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Abstract

:

In order to guide the optimization design of the nozzle of the aircraft-fixed gas fire extinguishing system, we studied the influence of nozzle geometric parameters including outlet–inlet area ratio, length–diameter aspect ratio, and wall roughness on the distribution of pressure and velocity in the nozzle on the basis of CFD simulations. Although the structure of the nozzle is axisymmetric, the spatial distribution of the pressure and velocity during the flow and release of gas extinguishing agent is not completely symmetric. It was found that both of the outlet–inlet area ratio ( δ ) and the length–diameter aspect ratio ( ξ ) had a significant impact on the distribution characteristics of the pressure and axial velocity in the nozzle. With the increase of  δ , the average pressure at the outlet cross-section of the nozzle decreased monotonically, while the average axial velocity at the outlet increased approximately linearly. When   ξ ≥ 2  , the uniformity of the pressure and velocity distribution at the nozzle outlet was significantly improved. Moreover, with the increase of  ξ , the average pressure and the average axial velocity of the outlet both showed a non-monotonic change trend, and the optimal value of  ξ  should be about 3.0. Compared with  δ  and  ξ , the influence of the nozzle wall roughness (   ε N  )   on the flow and release characteristics of the extinguishing agent was weak. With the increase of    ε N   , the average pressure of the nozzle outlet increased slightly, while the average axial velocity at the nozzle outlet decreased slightly.






Keywords:


aircraft fire extinguishing system; straight sudden expansion nozzle; gas–liquid two-phase flow; gas extinguishing agent; pressure and velocity distribution












1. Introduction


Fire extinguishing system is one of the essential important security systems on modern aircrafts [1]. Due to the particularity of the aircraft as an important air traffic tool, extremely high requirements for both reliability and economy are put forward for the performance of its fire extinguishing system [2,3,4,5]. As an important component of fire extinguishing systems, nozzles usually have a vital impact on the flow and release characteristics of the extinguishing agent, and their release performance has become one of the hot spots of the fire extinguishing technology research in recent years [6,7,8,9,10,11,12,13,14]. Studies have shown that even if the nozzle structure is axisymmetric, the flow field inside it will be asymmetrically distributed [14]. In fact, the flow and release performance of the nozzle is significantly affected by the nozzle geometric parameters [15,16,17,18]. Reasonable design of the extinguishing nozzle can greatly improve the fire extinguishing performance of fire extinguishing systems. Therefore, studying the effects of the nozzle geometric parameters on the flow and release characteristics of the extinguishing agent in the nozzle has a particularly important applicable value and can provide effective theoretical guidance for the nozzle optimization design of the aircraft fire extinguishing system.



There are many different types of nozzles that are widely used in many fields such as spray cooling, splash lubrication, steam jet, and fire protection. The structure of these nozzles are particularly different, and the commonly used structures are orifice nozzles (generally employed in spray-related fields), Laval nozzles (usually used in applications related to supersonic injection), straight expansion/contraction nozzles (commonly used in the field of gas extinguishing agent injection), etc. In recent years, many numerical simulation studies have been carried out, focusing on the improvement of the flow and release performance of nozzles [6,7,8,9,11,12,13,15,16,17,18,19,20,21,22,23,24,25,26,27,28].



As for orifice nozzles, studies have mainly focused on the improvement of spray characteristics, such as droplet size, droplet velocity, spray cone angle, and shape, of single-phase liquids such as water, oil, and solution [6,7,9,11,12,22]. For example, Lee et al. [16,24,25] studied the influence of the orifice length and orifice diameter of the plain orifice nozzle on the spray characteristics of high-temperature hydrocarbon liquid fuel by combining numerical simulation with an experiment. They found that for injectors of the same orifice diameter, the discharge coefficient decreases with the increase of the orifice length, while for injectors of the same orifice length, the discharge coefficient does not change with the orifice diameter. On the basis of the large eddy numerical simulation method, Zhang et al. [19] studied the influence of nozzle structure on the diffusion angle and volume flux characteristics of the jet oil sprayed by nozzles of gear cases. They found that the jet diffusion angle was approximately zero in the region near the nozzle outlet when the length-diameter aspect ratio was greater than 2, and the change of the orifice diameter and orifice length will change the local loss and the linear loss of the flow, which will finally lead to variation of volume flux of the jet.



As for Laval nozzles, there are many studies focused on the influence of geometric parameters, such as distance ratio, throat diameter, and area ratio, on the performance of base pressure control, steam ejection, and spray forming [8,15,17,18,20,23,26,27]. For example, on the basis of the computational fluid dynamic (CFD) method, Pathan et al. [8] studied the influence of the Laval nozzle pressure ratio on the base pressure for the compressed air under the conditions of constant nozzle length–diameter aspect ratio and area ratio. They found that the higher nozzle pressure ratio had an obvious beneficial effect on the increase of the base pressure when the jets released from the nozzles were under-expanded.



As for straight expansion/contraction nozzles, scarce attention has been paid to the numerical simulation of the flow and release characteristics of them in recent years. Since abrupt flow area expansion is a common phenomenon in various industrial applications, some published studies have focused on the problem of sudden expansion in the flow area in pipes, and some of them are numerical simulations studies for gas–liquid two-phase flow. For example, on the basis of the solving of the one-dimensional conservation equations, Attou et al. [29] compared the predictions of the homogeneous flow model, frozen flow model, and bubbly flow model with experimental results, developing a semi-analytical model for the pressure drop of air–water two-phase flow in sudden enlargements. Roul et al. [30] also explored the pressure drop caused by the sudden expansion/contraction of the flow area in the small round pipes by employing two-phase flow models in an Eulerian scheme. They found that the simulation results of the pressure changes of the air and water mixtures two-phase flow, which was caused by the sudden expansion and contraction of the flow area, were in good agreement with those predicted by the slip flow model. It can be found that there are many relative simulation studies on sudden expansion of pipes, focusing on the pressure loss characteristics during the flow. Furthermore, due to the fact that the boiling point and gasification latent heat of the gas extinguishing agent are significantly different from those of common research objects similar to water (the boiling points of Halon 1301 gas extinguishing agent and water are   − 57.8   ℃   and   100   ℃  , respectively; and the latent heat of vaporization of them are   117.0   kJ / kg   and   2257.2    kJ  / kg  , respectively), the gasification rate of the gas extinguishing agent is significantly different from that of common liquid mediums. Moreover, since the flow in the aforementioned studies is completely in the tube, the obvious difference from nozzle injection is that there is no influence of the external atmosphere on the flow and phase transformation of the mixture. In fact, as Etzold et al. [6] found that by comparing the numerical simulation results of short nozzles with the experimental data, the properties of the ambient gas boundary layer around the liquid jets had a significant influence on the discrepancies between simulation results and experimental data. Therefore, considering that there is a violent gasification phase transition during the process of gas extinguishing agent releasing from the nozzle into the atmosphere, and the straight sudden expansion nozzle, as a typical representative of straight expansion/contraction nozzles, are commonly used in aircraft fixed gas fire extinguishing systems due to its simple structure, high reliability, and good consistency, it is of great practical value to carry out the research on the flow and release characteristics of straight sudden expansion gas extinguishing nozzles.



