nozzle and, particularly, with reduced valves, is to
start with a monodimensional design. In this phase the throat area of the nozzle is to be designed starting from the
pressure in the tank and at the injectors, to obtain the desired mass flow rate. The study was conducted on an existing
geometry. For the CFD analyses, since the focus of this study is the throttling zone, the starting geometry has been
simplified in order to consider only this particular. The inlet and the outlet of the domain are distanced from the nozzle
in order not to introduce spurious effects.
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Nomenclature

A passage Area κ conductivity
CNG Compressed Natural Gas m molecular mass
Cm mass flow parameter L axial nozzle length
cp specific heat at constant pressure p pressure
Cq flow coefficient s axial coordinate
cv specific heat at constant volume x valve lift
JT Joule-Thomson T temperature
Greek symbols Subscripts
µ viscosity 0 relative to inlet reservoir/ total quantity

2.1. One dimensional design

To adjust the nozzle throat area, the piston is moved towards to (or away from) the upper wall of the orifice: the
mass flow rate to the injectors is therefore a function of the piston lift, as shown in Figure 1a. To determine the
passage section as a function of the desired flow rate, one must solve A = ṁ

√
T0/CmCq p0, where Cm is the mass

flow parameter and Cq is the flow coefficient. Such parameters keep into account the flow conditions and the vena
contracta effect of the flow through the orifice. Particularly, according to [9], Cm is function of the fluid properties
(e.g. specific heat ratio across the nozzle) and the physical state of the system (pressure ratio across the nozzle). In
the case analyzed in this work, the nozzle is always chocked. Therefore, all the parameters of the former equation
except the flow coefficient Cq can be assessed using explicit functions or measurements. To predict the value of Cq,
the Perry’s equation can be used [14]. Once the passage area is obtained, the lift of the piston and thus the orifice can
be easily computed (the passage area is a cylinder of height x).

The real gas behaviour of the CNG in the nozzle can be predicted reasonably well by correcting the value of Cm

with the thermophysical properties calculated according to the temperature and pressure. Referring to an ideal-gas,
quasi-one dimensional nozzle analysis for a guideline on the flow structures, the pattern is as reported in Fig. 1b.
What it is difficult to be correctly predicted is the temperature downstream the gap, before the shock wave. This is
indeed the minimum temperature of the entire domain, and it is the one that must be monitored in order to preserve
the seals integrity. The static temperature trend, read on the right axis of Fig. 1b, decreases up to the shock location,
due to the transformation into dynamic temperature. This phenomenon is the only responsible of the temperature
decrease for ideal gases. On the other hand, for real gases, the compressibility factor different from 1 entails the
Joule-Thomson (JT) effect [15]: an isoenthalpic throttling causes an extra variation of the temperature, that can both
increase or decrease, depending on the conditions. For CNG in storage-like conditions, both experimentally and from
the literature, the temperature undergoes an extra drop.

The temperature drop related to both flow acceleration and JT lamination, poses a real hazard for valve sealants,
entailing leakages. To avoid such danger, a heating system is installed, recirculating engine cooling water as a heat
source for the CNG. It is well clear that the resulting flow and temperature field is almost impossible to be correctly
predicted by a one-dimensional analysis. A CFD simulation should be set-up for trying to consider all these contribu-
tions.

2.2. CFD

2.2.1. Ideal gas approach
The valve was firstly analyzed by modeling the fluid under the ideal gas approach, in order to investigate the

potentialities of such approach. The boundary conditions applied for this computation are reported in Tab. 1
The compressible solver rhoPimpleFoam was employed with the ideal gas law. The computation run on a slice of

the axi-symmetric valve, with structured hexa grid as reported in Fig. 2. The turbulent model employed is a High-
Re k-ε, with standard wall functions. The thermophysical properties (cp, µ and κ) in this very first approach were
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(a) Particular of the nozzle area: the piston lift x
determines the throat section

(b) Normalized static pressure and temperature in a quasi one
dimensional nozzle flow

Fig. 1: Geometry of the nozzle and analytical solution for a quasi-one dimensional nozzle

Fig. 2: Grid used for the computation.

considered constant and are evaluated at a pressure that is intermediate in the range of values assumed by the gas.
Under these hypotheses, the temperature distribution in the domain is the one reported in Fig. 3.

Having the inlet on the right hand side, the flow enters the domain at high pressure and temperature. The temper-
ature remains constant in this area. Approaching the gap, the fluid accelerates in the convergent part of the orifice.
The velocity keeps increasing (due to the associate decrease of pressure) in the divergent part up to the shock wave.
This pattern is in agreement with what expected from Fig. 1b. The temperature is therefore very low just upstream the
shock, but the recovery after the shock is such that the value is almost equal to the inlet one. This result is expected, as
a direct consequence of the total enthalpy conservation with constant cp and adiabatic wall (no heat is supplied in this
case). Unfortunately, experimental data report a drop in temperature at the outlet, that is not correctly reproduced by
the numerical model. Nonetheless it is interesting to evaluate the fact that the conditions of pressure and temperature
just before the shock are such that condensation might be expected in the actual test.

