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Abstract. Formation and evolution of pressure waves on the barrier were numerically
simulated at non-staionary outflow of the superheated vapor from the vessel. The simulation
conditions were fully consistent with the experimental conditions (1982) [1]. The calculated
pressure fields were calculated both at the initial stage of non-stationary vapor outflow and
at the quasistationary flow of superheated vapor on the barrier. The dynamics of interaction
between shock waves and vortex structures on the barrier was studied at quasi-stationary outflow
of the superheated vapor, and the experimental pressure profile on the target was compared with
the calculated pressure profile. Comparison of the experimental data and the calculation results
has showed acceptable agreement between the pressure profiles on the target up to a distance
from the target to the nozzle approximately X/D = 6.

1. Introduction

The problem of depressurization of vessels or pipe lines with heated water coolant was formulated
in the 60-80 years of the last century (see, e.g.[2, 3, 4]). This problem is related to prediction
of emergency operation modes of power equipment in case of emergency depressurization.
At that thermodynamic equilibrium and nonequilibrium models based on the hypothesis of
heterogeneous nucleation were used to calculate the liquid water coolant boiling, caused by
depressurization of high pressure vessel [5]. Accounting for possible bubble fragmentation due
to the interfacial instability made the models too complicated [6]. Another approach to solving
this problem is the use of non-equilibrium two-phase model, based on the experimental data for
the relaxation time (transition) ”non-equilibrium - equilibrium boiling” [7]. In [8] it was shown
that the non-stationary relaxation model of boiling adequately describes the nonequilibrium
boiling in subsonic and supersonic flows of boiling liquid in the channels. On the basis of the
relaxation model and using the toolkit LCPFCT [9] the authors developed a software code for
solving a wide class of problems [10, 11, 12] on depressurization of vessels or pipelines with
water coolant. Averaging of the Euler equations [13] on the unit cell and the time interval
is equivalent to the model of large-scale eddies with ”subgrid turbulence model. The ”subgrid
turbulence model occurs implicitly, since the scale of large eddies is limited to the computational
grid size. l.e., the scales of vortices for which direct modeling is impossible are calculated using
a numerical viscosity.
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The aim of this work is to test the program code for the problems of depressurizing vessels
and channels with superheated vapor. As a test problem we selected the experimental work [1].

2. Calculation method

The calculation was performed using homogeneous model. At that the parameters of the
vapor phase corresponded to saturation, and the liquid phase could be both metastable and
equilibrium. The system of equations of the model includes the Euler equations in the
axisymmetric approximation:

g (pr) + 9 (pru) + o (prv) =0 (1)

gy o) 5 (o) + 5 (prun) = = (2)

gt (prv) + 882: (pruv) + ; (per) _ _Tgf 3)

8(ET)+2(UT(E+p))+Q(UT(E+p)):() (4)
ot 0z or

supplemented by the equation of the mass source associated with the phase transition:
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Here z,r are the axial and radial coordinates, u,v are the axial and radial components of velocity,
p is the density, P is the pressure, F is the specific internal energy, Xt is the mass, and Xt
is the equilibrium mass content of vapor (at given P and E), I' is the rate of vapor generation,
and 6 is the relaxation time [7].

The density of homogenous two-phase mixture is expressed through the density of the phases
and the mass vapor content:
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and the specific enthalpy is determined by the following ratio:
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To describe of phase transition within the homogeneous two-temperature approximation of a
vapor-liquid medium used phenomenological relaxation model (5)-(6), based on processing the
experimental data for the time of relaxation (transition) ”non-equilibrium - equilibrium boiling”
[7]. Calculation of vapor and liquid properties (7)-(8) was carried out using the software package
TTSE [14]. To solve the system of equations (1-4) the authors applied software package LCPFCT
[9], which used a differential monotone conservative method of flow correction (Flux Corrected
Transport). The goal of this study is to investigate the pressure field evolution during the
transition from the non-stationary to quasi-stationary outflow of the coolant. In this case, it is
required to calculate unsteady motion of ordered and large-scale turbulent structures. The scale
of large eddies is limited to the computational grid size in the direct simulation. The scales of
vortices for which direct simulation is impossible are modeled as a subgrid turbulence using the
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Figure 1. Calculation domain.

numerical viscosity. At finite difference approximation of Euler equations the viscosity terms of
an order of O(At, h?) arise; at that the numerical viscosity € ~ |V'|h allows modeling the subgrid
turbulence viscosity.

The characteristic calculation domain is shown in figure 1. The calculation was carried out in
the cylindrical coordinate system with a uniform grid. The radius of the computational domain
was equal to Ry, and the length of the computational domain was Ly. The heated water coolant
was filled in the pipe channel with an inner radius R.; and the outer radius R.. The channel
length was equal to L.;. From the right end the pipe channel was closed by a diaphragm. From
the left side a so-called ”the Cauchy-Lagrange boundary condition” was set for the inflow in the
channel [4]. The point of this "input section model” following. When the fluid flowing out from
the vessel during the input section essentially not one-dimensional. The most significant feature
is the inertia of the flow of fluid flowing into the tube, which affects the flow rate and pressure
waves structure. It is proposed [4] on the approximation of the uniformly of the flow at the inlet
and the potential flow to build analytic field and the velocity of the medium using the integral
of the Cauchy - Lagrange, an equation for the fluid velocity in the inlet section to the outlet:
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where of D - the pipe diameter ; pg, po is the pressure and density of the medium in the vessel;
p, v - pressure and velocity in the inlet section. As shown in [4] the proposed ”input section
model” should adequately describe the outflow of cooled liquid or vapor-liquid mixture at small
pressure drops and high ones.

