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The stability of gas puff Z-pinch plasmas are highly dependent on the radius of the gas
column used to generate them. However by using annular gas shells rather than a filled gas
column and by carefully tuning the density of each shell, stability can be significantly increased.
This paper discusses preliminary work on the development of a computational model of the
gas puff valve in the Cornell Beam Research Accelerator in order to better characterize the
density profiles. A 2D planar model, and a 2D axisymmetric model have been carried using
commercially available computational fluid dynamics (CFD) codes. The results from the two
models were then evaluated and compared with experimental data collected through Planar
Laser Induced Fluorescence. While neither model showed accurate predictions of experimental
data, they establish a clear base from which higher fidelity models can be built.

I. Introduction

The Laboratory of Plasma Studies (LPS) at Cornell University is involved in a wide range of plasma physics research
with a focus on pulsed-power machines and high energy density (HED) plasmas. The Cornell Beam Research

Accelerator (COBRA) is a versatile pulsed-power machine within LPS, capable of generating a number of HED plasmas
including wire array & gas puff Z-pinches, X-pinches and conical wire arrays. Gas puff Z-pinch plasmas produce intense
X-rays along with a hot and energetic plasma making them ideal X-ray sources [1]. Gas puff Z-pinches are formed by
passing a high current through a column of gas causing breakdown and ionization, the current induces a magnetic field
within the column that causes the puff to pinch in on itself towards the z-axis along the center of the column[2]. This
implosion heats the compressed plasma and causes it to release energy in the form of radiation before dissipating. These
types of plasmas are particularly susceptible to Magneto-Rayleigh-Taylor (MRT) instabilities which for single shell or
full column gas pinches grows exponentially with a growth rate proportional to the initial column radius [3]. Introducing
multi-shelled gas columns which allow controlled density profiles have been shown to add increased stability to Z-pinch
plasmas [3].

While significant advancement has been made in Z-pinch stability through the use of bi and tri-axial gas puffs,
that stability is dependent on the ability to carefully control the density of the gas column [3]. While there have been
significant experimental attempts to characterize the gas puffs produced for pulsed-power machines such as COBRA,
there has been very little computational analysis of these systems. One example of the experimental effort to better
understand the gas columns produced in these machines was conducted at Cornell using the Planar Laser Induced
Fluorescence (PLIF) technique to image the puff [4]. This experimental work allows for the direct measurement of the
particular cases under examination, but does not lend itself to being able to characterize the gas puff at a wide range of
plena pressures and firing modes. A computational model would allow the prediction of gas puff behavior over a wide
range of initial conditions without the need to run the experiment in those modes. Once established and validated, a
computational model could also be used to design puffs that would yield higher stability Z-pinches. This paper discusses
the preliminary development of a such a model for the COBRA tri-axial gas puff valve using commercially available
computational fluid dynamics codes. Two simplified models of the COBRA tri-axial gas puff valve were developed, a
2D planar model and a 2D axisymmetric model. These models are working towards a higher fidelity model of the valve
in the future.

II. Numerical methods

A. Pressure-based Solver
The simulation of the gas puff valve has been carried out in ANSYS Fluent, a commercially available closed-source

CFD code widely used in industry. Because of this, it is not possible to determine the exact methods it is applying
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in order to solve a particular problem. The software gives users the choice between either a Pressure-based or a
Density-based solver. Both solvers are suitable to a wide range of flow regimes including high-speed compressible flow,
however, the Density-based solver was initially developed to provide higher quality simulations of compressible flow [5].

Unfortunately the Density-based solver included with ANSYS Fluent is newer and less well developed than the
Pressure-based solver and so early attempts to model the system using it resulted in highly inaccurate results. After
consulting with Professor Rajesh Bhaskaran, the Swanson Director for Engineering Simulation at Cornell University,
the simulation was changed to utilize the Pressure-based solver which is more stable than the Density solver.

