	[bookmark: _Hlk48826247][image: cetlogo] CHEMICAL ENGINEERING TRANSACTIONS 

VOL. 82, 2020
	A publication of
[image: aidiclogo_grande]

	
	The Italian Association
of Chemical Engineering
Online at www.cetjournal.it

	Guest Editors: Bruno Fabiano, Valerio Cozzani, Genserik Reniers
Copyright © 2020, AIDIC Servizi S.r.l.
ISBN 978-88-95608-80-8; ISSN 2283-9216



Ground Interaction on High-Pressure Jets: Effect on Different Substances
Cristian Colombinia,b, Luca Carlinia, Renato Rotaa, Valentina Businia,*
a Politecnico di Milano - Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Via Mancinelli 7, 20131, Milano, Italy
b Presently at RINA Consulting S.p.A. – EOGRS Group, Via Cecchi 6, 16129, Genova, Italy
valentina.busini@polimi.it
Due to the severity of their consequences, accidental high-pressure flammable gas releases are relevant hazards in the process safety. In the recent decades, several are the efforts spent on the study of high-pressure jets in open field (i.e., free jets). In particular, easy-to-use mathematical models have been developed. These, by hand calculations, allow to quickly assess various physical variables that are of paramount importance in safety evaluations. 
However, it is easily as possible that, in a realistic accidental scenario, the unwanted leak may involve either the ground or an equipment placed in its vicinity. As demonstrated by recent works, when a jet interacts with an obstacle, its behavior can significantly change. Hence, in the safety assessment of this situation, the mathematical models derived for the free jet scenario can lead to incorrect predictions. Focusing on the scenario of an accidental high-pressure unignited flammable jet, this work shows how the proximity to the ground can influence the lower flammability limit cloud extent of different substances. Varying the height above the ground of the source term, the effect of the ground was systematically studied through a Computational Fluid Dynamics analysis considering high-pressure unignited methane, propane and hydrogen jets. The main achievement is the demonstration that releases of compounds with similar or larger molecular weight than that of air are similarly affected by the ground while, releases of compounds lighter than air interact with the ground in a sensibly different way.
Introduction
A large part of industrial compounds is normally handled in gaseous form at high-pressure conditions. Among the safety implications to be considered, accidental high-pressure releases are relevant hazards in the process safety (Liao et al., 2018). In the case that a flammable substance is involved, if immediate or delayed ignition occurs, the consequences can be relevant: as reported by Casal et al. (2012), a jet or flash fire (whose hazardous distance can be roughly estimated as the maximum distance reached by Lower Flammability Limit (LFL) concentration value) can be intended as a major accident initiator. 
Among the works available in literature focusing on such a critical scenario, in the recent decades several have been the efforts spent on the study of high-pressure releases as free jets (intended as a release occurring in an unconfined environment). Thanks to these works, as reported by Franquet et al. (2015), nowadays the overall structure of a high-pressure jet is very well known. In particular, a result of such a deep gathered comprehension has been the development of easy-to-use mathematical models that, by hand calculations, allow the quick estimation of various important physical variables characterizing the free jet. Therefore, for this kind of process safety issue, the risk analysis can be performed exploiting practical tools. 
However, it is easily as possible that, in a more realistic situation (with respect to the free jet one), the accidental leak may involve either the ground or an equipment placed in its vicinity. It is in this more lifelike problem that, troubles using the aforementioned tools start to rise: as will be shown in this work (and in accordance with the literature (Colombini and Busini, 2019), when a jet interacts with an obstacle, its behavior significantly changes. Hence, to describe this accidental scenario, the useful mathematical models derived for the free jet situation fail, leading to incorrect predictions (Pontiggia et al., 2014).
Therefore, to properly simulate this kind of accidental scenario, only a Computational Fluid Dynamics (CFD) analysis can be feasible and reliable. This because CFD models are the only numerical tool able to account for the influence of obstacles or, more in general, of a complex geometry on the jet release (Batt et al., 2016). However, shortcomings are present: the computational demand and the required user knowledge limit the CFD use in the daily risk assessment and consequences analysis activities (Zuliani et al., 2016). 
The ground can be counted among the industrial obstacles. The main reason is that its effect on the jet development is the increase of the damage area involved (Hall et al., 2017). With regards to this accidental scenario, in the past some works have been carried out. In particular, flat surface influence, which can be either horizontally or vertically oriented, has been analyzed varying some scenario parameters (such as source-surface distance, upstream pressure, orifice diameter) both numerically (Benard et al., 2007; Hourri et al., 2009; Angers et al., 2011; Benard et al., 2016) and experimentally (Desilets et al., 2009; Hall et al., 2017). 
