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ABSTRACT

A model has been developed for predicting two-phase, water
jet loadings on axisymmetric targets. The model ranges in
application from 60 to 170 bars pressure and 70°C subcooled
liquid to 0.75 (or greater) quality -- completely covering the
range of interest in pressurized water or boiling water
reactors. The model was developed using advanced two-
dimensional computational techniques to solve the governing
equations of mass, momentum, and energy. The model displays in
a series of tables and charts the target load and pressure
distributions as a function of vessel (or break) conditions;
this enables fast yet accurate "look up" for answers., For many
situations of practical interest, the model can predict sub-
cooled and saturated loadings in excess of the simple control
volume upper bounds of 2PyA, for nonflashing liquid and
1.26PoA, for steam. Also, the results indicate that the
area of the loading on a flat target is often larger than
assumed by simplier models. Finally, approximate models are
given for estimating two-phase jet flow, expansion character-
istics, shock strengths, and stagnation pressures. These
approximate models could be used for estimating pressures on
targets not specifically addressed in this study.
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NCMENCLATURE

Area

Break area

Soundispegd (sonic vglocity)
Break diameter
Interngl_energy

Force on target

Mass flux

Break mass flux_

Enthalphy

Stagnation enthalpy

Length from break exit to target

Length of exit fluid core
Mass flow rate

Pressure

Ambient pressure

Stagnation pressure

Target pressure

Target Radius

Target Radius where Pp = Pp
Radial coordinate direction
Entropy

Stagnation entropy
Temperature

Stagnation temperature
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Tsat Saturation temperature

AT Degrees of subcooling ATy = Tgat - T
t Time

te Time constant for exit fluid core

v Velocity

X Steam:water quality

X0 Stagnation steam:water quality

z Axial coordinate direction

a | Parameter in load model

B Parameter in load model

0 "Density
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1.0 INTRODUCTION

A nuclear power plant must be designed to ensure that the
consequences of a pipe break (large or small) will be mitigated to
prevent damage of any safety equipment or systems. A major
concern in the event of a pipe break is the loading upon
surrounding structures, equipment, etc., caused by the two-phase
jet expanding from the break. These high energy jets have the
potential to cause wide spread destruction.

In an attempt to prevent failures due to jet loading on any of
the safety equipment or control systems, a complex system of jet
deflectors, snubbers, and pipe restraints has been installed in
plants. The design basis for much of these structural supports
can be traced to Moody's one-dimensional jet load modell.

Various interpretations of the actual zone of influence of the jet
for this model have been made by others2:3, but the one-
dimensional force model from Reference 1 is nearly always

applied. The error that could result from the one-dimensional
approximation or the arbitrariness in deciding the zone of
influence of the jet can result in costly overdesign, poor
utilization of limited space inside of containment, or underdesign
of restraint/barrier systems.

The use of simple one-dimensional modeling is inappropriate
for two-phase jet load calculations; the jet is a complicated
multidimensional flow. The high pressure and high temperature
fluid that exits the break expands with supersonic velocities
downstream of the break. Upon encountering a target (or obstacle)
a shock wave forms in the flow field, and it is the thermodynamic
properties downstream of this shock that determine the pressure
field and load on the target. A multidimensional analysis, which
is capable of treating strong shocks, is required to evaluate the
thermodynamic properties downstream of these shocks.,

Sandia National Laboratories, with the support of the U. S.
Nuclear Regulatory Commission, has completed a study using modern
multidimensional computational methods to evaluate the two-phase
jet load on target geometries. The governing equations of mass,
momentum, and energy were solved with a high resolution Eulerian
-method for all calculations. The calculations form a computa-
tional data base for evaluating jet and target pressures for
axisymmetric target geometries. This data base covers the range
of pressures, temperatures, and distances to the target present in
both pressurized water (PWR) and boiling water (BWR) reactor
designs. A two-phase jet load model, which provides both pressure
and load distributions, was developed using the computational data
base. In addition to the load model, approximate models were
developed for estimating the jet expansion, shock, and target load.



At the beginning of this modeling effort, it was generally
believed that current analysis methods3 were overly conserva-
tive. Considerable design and manufacturing cost reductions
would result from a more accurate model, and overall safety
could be improved by a reduction in the complexity of the
system. This was not the case. For many situations of
practical interest, the new model can predict subcooled and
saturated loading in excess of the simple control volume upper
bounds currently employed3. The results also indicate that
the area of the loading on a flat target is often larger than
assumed by the simplier model.

Persons only interested in applying the two-phase jet load
model should go directly to Chapter 2; the remaining chapters
contain modeling discussions and derivations and model verifica-
tion. Chapter 2 contains a discussion of the load model and the
figures and charts that display the model; furthermore, two
tutorial examples are provided.

Chapter 3 provides a discussion of the general character-
istics of two-phase jets; their general behavior, geometry,
governing equations, boundary conditions, and expansion
characteristics are given. In Chapter 4 the computer model is
developed and the computational data base is given; several
examples, taken from the data base, are graphically illus-
trated. Chapter 5 provides charts for evaluating the thermo-
dynamic properties of water and critical flow conditions.
Chapter 6 contains the derivations and discussions  of the
approximate models: free jet expansion, standing shock, and
target load. Model comparisons with both the computational data
base and experimental data are given. Finally, Chapter 7
provides and discusses the details of the final load model; in
addition, model versus experimental data comparisons are
included. Four appendices provide the data needed for routlne
application of the model. -



2.0 TWO-PHASE JET LOAD MODEL: CONCLUSIONS AND APPLICATION

This chapter and Appendices A, B, C, and D provide the jet
load model. The model, at the request of the Nuclear Regulatory
Commission, is given in the form of charts that provide the
radial pressure and load distributions as functions of the break
flow stagnation conditions and distance to the target. Chapter 7
describes the theoretical methods utilized in developing this
model. This chapter will first discuss the load model and then
conclude with an example calculation and tutorial discussion of
the model. 1In this study, the development of a two-phase jet
load model, we only considered initial conditions that result in
two-phase flows (steam:water mixtures) at pressures above ambient
conditions. Cold water jets were not considered, although parts
of the model describe some of the behavior exhibited by highly
subcooled, nonflashing jets.