The Pressure-based solver uses a sequential algorithm for solving the simulation’s governing equations. In this
algorithm each governing equation is solved sequentially, to obtain a solution for that particular iteration. The solver
takes the results of the previous iteration and solves the Momentum equations sequentially using those values. It
then uses the generated velocity field to solve the pressure correction equation which is then applied to the calculated
quantities for this iteration. It then solves for turbulence using the specified turbulence model, energy, and species
transport. Once these equations have been solved, the solver checks for convergence between this iteration and the
previous. If the convergence criteria is met, the solver steps to the next timestep, if not the solver takes the final solutions
and applies them to the next iteration [6]. The equations that are being solved by the Pressure-based solver are presented
in Sec. II.B

B. Governing Equations
The fluid flow being investigated in this simulation is governed by three main equations, Mass conservation or the

Continuity equation, the Momentum Conservation equation, and the Energy Equation. The derivative forms of these
equations are presented in this section, however ANSYS Fluent applies the integral form of these equations in order to
solve flow problems [6]. This means that while the presented governing equations hold point wise over the domain, the
final integral form that is solved only holds in an average sense over that same domain. Additionally the equations
presented in this section are formulated in cartesian reference frame most easily applicable to the 2D planar however
these equations can be reformulated to apply to the axisymmetric coordinate system easily.

Conservation of Mass is given in the following equation. This formulation allows for changing density making it
applicable to compressible flows.

𝜕𝜌

𝜕𝑡
+ ∇ · (𝑝®𝑣) = 𝑆𝑚 (1)

In this equation 𝜌 is the fluid density, 𝑝 is the pressure and ®𝑣 is the velocity vector. The 𝑆𝑚 term allows for the
possibility of either a mass source or sink, however the particular case investigated here has no source/sink and so this
term is 0.

Conservation of Momentum is governed by the Navier-Stokes equation (Eqn. 2). The terms on the right hand side of
the equation represent the pressure gradient, viscous forces and external forces on the fluid.

𝜕

𝜕𝑡
(𝜌®𝑣) + ∇ · (𝜌®𝑣®𝑣) = −∇𝑝 + ∇ · ¯̄𝜏 + 𝜌®𝑔 + ®𝐹 (2)

The stress tensor ¯̄𝜏 is given by:
¯̄𝜏 = 𝜇

[
(∇®𝑣 + ∇®𝑣𝑇 ) − 2

3
∇ · ®𝑣𝐼

]
(3)

Where 𝜇 is molecular viscosity and 𝐼 is the identity matrix.
The final governing equation is the energy equation given in Eqn. 4.

𝜕

𝜕𝑡
(𝜌(𝑒 + 𝑣2

2
)) + ∇ · (𝜌𝑣(ℎ + 𝑣2

2
)) = ∇ · (𝑘𝑒 𝑓 𝑓∇𝑇 −

∑︁
𝑗

ℎ 𝑗
®𝐽 𝑗 = ¯̄𝜏𝑒 𝑓 𝑓 · ®𝑣) (4)

In this equation 𝑘𝑒 𝑓 𝑓 represents the sum of the fluid’s conductivity and the turbulent conductivity, 𝑒 is the internal
energy, and ℎ 𝑗 is the enthalpy of species 𝑗 . The diffusion flux of species 𝑗 is given by:

®𝐽 𝑗 = −(𝜌𝐷 𝑗 ,𝑚 + 𝜇𝑡

𝑆𝑐𝑡
)∇𝑌 𝑗 − 𝐷𝑇, 𝑗

∇𝑇
𝑇

(5)

In Eqn. 5 𝐷 𝑗 ,𝑚 is the mass diffusion coefficient for the species 𝑗 and 𝐷𝑇, 𝑗 is the Thermal diffusion coefficient for
species 𝑗 , and 𝜇𝑡 is the turbulent viscosity [6]. 𝑆𝑐𝑡 is the turbulent Schmidt number which is defined as the ratio between
the turbulent viscosity and diffusivity, and can be used to characterize how turbulence is enhancing transport [7].
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C. Turbulence Model
It was necessary to choose a Turbulence model for the simulation of the gas puff valve, however determining which

model may be the most valid was not necessarily straight forward. ANSYS Fluent recommends the use of the SST
𝑘 − 𝜔 as the default. This model was used in this simulation due to the better performance 𝑘 − 𝜔, combined with the
reduced sensitivity of the model to the inlet conditions [8].