However, none of these literature works investigated what happens if different substances are involved. 
In the present work, the ground influence was investigated in terms of how the flammable area extent of a high-pressure jet is enlarged (in terms of Maximum axially-oriented Extent (ME) of the LFL cloud) varying the height of the source above the ground. 
In particular, the aim was to compare how three widely used flammable substances (namely methane, propane and hydrogen) behave when their release is modified by the ground presence. All the three were considered at their typical handling conditions. For methane and propane, the numerical outcomes were computed by using the developed CFD model, while, for the hydrogen case, data were taken from the work of Benard et al. (2016).
As stated, the aim is to compare how the ground affects high-pressure jets of three different substances.
However, perform such a comparison highlighting only the effect of considering different substances is not as immediate as it seems. In fact, other aspects change when changing the substance:
· considering the correspondent LFL value means different observed concentrations
· considering typical handling conditions means different source pressures 
Therefore, to fruitfully show which is the dependency of the ME upon only the substance change, it was needed to define a proper space that allowed to offset both the different concentrations observed, and the different source pressures considered. 
Materials and methods
For all the three fluids considered in the present work, an upstream pressure greater than the critical threshold to achieve chocked conditions is noticed (Cameron and Raman, 2005). In this case, supercritical releases are expected to occur. By the numerical point of view, this implies a computationally expensive problem to face. The reason lies in the need of simulating complex phenomena such as shock waves formation and Mach disk establishment downstream to the jet orifice (Franquet et al., 2015). Since in the present work the far field zone of the jet is of primary interest, a way to overcome the aforementioned phenomena simulation is to model them exploiting well established analytical correlations (Tolias et al., 2019). Named as Equivalent Diameter Models (EDM), among the various approaches to model the jet source term available in literature, the widely adopted model of Birch et al. (1984) was chosen. 
Given the outdoor location of the accidental scenario investigated, particular attention was paid to model realistic wind conditions. To consider the atmospheric conditions of an open field scenario, a velocity profile in accordance with the atmospheric class 5D of the Pasquill’s categories was supplied to the solver through a User Defined Function (UDF) (Pontiggia et al., 2014).
To perform the CFD analysis, Ansys Workbench (release 19.1) was used and, Fluent was deployed to numerically solve the flow governing equations. 
By the numerical resolution point of view, to obtain a good quality representation of the flow field as well as a time-saving tool, the Reynolds’s Average of the governing equations (i.e, the RANS approach) was used. To avoid the need of resolve the boundary layer of the ground, among the possible turbulence models available, the k-ω SST was chosen.
Results and discussion
Guessing a spill from a storage tank (or a pipeline), for all the three substances released, the leakage was considered to be constant in time (i.e., steady state condition). Details of the actual source term (namely, stagnation pressure (p), temperature (T) and actual orifice diameter (d)) together with the correspondent equivalent conditions computed with the Birch et al. (1984) EDM (namely, mass flow rate (), total temperature (TTOT) and equivalent source diameter (dEQ)) are reported in Table 1. The ground was modeled as an adiabatic wall surface, with a roughness height equal to 0.01 m, simulating a concrete forecourt. While, as described in Section 2, the wind inlet and the lateral and top boundaries were set according to the aim of providing realistic wind conditions. An environmental temperature equal to 300 K was considered. For the simulations carried out in the present work, Table 2 reports how the boundary conditions were set. 
Computational domain dimensions were properly sized in order to avoid any interference with the boundaries but, at the same time, avoiding a useless waste of computational resources. To this aim, the work of Hourri et al. (2009) was taken as reference. A rectangular box of 90x10x10 m was built for each of the simulations performed. Notice that, a vertical planar symmetry in correspondence of the jet axis was used. For what concerns the fluid volume discretization, a full unstructured tetrahedral grid was made. Ranging between 7.3 and 7.8 million of elements, the prescribed quality criteria were always fulfilled. Moreover, also the grid independence of the results was positively achieved. 
Table 1: Actual and equivalent source term characteristics for the methane and the propane releases.
	Characteristic
	Methane
 (Colombini et al., 2020)
	Propane 
(this work)
	Hydrogen 
(Benard et al., 2016)