2.1 Model Description

This section gives a brief summary of the load model,
Appendix A contains a complete set of charts showing target
pressure and load distributions for break flow stagnation
conditions of

- 60 to 170 bars

{0 to 70 degrees of subcooling or}
0 to .75 quality *-

and L/D's ranging between 0.50 to about 10. Appendix B contains
the centerline target pressure distributions for the above
conditions. Appendix C contains figures describing the jet
exit-core length (Lo/D), and Appendix D contains figures
describing the jet inlet-region thermodynamics and flow and
associated water properties charts.

Figure 2.1 shows the geometry for this model; the geometry 1is
axisymmetric. A list of the nomenclature used in Figure 2.1 and
the figures describing the load model is given below as a
convenience to the reader.

Ag break exit area
D break exit diameter
Fr force on target
Ge exit mass flux
L length from break exit to target
Lo length of break exit core, see Sections 3.6 and 4.2

*A larger range of qualities was considered in this study; a larger
range is not reported because the normalized target pressure
distribution is a weak function of quality for X, > .75.



TARGET

LARGE VESSEL

Figure 2.1 Two-Phase jet load model geometry.



Po stagnation pressure at break

Pp target pressure
AT subcooling of stagnation temperature at break
Xo stagnation quality at break

R radius measured on the target

Figures 2.2 through 2.7 illustrate the features of the model.

Figures 2.2 and 2.5 give the target pressure distribution in
bars as a function of target radius for stagnation conditions of
Po = 130 bars with AT, = 359C and X, = 0.333 respectively.

The target L/D associated with each curve is listed in the upper
right hand corner of the figure; the lowest L/D value corresponds
to the uppermost cﬁfﬁe, e.g., in Fiqure 2.2 the curve with the
highest centerline pressure is for L/D = 1.50 and the curve with
the lowest centerline pressure is for L/D = 10.0.

Figures 2.3 and 2.6 give the target load distribution as a
function of target radius for the same conditions noted above; in
fact, Figures 2.2 and 2.5 are the integral of the pressure
distributions in Figures 2.3 and 2.6. F, is the total normal
force acting on a circular disk target of radius R. These
integrations are valid for target radii up to the point where the
pressure on the target equals the ambient pressure. Far-field
phenomena, the consequences of neglecting them, and the details
of the load integration are given in Section 7.2. Figures 2.4
and 2.7 are composite contours of the target pressure. These
figures display the extent of the exit core along with a letter
indicator for pressure on a Cartesian grid of length to target
(L/D) versus target radius (RADIUS/D): A =1 bar, B = 2.5 bars,
C =5 bars, D = 10 bars, E = 15 bars, F = 20 bars, G = 25 bars, H
= 30 bars, etc. Any target within the exit core (the shaded
area) will be loaded by the vessel stagnation pressure, P,.

These curves are only informational and useful for quick scoping
calculations; serious calculations should always be performed
using Figures 2.2, 2.3, 2.5, and 2.6.

Use of the two-phase jet load model (figures in Appendix A)
is not limited to targets with large radii. Except for a small
subsonic region of flow near the center of the target, flow on
the target is supersonic, thus edge effects are negligible, 1In
other words, for nearly all problems of interest the solution is
independent of target radius; one simply evaluates target
loadings using. the appropriate target R/D.

In this model there are three items that must be noted.
First, when subcooling existed (AT, > 0 ©C) and the
target was located close to the break (L/D small) the loads
predicted exceeded the simple control-volume limit of
Fr/PoAe = 2. This occurs because of the wide jet expansion
from the break and because of far-field, supersonic phenomena.
In subcooled cases the expansion is large enough to produce

5
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Figure 2.2 Target pressure distributions for stagnation

conditions of Po = 130 bars and AT, = 35°C.
The target L/D associated with each curve is
listed in the upper-right-corner key; the
lowest L/D value corresponds to the uppermost
curve.
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Target load distributions for stagnation
conditions of P, = 130 bars and AT, = 35°C.
The target L/D associated with each curve is
listed in the upper-right-corner key; the
lowest L/D value corresponds to the uppermost
curve.
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Figure 2.4 Composite target pressure contours as a
function of target L/D and target RADIUS/D
for stagnation conditions of P5 = 130 bars
and ATy = 35°C. Smooth lines connecting like
alphabetic letters form an approximate pressure
contour corresponding, in bars, to the pressure
versus alphabetic letter key. This contour
plot is approximate and is only informational;
it is useful for scoping calculations.
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Target pressure distributions for stagnation
conditions of Py = 130 bars and Xo = 0.33.
The target L/D associated with each curve is
listed in the upper-right-corner key; the
lowest L/D value corresponds to the uppermost
curve. :
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Figure 2.7 Composite target pressure contours as a
function of target L/D and target RADIUS/D
for stagnation conditions of Py, = 130 bars
and X5 = 0.33. Smooth lines connecting like
alphabetic letters form an approximate
pressure contour corresponding, in bars, to
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informational; it is useful for scoping cal-
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velocities with components opposite to the break flow. Secondly,
because the target area increases as the square of the radius, at
large radii a small error in pressure can result in a significant
load change; consequently, some judgment must be used in
evaluating the loads on large targets with large L/D's. Finally,
because the computational data base used to develop this model
was sparse for low pressure, highly subcooled flows, some care
should also be exercised when making load predictions for  highly
subcooled flows (Lo/D > 3.0, where Lo is the jet core

length given in Figqure 3.14.)