The 𝑘 − 𝜔 turbulence model is a general class of two-equation turbulence models that compute an eddy viscosity
from the turbulent mixing energy and the specific dissipation rate. The governing equations for the turbulent kinetic
energy and specific dissipation rate are shown in Eqn. 6 and Eqn. 7 [9].

𝜕

𝜕𝑡
(𝜌𝑘) + 𝜕

𝜕𝑥 𝑗

(𝜌𝑢 𝑗 𝑘) = 𝜌𝜏𝑖 𝑗
𝜕𝑢𝑖

𝜕𝑥 𝑗

− 𝛽∗𝜌𝑘𝜔 + 𝜕

𝜕𝑥 𝑗

[(
𝜇 + 𝜎∗ 𝜌𝑘

𝜔

)
𝜕𝑘

𝜕𝑥 𝑗

]
(6)

𝜕

𝜕𝑡
(𝜌𝜔) + 𝜕

𝜕𝑥 𝑗

(𝜌𝑢 𝑗𝜔) = 𝛼
𝜔

𝑘
𝜌𝜏𝑖 𝑗 − 𝛽𝜌𝜔2 + 𝜎𝑑

𝜌

𝜔

𝜕𝑘

𝜕𝑥 𝑗

𝜕𝜔

𝜕𝑥 𝑗

+ 𝜕

𝜕𝑥 𝑗

[(
𝜇 + 𝜎

𝜌𝑘

𝜔

)
𝜕𝜔

𝜕𝑥 𝑗

]
(7)

Where 𝛼, 𝛽, 𝛽∗, 𝜎, 𝜎∗, 𝜎𝑑 are closure coefficents in their respective equations, 𝑥𝑖 is the 𝑖 component of the position
vector, 𝑢𝑖 is the 𝑖 component of averaged velocity vector and 𝜏𝑖 𝑗 is the specific Reynolds Stress Tensor.

Solving Eqn. 6 and Eqn. 7 for 𝑘 and 𝜔 allows the computation of the eddy viscosity from Eqn. 8, and then the
Reynolds stress tensor from the viscosity in Eqn. 9 [9, 10]. This Reynolds stress is then applied to the over all momentum
conservation allowing it to incorporate the effects of turbulence.

𝜇𝑇 =
𝜌 ∗ 𝑘
𝜔

(8)

𝜌𝜏𝑖 𝑗 = 𝜇𝑡

[
𝜕𝑢𝑖

𝜕𝑥 𝑗

+
𝜕𝑢 𝑗

𝜕𝑥𝑖
− 2

3
𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖 𝑗

]
− 2

3
𝜌𝑘𝛿𝑖 𝑗 (9)

Where 𝛿𝑖 𝑗 is the Kronecker delta function, and 𝑢𝑖 , 𝑢 𝑗 and 𝑢𝑘 are averaged velocity components in the 𝑖, 𝑗 and 𝑘 unit
directions.

The SST formulation of the 𝑘 − 𝜔 turbulence model was created in order to address the sensitivity that the original
model has to the initial freestream velocity and additionally incorporates the effect of principle shear stress transport
[11]. This slightly modifies the equations presented to include a 𝐷𝜏

𝐷𝑡
term to account for the transport of the shear stress,

it also modifies the 𝜔 equation in order to achieve the reduced sensitivity to the freestream [11].

D. Species Transport
An assumption was made that any gas remaining in the vacuum chamber after pump down would be air, and that the

only Argon entering the chamber would be due to the gas puff. This assumption enables the differentiation of the fluid
in the chamber at t = 0 from the fluid added to the chamber via the valve. In order to implement this assumption, the
Fluent species transport model was adopted.

Fluent calculates the local mass fraction 𝑌𝑖 of each species in a predefined mixture using the convection & diffusion
equation shown in Eqn. 10. Fluent solves this equation for n-1 species in the mixture (where n is the total number of
species) and the nth species mass fraction is the remainder [6]. Argon was taken to be the nth species because it is
anticipated to have the highest overall mass fraction.