It is noteworthy that the geometric parameters, such as outlet–inlet area ratio, length–diameter aspect ratio, and wall roughness, have a significant influence on the distribution of pressure and velocity characteristics during the release process of the gas extinguishing nozzles. However, the influence has drawn little attention in previous studies. Moreover, it is a considerably complex gas–liquid two-phase flow that the fire extinguishing agent flows in the sudden expansion nozzles. This process is accompanied with a significant phase transition. The distribution characteristics of both of the pressure and velocity in the nozzle are extremely important, but these characteristics are much more difficult to be accurately quantitatively characterized by experiments. However, numerical simulation can successfully address this deficiency.



Therefore, in order to deeply understand the flow and release characteristics and internal mechanisms of the fire-extinguishing agent released from the straight sudden expansion nozzle, we established a simplified simulation model for the straight sudden expansion nozzle of the gas fire extinguishing agent in this work, which can guide the optimization design of the aircraft gas fire extinguishing system to promote its performance. On the basis of this model, we analyzed the spatial distribution characteristics of pressure and velocity in the nozzle. The influence of the outlet–inlet ratio, length–diameter aspect ratio, and wall roughness of the nozzle on the spatial distribution of pressure and velocity were studied.




2. CFD Model and Numerical Solution


Due to the sudden change of the flow area in the sudden expansion nozzles, the pressure in the nozzles changes dramatically, and the flow process of gas extinguishing agents in the expansion nozzles is a particularly complex gas–liquid two-phase flow. Williamson [31] found that the flow of Halon 1301 agent in the pipeline was accompanied by a large number of bubbles less than 0.01 inches in diameter, which is a typical dispersed bubbly flow. Therefore, the mixture model, which is suitable for computation bubbly flows where the gas volume fraction remains low [32], was selected for the simulation calculation of the release characteristics of the gas extinguishing agent in this study.



2.1. Governing Equations


To simplify the numerical calculation process, we made the following assumptions:



	(a)

	
The carrier nitrogen in gas–liquid two-phase flow is regarded as ideal gas, and its dissolution in the liquid extinguishing agent is ignored.




	(b)

	
The gaseous Halon 1301 extinguishing agent is also regarded as ideal gas.




	(c)

	
The inner walls of the pipeline and the nozzle are adiabatic.







According to the above assumptions, the governing equations for the model are as follows:



Continuity equation:


   ∂  ∂ t    (   ρ m   )  + ∇ ·  (   ρ m    v →  m   )  = 0  



(1)







Momentum equation:


   ∂  ∂ t    (   ρ m    v →  m   )  + ∇ ·  (   ρ m    v →  m    v →  m   )  = − ∇ P + ∇ ·  [   μ m   (  ∇   v →  m  + ∇   v →  m    T   )   ]  +  ρ m   g →  +  F →  + ∇ · (   ∑   k = 1  n   α k   ρ k    v →   d r , k     v →   d r , k   )  



(2)







Energy equation:


   ∂  ∂ t     ∑   k = 1  n   (   α k   ρ k   E k   )  + ∇ ·   ∑   k = 1  n   (   α k    v →  k   (   ρ k   E k  + P  )   )  = ∇ ·  (   k  e f f   ∇ T  )  +  S E   



(3)







In the formulas,    ρ m  =   ∑   k = 1  n   α k   ρ k    is the mixture density;     v →  m  =     ∑   k = 1  n   α k   ρ k    v →  k     ρ m      is the mass-averaged velocity;    α k    is the volume fraction of phase  k ;    ρ  k      is the density of phase  k ;     v →  k     is the velocity of phase  k ;  n  is the number of phases;   F →   is a body force;    μ m  =   ∑   k = 1  n   α k   μ k    is the viscosity of the mixture;     v →   d r , k   =   v →  k  −   v →  m    is the drift velocity for secondary phase  k ;    k  e f f   =   ∑   k = 1  n   α k  (  k k  +  k t  )   is the effective thermal conductivity;    k t    is the turbulent thermal conductivity, which is defined according to the turbulence model being used;    E k  =  h k  −  P   ρ k    +     v →  k    2   2    for a compressible phase, and    E k  =  h k    for an incompressible phase, where    h k    is the sensible enthalpy for phase  k ; and    S E    denotes the source term, which includes any other volumetric heat sources.



Since only one of the phases can be defined as a compressible ideal gas in the mixture model [32], in this study, the primary phase was set as the mixture of nitrogen and gaseous Halon 1301 extinguishing agent whose density was set as ideal-gas. The secondary phase was set as the liquid Halon 1301 extinguishing agent, which is uncompressible; its density was set as piecewise-linear, and the relationship between density and temperature was expressed by 19 points in the present study. The volume fraction equation for the secondary phase  l  is as follows:


   ∂  ∂ t    (   α l   ρ l   )  + ∇ ·  (   α l   ρ l    v →  l   )  =   m ˙   v l   −   m ˙   l v    



(4)







In the formula,     m ˙   v l     and     m ˙   l v     denote the interphase mass transfer rates from gas phase to liquid phase and from liquid phase to gas phase, respectively. The evaporation and condensation processes are as follows [33]:



The condensation process   ( T <  T  s a t   )   can be expressed as:


    m ˙   v l   =  r c   α v   ρ v    T −  T  s a t      T  s a t      



(5)







The evaporation process   ( T >  T  s a t   )   can be expressed as:


    m ˙   l v   =  r e   α l   ρ l    T −  T  s a t      T  s a t      



(6)







In the formulas,    T  s a t     denotes the saturation temperature of the extinguishing agent;    r c    and    r e    represent the time relaxation factors to adjust the rate of phase transition, their values were both set as 100 [34];    α v    and    α l    are the volume fractions of gas phase and liquid phase, respectively; and    ρ v    and    ρ l    represent the gas and liquid density, respectively.




2.2. Tublence Model


The   k − ε   model has been widely used in ultrasonic turbulent flows, such as gas flows in Laval nozzles, and the reliability has been validated in many such kinds of simulations [20]. Moen et al. [35] studied the accuracy of the three well-known RANS eddy viscosity models, namely, standard   k − ε   model, re-normalization group (RNG)   k − ε   model, and realizable   k − ε   model, in typical gas release scenarios, including dense CO2 release, impinging hydrogen jet, and a dense chlorine jet release. They found that the performance of the realizable   k − ε   model is substantially better than that of the other two   k − ε   models for the simulation of dense-phase gas releases. In particular, the realizable   k − ε   model predicts the spreading rate for axisymmetric round-jets well, which is noteworthy. Therefore, in this study, the realizable   k − ε   model was selected for the turbulence simulations. The modeled transport equations for  k  and  ε  are as follows [32]:


   ∂  ∂ t    (  ρ k  )  + ∇ ·  (  ρ k  v →  −  (  μ +    μ t     σ k     )  ∇ · k  )  =  G k  +  G b  − ρ ε −  Y M  +  S k     



(7)




and


   ∂  ∂ t    (  ρ ε  )  + ∇ ·  (  ρ ε  v →  −  (  μ +    μ t     σ ε     )  ∇ · ε  )  = ρ  C 1  S ε − ρ  C 2     ε 2    k +   v ε     +  C  1 ε    ε k   C  3 ε    G b  +  S ε     



(8)




where



   C 1  = m a x  [  0.43 ,  η  η + 5    ]   ,   η = S  k ε   ,   S =   2  S  i j    S  i j      .