2,2 Model Application

This section provides both an example of applying the above
model and a tutorial. There are two principal methods of
application. For both, the stagnation conditions at the break
position are the important parameters. When only the peak loads
are of interest, it is reasonable to assume that the stagnation
conditions are those in the pipe or vessel prior to the pipe
break. Since these conditions are the model's independent
variables, the load and pressure distribution can be read
directly from the graphs in Appendix A.

When there is interest in the time-dependent behavior or pipe
friction effects, then the procedure becomes more difficult. The
reality that faces the model user in this case is that pipe break
information will be supplied by system codes such as TRAC#%,
RELAP®, and RETRAN®. These codes provide blow-down histories
of the break flow and some thermodynamic properties upstream of
the break. The bridge linking these system code histories and
the two-phase jet model has been performed and is detailed in
Chapter 5. Briefly, we developed a set of thermodynamic charts
plus a set of HEM critical flow charts that relate the static
thermodynamic properties just upstream of the break and the break
flow to the stagnation properties. It is not necessary that the
system code use the HEM model. The two following examples
illustrate the use of the figures in Appendices A, B, C, and D by
both of the above methods.

Consider the case where the two-phase jet load was of
interest at two points in a blow-down calculation. The system
code supplied the following break flow and thermodynamic state
just upstream of the break:

1. Ge = 6.15 Kg/cm? s 2. Gg = 1.71 Kg/cm? s
P = 120.0 bars P = 50.9 bars
T = 598.5 Ok T = 538.1 OK
o = 0.653 g/cm3 o = 0.0663 g/cm3

12



For the first point the entropy is read from Appendix U
Figure D.1, S = 35 x 106 ergs/g °K. Then using the break flow
(Ge) and the entropy the stagnation temperature is located in
Figure D.4, To = 600.4 Ok. Finally, the stagnation pressure is
located in Figure D.6, Py = 150 bars. The saturation temperature
at 150 bars is Tgat = 615.4 9K, thus the stagnation conditions
at the break for the first point are

Po = 150 bars, ATo = 159C

The target pressure and load distributions for this stagnation
condition were found in Appendix A and are given in Figures 2.8 and
2.9. Consider an axisymmetric target with R/D = 3 and L/D = 1.
From Figure 2.8 the target pressures at R/D's of 0, 1, 2 and 3 are
66.5, 25.0, 6.0, and 2.0 bars, respectively; from Figure 2.9 the
total cumulative loads (F,/PpAe) at R/D's of 0, 1, 2, and 3

are 0., 1.08, 1.9, and 2.16, respectively.

For the second point the entropy is read from Figure D.3,
S = 40.5 x 106 ergs/g K. Then using the break flow and the
entropy the stagnation temperature is located in Figure D.5,
To = 568 OK and lays in the two-phase region. Finally, the
stagnation quality is located in Figure D.7, X, = .333. Thus the
stagnation conditions at the break for the second point are

P, = 80 bars, ATg = 0 °C, X, = 0.333

The target pressure and load distributions for this stagnation
condition were found in Appendix A and are given in Figures 2.10 and
2.11. Consider the same axisymmetric target with R/D = 3 and L/D =
1. From Figure 2.10 the target pressures at R/D's of 0, 1, 2 and 3
are 30.75, 9.5, 2.25, and 1.0 bars, respectively; from Figure 2.11
the total cumulative loads (F,/PoAg) at R/D's of 0, 1, 2 and 3

are 0, .81, 1.3, and 1.35, respectively.

These two examples illustrate the use of the tables and
charts in Appendix A and Appendix D. Both examples conveniently
fell on existing curves. When this is not the case linear
interpolation is recommended.

13
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Figure 2.8

Target pressure distributions for stagnation
conditions of P, = 150 bars and T, = 15°C.
The target L/D associated with each curve is
listed in the upper-right-corner key:; the
lowest L/D value corresponds to the uppermost
curve.
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Target load distributions for stagnation
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3.0 CHARACTERISTICS OF TWO-PHASE JETS

3.1 Generalized Two-Phase Jet Behavior

In this study we found that the flow field for two-phase
jets impinging on axisymmetric targets is extremely
complicated, However, regions of this complicated flow field
can be explained using simple concepts, e.g., isentropic flow,
normal shock theory, HEM choked flow, and others. Figure 3.1
illustrates the expected pressure behavior along the centerline
of the Jjet. Figure 3.la is a spatial illustration of the
pressure field in a two-phase, impinging jet. The heavy solid
lines in Figure 3.la describe solid boundaries that depict the
vessel, break nozzle, and target. The small plot on the right
in Figure 3.la describes the pressure-expansion in the vessel
and piping and in the jet outside the vessel. The conditions at
the dashed vertical line are the conditions at the break (pipe
exit). The section of the graph to the left of the vertical
dashed line corresponds to conditions outside of the pipe exit.
Moving to the left corresponds to an increase in the target to
pipe spacing. The points labeled 2,3, and 4 in 3.la correspond
to the pressures for one pipe spacing given the conditions at
points 0 and 1. Figure 3.1b shows an actual pressure-expansion
calculation for Py = 100 bars, ATo = 0 OC,

In the jet flow field there are three natural divisions of
the field; each will be described in detail in later sections.
There is a nozzle (or break) region where the flow chokes. 1In
this region there is a core at choked flow thermodynamic
properties that projects a distance downstream of the nozzle
depending upon the degree of subcooling. Downstream of this
region there is the free jet region. Here the jet expands
almost as a free, isentropic expansion. The flow is supersonic
throughout this entire region. The free jet region terminates
at a stationary shock wave near the target. This shock wave
arises because of the need for the target to propagate pressure
waves upstream and, thus, produce a pressure gradient that will
direct the fluid around the target. Downstream of the shock 1is
the target region where the local flow field imposes the
pressure loading on the target.