𝜕

𝜕𝑡
(𝜌𝑖𝑌𝑖) + ∇ · (𝜌®𝑣 𝑌𝑖) = −∇ · ®𝐽𝑖 + 𝑆𝑖 (10)

Here 𝜌𝑖 is the density of species 𝑖, ®𝑣 is the local velocity vector, and 𝑆𝑖 is a source term for species 𝑖. Eqn. 10 is also
dependent on the diffusive flux of species 𝑖, which for turbulent flows is given by Eqn. 5.

III. Domain

A. Gas Puff Valve
The Gas Puff valve has a very complex 3D geometry that makes it both difficult to model, and computationally

expensive to simulate. The valve itself is composed of a central nozzle surrounded by two annular nozzles. This creates a
axially symmetric geometry about the center bore of the central nozzle. Each nozzle is a supersonic converging-diverging
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nozzle, the converging diverging and throat sections can be seen clearly in Fig. 1. Each nozzle is connected to a separate
plenum allowing each nozzle’s back pressure to be independently controlled. The separate plenum additionally allows
for separate species to be fired through each nozzle, although this study will focus on homogeneous puffs.

Fig. 1 Cross-sectional view of the tri-axial gas puff valve showing nozzles, plena, and valve mechanism.

B. 2D Planar Domain
As a first approximation of the complex geometry presented in Sec. III.A, a 2D planar geometry was investigated. In

this domain, the complexity of the annular supersonic nozzles were eliminated by modeling the domain starting from the
nozzle exits. The vacuum chamber the puff is being fired into was recreated as a rectangle with a width corresponding
to the chamber diameter.

The central nozzle was placed along the horizontal at the center line or the rectangle, and two more inlets were
placed at the correct heights above and below the central inlet. The distance between each inlet corresponds to the
thickness of the wall between each annular nozzle. Since the actual valve is radially symmetrical, each annular nozzle
corresponded to an inlet above and below the horizontal center line leading to 5 total inlets in this 2D planar case.
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Fig. 2 Mesh and Boundary Conditions displayed for the 2D Planar Domain. Blue arrows represent inlet
boundary conditions, red arrows represent outlet boundary conditions. The green lines display the mesh used for
the simulation.

The upper and lower edges of the domain as seen in Fig. 2 as well as the edges on the left side of the domain
not specified as an inlet were set as wall boundaries. These correspond to the vacuum chamber walls and the walls
in between each of the annular nozzles. For the far edge of the domain directly opposite to the inlets, the boundary
condition was set to a pressure outlet. The pressure of this boundary condition was set to the chamber pressure of 666
Pa. An outlet condition was specified at this edge of the domain for two reasons. Firstly, the length of the domain
does not correspond to the length of the chamber, so the pressure outlet represents the much larger area of the vacuum
chamber. The other reason is that the use of that boundary condition allows the specification of the initial pressure
within the vacuum chamber at t = 0.

The inlets were all specified as pressure inlet boundary conditions. In these boundary conditions it is possible to
specify both a static and total pressure quantity effectively allowing the specification of both a back pressure and a
velocity. The upper most and lower most inlet conditions were paired with same initial conditions, as well as the two
inlets above and below the central inlet. This reflects the fact that they do not represent individual inlets but rather two
annular ring nozzles.

The mesh used for this simulation is clearly shown in Fig. 2. This mesh is densest in the region of the flow
immediately surrounding the inlets. The mesh remains relatively fine with a small element size in a diverging area in
front of the inlets allowing the region where most of the flow is anticipated to be to have a fine mesh. Far away from the
inlets, especially close to the walls and the outlet, the mesh becomes significantly courser. This choice helped reduce
the computational intensity of the simulation by reducing the detail of the simulation in areas of the domain of lower
interest.

C. 2D Axisymmetric
Due to the radial symmetry of the gas puff valve, the device lends itself well to axisymmetric analysis. This model

makes the same simplification of the nozzles as Sec. III.B treating the nozzle exits as pressure inlets. The stagnation
pressure is once again used to specify the exit velocity of the flow leaving the nozzles.

The geometry used in the 2D axisymmetric model is similar to the that of the 2D planar case, however the domain
only represents the geometry above the axis of symmetry. This can be clearly seen in Fig. 3, where the inlets lie along
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the bottom edge of the domain rather than in the center. Additionally, the central inlet is only half the true width of
central nozzle since the axis of symmetry is about the center bore of the central nozzle.

