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The sizing of relief safety valves is crucial for pressure vessels and piping equipment and it can be sensitive to working conditions. Understanding the flow dynamic through the valve becomes the only way to predict their behavior under different operating conditions. This study consists of two complementary parts. A first experimental step focuses on the influence of the geometrical characteristics of the valve (ring position) and operating conditions (free or full cavitation). The second step describes the numerical modeling developed to simulate the single phase flow through the valve. The behavior of turbulence models available in the standard CFD software is explained, particularly the effect of the viscosity limiter near the stagnation point of the valve. Finally, a post-processing method is proposed to evaluate the possible location of cavitation appearance starting from results of single-phase simulations.

INTRODUCTION

Safety relief valve (SRV) is still the ultimate security component of pressure vessels or piping equipment. It does not take the place of a regulating or control valve but it aims to protect devices and human beings by preventing damage due to overpressure in the system. This is ensured by discharging an amount of fluid when an excessive rising of pressure occurs. Then sizing, design and choice of SRV are crucial to ensure the best operating conditions, which is the guarantee of maximum protection. An appropriate sizing of SRV depends on the flow conditions in the system. In single phase flows, the sizing equations are well established for both compressible and incompressible flows ASME (2001), API 520 (2001), NF EN 60534 (2012). The SRV discharge capacity tends to reduce under two-phase flow conditions what is responsible for serious damages or accidents. In particular cavitation flows may cause valve performance loss.

Prediction of these characteristics is not easy and several methodologies exist in the literature lying on different modeling approaches (see [START_REF] Pinho | Experimental study of two-phase flow induced by cavitation through a safety relief valve[END_REF], [START_REF] Kourakos | Experimental study and modeling of single-and two-phase flow in singular geometry and safety relief valves[END_REF] for a detailed presentation).

Understanding the flow behavior through the valve becomes a real challenge in order to improve sizing of the devices.

Experimental and numerical investigations of single and two-phase flows in SRV have been driven in order to explain flow characteristics following different lift valves. In fact, most papers on the subject concern experimental studies or theoretical modeling of single-phase compressible or incompressible flows. Moreover, the number of numerical studies has significantly increased those past ten years thanks to the local understanding of flow dynamics through the safety valves allowed by nowadays computational software. But CFD simulations are mainly performed to model singlephase flows either incompressible or [START_REF] Song | Three dimensional CFD analysis of a spring-loaded pressure relief valve from lift and re-closure[END_REF], [START_REF] Davis | Predicting Globe controle Valve Performance -Part 1: CFD Modelling[END_REF], or compressible [START_REF] Moncalvo | Sizing of safety valves using Ansys CFX-Flo[END_REF], [START_REF] Dossena | Numerical and experimental investigation on the performance of safety valves operating with different gases[END_REF]. A remarkable lack of references can be stated concerning two-phase flow analysis. However, cavitation problematic is still studied with great interest particularly to determine valve size influence in these critical conditions given geometrical similarities. The interest of this paper is to validate numerical modeling by using a large experimental database.

EXPERIMENTAL FACILITIES

Mock-up

If the working principle of SRV lies in the equilibrium between the pressure forces on the upstream face of the disc and the force applied by the spring, the experimental set-up is different: flow characteristics are measured for a given valve lift and the correlation between measurements of global characteristics for specific operating points (cavitation condition or not) and flow visualization is studied. So the corresponding mock-up of a safety relief valve H (see Fig. 1) is built to ease flow visualization and to have its fluid vein match precisely the original valve one.

The body, the ring and the disc lower part are in Plexiglas. The spindle is in titanium and has its diameter reduced from 14 to 7.5 mm over 1cm to allow the measurement of axial strain. The nozzle is in steel. Two different rings are made to simulate two common positions of the real ring. The upper position sees the ring top at the same altitude as the nozzle top whereas the lower position is 3.78 mm under and corresponds to the real ring lowest possible position.

The bonnet is replaced by a mechanical system including a step-by-step motor and a position gauge to allow an accurate guidance of the plug position. 