In the equations,    G k    represents the generation of turbulence kinetic energy due to the mean velocity gradients;    G b    denotes the generation of turbulence kinetic energy due to buoyancy;    Y M    is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate;    C  1 ε    ,    C 2    and    C  3 ε     are constants; and    σ k    and    σ ε    are the turbulent Prandtl numbers for  k  and  ε , respectively.




2.3. Computational Geometry and Grid


As shown in Figure 1a, the sudden-expansion nozzle was threaded on one end of a circular pipe with an inner diameter    D 1    (inlet diameter) of 14.10   mm  , and the length    L 1    of the pipeline is 250   mm  . Figure 1b shows the structure of the nozzle. The outlet–inlet area ratio (  δ =  A 2  /  A 1   ) of the fire extinguishing nozzle varied from 1.25 to 5.00, with corresponding inner diameter    D 2    (outlet diameter) of the nozzle varied from 15.76   mm   to 31.53   mm  . According to Li’s [36] study, the optimal cavity length to the nozzle diameter is 3 for abrasive waterjet nozzles. Therefore, in this study, the range of    L 2  /  D 2    aspect ratio was set as 0.50 to 3.00. In order to accurately obtain the exit condition of the fire extinguishing nozzle, we took the center point of the interface between the fire extinguishing nozzle and the pipeline (hereinafter referred to as “the changing interface”) as the coordinate origin, and the positive direction of the Z-axis went straight along the pipeline toward the pipeline inlet, as shown in Figure 1a. The space rectangular coordinate system was established.



The whole simulation model is shown in Figure 2. Considering that the pipeline flow and the spatial motion of the extinguishing agent were approximately axisymmetric, the whole computational domain was designed as a cylinder with a radius of 350   mm   and a length of 1240   mm  . There was a circular wall added at the entrance side of the pipeline. The cylinder surface and the end face of the outlet side of the cylinder were set as the pressure outlet boundary, and the cylinder was filled with atmospheric nitrogen in order to simulate the environmental conditions in which the fire extinguishing agent is sprayed to the atmospheric pressure.



As shown in Figure 3a,b, the structured hexahedral mesh with high quality was adopted for domain discretization, and the grids within and near the nozzle and the pipeline were locally refined. In order to test the independence of the grids, the variation of the average pressure difference between the nozzle inlet and outlet sections with the number of grids was studied. The results are shown in Figure 4. As can be seen from Figure 4, when the number of grids reached 972,640, the average pressure difference did not change significantly with the increase of the number of grids. The difference between the pressure difference when the number of grids was 2,426,240 and that when the number of grids was 972,640 is about 3.6 % . However, using a computer with Intel Xeon E5-2670 CPU, we found that the solution time of a single case increased dramatically from about 20 h to about 55 h. Therefore, considering the calculation cost and the grid sensitivity, we divided the calculation domain into 972,640 cells.




2.4. Boundary Conditions and Numerical Approach


In order to focus on the influence of the nozzle geometric parameters on the release characteristics of the extinguishing agent, we set the inlet boundary of the pipeline to a constant velocity inlet of 25   m / s   in this study. The volume fractions of each component at the pipeline inlet were as follows: the liquid Halon 1301 accounted for 80 % , the gaseous Halon 1301 accounted for 10 % , and the remainder was nitrogen. The nozzle and pipeline walls were set as no-slip walls, whose materials were aluminum with wall roughness of 0.16   mm  . The near wall region adopted a standard wall function approach. The initial temperature was 294.25  K . As an improved extension of the semi-implicit method for pressure-linked equations (SIMPLE), SIMPLEC is able to improve convergence for complicated flows when it is limited by the pressure–velocity coupling [37,38], and therefore it was employed for the treatment of the pressure–velocity coupling in the present study. Considering the fact that the PRESTO! (PREssure STaggering Option) scheme has good adaptability to high swirling flows and pressure rapid change flows [32,39], we adopted it for the discretization of the pressure term in this study. The terms of density, momentum, turbulent kinetic energy, and turbulent dissipation rate all discretized with the second order upwind scheme. For the transient formulation, the second-order implicit method was adopted for iteration convergence of the residuals.




2.5. Design of Simulate Conditions


In order to study the influence of the nozzle outlet–inlet area ratio ( δ ) on the flow and release characteristics of the sudden expansion nozzles, we carried out 12 groups of comparative tests under the same conditions of the inner diameter of the nozzle inlet (   D 1   ), the ratio of the expansion section length to the inner diameter of the nozzle outlet (  ξ =  L 2  /  D 2   ), and the roughness of the pipeline and nozzle walls (   ε P    and    ε N   , respectively). The values of each parameter are shown in Table 1.



In order to reveal the influence of the ratio of the expansion section length to the inner diameter of the nozzle outlet (  ξ =  L 2  /  D 2   ) on the flow and release characteristics of the sudden expansion nozzles, we carried out six groups of comparative tests under the same conditions of the inner diameter of the nozzle inlet (   D 1   ), the nozzle outlet–inlet area ratio ( δ ), and the roughness of the pipeline and nozzle walls (   ε P    and    ε N   , respectively). The values of each parameter are shown in Table 2.



In order to study the influence of the nozzle inner wall roughness   (  ε N   ) on the flow and release characteristics of the sudden expansion nozzles, we carried out four groups of comparative tests under the same conditions of the inner diameter of the nozzle inlet (   D 1   ), the nozzle outlet–inlet area ratio ( δ ), the ratio of the expansion section length to the inner diameter of the nozzle outlet (  ξ =  L 2  /  D 2   ), and the roughness of the pipeline inner wall (   ε P  )  . Considering that the roughness value of the industrial metal pipelines under non-corrosive conditions is usually less than 0.2    mm   [40,41], in this study, the roughness of the inner wall of the nozzle was set as 0.14   mm  , 0.16   mm  , 0.18   mm  , and 0.20   mm  , respectively. The values of each parameter are shown in Table 3.





3. Results and Discussion


The release of the gas extinguishing agent through nozzles is a typical considerably complex gas–liquid two-phase turbulent flow. That is, the gas extinguishing agent is not only constrained by the nozzle wall but also has significant heat exchange with the wall and obvious gasification phase transition. Therefore, the distribution characteristics of the extinguishing agent during the flow and release, such as the spatial distribution of pressure and velocity in the nozzle, are usually not completely symmetrical. Moreover, their characteristics are inevitably affected by the geometric parameters of the nozzle such as outlet–inlet area ratio, length–diameter aspect ratio, and wall roughness, which will be discussed in the following sections.



3.1. Effects of Outlet–Inlet Area Ratio on the Release Characteristics


3.1.1. Effects of Outlet–Inlet Area Ratio on the Pressure Characteristics


The pressure distribution characteristics usually have a particularly important influence on the flow of the medium. Especially for the gas–liquid two-phase flow, the pressure distribution in the cavity will also significantly affect the gasification characteristics of the medium. Therefore, it is necessary to study the pressure distribution characteristics in the nozzle.