The pressure Py is the vessel stagnation pressure, and
P17 is the choke pressure in the break nozzle, The pressure
P, denotes a family of isentropic expansion pressures
describing the centerline jet expansion upstream of the shock
wave, and P3 describes a family of pressures downstream of the
shock wave that correspond to a normal-shock Hugoniot
calculation from the jet-~expansion state Pj. Finally, Py
describes the family of stagnation pressures that correspond to
each of the P3 normal-shock Hugoniot calculations. Notice
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that the shock wave causes a substantial stagnation pressure
loss for highly expanded jets. This stagnation pressure loss is
due to the non-isentropic processes in the shock and should not
be confused with the very small viscous and entrainment losses.
Figure 3.1b shows a set of actual jet pressure families for Py =
100 bars and saturated ligquid conditions.

3.2 Idealized Configuration

The idealized configuration used in this study is shown in
Figure 3.2. A large vessel is uniformly filled with water with
known thermodynamic properties. An exit pipe of diameter D is
the only flow path out of the vessel. A target is located a
distance L from the end of the pipe; the target has no curvature
and has a radius that is large enough so that the fluid exiting
its edge has expanded to containment pressure.

This piping configuration is equivalent to an offset
guillotine break. The second pipe exit will be ignored for this
study. It is assumed that there is no interaction between the
two jets. Of course this could not be the case very early in the
break history when the pipe sections are separating. However,
this phase of the problem is beyond the current scope of this
effort. Performing calculations early in the break history would
require a number of specific configuration properties: pipe
rigidity, restraint positions, and other items necessary to
determine pipe whip.

This idealized configuration assumes that the exit pipe
initially has fluid with the same thermodynamic state as the
vessel, i.e., there is no initial motion. At time zero the pipe
exit opens instantaneously to the outside or containment
environment. The exit flow history that would be expected is
illustrated in Figure 3.3 The initial steps in the flow are the
result of the wave propagation from the pipe exit to the vessel
and return. The length of time involved is approximately 2 Lp/Cs
where Ly is the exit pipe length and Cg is the sound speed in
the fluid. Multiple steps of decreasing amplitude would be
expected.

After these initial steps, the maximum exit flow will
develop. Further decreases in the flow would result as the
vessel depressurizes. If the vessel is sufficiently large, then
there will be a relatively long period of time where the rate of
change in the flow is small. It is this period of the blowdown
history that will be of main interest in this study. Points in
this blowdown correspond to different initial vessel conditions.
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The flow conditions in the jet outside of the pipe
adjust to the exit flow conditions much faster than the rate
of change of conditions in the vessel. This is a consequence
of the extremely high velocities that are developed as the
jet expands downstream of the exit. For this reason, the
two-phase jet was assumed to be quasi-steady, i.e., the time
scale of the jet was assumed to be much smaller than the time
scale of the vessel blowdown. The jet properties and loads
can now be calculated while holding the vessel properties
constant, :

Using the quasi-steady approach makes the problem
tractable. An unsteady model, which would be needed to
calculate the initial transient, would need to consider not
only the break and the target but also the flow in the vessel
and associated piping. The time required on modern computers
to carry out a large number of these calculations is simply
prohibitive. It should be made clear that the modeling codes
used in this study have the capability of evaluating the
entire time-dependent blowdown. These type of calculations,
however, require several hours of CDC 7600 time to advance
the solution through the period of interest. The
quasi~steady approach, on the other hand, allows the blowdown
to be calculated independent of the jet problem; the
time-dependent behavior of the vessel (reactor system) is
analyzed over small time intervals using steady state
calculations.

At this point an example that demonstrates the validity
of using the quasi-steady assumption_will be given. Figure
3.4 shows a typical blowdown history’; this history is
actual data from a Marviken8 free jet test. Figure 3.5 is
an axial velocity distribution, computed with the model code,
for the conditions of Figure 3.4 at about 5 sec -- a point
where the pressure slope 'in the blowdown history was steep.
The nozzle exit velocity was about 6000 cm/sec (196 ft/sec),
and the downstream velocity was about 35,000 cm/sec (1148
ft/sec), thus an average axial velocity would be about 20,000
cm/sec (656 ft/sec). A particle leaving the nozzle would
therefore travel about 200 meters (656 ft) in one second, or
stated in another way, the time needed for a particle leaving
a 1l ft diameter nozzle to traverse an L/D of about 6 is nine
thousandths of a second (0.009 sec). Clearly the time scale
in the flow outside of the nozzle is much different than the
time scale of the blowdown given in Figure 3.4. :

In this report, only two-dimensional axisymmetric
geometries (targets) are considered. The extension of these
models to other types of targets is beyond the scope of this
investigation. However, the development of the HEM critical
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flow model, the development of a method for considering the
total pressure behind standoff shocks, and the development of
methods for calculating the free jet properties are tech-
nologies that can be applied immediately tc perform upper
limit calculations for any target geometry. These features
depend only on the thermodynamic properties of water.

3.3 Governing Equations

In the early part of the two-phase jet loads program,
considerable effort was expended in finding a suitable model
for describing the region between the pipe break and the
target. This effort was twofold: a) use existing computer
codes on available data and test problems, and b) use simple
engineering equations and correlations to estimate jet
effects. One-dimensional models were developed from first
principles for the two-phase jet9,10, These models proved
incapable of predicting the behavior of the jet because of
the strong multidimensional behavior of the jet near the
nozzle exit. It was only after considerable amounts of
finite difference code calculations had been completed that
progress was made in thlq area.

An expensive and lengthy code assessment, using a few
‘two-phase jet problems was conducted; the results are given
in References 9, 11, and 12. BEACON/MOD2,13 BEACON/MODB,l4
soLa, 15 ReLaP,5 €sQ,16 and TRACA were all evaluated for
their capability to treat various aspects of this problem. The
final conclusion reached in the code evaluation was that none
of the above codes, with the exception of CSQ, was capable of
accurately treating the desired two-phase jet configuration
without considerable code modifications; CSQ would only require
minor modification. Because CSQ calculations also had proven
to be the most reliable over the widest range of parameters and
initial conditions, it was selected for use in this study.
Nodalization studies also indicated that the meshing required
to treat this problem was far in excess of the capabilities of
any of the codes except CSQ.