Experimental devices / instrumentations

The model is rigged up in a loop dedicated to cavitation experiments. It is possible to set accurately the downstream pressure even to sub-atmospheric ones. The fluid media used is common demineralized water maintained at 23°C.

The setup is optimized to keep pressure gauges as far as possible from potential perturbations (see Fig. 2).

Fig. 2 Experimental setup

Test procedure

Two experimental series are performed: one without cavitation and one at full cavitation. For the series without cavitation, the downstream pressure is set to the maximum value of 4 bars.

The flow rate is then set to the maximum possible before the cavitation onset and it is then reduced stage by stage until reaching the minimum value. For the full cavitation series, the downstream pressure is set to the sub-atmospheric pressure of 0.4 bar. As there is no simple mean to know if full cavitation is reached, the flow rate is increased stage by stage until obtaining the maximum allowed by the pump. Only post experimental data processing shows that full cavitation conditions are met. For both series, variables are measured for the two ring positions and 18 opening heights ranging from 0.15 mm to the full lift: 9.5 mm. Flow conditions are stabilized at each stage for one minute to enable a suitable averaging for each stage during data processing.

Test procedure

During the experiment, each test is recorded using a conventional camera. Furthermore, a high-speed camera is used at 12,000 frames per second to observe various cavitation patterns (See a sample in Fig. 3). 

Flow capacity

Considering a turbulent single phase flow in the framework of regulation or control valves, the pressure drop between the inlet and outlet of the relief valve is a linear function of the square of the flow rate NF EN 60534 (2012), thus:
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Where Q is the flow rate in m3/h, Pup and Pdown are respectively the upstream and downstream pressure in bar, /0 is the relative density to water at 15°C, Kv is the flow coefficient in m3/h which represents the flowrate under a pressure equal to one bar. The flow coefficient is a dimensional quantity that is largely used in industry applications. It is a measure of the valve capacity. This sizing equation is evaluated starting from the results of the series without cavitation to estimate Kv. We have decided to follow the regulation devices formalism in the case of a safety relief valve because the flow is studied for several positions of disc lifts as it occurs in regulation or control valves.

In case of full cavitation conditions, valves are known to have reduced flow capacity, the flow rate does not depend anymore on the downstream pressure, it becomes NF EN 60534 (2012):
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Where Fl is the pressure recovery factor, Pvap the vapour saturation pressure and Ff the water critical pressure ratio factor defined as: (3)

Where Pc is the water critical pressure. Due to the low value of the vapor saturation pressure in the present experiment (0.028 bar at 23°C), Eq. ( 2) becomes:

up l v P F K Q  (4)
The pressure recovery factor Fl can be seen as a measure of the valve performance loss due to cavitation. It is inferior or equal to 1. Equation ( 4) is used with the results of the series at full cavitation to estimate it. 

Hydraulic forces

In a fully turbulent flow without cavitation, the ratio between fluid force load and pressure drop is theoretically constant, homogeneous to a surface and it is called the hydraulic surface Sh:
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Where F is the fluid force load (N).

Equation ( 5) is used with results obtained without cavitation and, even if it does not theoretically apply in such conditions, it is also used here with results at full cavitation to enable a comparison. For information, when the valve is closed, depending if the seat inner or outer diameter is considered, the area on which water exerts pressure is 7.3 × 10 -4 or 8.3 × 10 -4 m 2 .

Fig. 5 shows the hydraulic surface computed for every case. At high opening, there is no significant difference between the curves, whereas at low lift, the well-known ring effect is demonstrated and the fluid flow load increase drastically as the valve closes between 0 and 2 mm.

Fig. 5 Hydraulic surface comparison

For the low values of lift, interactions between the disc valve and the ring up induce a back pressure on the lateral section of the disc increasing the force applied on the disc.

Cavitation has a less important effect. Slightly lower values are observed without cavitation between 0 and 1.5 mm lift for the lower ring position and between 4 and 5.5 mm for the upper one.