The section pressure distribution and 3D streamline images of the pipeline and nozzle under different outlet–inlet area ratios are shown in Figure 5. It can be seen from Figure 5 that there was an obvious pressure attenuation in the nozzle expansion section, and the overall apparent pressure in the expansion section decreased with the increase of the outlet–inlet area ratio  δ . In addition, when   δ ≤ 1.5  , the pressure distribution in the nozzle presented a cone-shaped structure with the vertex heading towards the nozzle outlet, and the overall pressure in the cone-shaped region decreased with the increase of  δ . In addition, the pressure in the other regions of the nozzle was significantly smaller than that in the conical area. The shape of the corresponding streamlines in the pipeline and nozzle was approximately linear, and no obvious turning phenomenon occurred in the area mutation region. This may have been due to the fact that when   δ ≤ 1.5  , the cross-sectional area of the nozzle was not much different from that of the pipeline, and the expansion of the medium in the expansion section of the nozzle was not very obvious; thus, there was no great change in the structure of the fluid.



When   δ > 1.5  , the conical structure moved from the nozzle interior along the opposite direction of the flow to the region near the nozzle in the pipeline, and a cone-shaped low-pressure region began to appear near the area mutation region, with the area of the low-pressure region increasing with the increase of  δ . Moreover, when   δ = 5  , another small low-pressure region appeared downstream of the cone-shaped low-pressure region inside the nozzle. The corresponding streamlines in the nozzle showed a turning phenomenon, obvious expansion occurred in the sudden expansion area, and the expansion amplitude increased with the increase of  δ . This may have been due to the fact that the fluid usually expands when it flows through the expanding area [42]. This expansion may reduce the local pressure and accelerate the gasification rate of the gas extinguishing agent, which may induce vortexes and increase the local resistance loss, and then superimposes the compression effect of the pressure waves reflected by the inner walls of the nozzle so the flow in the nozzle presented a structure similar to the under-expanded jet.



In order to facilitate the analysis of the pressure distribution characteristics during the flow process, as shown in Figure 6a, we plotted the variation curves of the pressure on the central axis of the pipeline and the nozzle under different outlet–inlet area ratios. It can be seen from Figure 6a that the pressure distribution curves on the central axis under different area ratios were significantly different. Specifically, when   δ ≤ 1.5  , as shown by the black dotted ellipse in the figure, the sudden drop of the pressure on the central axis (corresponding to the conical region in the cloud image) occurred on the side of the nozzle, and the pressure decreased monotonically along the axial direction in the nozzle. However, when   δ > 1.5  , as shown by the blue dotted ellipse in Figure 6a, the sudden pressure drop appeared on the side of the pipeline. Moreover, the pressure on the central axis showed an obvious non-monotonic change, which decreased first and then increased in the region close to the sudden increase of area, as shown by the red dotted ellipse in the figure. In fact, the minimum pressure here happened to occur at the core of the aforementioned cone-shaped low-pressure zone.



Figure 6b shows the variations of the minimum pressure on the central axis in the nozzle (   P  m i n   )   and the distance of the position where the minimum pressure appeared from the position where the area expansion occurred (  D i  s   P  m i n     )   vs.  δ . It can be seen from Figure 6b that the variation of    P  m i n     and   D i  s   P  m i n       with  δ  can be clearly divided into two parts, namely, when   δ ≤ 1.5  , the value of    P  m i n     was relatively large, and since the corresponding position of    P  m i n     only appeared at the outlet cross-section of the nozzle, the value of   D i  s   P  m i n       was also relatively large; when   δ > 1.5  , with the increase of  δ , the value of    P  m i n     decreased monotonically, while the value of   D i  s   P  m i n       increased gradually. They can be fitted by exponential functions, and the fitting results are shown in Equations (9) and (10).


   P  m i n   = 0.080 + 4.418 ×   0.311  δ   



(9)






  D i  s   P  m i n     = 34.267 − 55.112 ×   0.570  δ   



(10)




where    P  m i n     represents the minimum pressure in the nozzle (  Mpa  );   D i  s   P  m i n       denotes the distance of the position where the minimum pressure appears from the position where the area expansion happens (  mm )  ; and  δ  represents the outlet-inlet area ratio of the nozzle.



From the above analysis, it can be seen that the increase of  δ  will significantly affect the pressure distribution in the nozzle, especially in the region of sudden expansion, and there was a local low-pressure zone in the nozzle, which may lead to the acceleration of the gasification rate of the gas extinguishing agent and may likely induce strong vortices inside the flow field, eventually making the flow field structure change significantly.



In order to analyze the influence of  δ  on the pressure on the nozzle outlet, as shown in Figure 6c, we plotted the variation of the pressure on the outlet cross-section of the nozzle with the normalize radius (distance from the central axis divided by the radius of the outlet cross-section) against  δ . It can be seen from Figure 6c that the overall pressure on the outlet cross-section decreased with the increase of the area ratio, and the uniformity of the pressure distribution along the radial direction was obviously improved when   δ ≥ 2  . This may have been due to the fact that the relatively large outlet–inlet area ratio under the same length–diameter aspect ratio made the extinguishing agent expand violently in the nozzle cavity and made it fully turbulent.



Figure 6d shows the average pressure on the nozzle outlet cross-section (   P  a v g    ) vs.  δ . It can be seen from Figure 6d that    P  a v g     decreased monotonically with the increase of  δ . This may have been due to the fact that, on the one hand, when the discharge driving force is constant, the increase in the export cross-section area will inevitably reduce the overall pressure; on the other hand, the continuous increase in the flow area makes the flow field structure in the nozzle undergo a fundamental change, which makes the uniformity of the pressure distribution of the nozzle outlet cross-section significantly improved. The change of    P  a v g     can be fitted by an exponential function, and the results are shown in Equation (11).


   P  a v g   = 0.268 + 2.669 ×   0.392  δ   



(11)




where    P  a v g     represents the average pressure on the cross-section of the nozzle outlet (  Mpa  ), and  δ  denotes the outlet–inlet area ratio of the nozzle.




3.1.2. Effects of Outlet–Inlet Area Ratio on the Velocity Characteristics


The flow velocity is an important parameter to characterize the release characteristics of nozzles, not only affecting the release rate of the nozzle but also affecting the spatial motion and diffusion characteristics of the medium after spraying out of the nozzle. Therefore, it is necessary to further study the velocity distribution characteristics in the nozzle.



Figure 7 shows the section velocity distribution and 3D streamline images of the pipeline and nozzle under different outlet–inlet area ratios. It can be seen from Figure 7 that the velocity inside the nozzle varied with the increase of the area ratio. When   δ ≤ 1.5  , the velocity change in the nozzle was not significant, and the streamlines were approximately straight. However, when   δ = 1.75  , a local high-speed zone with significantly increased velocity appeared, and the bending deformation of the streamlines appeared near the area mutation region in the nozzle, with both the area of this region and the amplitude of the bending deformation increasing with the increase of the area ratio. In addition, there was an obvious local low-speed region in the downstream of the high-speed zone, and its area also increased with the increase of the area ratio. This may have been due to the fact that when the area ratio was relatively large, the extinguishing agent had a significant expansion when it flowed through the area mutation region, which formed significant local vortexes in the wall attachment of the area mutation region. The flow field inside the nozzle presented the characteristics of a typical under-expanded jet, and its intensity increased with the increase of  δ . Moreover, due to the continuous energy consumption during the flow, the intensity of the downstream under-expanded jet was significantly weakened.