2.3. Real Gas approach

The ideal gas approach has severe limitations, as above reported. It is therefore necessary to pass to a more complex
level of modeling, and to employ the real gas approach. The real gas model, together with a non-constant value of
thermophysical and transport properties, may help in obtaining a more reliable numerical model. In light of this, the

Table 1: Boundary conditions for the ideal gas computation

Quantity Value
p0 10.1 MPa
T 248 K
Turbulence intensity 1.00 %Inlet

Turbulence mixing length 0.000121 m
Wall T adiabatic
Outlet p 0.80 MPa
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Peng-Robinson model [13] that comes with the software has been used. This model requires the properties of the
fluid at the critical point and the acentric factor ω. This is related to the fact that in correspondence to the critical
point, the derivatives of the pressure with respect to the volume vanish [13] and thus the EOS can be solved. The
critical properties of the methane have been used, introducing an approximation on the natural gas composition [8]:
the typical methane content is around 95 %, but it is dependent on the supply. The properties used are therefore:
R = 518.46J/kgK, m = 16.04kg/kmol, Tcrit = 191K, pcrit = 4.6MPa and ω = 0.01.

For what concerns the variation of the other properties with the temperature, a polynomial expression was chosen
for all of them. Particularly, in this step, the properties were evaluated at a reference pressure of 5 MPa. The variation
of the cp with the temperature is reported in Fig. 4 to show how these properties are affected from the temperature. A
variation that exceeds the 50 % spanning the temperature range covered by the methane in the current application is
reported. In Fig. 4, the polynomial expression used in this work is reported. It can be seen that a forth-order polynomial
represents well the cp variation. The temperature pattern resulting from such computation is reported in Fig. 5.

With respect to the ideal gas computation, there is basically no difference in the temperature distribution up to
the orifice. The acceleration downstream the gap is such that the minimum temperature inside the domain is slightly
higher than the ideal gas analysis. This is related with a lower Mach number just before the shock (that is sligthly
displaced upstream), which finds good agreement in the literature [11]. The major differences with respect to the
former case are downstream the shock. The real gas approach allows a lower temperature to be reached downstream
the orifice.

Quantitatively speaking, the current set-up leads to a reduction of the outlet temperature up to a value of 215 K. A
theoretical JT expansion would lead to an outlet temperature of 185 K. The difference with this theoretical value is
thought to be related to the variation of thermophysical properties with the pressure also, since the real gas model has
been proved to be accurate in the prediction of the compressibility factor [13]. An extra change should be introduced
for trying to cover the 30 K of difference between the actual and the theoretical value of the outlet temperature.

2.4. Real gas approach with pressure effect on the thermophysical properties

To bridge the gap in outlet temperature, the pressure effect on the properties has been introduced. This feature is
usually available in CFD software by computing the departure quantities thanks to the real gas model. Few of them
allow the usage of lookup-tables to be filled with a-priori calculated properties. The method developed in this work,
allows the runtime computation of the properties in the current state. This is done by implementing the open-source
library CoolProp [1] into OpenFOAM-v1712. Every time the solver requires for the computation of the thermophys-
ical properties, the library is called. This happen several times per iteration since a Newton’s iterative technique is
employed for finding the value of such properties. This library has been used to evaluate cp, µ and κ, whereas for the
density, the Peng-Robinson model has been employed.

By using this approach an issue arises. Particularly, in the above explained methods, the phase change was not
considered at all. Even if the physical properties at some point of the valve where such that condensation may have
occurred, the solver is not aware of such transformation: the polynomials used are continuous, ensuring robustness to
the simulation, but preventing the second phase inception. CoolProp, and thus the current approach, returns for the

Fig. 3: Temperature pattern of the CNG inside the valve under the ideal gas assumption
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Fig. 4: Variation of cp with the temperature at a reference pressure of 5 MPa

state the actual properties that may be relative to the liquid phase, if the conditions are such that condensation happen.
This entails a step-wise variation of the properties that may cause a trouble in the Newton-like iterative technique
above mentioned. Indeed, simulations run with this approach are highly unstable, preventing to achieve convergence.
This is related to the fact that a single-phase solver was used, that cannot keep into account liquids if the carrier phase
is gaseous and vice-versa. The employment of this type of solver is considered the next step of this work.

In order to prevent condensation to arise, a numerical trick has been introduced. To prevent the physical state of
the gas to go below the saturation curve, the thermophysical properties are evaluated as a linear interpolation between
the one predicted by CoolProp and the polynomial expression suggested in 2.3. In other words, the final value of the
thermophysical properties are:

cp = αcp cp,CoolProp( f (p,T )) + (1 − αcp ) (cp,poly( f (T ))) (1)

where the blend coefficients αi are such that the closer to 1 they are, the closer the i property will be to the CoolProp
prediction. On the other hand, αi → 0 improves stability. For µ and κ the same expression ahave been used.