Fig. 3 Mesh and Boundary Conditions displayed for the 2D Axisymmetric Domain. Blue arrows represent inlet
boundary conditions, red arrows represent outlet boundary conditions. The green lines display the mesh used for
the simulation.

The only change in boundary conditions used in this simulation as compared to the one described in Sec. III.B, is
the boundary condition along the bottom edge of the domain. Rather than being set to a wall boundary, it is set to an
axis boundary. This informs fluent that this is the intended axis of symmetry for the simulation. The inlets and outlets
are set to identical conditions as in the planar case in order to replicate the results from the first simulation.

Much like in Sec. III.B, the mesh used for the axisymmetric simulation was most fine near the inlets and along the
axis of symmetry, It was coarsest by the wall and toward the outlet which were not considered areas of interest for the
simulation.

IV. Results

A. 2D Planar
The first simulation carried out was with the 2D planar domain described in Sec. III.B. The domain was initialized a

mixture of N2 and O2 based on the assumption that any residual gas in the COBRA vacuum chamber would be air. The
inlet species was set to be entirely argon, with back pressures based on current COBRA pressures of interest. The central
nozzle was set to 103 421 Pa (15 psi), the middle nozzle set to 14 479 Pa (2.1 psi) and the outer nozzle set to 4826.33 Pa
(.7 psi). The simulation was run over a total of 500 µs of integration time with a time step of 0.05 µs corresponding with
the timescale discussed in [4]. Because the nozzles of the valve were not modeled in this simulation, it was necessary to
initialize the inlets with a total pressure corresponding to the velocity that the flow would have leaving the nozzles.
Based on experimental work done on COBRA, it was determined that the total pressures would correspond to the fluid
moving with a Mach number of 5 [4]. This allowed the calculation of total pressures to be used in Fluent and allowed
the specification of an initial velocity within the pressure inlet boundary condition.
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Fig. 4 Contour plot of static pressure for inlet conditions of 15:2.1:.7 psi in order of Center-Middle-Outer
nozzles at time t = 500 µs

As expected the maximum pressure occurs due to the central jet which is initialized with a significantly higher
pressure than the middle and outer nozzles. While the central nozzle clearly is dominating the pressure distribution, the
middle and outer nozzle flows are contributing to form the structures visible in the flow in Fig. 4. It is notable that
within the timescale of interest, the overall chamber pressure is not significantly affected by the puff.

(a) Velocity Vectors for inlet conditions of 15:2.1:.7 psi in
order of Center-Middle-Outer nozzles at time t = 500 µs

(b) Contour plot of argon number density for inlet con-
ditions of 15:2.1:.7 psi in order of Center-Middle-Outer
nozzles at time t = 500 µs

Fig. 5 Results of 2D Planar Simulation, Fig. 5a and 5b show the full simulated planar domain as described in
Sec. III.B.

The number density of argon in this simulation is also interesting. The planar gas puff simulation produces a dense
cloud that when close to the valve stays relatively compact, but the closer the flow is to the outlet will some what
abruptly spread to the width of the chamber. It is also clear that the velocity profile of the flow shown in Fig. 5a and the
argon density in Fig. 5b exhibit relatively similar general shapes. This is to be expected since the only areas that can
have high speed flow must be areas with high amounts of argon since the rest of the domain is vacuum.
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B. 2D Axisymmetric
The Axisymmetric simulation was initilaized with exactly the same initial conditions as the planar case described

in Sec. IV.A, in order to compare between the two models. The axisymmetric case was run over the same 500 µs
integration time as the previous simulation. The plots presented in Fig. 6 are mirrored across the axis of symmetry.

(a) Contour plot of static pressure
for inlet conditions of 15:2.1:.7 psi in
order of Center-Middle-Outer nozzles
at time t = 500 µs

(b) Velocity Vectors for inlet con-
ditions of 15:2.1:.7 psi in order of
Center-Middle-Outer nozzles at time
t = 500 µs

(c) Contour plot of argon number den-
sity for inlet conditions of 15:2.1:.7 psi
in order of Center-Middle-Outer noz-
zles at time t = 500 µs

Fig. 6 Results of Axisymmetric Simulation with same initial conditions as Sec IV.A. The figures show the full
domain and its reflection about the axis of symmetry.