In order to facilitate the analysis of the velocity distribution characteristics during the flow process, as shown in Figure 8a, we plotted the variation curves of the velocity on the central axis towards the nozzle outlet direction under different outlet–inlet area ratios. It can be seen from Figure 8a that in the region near the area mutation of the nozzle, the velocity on the central axis presented two kinds of obviously different trends with  δ , as shown in the solid lines and imaginary lines, respectively. Specially, when   δ ≤ 1.5  , the velocity on the central axis changed little in the area mutation region. However, when   δ > 1.5  , there was a significant peak of the velocity on the central axis near the area mutation region in the nozzle, and the value and width of the peak increased with the increase of  δ . Moreover, an obvious valley appeared in the downstream region of the peak. This shows that the axial velocity in the area mutation region had obvious oscillations, which should be related to the transformation of the flow field structure into under-expanded flow.



Figure 8b shows the variations of the maximum velocity on the central axis in the nozzle (   V  m a x   )   and the distance of the position where the maximum pressure appeared from the position where the area expansion occurred   ( D i  s   V  m a x     )   vs.  δ . It can be seen from Figure 8b that the variation of    V  m a x     and   D i  s   V  m a x       with  δ  can also be clearly divided into two parts, namely, when   δ ≤ 1.5  , the value of    V  m a x     was relatively small, and the value of   D i  s   V  m a x       was also relatively small; when   δ > 1.5  , the values of    V  m a x     and   D i  s   V  m a x       both increased with the increase of  δ . They can be fitted by exponential functions, and the fitting results are shown in Equations (12) and (13).


   V  m a x   = 73.713 − 27.066 ×   0.583  δ   



(12)






  D i  s   V  m a x     = 28.564 − 37.199 ×   0.610  δ   



(13)




where    V  m a x     represents the maximum velocity in the nozzle (  m / s  );   D i  s   V  m a x       denotes the distance of the position where the maximum velocity appears from the position where the area expansion happens (  mm )  ; and  δ  represents the outlet–inlet area ratio of the nozzle.



In order to analyze the influence of  δ  on the axial velocity at the nozzle outlet, as shown in Figure 8c, we plotted the variation of the axial velocity on the outlet cross-section of the nozzle with the normalize radius against  δ . As shown in Figure 8c, the overall variation of the axial velocity on the outlet cross-section with  δ  was small, and the uniformity of the axial velocity distribution along the radial direction increased slightly with the increase of  δ . In addition, when   δ > 1.5  , the axial velocity on the outlet cross-section near the inner surface of the nozzle was significantly larger than that when   δ ≤ 1.5  . This may have been related to the increase of turbulence intensity in the near-wall region.



Figure 8d shows the average axial velocity on the nozzle outlet cross-section (   V  a v g    ) vs.  δ . As shown in Figure 8d, within the value range of  δ  in this study, the changes of    V  a v g     were relatively small, and generally    V  a v g     was of a slow increase trend with the increase of  δ . It can be fitted by a linear function, and the results are shown in Equation (14).


   V  a v g   = 42.632 + 1.078 × δ  



(14)




where    V  a v g     represents the average axial velocity on the cross-section of the nozzle outlet (  m / s  ), and  δ  denotes the outlet–inlet area ratio of the nozzle.





3.2. Effects of Length–Diameter Aspect Ratio on the Release Characteristics


3.2.1. Effects of Length–Diameter Aspect Ratio on the Pressure Characteristics


Figure 9 shows the section pressure distribution and 3D streamline images of the pipeline and nozzle under different length–diameter aspect ratios. It can be seen from Figure 9 that compared with the inlet pressure of the nozzle, the overall pressure in the sudden expansion zone was significantly reduced. When   ξ > 1  , an obvious conical low-pressure zone, for which area increased first and then decreased with the increase of  ξ , appeared in the nozzle near the expansion area. In addition, the streamlines in the corresponding region shrunk after expansion. This may have been due to the reflection of the pressure by the inner wall of the nozzle. In addition, when   ξ > 2  , multiple low-pressure zones with different intensities appeared in the nozzle along the flow direction, and these low-pressure zones became more and more obvious with the increase of  ξ . This may have been due to the fact that the length of the expansion section increased with the increase of  ξ , which made the vaporized extinguishing agents have the constraint condition of significantly compressing the subsequent fluid in the expansion section. In addition, the increase of the length of the expansion section created favorable conditions for the pressure reflection of the nozzle wall, and therefore the flow in the nozzle presented a typical under-expanded flow structure.



Figure 10a shows the variation curves of the pressure on the central axis of the pipeline and the nozzle under different length–diameter aspect ratios. It can be seen from Figure 10a that the pressure distribution curves on the central axis under different length–diameter aspect ratios    ( ξ )    were significantly different. Specifically, as shown by the black dotted ellipse in the figure, when   ξ < 2  , the minimum pressure on the central axis appeared outside of the nozzle. On the other hand, when   ξ ≥ 2  , the minimum pressure on the central axis appeared inside of the nozzle, and, remarkably, repeated pressure rise and fall appeared on the axial pressure curves (as shown by dotted lines in the figure) inside of the nozzle. This also showed that the fluid in the expansion section of the nozzle presented an under-expanded flow structure.



Figure 10b shows the variations of the minimum pressure on the central axis in the nozzle (   P  m i n   )   and the distance of the position where the minimum pressure appeared from the position where the area expansion occurred (  D i  s   P  m i n     )   vs.  ξ . It can be seen from Figure 10b that the variation of    P  m i n     and   D i  s   P  m i n       with  ξ  could be clearly divided into two parts, namely, when   ξ < 2  , since the corresponding position of    P  m i n     only appeared at the outlet cross-section of the nozzle, the value of    P  m i n     was relatively large; when   ξ ≥ 2  , with the increase of  ξ , the value of    P  m i n     was close to zero and its change range was small, while the value of   D i  s   P  m i n       decreased first and then increased. It can be fitted by a quadratic polynomial function, as shown in Equation (15).


  D i  s   P  m i n     = 74.829 − 33.026 × ξ + 5.078 ×  ξ 2   



(15)




where   D i  s   P  m i n       denotes the distance of the position where the minimum pressure appeared from the position where the area expansion occurred (  mm )  ;  ξ  represents the length–diameter aspect ratio of the nozzle.



From the above analysis, it can be seen that the increase of  ξ  also significantly affected the pressure distribution in the nozzle. This may have been due to the fact that the extension of the expansion section made the flow of the extinguishing agent constrained, which could facilitate the formation of the vortex and increase its strength in the expansion section so that the structure of the flow in the nozzle changes significantly.