At the distance X the axisymmetric target in the form of disc with L,, thickness and R,,
radius was set. On the boundaries of the computational domain the condition b of free inflow
and outflow at pressure Py was used.

To select the optimal parameters of the external liquid-vapor medium at a temperature of
100°C its density and sound velocity were compared with the density and sound velocity of
standard air atmosphere at a temperature of 20°C. The sound velocity in air was compared
with the ”frozen” sound velocity in liquid-vapor medium, which is more adequate for fast wave
processes. The analysis showed [14, 11, 12], that the mass vapor content of the external vapor-
liquid medium should be chosen equal to 0.5.

The initial conditions and the geometry of the numerical model corresponded to the
experimental conditions [1]. Superheated vapor pressure at the entrance to the channel Py = 4.02
MPa, Ty = 258.249C the inner radius of the circular channel R, = 5 mm, the outer radius
Re =9 mm, and the channel length was equal to L.y = 100 mm. Diameter meseni was 20D.

3. Shock-wave and vortex effects in unsteady outflow of superheated vapor on the
barrier

Figure 2 shows the dynamics of formation of shock-wave and vortex structures in non-stationary
outflow of superheated vapor (field of normalized pressure gradient) when displacing the target
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to a distance of X/D = 6.3. It may be noticed that for the first 200 us (figure 2(a-c)) of the
process there is generation of compression waves that moves toward the target and is reflected
from it. After the compression wave the structure of the Mach disk with barrel shocks begins
to form. At the barrel shock due to the Kelvin — Helmholtz instability occurs the generation
of vortex structures that interact with the primary compression wave and form the complex
structure of the pressure fields (¢ = 200 — 600 ps) (figure 2(d-g)). After (¢ = 600 us) the
quasi-stationary jet flow occurs, and periodic vortex structures affecting the pressure field are
generated.

Generation of periodic structures in the quasi-stationary outflow essentially depends on the
distance between the target and the nozzle (figure 3). At a small distance X/D = 0.5 (figure
3.a) a narrow zone of supersonic flow is formed in the form of ”disc” on the target and transits
in a subsonic jet flow along the target. The pulsation of this boundary leads to the formation
of periodic pressure waves along the target. When the distance X/D = 3.3 (figure 3.b) the
formation of the Mach disk and the side barrel shocks occurs.
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Figure 2. Normalized pressure gradient at various times for a fixed computational domain
geometry, Py = 4.02 MPa; D = 10 mm;X/D = 6.3; time of calculation ¢: a - 100 us, b - 140 us,
c- 180 us, d - 250 us, e - 350 s, f- 450 us, g - 600 pus, h - 800 us, i - 1000 ps, j - 1130 us
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Figure 3. Normalized pressure gradient at the time of 850 us for different computational
domain geometry Py = 4.02 MPa; D = 10 mm; ¢t = 850 us; distance from the target to the
nozzle: a- X/D =0.5;b- X/D=33;¢c- X/D=6.3;d- X/D =13.
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Figure 4. The profile of the dimensionless pressure on the target depending on the radius in
calibers at the superheated vapor jet outflow: l-experiment [1], 2-calculation; Py = 4.02 MPa;
D = 10 mm; the distance of the target from the nozzle: a - X/D = 0.5; b - X/D = 3.3; c -
X/D=6.3;d- X/D =13.
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In addition to the formation of periodic pressure waves due to pulsation of the structure of the
barrel shocks, the vortical structures are generated due to the Kelvin — Helmholtz instability
on the side faces of the barrel shock structure. For a distance X/D = 6.3 (figure 3.c) the main
contribution to the pressure pulsations is given by Kelvin — Helmholtz instability. When the
distance X/D = 13 (figure 3.d) previous mechanisms of periodic structure generation are added
with extra formation and collapse of off-design structures of pressure surges after the Mach disk
and the target.

Figure 4 shows a comparison of the profiles of dimensionless pressure on the target depending
on the radius in calibers, where 1 is the experiment [1], and 2 is the calculation. The calculation
presents the pressure profile, obtained by averaging the non-stationary pressure profile over time
of 100us, (the time of calculation of quasi-stationary process was 100ms). The experimental
pressure profile coincides with the calculated pressure profile if distance from the target is
equal to X/D = 0.5 (figure 4.a). With increasing distance from the target to the nozzle to
X/D = 6.3 the calculated pressure profiles on the target acceptably (but rather qualitative)
repeat the profiles, obtained in the experiment (figure 4 (b,c)). When the distance between the
calculated and experimental pressure profile on the target X/D = 13 | the difference becomes
very significant. This fact is connected with the methodological errors: a) the error resulting
from the approximation of viscous effects in the numerical scheme; b) the error of modeling in
"air atmosphere”; c) the absence of a boundary layer near the target. The strong divergence
between the calculated and experimental data at a large distance from the nozzle due to the
accumulation of errors mentioned above.
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