As expected, the axisymmetric case would have significantly different results from the 2D planar case. While the
planar case does resemble a slice of the gas puff valve, the planar approximation is not a particularly appropriate one.
One clear indication of the difference between the axisymmetric case and the 2D planar case can be seen in Fig. 6c and
Fig. 5b. The planar case has number densities that are 4 orders of magnitude greater than the in the axisymmetric case,
and well above the expected number density for argon puffs within the COBRA machine [4].

The 2D planar case is best suited to flows whose domain can be extended in the out of plane direction and see very
little variation. This makes the planar approximation useful for analyzing systems like flow over an airfoil, but makes it
mostly inappropriate for the gas puff valve. The radial symmetry present in the device means that going into or out of
the plane being investigated will change the inlet sizes or potentially hide inlets from view. Representing this system
as axisymmetric does not have these same issues since the 2D plane being simulated is revolved about the plane of
symmetry. The result is that the flow in the axisymmetric case has not filled the domain like in the planar case. While
there are still the same structures and general shapes present in the output, as well as similar magnitudes in pressure and
velocity, they are less extreme in the axisymmetric case.

C. Validation with Experimental Results
In order to investigate the validity of the axisymmetric simulation, initial conditions were set to match a test case

described in 2014 paper released by LPS on the characterization of the COBRA gas puff. The paper uses plena pressures
of 8 psi for the center nozzle, 3 psi for the middle and 1 psi for the outer nozzle. According to the paper, typical number
density for argon of approximately 1017 cm-3 [4].
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Fig. 7 Number density of argon in a gas puff with C:M:I pressures of 8:3:1 psi

As shown in Fig. 7, the simulated number density is two orders of magnitude less than is experimentally suggested.
This is likely due to the averaging of mass flow rates used to calculate the number density. Additionally where the PLIF
data shows three distinct puffs, in the simulation we see that the puffs blend together into one larger structure. This
blending seen in the simulation likely arises from the assumptions made about the inlet pressure. In the simulation, the
static pressure at the inlet is set to the static pressure in the gas puff plena, however, the pressure of the fluid as it flows
through the nozzle will decrease before it reaches the chamber. This does not affect the total pressure of the flow, but a
lower static pressure would likely have a significant affect on the shape of the final density profile. Correcting for this
error is further discussed in Sec. V.A.

V. Conclusion
In this paper, two preliminary CFD models of the COBRA gas puff valve were developed. The first model was a 2D

planar simulation that was shown to have very poor agreement with experimental data. The second model was a 2D
axisymmetric model, that shows promise for being able to accurately represent the gas puffs produced in the COBRA
machine. Understanding and controlling these gas puffs are critical to the study of HED Z-pinch plasmas as the density
profile of the gas column is linked to the stability of the plasma. While neither simulation replicated the results of
experimental work to characterize the gas puffs, they represent the first steps on a path to developing a high fidelity
model.

A. Future Work
The work presented here has a number of clear extensions and next steps. One of the most significant simplifications

made to the domain investigated in this paper was the elimination of the nozzle geometry. This forced the simulations
to rely on total pressures in order to give the fluid velocity at the inlets. This assumes that the exit Mach number is
independent of the nozzle back pressure which is not the case, and that the static pressure of the flow at the nozzle exit
was equal to the plena pressure. Both of these assumptions can be eliminated through modeling of the nozzle geometry.
By implementing the nozzle geometry, pressure can be specified at the nozzle inlet, where the fluid can be assumed to be
approximately stationary. The large pressure gradient between the plena and the rest of the domain will be sufficient to
drive the flow through the nozzle and into the chamber. This implementation will likely result in better number density
predictions from the model due to a more realistic mass flow through the inlet. The first step would be to implement
the nozzles into the axisymmetric model of the system. This would minimize computation time and allow for rapid
validation of the model before attempting to move onto more complex formulations.

In addition to incorporating the nozzles into the axisymmetric model of the system, a full 3D simulation of the gas
puff valve should be carried out. While this simulation will certainly be more computationally expensive, a full 3D
model will allow for higher fidelity modeling of the gas puff and provide a better characterization of the gas puff.
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