The CSQ code is a flnlte dlfference code which solves a
homogeneous, equilibrium set of equations for a specified flow
field; the code has multi-material capabilities and uses an
accurate equation of state for waterl/. Our choice of an
equilibrium system of equations is discussed near the end of
this section.

The governing equations are the conservation of mass,

momentum and energy. These relations written in cylindrical
coordinates for axisymmetric configurations are:

2U +2M+ BN 4+Q=0, (3.1)
ot or oz
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where the vectors are:
PV
2
‘ PV +P

PV, V,

PV, (E+P/ p)

PV
VLV,
2
pVg+P

PYz(E"‘P/P)

PVy

pE

and 0

In these relations p 1s the density, V is the velocity, P is
the pressure, E is the specific internal energy, t is the time,
r is the radius from the center line of symmetry, and z is the
axial coordinate. These equations when combined with the
thermodynamic equation of state form a closed system of
equations. For the present purpose, the equation of state
simply relates the values of P, E and p. Two independent
thermodynamic variables determine the complete state

description,
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The above relations may be simplified under certain
conditions. When heat transport with the fluid is not
important, one of the above relations can be eliminated in
favor of the statement that the entropy (S) at a fluid fixed
location is constant. For uniform initial conditions, this
implies that the space fixed entropy value is also constant
at positions where equation (3.1) is applicable, thus

§=35, . (3.2)

It should be noted that these relations do not apply at all
positions in a jet field. Modifications are necessary for
the description of nonisentropic behavior such as shock waves.

For the steady state situation in which all of the time
derivatives in (3.1) vanish, there is another interesting
solution. 1In vector form the energy equation becomes

— 1l =~
Veum+zvVe) =0, (3.3)

where H 1s the enthalpy and V is the velocity. It then
follows that

1_- —
H + 5 Vev = Ho = constant . (3.4)

Additionally, when the steady state form of equation (3.1) is
used the absolute length dependency may be scaled from the
problem. 1In other words the form of the governing equations
remains unchanged when distance scales are modified. For
example, if the scaled position coordinates

z
n - (3.5)

are introduced into the steady state form of (3.1) then the
form of the resulting equations are the same as before the
transformation. The scaling distance n vanishes from the
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expressions. This scaling property can be employed in the
engineering model to eliminate one of the independent
parameters (jet size). The obvious choice in this problem
for n is n = D (the exit pipe diameter).

Most applications of these equations require numerical
solution. In general, the equation of state relation is
gquite complex and not suited for linearized treatment. The
main problem area is the phase change regions where very
large discontinuities in some thermodynamic relations are
encountered. The numerical methods used in the detail
calculations for this study were developed in other studies
at Sandia National Laboratories.

As earlier noted, this above system of equations is an
equilibrium system. Questions have always been raised about
the validity of such a model when it is applied to situations
where nonequilibrium conditions may exist. Our previous
two-phase jet experience shows that the equilibrium rela-
tions, when properly applied in multidimensional geometries,
are capable of accurately describing the two-phase jet
without empirical correlation. It should be noted here that
many times in the past what was thought to be nonequilibrium
effects were actually multidimensional effects.18 Finally,
the equilibrium behavior should be completely investigated
before expensive nonequilibrium calculations are attempted.

There are some additional properties of the above
relations that can be developed and are of interest to the
present problem. Choke flow is considered in the next
section and shock wave relations are considered in Section
3.5. '

3.4 Breakflow Conditions

The present computational models developed for analyzing
two-phase jets require the flow conditions at the pipe
break. The types of breaks addressed in this report result
in what is commonly referred to as choked or critical flow.
The calculation of two-phase choked flow for the purpose of
estimating breakflow rates is a subject that has had
considerable attention in the pastl 120,21 as a result,
numerous models have been published and debated. Because
there is a scarcity of both existing and planned two-phase,
choked flow experiments?2, there is no universal consensus
about which of the choked flow models is best. 1In this
study, the homogeneous equilibrium flow model (HEM) is used.
This model was selected because it is thermodynamically
consistent with the jet model, and moreover, earlier critical
flow studiesl0 showed that the HEM model provides the
fluid's thermodynamic state at the break and is applicable to
a wide range of initial conditions.
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The properties of choked flows are a thermodynamic
consequence; consegquently, the geometry of the situation need
not be considered until the final step. This last step is,
however, very important when multidimensional choking occurs
-and the local geometry can have significant impact upon the
break-flow rate. Reference 10 reported a good example of the
effect geometry has. Several guard pipe calculations were
performed where the two-dimensional structure at the break
location was considered.  The result was a homogeneous
equilibrium flow rate that was about forty percent less than
the flow predicted using the HEM critical flow model, applied
as a one-dimensional model, i.e., a discharge coefficient
Mg = 0.60. ‘

Discharge coefficients were not used in this study at
any time to correct flow rates for geometry effects. This
practice has no thermodynamic justification since the fluid's
thermodynamic state at the break would also need to be
corrected. This is rarely done and cannot be done in a
thermodynamically consistent manner.

Consider a flow in a pipe or a nozzle. The mass flux
vector is defined by

. \

G = oV , , (3.6)

where p is the density and V is the velocity. The total
mass flow in the pipe can be written as

M= G - da , (3.7)

where dA is the normal surface unit vector. The surface in
question can be any surface which covers the pipe exit.

For homogeneous-equilibrium, inviscid flow

Ho = H + 5 (Vv - V) and S = So , (3.8)

where H is the enthalpy and S is the entropy. Note that the
flow is isentropic. The mass flux may now be expressed as a
function of the density and the enthalpy by combining
equations (3.6) and (3.8), thus
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G=p 2 (Bo=B) . (3.9)

For the HEM model, the mass flux depends only on the A N
thermodynamic state of the fluid; consequently, the maximum
mass flux (critical flow) must also only depend upon the
fluid's local thermodynamic state.