NUMERICAL APPROACH

Computational domain and meshing strategy

The computational domain is defined from the geometrical model shown in The mesh is built with ICEM and is only composed of hexahedral elements based on a structured topology [Fig. 7]. It is particularly refined near the valve disc in order to assess the hydrodynamic forces with accuracy. When the valve lift is modified, the structured grid is updated by moving the blocking topology around the valve disc. The mesh size reaches 1.3 million cells. Following the lift position, the average value of y + is comprised with 10 and 15 on the valve disc surface; specific cell thickness progression laws between the disc and the nozzle are applied to ensure good grid quality and near wall orthogonality is enforced. The meshing characteristics are given following the table 1 for two lift positions. 

Boundary conditions and model definition

Numerical simulations are carried out with ANSYS CFX 13.0. Among the eighteen valve lifts studied experimentally, only four have been simulated: 1, 3, 6 and 8.4 mm. The interpretations of the numerical simulations are really difficult for low valve lifts, typically lower than 1 mm. Indeed, when the disc gets close to the nozzle, instable phenomena difficult to take into account may appear. Moreover, the mesh quality cannot be ensured while keeping a reasonable grid size. So it becomes very hard to reproduce such phenomena with the numerical model. But the aim of the present study is not to deal with the transient behavior so the lowest lift for the simulation is limited at 1 mm. The four operating points have been simulated assuming steady state approach and the residuals of all equations reaches 10 -4 . As cavitation is not taken into account in the numerical simulations, the discharge coefficient of the SRV does not depend on the flow rate value. So the inlet condition is given by a uniform flow rate value and a static pressure is imposed at the outlet location. All the simulations are performed under smooth wall conditions.

Turbulence boundary conditions

The choice of the turbulent input conditions can be very important given the turbulence model used. The default input conditions for turbulence depends a lot on the computational software used. For example, with ANSYS CFX, the dissipation scale is by default set such that:
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where t is the turbulent eddy viscosity and  the kinematic viscosity. This setting creates too low values of turbulent dissipation at the inlet which limit the production term downstream, near the point of impact flow. Furthermore, these conditions do not correspond to fully-developed turbulent pipe flow. In order to reproduce correct input conditions, the dissipation scale is modified with the standard equation ( 7),
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where k is the turbulent kinetic energy, Dh is the hydraulic diameter.

Turbulence modelling: description and analysis

This part does not aim to give improvements to model the turbulent flow but explanations are given to understand the behavior of the different turbulent models applied on the SRV application. If k- modeling is used, the k production term reaches unrealistic values after the impact zone. The turbulent intensity becomes thus too high [fig. 8]. This behavior is well-known because two equations models do not take into account the redistribution of Reynolds stress towards the pressure gradient [START_REF] Durbin | On the k- Stagnation Point Anomaly[END_REF].

Fig. 8 Turbulent intensity computed with the k- model for 3 mm lift

In SST approach the model coefficients are switched from k- variables in the inner region of the boundary layer to k- variables in the outer region [START_REF] Menter | Ten Years of Industrial Experience with the SST Turbulence Model[END_REF], thanks to the first blending function F1 which is F1 = 1 in the near-wall region and F1 = 0 in the outer region. It was usually conceded that the k- model is better than the k- model in predicting adverse pressure gradient flows because it predicts a smaller shear stress [START_REF] Davidson | Hybrid LES-RANS modeling: a one-equation SGS model combined with a k- model for predicting recirculating flows[END_REF].

But, as it is, the predicted shear stress stays too large. So a limitation of the eddy viscosity is introduced to improve the modeling behavior [START_REF] Menter | Ten Years of Industrial Experience with the SST Turbulence Model[END_REF]. This effect can be observed by plotting the coefficient Cµ [fig. 9] required to compute the turbulent viscosity and which becomes with the SST model:
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is the strain rate parameter, S is the shear strain rate and F2 is the second blending function for SST modelling. Equation ( 8 In order to demonstrate the effect of the eddy viscosity limiter, the different behavior of turbulent models can be demonstrated by using the realizability condition of [START_REF] Behnia | Prediction of heat transfer in an axisymmetric turbulent jet impinging on a flat plate[END_REF][START_REF] Durbin | Limiters and wall treatments in applied turbulence modeling[END_REF].