In order to analyze the influence of  ξ  on the pressure at the nozzle outlet, as shown in Figure 10c, we plotted the variation of the pressure on the outlet cross-section of the nozzle with the radius against  ξ . It can be seen from the figure that the overall pressure on the outlet cross-section was relatively small, and when   ξ > 2  , the pressure on the outlet cross-section was close to uniform distribution, which indicated that the flow in the expansion section was fully turbulent and the gaseous and liquid extinguishing agents were fully mixed.



Figure 10d shows the average pressure on the nozzle outlet cross-section (   P  a v g    ) vs.  ξ . It can be seen from the figure that    P  a v g     was close to zero (gauge pressure) when   ξ < 2  ; this may have been due to the fact that the expansion section was too short, and therefore the fire extinguishing agent was sprayed into the atmosphere before it was fully vaporized. However, when   ξ ≥ 2  , with the increase of  ξ ,    P  a v g     increased slightly first and then decreased slightly. The slight increase of    P  a v g     in front may have been related to the increase of gasification amount of the extinguishing agent in the expansion section, while the slight decrease in the back may have been caused by the increase of the flow resistance. Moreover, the change of    P  a v g     when   ξ ≥ 2   can be fitted by a quadratic polynomial function, and the fitting result is shown in Equation (16).


   P  a v g   = − 0.895 + 0.754 × ξ − 0.121 ×  ξ 2   



(16)




where    P  a v g     represents the average pressure on the cross-section of the nozzle outlet (  Mpa  ), and  ξ  denotes the length–diameter aspect ratio of the nozzle.




3.2.2. Effects of Length–Diameter Aspect Ratio on the Velocity Characteristics


Figure 11 shows the section velocity distribution cloud images and the 3D streamlines under different length–diameter aspect ratios. It can be seen from the cloud images that there was a conical high-velocity region near the expansion area, and the size of the conical region and its relative position with the nozzle outlet were significantly different with the increase of the length-diameter aspect ratio  ξ .



Specifically, when   ξ < 2  , the conical region extended beyond the nozzle outlet; however, when   ξ ≥ 2  , the whole conical region appeared within the expansion section of the nozzle, and the area of the conical region decreased first and then increased slightly with the increase of  ξ . This may have been due to the fact that when  ξ  is relatively small, the length of the expansion section is too short, and therefore the extinguishing agent rushes out of the expansion section before it is fully diffused. However, when  ξ  is relatively large, the length of the expansion section can meet the needs of the development of the diffusion of the extinguishing agent. Alongside Figure 10d, it can be seen that as  ξ  increased, the average pressure on the nozzle outlet cross-section increased first and then decreased, which should be the reason that the size of the aforementioned conical area decreased first and then increased.



In order to facilitate the analysis of the velocity distribution characteristics during the flow process, as shown in Figure 12a, the variation curves of the velocity on the central axis towards the nozzle outlet direction under different length–diameter aspect ratios were plotted. It can be seen from the figure that the relative position relationship between the position where the maximum velocity on the central axis appeared and the nozzle outlet can also be clearly divided into two types, namely, when   ξ < 2  , the maximum velocity on the central axis inside the nozzle appeared on the outlet cross-section of the nozzle; however, when   ξ ≥ 2  , it appeared inside the nozzle. Moreover, when   ξ < 2  , the velocity on the central axis inside the nozzle increased monotonically with the distance from the expansion position to the downstream, whereas when   ξ ≥ 2  , as shown by dotted lines, the velocity on the central axis inside the nozzle showed obvious oscillation characteristics, which also should be a manifestation of the internal flow field in the nozzle transformed into the under-expanded flow structure.



Figure 12b shows the variations of the maximum velocity on the central axis in the nozzle   (  V  m a x   )   and the distance of the position where the maximum pressure appeared from the position where the area expansion occurred    (  D i  s   V  m a x      )    vs.  ξ . It can be seen from the figure that the variation of    V  m a x     and   D i  s   V  m a x       with  ξ  can also be clearly divided into two parts, namely, when   ξ < 2  , as shown by the dotted ellipse in the figure, the value of    V  m a x     was relatively small, and the value of   D i  s   V  m a x       was equal to the value of the nozzle expansion section length   (  L 2  )  ; when   ξ ≥ 2  , with the increase of  ξ , the values of    V  m a x     and   D i  s   V  m a x       both decreased first and then increased slightly. They can be fitted by quadratic polynomial functions, and the fitting results are shown in Equations (17) and (18).


   V  m a x   = 151.800 − 48.046 × ξ + 6.971 ×  ξ 2   



(17)






  D i  s   V  m a x     = 80.038 − 35.529 × ξ + 5.303 ×  ξ 2   



(18)




where    V  m a x     represents the maximum velocity in the nozzle (  m / s  );   D i  s   V  m a x       denotes the distance of the position where the maximum velocity appears from the position where the area expansion happens (  mm )  ; and  ξ  represents the length–diameter aspect ratio of the nozzle.



In order to analyze the influence of  ξ  on the axial velocity at the nozzle outlet, as shown in Figure 12c, we plotted the variation of the axial velocity on the outlet cross-section of the nozzle with the radius against  ξ . It can be seen from the figure that when   ξ ≥ 2  , the uniformity of the axial velocity distribution on the outlet cross-section was obviously improved compared with that in the case of   ξ < 2  . This may have been due to the fact that the increase in the length of the expansion section was conducive to the full mixing and diffusion of the gaseous and liquid extinguishing agents in the expansion section.



Figure 12d shows the average axial velocity on the nozzle outlet cross-section (   V  a v g    ) vs.  ξ . It can be seen from the figure that when   ξ < 2  ,    V  a v g     was relatively large, and there was little difference between the two values, shown in the dotted ellipse in the figure corresponding to the cases of   ξ = 0.5   and   ξ = 1.0  . This may have been due to the fact that the length of the expansion section was short, and the extinguishing agent had reached the nozzle outlet before it was rapidly vaporized in the expansion section of the nozzle. However, when   ξ ≥ 2  , with the continuous increase of  ξ ,    V  a v g     decreased first and then increased, and the minimum value occurred under the condition of   ξ = 3.0  .



Alongside the foregoing analysis, it can be speculated that this may be related to the change of the flow field structure in the nozzle. Moreover, with the increase of the length of expansion section, on the one hand, the flow resistance of the gas–liquid two-phase extinguishing agents will increase, and on the other hand, more extinguishing agents will inevitably vaporize during the flow process inside the nozzle. Therefore,    V  a v g     presents the aforementioned non-monotonic variation trend. It can be fitted by a quadratic polynomial function, as shown in Equation (19).


   V  a v g   = 131.323 − 64.134 × ξ + 10.992 ×  ξ 2   



(19)




where    V  a v g     represents the average axial velocity on the cross-section of the nozzle outlet (  m / s  ), and  ξ  denotes the length–diameter aspect ratio of the nozzle.





3.3. Effects of Wall Roughness on the Release Characteristics


3.3.1. Effects of Wall Roughness on the Pressure Characteristics


In order to facilitate the analysis of the pressure distribution characteristics during the flow process, as shown in Figure 13a, we plotted the variation curves of the pressure on the central axis of the pipeline and the nozzle under different wall roughnesses of the nozzle. It can be seen from the figure that the pressure on the central axis in the nozzle did not change significantly with the increase of the nozzle wall roughness.