	p [bar]
	65
	8
	101

	T [K]
	278
	278
	293

	d [m]
	0.0254
	0.0254
	0.00635

	 [kg/s]
	5.18
	0.9548
	0.1987

	TTOT [K]
	343
	318
	Not reported

	dEQ [m]
	0.1458
	0.0518
	Not reported


Table 2: Boundary conditions used in all the simulation. 
	Boundary
	Type

	Ground
	Wall

	Jet inlet
	Mass flow inlet

	Symmetry
	Symmetry

	Lateral boundary
	Velocity inlet 

	Top boundary
	Velocity inlet

	Wind inlet
	Velocity inlet

	Wind outlet
	Pressure outlet

	Nozzle
	Wall



To investigate the influence that the ground has on the jet behavior, the height of the source above the ground (h) was systematically varied. Figure 1 shows, qualitatively, the effect that this parameter variation has on the jet development of both methane and propane releases. Same figure can be found in the work of Benard et al. (2016) about the hydrogen one. While, quantitatively, Figure 2 shows how the ME of each of the LFL clouds varies as a function of h. 
For all the three compounds, it is noticeable that: i) there is an h threshold value (h*) after that the ground does not influence anymore the jets; such value changes based on the considered compound. ii) When h<h*, the ground influence increase ME. These results are in accordance with the physics that characterizes the jet development (i.e., the Coanda effect (Miozzi et al., 2010)). 
Then, to effectively show which is the dependency of the ME upon only the substance change, it was needed to define a proper space that allowed to offset both the different LFL concentrations observed, and the different source pressures considered. To offset the stagnation pressure effect, for each data set, the y axis was normalized by dividing for the correspondent ME of the free jet (MEFJ), while, the x axis was divided by the correspondent equivalent source diameter (dEQ); this normalization works because both the MEFJ and the dEQ depend on the pressure (Colombini et al., 2020). To offset the effect of the observed concentration level, only the x axis required a further manipulation since both ME and MEFJ already depend on the concentration considered. In particular, the ratio ci/cRIF, where ci is the LFL concentration value of each substance and cRIF a reference concentration arbitrarily chosen (in this case, the methane LFL), was used to perform the scaling. In Figure 3, the layout of the results appears to be very similar to the one seen in the dimensional space (Figure 2).  From this plot, it is possible to remark that different substances are differently influenced by the ground. 
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	(b) 

	Figure 1: Effect of the h variation on the (a) methane and (b) propane LFL clouds.


However, when considering substances heavier than, or similar to, air (it is the case for propane and methane) the behavior of the jet (and thus the ground influence) appears to be way less different than that of considering a much lighter one (i.e., hydrogen). In particular, the heavier the gas is, the steeper the curve is. This leads to remark that the ground affects much more high momentum releases of heavy compounds. The reason can be explained by the different buoyancy effect: hydrogen jets driving up, while methane and propane jets stay parallel to the ground (and thus resulting much more affected by it). Meaning that the high momentum of the flow prevails on the buoyancy effects, this also justifies why methane and propane ME increases up to 4 times with respect to MEFJ while hydrogen ME of only 1.5. 
[bookmark: _GoBack]Contrarily to what seen for the ground influence, Figure 3 shows that the dimensionless h* value, about 13, is practically shared by all three compounds.
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Figure 2: ME over h for the three considered substances, where LFLMethane = 5, LFLPropane = 2.1, LFLHydrogen = 4 expressed in % of volSUB/volAIR.
[image: ]
Figure 3: Dimensionless space defined to offset both different stagnation pressures and different concentrations.
Conclusions 
In this work, the scenario of a high-pressure jet parallel to the ground, and interacting with it, was investigated. Varying the height of the source above the ground, the influence that such kind of obstacle has on the jet was analysed for three widely used process substances, namely methane, propane and hydrogen. 
With regards to the preliminary results shown, it is possible to conclude that:
· the dimensionless space defined appears to be adequate to provide a direct comparison among results obtained when considering different storage conditions as well as different concentrations observed;
· both qualitatively and quantitatively, the ground influence appears to be similar when considering high-pressure jets of compounds heavier than, or similar to, air;
· both qualitatively and quantitatively, the ground influence appears to be different when considering a released compound much lighter than air;
· by order of magnitude, the dimensionless height that defines when the ground effect starts, it appears to be comparable for all the three compounds.
Broadly speaking, the ground effect is to increase the damage area. The results of the present work indicate that for compounds heavier than, or similar to, air a larger increase of the hazardous distance should be expected with respect to the case of considering lighter compounds. 
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