In first approximation, by keeping only the normal stress in the primary direction, we can write the following realizability relation:
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Where
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is the strain rate tensor. 
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and under the previous assumptions Eq. ( 9) about the normal stress, the following inequality is given:

3 2 3 1 11 S S S S ji ij   (10) 
Considering Eq. ( 10), a simplified criterion easy-toplot [Fig. 11] can be defined:
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Then the over-estimation of turbulent kinetic energy in the stagnation points is pointed out by the regions where the realizability criterion is not satisfied. Figure 11 shows the non-realizability of the k- modeling near the disc which impacts greatly the overall characteristics of the relief valve. Nevertheless, the behavior of the k- modeling is acceptable in the seat region. It seems that the improvement of the predicted flow is not due to the k- formulation but thanks to the eddy viscosity limiter acting at the stagnation point. 

Flow coefficient Kv and hydraulic surface

Figure 13 compares the discharge coefficients Kv, as defined earlier (1), obtained from numerical results and experimental measurements. Concerning the large lifts (L/d>0.2), the numerical results and the experimental data are very well correlated while for the lowest lift the numerical simulations tend to overestimate the discharge coefficient. This effect cannot be explained by possible cavitation appearance because no performance drop has been experimentally observed for the low valve lifts (Fig. 4). In fact, the experimental behaviour showing an inflection point when the location of the minimal section changes (0.2<L/D<0.25) is not numerically predicted. Steady state computations of the lowest lifts have shown that the convergence curve is much noisy. A transient approach for these operating points could improve the numerical predictions.

Fig. 13 Comparison of the discharge coefficients

Figure 14 compares the hydraulic surfaces Sh, as defined earlier Eq. ( 5), obtained from numerical results and experimental measurements. Numerically, the hydrodynamics forces are evaluated considering all the surfaces of the valve disc by integrating the pressure distribution and the friction contribution. The numerical solutions under-estimate the experimental results by around -10% for every lift.

Prediction of possible cavitation locations

The objective of this section does not aim to propose two-phase flow modeling in order to predict the onset of cavitation. Instead the idea is to analyze the pressure field from an easier to produce single-phase flow to detect possible cavitation locations. The only interest in using a cavitation model based on a mechanical approach (by using Rayleigh-Plessey modeling for example) is in the description of the unsteady behavior; but it is not the objective of this study. So in first approximation, it is possible to estimate where cavitation could appear by plotting negative values of the variable Pv which is defined as:
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where Pdown is the upstream pressure and Psat is a critical pressure which can be equal in a first approximation to the water saturation pressure Pvap.

Pvap is a function of temperature. It is equal to 0.028 bar at 23°C. Figure 15 shows the possible cavitation locations for 3 mm valve lift and upstream pressure Pdown = 4 bar.

With this definition given by Eq. ( 12) cavitation due to the effects of shear strain near the valve disc is not represented. The turbulence effects on cavitation development can be taken into account by modifying the value of Psat as Ait Bouziad (2006): 
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CONCLUSION

Experiences have been performed in order to investigate the influence of the ring position and cavitation on the hydraulic characteristics of safety relief valves. Without cavitation and considering the experimental operating conditions, we observed that the upper ring position increases the discharge coefficient Kv of about 10% for intermediate valve lifts. It also significantly increases (up to 70%) the hydraulic forces on the disc at low lifts. Considering that during the experiment, the vaporization pressure was close to zero, cavitation shows limited influence, it only cancels the discharge coefficient increase when the ring is up. The free cavitation results have been used to validate numerical modeling of turbulent single-phase flow through the safety relief valve.

The behavior of several turbulent modeling based on two-equation RANS simulations has been explained. In particular, a viscosity limiter has to be used to predict correctly the turbulent production close to the stagnation point of the valve.