Choking is defined as the state in the fluid where
changes in the downstream properties do not alter the mass
flow rate or any properties upstream of the break. The fluid
at this state (or position) is supersonic, i.e., the
magnitude of the fluid velocity vector is equal to or exceeds
the local sound speed. Now if the upstream fluid is subsonic
(the situation that exists in power reactor piping), then
choking will occur at the position of the transition to
supersonic flow: .

[Lu], switches to [l> 1] . (3.10)

An absolute equality was specifically avoided in the above
equation. Moreover, when the flow involves a phase change an
equality does not exist and many of the acceptable
~definitions for choked flow breakdown because of the
discontinuous behavior in the property derivatives at the
saturation line. Consider the generally acceptable
definition of choked flow

W) =0 . (3.11)
. |

This definition seems to express mathematically the above
definition for choked flow; however, equation (3.11l) may not
be valid at a phase boundary. This is easily seen from the.
following derivation. ) ‘ S

Consider the square of equation (3.9) and differentiaté'

this relation with respect to density while holding the
entropy constant. The result is ;
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3G 2 3
G ) =2 UigHe 0 ) (3.12)

The enthalpy can be expressed as a function of internal
energy, E, pressure, P, and density, o

H=E+Plp . pg—%>=%%>- (3.13)
8 8

Thus equation (3.12) becomes

G ¥\ o -Hg) - BP .
< 'a?)s 2 (H,-H) bp)g (3.14)

Substitution of equation (3.6) and (3.9) into equation (3.14)
and following some rearrangement gives

%G v2 - 2 oP
_> - —8 Cy = a0/ (3.15)
8

dp \Y 8

-e

where Cg is the local sound speed. This above expression,
the one generally applied to locate a choke point, will
obviously fail the test in equation (3.11) when the sound
speed behaves discontinuously.

A computer code was developed which determines the choke
location defined by equation (3.10) for the various single
and mixed phases of water. Additionally, the code will
generate the fluid properties all along the isentrope in
question., As long as no shocks are encountered in the flow
field downstream of the choke point, this isentrope remains
valid and represents the allowable thermodynamic states for
the expanding fluid. This result is not insignificant,
because if the jet is assumed to be isentropic, the
thermodynamic behavior of the Jjet becomes known. What will
not be known 1is the spatial dependence of these thermodynamic
states. Two examples are given.
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Figure 3.6 shows the flux versus density behavior which
would result along an isentrope that crosses a phase
boundary. This curve was produced using

G = p"2 (Ho-H) , § = constant . (3.16)

The initial stagnation conditions (P,, To) were 100 bars

and saturated liquid. The density and mass flux marked by
the broken line is the choke point. Figure 3.7 shows the
V/Cg ratio as a function of density for the same isentrope

(S = 3.3598 x 107 ergs/g°C). 1In this region of the water
phase diagram, where the sound speed is continuous, note that
the choke occurs at V/Cqg = 1. Equation (3.11) would have
worked satisfactorily for this case.

Now consider the case where the water is initially
subcooled. Fiqure 3.8 shows the mass flux versus density
behavior for P, = 100 bars and AT, = 35°C. For this
case, equation (3.15) becomes negative at the saturated
liquid line without going through zero due to the
discontinuous behavior of the sound speed there, thus choking
occurs at this point. Figure 3.9 shows the discontinuous
behavior in V/Cg that occurred with choking. Note the
value of V/Cqg (V/Cg = 2.6) at the choke point and also
note the behavior of V/Cg downstream (p < pcrt) of the
critical flow point. Equation (3.11) would not have worked
for this case.

3.5 Standing Shock at the Target

Simple modeling and CSQ calculations have shown the
existence of a shock wave that stands a small distance from
the target. The existence of such a shock wave was not
unexpected; their existence and strength is well documented
in single phase flows23. These types of shock waves exist
because the fluid is required to deaccelerate rapidly in a
very short distance. A shock wave may be characterized as an
instantaneous, irreversible compression of the fluid. The
energy for performing this rapid compression comes from the
fluid's upstream kinetic energy; consequently, since the
process is irreversible, the kinetic energy leaving the shock
is less than would have existed for an isentropic
compression. In other words the entropy changes (increases)
across an adiabatic shock and the stagnation pressure
decreases.
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If this is the case, then the homogeneous equilibrium
flows in Section 3.5 become the input for the shock
calculation. For the present discussion, consider the shock
to be a normal shock. This assumption is quite reasonable
since (a) we are endeavoring at this point to consider what
happens to peak centerline stagnation pressure, and (b)
independent of target shape, the shock is normal in character
at some point (flow lines perpendicular to the shock).

Consider then the two-phase flow of a homogeneous,
equilibrium, and isentropic fluid shown in Figure 3.10. The
following equations express conservation of mass, momentum
and energy for a stationary normal shock:

PuVy = POVD (3.17)
2 2
Py + pyVy = Pp * fDVD , (3.18)
and
i L1
Ep - Ey = 2 | Pp+Py Py~ Pp ’ (3.19)

where p, V, P, E are the density, velocity, static pressure
and internal energy, respectively, and the subscripts U and D
indicate upstream and downstream of the normal shock. These
above equations are simply the Rankine-Hugoniot relations
expressed for a stationary adiabatic shock. A code was
developed to solve the above normal shock equations given the
HEM input from Section 3.5

Consider the target and pressure nomenclature given in
Figure 3.11. Figure 3.12a shows a sample calculation
performed where the stagnation conditions were Py = 100
bars and saturated liquid. Figure 3.12b shows a sample
calculation performed where the stagnation conditions were
P, = 100 bars and a subcooling of 350C. These curves
show the pressures that would exist due to an isentropically
expanding jet at the general point just upstream of the shock
(P2), the point just downstream of the shock (P3), and
the stagnation point on the target (Py). The three
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corresponding pressures are all plotted at the same abscissa
position. Note the rather significant (and rapid) fall off in
stagnation pressure on the target as the jet expands. For both
curves when P, is about one to five bars static pressure, the
magnitude of the shock is such that the stagnation pressure
behind the shock is only slightly higher than the approach
static pressure, Pjp.