This introduces a simplification of the problem leading to an approximation of the flow field. The different thermo-
physical properties of the liquid with respect to the gas and the latent heat of vaporization are not considered as well
as the presence of an interface among the two phases. Nonetheless, the results in terms of temperature distribution
obtained with the current approach is very close to the one predicted by the JT effect, as reported in Fig. 6. Specifically,
employing α = 0.6 for all the (1), the outlet temperature is equal to 188.5 K, when the JT effect was equal to 185 K

Fig. 5: Temperature pattern when the real gas model and the variation of thermophysical and transport properties with the temperature are
considered.
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Fig. 6: Temperature pattern when the real gas model and the variation of thermophysical and transport properties with both temperature and
pressure are considered

Fig. 7: Schematic for the heat transfer evaluation

(with a difference in the predicted temperature of the 2 %). This close value, even if the condensation is not modeled,
may be explained under two different standpoints. First, the area where the condensation happen (that should be vi-
sualized as a quite thin curtain of small liquid droplets just before the shock), may be very small not having a major
effect on the overall flow from the standpoint of the temperature pattern. On the other hand, the latent heat released
when the gas liquefies, is re-adsorbed (even if in different conditions) when the liquid vaporizes back. The balance of
the two changes of phase might be such that the overall result is quite accurate. This guess of course does not hold
when the heat transfer is to be accurately evaluate in the orifice area. In spite of this, it makes the results presented
here a reasonable starting point for the design considerations.

2.5. Heat transfer analysis

As above mentioned, the need for the numerical model is devoted to predict the heat to be supplied and the optimal
position to locate the heating source (i.e. the engine-cooling water). Given the results shown in the previous paragraph,
since the nozzle is chocked, the only possible location where to supply the heat is upstream the orifice. Since the heat
to be supplied to the CNG is concentrated upstream the gap, the lamination may be considered as adiabatic. If the
lamination is adiabatic (and thus isoenthalpic), the transformation should be a JT expansion. In light of this, the
amount Q̇ to be transferred to the fluid is the one that predicts an upstream temperature T1′ such that a JT lamination
from that temperature would entail an outlet temperature equal to the experimental one, as sketched in Fig. 7. This
assumption is to be introduced since even if an experimental apparatus would be available, it is difficult to evaluate
the amount of heat supplied by the sorrounding environment.

In light of these considerations, an experimental test-bench was set up with the help of Metatron S.p.A. The pressure
reducing valve, having the same geometry in the nozzle area, was tested under the same conditions proposed in this
work. The outlet temperature experimentally found was −61.5◦C. With the considerations summed up in Fig. 7, the
amount of heat to be transferred is calculated through Q̇ = ṁ (h1′ − h1). The heat is indeed supplied in an isobaric
process.

Given an inlet temperature T1 of −25◦C, T1′ has been found to be equal to −13.8◦C, to return an outlet temperature
T2 = −110◦C . The total thermal power to be supplied is therefore Q̇ = 155 W, the theoretical JT expansion predicts
−143◦C. By supplying the power calculated as above, in the numerical calculation, an outlet temperature of −85◦C was
found, with a difference of 23.5◦C with the experimental value, with an error of approximately 20%. The difference
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in the prediction might be related to two main facts. In the assumption presented in this section, the heat is supplied
at constant cp to raise the temperature to the value needed for an ”equivalent” JT lamination. Experimentally, the
heat is transferred by the body of the valve. This means that heat is supplied both upstream, downstream and in the
orifice area: the fluid has different cp in these sections, and thus the increase in temperature for a given amount of heat
transferred is different. For example at p=200 bar and T= -25◦ C, cp=4.1376 J/kgK but if p=8 bar and T= -110◦C,
representing the outlet conditions of the experimental test, cp=2.35 J/kgK. On the other hand there might be presence
of condensation in the orifice: the variation of the thermophysical properties when the walls are not adiabatic may be
responsible for the mismatch of the prediction. A two-phase computation is probably more suitable for solving this
problem.

3. Conclusion

In this work a numerical model to simulate the behaviour of the CNG inside a pressure reducing valve is set-up.
The procedure has been developed keeping an eye towards the integration with the design process. Particularly, a
robust thermophysical model that involve the computation of properties with the aid of CoolProp library has been
carried out. Besides, a blend factor to allow not to consider the second-phase inception due to condensation has been
introduced. Preliminary results show good agreement with the theoretical values, but more work has to be devoted for
the accurate and a-priori estimation of the heat transfer. The next steps in this track are the switching to a two-phase
calculation and the study of how to more effectively transfer the heat to the flow field.
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