In this study numerical simulations using SST modeling have been performed with ANSYS CFX and accurate predictions of discharge coefficients and hydraulic load have been obtained according to experimental results. 
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 1 Fig. 1 The scale model built in Plexiglas 2.2 Experimental devices / instrumentations
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  Fig. 3 Flow visualization. Up: intermediate cavitation, down: slow motion screenshot 3. EXPERIMENTAL RESULTS

Figure 4

 4 Figure 4 compares the Kv, Kv Fl and Fl obtained from experimental results. They are plotted by dimensionless heights L/D where L is the lift and D is the nozzle diameter. Whatever the ring position the flow coefficient curves exhibit an inflection point where the slope becomes negative. Then it is shown two regimes representing on the flow coefficient curves by two different linear trends. It can be explained by the location of the minimal section of the flow: if L/D is lower than 0.25 the minimal section isgiven by the lateral section (DL) but when L/D is larger than 0.25 the minimal section is given by the nozzle diameter (D2/4). This effect depends on the ring position because it is reduced with the ring down position. Moreover, it is correlated with the decreasing of the Fl values which reach a local minimum near L/D~0.2. Similar results have been already observed in[START_REF] Pinho | Experimental study of two-phase flow induced by cavitation through a safety relief valve[END_REF] considering 1 ½ G3 SRV and 2J3 SRV. Nevertheless, for full cavitation conditions, the ring position does not show any effect, whereas for the no-cavitation conditions, its upper position causes a flow rate overshoot (0.15<L/D<0.25).

Fig. 4

 4 Fig. 4 Flow characteristics obtained experimentally at different openings; comparisons of Kv and KvFl (a) and liquid recovery Factor Fl for the ring up position (b)

Fig. 7

 7 Fig. 6 Safety relief valve H and geometrical simplifications for computational domain

  ) allows to switch from Cµ = 0.09 (k- model coefficient) to lower values following the dissipation scale and the strain rate parameter The prediction of the turbulent intensity with the SST model is shown in Fig. 9. The abnormal peak of turbulent kinetic energy observed with the k- simulations [Fig. 8] is reduced thanks to the viscosity limitation near the stagnation region [fig. 9 (b)]. This limitation is due to the second blending function F2 of the SST model as is shown on figure 10. Nevertheless, the viscosity cut induced by the Cµ decreasing is controlled by the shear strain rate S which grows up dramatically in this region.

Fig. 9

 9 Fig. 9 Turbulent intensity computed with the SST model (top) and Cµ coefficient (bottom) for 3 mm lift Using the continuity equation for incompressible flows

  Fig. 10 Second blending function F2 (a) and strain rate parameter η (b)

Fig. 11

 11 Fig. 11 Realizability criterion with k- model (a) and SST model (b) -inlet turbulence with hydraulic diameter Any two-equation turbulent model based on an eddy viscosity limiter would allow to obtain similar numerical results; especially as the limiter is controlled by the strain rate parameter as shown in Fig. 12 and ensures the realizability constraint (Durbin (2009), k- realizable Park (2005), k--Cas Uribe et al.(2006)). As a consequence, the k- SST model is kept for all computational cases.

  Fig. 14 Comparison of the hydraulic surface Sh

Fig. 16

 16 Fig. 16 Possible location of cavitation appearance with Pcav modified by (13) for valve lift 3 mm (a) and 6 mm (b), at Pdown = 4 bar Moreover, post-processing analysis has been proposed to detect possible cavitation locations. The qualitative representation of these possible locations seems to be in good agreement with the experimental visualizations. The next step lies on the development of cavitation modeling using Rayleigh Plessey model aiming to reproduce the performance drop due to cavitation observed for intermediate valve lifts induced by.

Table 1 Mesh characteristics

 1 

		Angle	Skewness
		Min 99% >	Min	99% >
	1mm lift	14° 27°	0.17	0.35
	6mm lift	18° 27°	0.2	0.45