Figure 3.13 shows a typical centerline pressure
distribution for a two-phase free jet calculated using the CSQ
code. This calculation models a Marviken8 free jet test; the
data points are actual Marviken data. Note the rapid decrease
in static pressure that occurs axially in the free jet. This
behavior confirms the pressure behavior given in Figure 3.12 and
is the result of thermodynamic phenomena and not viscous dissi-
pation phenomena. Also, this behavior in a free jet coupled
with the above shock model indicates that for many flows at
several diameters away from the break exit, the stagnation
pressure on a target would not be significantly different from
the static pressure of the free jet.

The shock structure has implications beyond this two-phase
jet loads study. Experimentalists need to consider the
influence of such a shock on their pressure measuring
instruments.

3.6 Pipe Exit Core

The fluid exiting the pipe break will always be in a
supersonic flow state for the conditions of interest in this
study. This will create a conical exit core that will remain at
critical flow conditions beyond the nozzle. This is a result of
multidimensional behavior and has nothlng to do with non-
equilibrium effects.

The length of this exit core, L., depends on the time it
takes for a pressure wave to travel from the outer edge of the
exit nozzle to the center of the flow. This time is

te = D/2Cg , (3.20)

where Cg is the sound speed at the exit. If V; is the exit
flow velocity, then the core length is

Lo = V] te - - (3.21)
Combining (3.20) and (3.21), we find that
Lo/D = V1/2Cg . (3.22)

The point on the centerline L. from the pipe exit is the first
point downstream of the pipe break where pressure information
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originating outside of the pipe would be communicated (via waves
traveling at Cg) to the fluid that exited at the pipe center.
For distances along the centerline less than L., the thermo-
dynamic state of the fluid is the same as that inside the pipe.
This conical core region with length L, is shown in Figure

3.14. The structure of the core region has several dominating
features that will be discussed in Section 4.2.

There are several things that should be noted about
(3.22)., First, since the critical flow parameters are
thermodynamic in nature, it follows that Lo/D is also purely a
thermodynamic property. Secondly, Lo/D will always be greater
than or equal to 1/2 because the flow is sonic or supersonic at
the choke surface. 1In Chapter 4, charts will be provided that
show Lo/D = 1/2 for saturated stagnation conditions and Lg/D >
1/2 for subcooled conditions. For highly subcooled conditions,
the Lo/D can be large.

3.7 Far Field Relaxation to Ambient Pressure

In the flow field far away from the nozzle (large radii),
the pressure must relieve to the ambient pressure, Pp. The
flow is supersonic and this relaxation to Pp occurs after the
flow has expanded to pressures below Pp. This over-expanded
region of the flow 1is terminated by a standing shock followed by
a subsonic relaxation to Pa. Figure 3.15 illustrates the
expected pressure loading on a flat target. 1In Figure 3.15 the
scales have been purposely distorted to emphasize the
overexpansion and shock. This far field shock wave is generally
located at large radial positions for the two-phase problems of
interest here. The exact position is, however, highly dependent
on the exit flow conditions, target location, and ambient
pressure.

'"he pressure involved in the overshoot and shock 1is
relatively small (< 1 bar). However, because of the large
radii and large associated areas, the total integrated load can
be appreciably affected by the far field shock phenomena.

No attempt was made in this study to accurately model the
far field shock and flow behavior. It was present in all of the
calculations but adequate numerical resolution was not used
because of calculational expense considerations.

The load distributions were only evaluated up to the point
where the pressure on the target reached ambient conditions,
Further details about the load calculations performed in this
report and their relationship to the far field shock phenomena
are given in Section 7.2.
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3.8 External Choke

Up to this point, choking was assumed to occur in the
system piping. This may not always be the case. As the target
is moved closer and closer to the pipe exit, a point is reached
where the choke point will move from inside the pipe to an
external surface formed between the edge of the pipe and the
target. The external choke phenomena is highly two-dimensional
and it occurs almost instantaneously as the target moves toward
the pipe exit. The flow can no longer maintain the choke
surface in the piping. The shock that occurs near the target
moves up into the vessel and an external choke surface forms.

Under these circumstances the idealized model introduced 1in
Section 3.3 loses its validity. The external choking problem
was not extensively investigated in this study; solutions of
this type were beyond the present scope. However, this type of
calculation can be performed without modification to the
computer model. The total pressure at the centerline of the
target would be Py; therefore one interim approach would be to
assume a uniform pressure distribution of magnitude Py on the
target for some appropriate radius.
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4.0 TWO PHASE JET COMPUTER LOAD MODEL

Once it was established that CSQ1l6 would be modified (see
Section 3.5) for the two-phase jet problem a matrix of calculations
was developed to establish a computational data base. This data
base covers the following range of initial conditions

pressures of 60 to l70vbars

subcooling of 0 to 70 OC}
qualities of 0 to 0.75

L/D's of 0.50 to 15.0

This chapter contains the description of the computer model and
presents typical data-base calculations and their consequences.

4.1 Computer Model

The advanced, two-dimensional computer code CSQ was used to
develop the two-phase jet load data base. The calculations were
conducted for the geometry shown in Figure 4.1..

Briefly, the model can be described as a steady constant
property vessel blowing down through a nozzle of diameter D. The
jet develops outside of the nozzle and strikes a target at a
distance L from the pipe exit. The break flow from the vessel is
evaluated using the HEM critical flow model; consequently, the break
flow only depends upon the vessel stagnation properties. (The
discharge coefficient at the nozzle exit is assumed to be unity.)
The wall loading then becomes a function of four independent
variables:

or

where Pp is the pressure on the target, R is the radius (measured
on the target), P, is the stagnation pressure, Ty is the
stagnation temperature, and X, is the stagnation quality.