Specifically, the pressure curves on the central axis in the low-pressure region (as shown by the black dotted ellipse in the figure) under different nozzle wall roughnesses were almost consistent, and the pressure on the central axis of the downstream region of the low-pressure zone in the nozzle (as shown by the red dotted ellipse in the figure) showed a slight non-monotonic change with the increase of the nozzle wall roughness. This may have been due to the fact that in the region where the sudden expansion occurred, the liquid extinguishing agent had not yet fully contacted with the nozzle wall, and therefore in the region near the nozzle inlet, the pressure did not change much with the increase of the nozzle wall roughness.



However, in the downstream region of the low-pressure zone, on the one hand, since the extinguishing agent made full contact with the wall, the increase of the wall roughness will inevitably increase the flow resistance and thus increase the pressure in the nozzle. On the other hand, the increase of the internal pressure will in turn slow down the gasification rate of the extinguishing agent, and therefore the pressure on the central axis presents the aforementioned non-monotonic slight change trend with the increase of the nozzle wall roughness.



Figure 13b shows the variations of the minimum pressure on the central axis in the nozzle (   P  m i n    ) and the distance of the position where the minimum pressure appeared from the position where the area expansion occurred (  D i  s   P  m i n      ) vs.    ε N   . It can be seen from the figure that    P  m i n     and   D i  s   P  m i n       had little change with the increase of    ε N   . They can be fitted by linear functions, and the fitting results are shown in Equations (20) and (21).


   P  m i n   = − 0.017 − 0.015 ×  ε N   



(20)






  D i  s   P  m i n     = 23.444 − 18.615 ×  ε N   



(21)




where    P  m i n     represents the minimum pressure in the nozzle (  Mpa  );   D i  s   P  m i n       denotes the distance of the position where the minimum pressure appears from the position where the area expansion happens (  mm )  ; and    ε N    represents the wall roughness of the nozzle (  mm  ).



Figure 13c shows the variation curves of the pressure on the outlet cross-section of the nozzle with the radius under different conditions of    ε N   . It can be seen from the figure that the pressure on the outlet cross-section did not change much with the radius, and the four pressure curves were almost consistent. This indicates that the increase of the nozzle wall roughness had little influence on the pressure on the outlet cross-section (   P  a v g    ) of the nozzle. In order to analyze the global influence of the wall roughness on the pressure on the nozzle outlet, we plotted the average pressure on the nozzle outlet cross-section against    ε N   , and the results are shown in Figure 13d. It can be seen from the figure that the change of    P  a v g     with the increase of    ε N    was also small. It can also be fitted by a linear function, as shown in Equation (22).


   P  a v g   = 0.178 + 0.044 ×  ε N   



(22)




where    P  a v g     represents the average pressure on the cross-section of the nozzle outlet (  MPa  ), and    ε N    denotes the nozzle wall roughness (  mm  ).




3.3.2. Effects of Wall Roughness on the Velocity Characteristics


Figure 14a shows the variation curves of the velocity on the central axis towards the nozzle outlet direction under different conditions of nozzle wall roughness (   ε N   ). It can be seen from the figure that the curves of the central axis velocity were almost consistent under the four different nozzle wall roughnesses, which indicates that the increase of    ε N    had little influence on the central axis velocity in the nozzle.



In order to analyze the maximum velocity in the nozzle, as shown in Figure 14b, we plotted the variations of the maximum velocity on the central axis in the nozzle (   V  m a x   )   and the distance of the position where the maximum pressure appeared from the position where the area expansion occurred (  D i  s   V  m a x      ) with    ε N   . It can be seen from Figure 14b that with the increase of    ε N   ,    V  m a x     decreased slightly, while   D i  s   V  m a x       increased slightly. This may have been due to the fact that the increase of    ε N    increased the flow resistance in the nozzle, which made the maximum velocity decrease slightly and made the extinguishing agent need to flow relatively far to reach the maximum velocity. Both    V  m a x     and   D i  s   V  m a x       can be fitted by linear functions, and the fitting results are shown in Equations (23) and (24).


   V  m a x   = 71.040 − 15.240 ×  ε N   



(23)






  D i  s   V  m a x     = 15.750 + 24.820 ×  ε N   



(24)




where    V  m a x     represents the maximum velocity in the nozzle (  m / s  );   D i  s   V  m a x       denotes the distance of the position where the maximum velocity appears from the position where the area expansion happens (  mm )  ; and    ε N    represents the nozzle wall roughness (  mm  ).



In order to analyze the influence of    ε N    on the axial velocity at the nozzle outlet, as shown in Figure 14c, we plotted the variation of the axial velocity on the outlet cross-section of the nozzle with the outlet radius against    ε N   . It can be seen from Figure 14c that the overall variation of the axial velocity on the outlet cross-section with    ε N    was small. This indicates that    ε N    had little influence on the axial velocity on the outlet cross-section.



Figure 14d shows the average axial velocity on the nozzle outlet cross-section (   V  a v g    ) vs.    ε N   . It can be seen from the figure that within the value range of    ε N    in this study, the changes of    V  a v g     were very slight, and    V  a v g     generally showed a slow decrease trend with the increase of    ε N   . It can be fitted by a linear function, as shown in Equation (25).


   V  a v g   = 49.827 − 18.409 ×  ε N   



(25)




where    V  a v g     represents the average axial velocity on the cross-section of the nozzle outlet (  m / s  ), and    ε N    denotes the nozzle wall roughness (  mm  ).






4. Conclusions


A numerical simulation model of gas–liquid two-phase flow for the release characteristics of the straight sudden expansion nozzle was established in this work, which can provide guidance to the design of the release device of the aircraft-fixed gas fire-extinguishing system. On this basis, the influences of the outlet–inlet area ratio, length–diameter aspect ratio, and nozzle wall roughness on the pressure and velocity distribution characteristics inside the nozzle were studied. The major results and conclusions are summarized as follows:



	(1)

	
The outlet–inlet area ratio  δ  had a significant effect on the release and flow characteristics of the straight sudden expansion gas extinguishing nozzle. With the increase of  δ , the average pressure on the outlet cross-section of the nozzle decreased monotonically, while the average axial velocity on the outlet increased approximately linearly. In addition, with the increase of  δ , the flow structure inside the nozzle can be divided into two stages. When   δ ≤ 1.5  , the distribution of pressure and velocity field in the nozzle was similar to those in the upstream pipeline, and the minimum pressure in the nozzle appeared at the outlet cross-section and the maximum velocity appeared much closer to the inlet of the nozzle. However, when   δ > 1.5  , the flow structure in the nozzle changed into an obvious under-expanded flow structure, and with the increase of  δ , the minimum pressure in the nozzle decreased gradually while the maximum axial velocity in the nozzle increased slightly, and the distance between the positions where the minimum pressure and the maximum velocity appeared in the nozzle and the position where sudden expansion occurred both increased gradually.




	(2)

	
The length–diameter aspect ratio  ξ  also had a particularly significant impact on the release and flow characteristics of the straight sudden expansion gas extinguishing nozzle. When   ξ < 2  , since the extinguishing agent had not sufficiently turbulently mixed in the expansion section before it reached the nozzle, both the minimum pressure on the central axis and the maximum axial velocity in the nozzle appeared on the nozzle outlet cross-section, and the pressure and velocity distribution on the outlet were very uneven. When   ξ ≥ 2  , the uniformity of the pressure and velocity distribution on the nozzle outlet was significantly improved. Moreover, with the increase of  ξ , the average pressure on the outlet increased first and then decreased, while the average axial velocity on the outlet decreased first and then increased. The results show that the optimal value of  ξ  should be about 3.0.




	(3)

	
The nozzle wall roughness    ε N    had a weak influence on the release and flow characteristics of the straight sudden expansion gas extinguishing nozzle. In the range of roughness from 0.14 to 0.20   mm   studied in this paper, both the pressure and axial velocity in the nozzle did not change much with    ε N   . With the increase of    ε N   , the average pressure on the nozzle outlet increased slightly, while the average axial velocity on the nozzle outlet decreased slightly. This indicates that an increase in the wall roughness may reduce the release rate of the extinguishing agent to some extent.
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Figure 1. Structural diagram of the model: (a) nozzle and pipeline; (b) profile of nozzle. 
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Figure 2. Structural diagram of the whole simulation model. 
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Figure 3. Diagram of grids: (a) overall view; (b) grids of nozzle. 
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Figure 4. Mesh dependence study. 
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Figure 5. Section pressure distribution and 3D streamlines under different area ratios. 
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Figure 6. Variation of pressure under different area ratios: (a) central axis pressure curves; (b) minimum pressure and distance; (c) pressure variation with the radius; (d) average pressure on the nozzle outlet cross-section. 
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Figure 7. Section velocity distribution and 3D streamlines under different area ratios. 
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Figure 8. Variation of axial velocity under different area ratios: (a) central axis velocity curves; (b) maximum velocity and distance; (c) velocity variation with the radius; (d) average velocity on the nozzle outlet cross-section. 
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Figure 9. Section pressure distribution and 3D streamlines under different length–diameter ratios. 
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Figure 10. Variation of pressure under different length–diameter aspect ratios: (a) central axis pressure curves; (b) minimum pressure and distance; (c) pressure variation with the radius; (d) average pressure on the nozzle outlet cross-section. 
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Figure 11. Section velocity distribution and 3D streamlines under different length–diameter ratios. 
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Figure 12. Variation of axial velocity under different length–diameter aspect ratios: (a) central axis velocity curves; (b) maximum velocity and distance; (c) velocity variation with the radius; (d) average velocity on the nozzle outlet cross-section. 
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Figure 13. Variation of pressure under different wall roughness: (a) central axis pressure curves; (b) minimum pressure and distance; (c) pressure variation with the radius; (d) average pressure on the nozzle outlet cross-section. 
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Figure 14. Variation of velocity under different wall roughness: (a) central axis velocity curves; (b) maximum velocity and distance; (c) velocity variation with the radius; (d) average velocity on the nozzle outlet cross-section. 
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Table 1. Geometric parameters of the simulation model under different area ratios.






Table 1. Geometric parameters of the simulation model under different area ratios.





	
Case No.

	
Area Ratio

  δ  

	
Length–Diameter

  Ratio   ξ  

	
Pipeline Length

    L 1  / mm   

	
Inlet Diameter

    D 1  / mm   

	
Expansion Length

    L 2  / mm   

	
Outlet Diameter

    D 2  / mm   

	
Wall Roughness




	
     ε P  / mm    

	
     ε N  / mm    






	
1

	
1.25

	
3.00

	
250

	
14.10

	
47.29

	
15.76

	
0.16

	
0.16




	
2

	
1.30

	
3.00

	
250

	
14.10

	
48.23

	
16.08

	
0.16

	
0.16




	
3

	
1.40

	
3.00

	
250

	
14.10

	
50.05

	
16.68

	
0.16

	
0.16




	
4

	
1.50

	
3.00

	
250

	
14.10

	
51.81

	
17.27

	
0.16

	
0.16




	
5

	
1.75

	
3.00

	
250

	
14.10

	
55.96

	
18.65

	
0.16

	
0.16




	
6

	
2.00

	
3.00

	
250

	
14.10

	
59.82

	
19.94

	
0.16

	
0.16




	
7

	
2.50

	
3.00

	
250

	
14.10

	
66.88

	
22.29

	
0.16

	
0.16




	
8

	
3.00

	
3.00

	
250

	
14.10

	
73.27

	
24.42

	
0.16

	
0.16




	
9

	
3.50

	
3.00

	
250

	
14.10

	
79.14

	
26.38

	
0.16

	
0.16




	
10

	
4.00

	
3.00

	
250

	
14.10

	
84.60

	
28.20

	
0.16

	
0.16




	
11

	
4.50

	
3.00

	
250

	
14.10

	
89.73

	
29.91

	
0.16

	
0.16




	
12

	
5.00

	
3.00

	
250

	
14.10

	
94.59

	
31.53

	
0.16

	
0.16
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Table 2. Geometric parameters of the simulation model under different length–diameter ratios.
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Case No.

	
Area Ratio

  δ  

	
   Length – Diameter   Ratio   ξ   

	
Pipeline Length

    L 1  / mm   

	
    Inlet   Diameter  D 1  / mm    

	
Expansion Length

    L 2  / mm   

	
Outlet Diameter     D 2  / mm   

	
Wall Roughness




	
     ε P  / mm    

	
     ε N  / mm    






	
13

	
3.00

	
0.50

	
250

	
14.10

	
12.21

	
24.42

	
0.16

	
0.16




	
14

	
3.00

	
1.00

	
250

	
14.10

	
24.42

	
24.42

	
0.16

	
0.16




	
15

	
3.00

	
2.00

	
250

	
14.10

	
48.84

	
24.42

	
0.16

	
0.16




	
16

	
3.00

	
2.50

	
250

	
14.10

	
61.05

	
24.42

	
0.16

	
0.16




	
8

	
3.00

	
3.00

	
250

	
14.10

	
73.27

	
24.42

	
0.16

	
0.16




	
17

	
3.00

	
4.00

	
250

	
14.10

	
97.69

	
24.42

	
0.16

	
0.16
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Table 3. Geometric parameters of the simulation model under different nozzle wall roughness.






Table 3. Geometric parameters of the simulation model under different nozzle wall roughness.





	
Case No.

	
Area Ratio

  δ  

	
   Length – Diameter   Ratio   ξ   

	
Pipeline Length

    L 1       /  m m    

	
    Inlet   Diameter  D 1         /  m m     

	
Expansion Length

    L 2       /  m m    

	
Outlet Diameter     D 2       /  m m    

	
Wall Roughness




	
     ε P         /  m m     

	
     ε N         /  m m     






	
18

	
3.00

	
3.00

	
250

	
14.10

	
73.27

	
24.42

	
0.16

	
0.14




	
8

	
3.00

	
3.00

	
250

	
14.10

	
73.27

	
24.42

	
0.16

	
0.16




	
19

	
3.00

	
3.00

	
250

	
14.10

	
73.27

	
24.42

	
0.16

	
0.18




	
20

	
3.00

	
3.00

	
250

	
14.10

	
73.27

	
24.42

	
0.16

	
0.20
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