Figure 4.2 defines three regions within the geometry of Figure
4.1. Region I, inside the pipe, consists of an inlet boundary zone
where the flow conditions are driven using the HEM critical flow
velocity and thermodynamic properties (Pj, Tj;, etc.).

Throughout this entire region, the flow is uniform and nozzle
geometry effects are neglected.
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Region II, the pipe exit core, consists of a conical core of
fluid which remains at HEM critical flow conditions beyond the
nozzle (or break). This core of fluid is traveling at supersonic
velocity and was discussed in Section 3.6.

Region III, the jet environment, is the main solution region.
In this region, the inviscid equations of motion are solved; the
result is not only the wall pressure distribution, but the
velocities, temperatures, pressures, etc., for each point in Region
III. As earlier noted in Section 3.4, there is a distinct shock
structure present near the wall in Region III. Our calculations
define both the strength and shape of this shock.

4.2 Some Conseguences of the Exit Core

There are three distinct (and obvious) possibilities that can
occur with the exit core region, Region II: L. greater than, equal
to, or less than L. Consider first the case where Lo > L.

Here, theoretically, the exit core touches the wall. 1In practice,
there is a weak shock and the fluid recovers, for all practical
purposes, the vessel's total pressure P,. Using the HEM model,
once given an L/D ratio and the system's stagnation properties, it
is possible to determine if the peak pressure on the target will be
the vessel pressure, i.e., if Lo > L. The charts in Figures 4.3
and 4.4 give Lo/D as a function of stagnation pressure and
temperature; degree of subcooling is also shown. Consider the case
where L/D = 2.0 and two operating points were P, = 100 bars

ATy = 70°K and P, = 100 bars, T, = 560 K. For the first

operating point Lo/D is about 2.7, thus the peak target pressure
would be 100 bars. For the second operating point, Lo/D is about
1.0 and the flow field would have a strong shock, thus the peak
target pressure would be less than 100 bars. Since L/D = 2, any
vessel stagnation properties that generate an Lo/D > 2 would
recover the stagnation pressure P, at the target centerline.

The case where Lo = L should theoretically recover the vessel
pressure Pgs. This case has not been thoroughly investigated in
this study because the gradients in this region are very large and
would require a very fine grid. However, calculations on either
side of this point show clearly that as L, approaches L, the peak
pressure approaches Pg,.

In the cases where Lo < L, a strong standing shock exists in
the flow field near the wall and, depending upon the amount of jet
expansion (see Figure 4.2), there is a loss of total pressure.

4,3 Modifications of CSQ for the Two-Phase Jet Impingement Study

The cSQl6 code is a multi-purpose code that was developed at
Sandia National Laboratories to handle a wide spectrum of material
response problems. The next few lines, taken from the introduction
in Reference 16, briefly describe the code's versatility.
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CSQ is a FORTRAN program for computation of two-dimensional
material response. An Eulerian finite difference method is employed
in either rectangular or cylindrical coordinates. Models are
included to treat an extremely wide range of problems, from solid
dynamics to totally stripped plasmas. Portable editing and graphics
programs are available to aid in analyzing the computed behavior.

Because the models in CSQ are general and apply to a wide range
of problems with different time scales, it is possible to increase
the computational speed for a given problem by selectively modifying
the code to best suit the problem of current interest -- two-phase
jets.

Modifications of CSQ were performed as part of this study;
additionally, a version of CSQ was used which incorporated a
second-order-accurate numerical convection algorithm for performing
inter-cell transport of mass, momentum, and energy.24 The
modifications performed and a slight change in input parameters
resulted in over a factor of 20 in calculation speed for the
two-phase jet problem. Typical calculations with 10 to 25 cells
across the break exit require about 20 minutes of CDC 7600 CPU time
before the code reaches convergence in the jet field; this
illustrates the importance of the factor of 20 increase in speed.
The two main areas responsible for most of the speed increase are:

(1) improved numerical methods for the equation of state
description for water in two-phase states;

(2) changes in input parameters for the viscosity computation;

Several other modifications to the standard CSQ code were also
included for user convenience for these calculations, but the above
were the only modifications related to computational speed and
accuracy. :

For the jet impingement calculations, CSQ was modified to use
the thermodynamic description (equation of state, E0OS) of water from
Reference 17. The analytic form used is a complex function of
density and temperature. Mixed-phase states were evaluated using
the Gibbs phase rules with an iteration on the single phase
surface. The end result was that an average of about 10
single-phase EOS evaluations were reguired for each mixed-phase
state. Since for two-phase jets, a large fraction of the total
computational mesh is mixed phase, the code was using a very large
fraction of the total execution time in EOS evaluations.

This problem was solved by carefully fitting the thermodynamic
properties along the mixed-phase boundaries. A very dense array of
points and standard interpolation methods was used. All required
EOS data were included so that no evaluations of the single phase
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functions were required for any mixed-phase state. The net result
was an increase in overall computational speed by a factor of about
2.5.

The second change concerned the use of viscosity in CSQ. CSQ
was developed in projects where strong shock waves propagated
through much of the two-dimensional grid. To smooth the results in
the vicinity of the strong shock waves, the viscosity coefficients
were given values considerable higher than the real physical
viscosity. This 1s the standard procedure for this type of
calculation (strong shocks) and results in very sharp wave fronts
being spread over a number of computation cells,

The existence of a standing shock wave positioned very close to
the target was discussed in Section 3.5. The large viscosity
coefficients, which are the default input in CSQ, caused the need
for a large number of cells near the target to obtain a mesh size
converged solution. Since the computational time of the code is a
linear function of the number of cells and the time step is Courant
limited, the fine resolution was expensive,. (See also Reference 24
for further discussion and examples of the effect these viscosity
coefficients have on run time and nodalizations.)'

The extent of the viscosity "difficulty" was discovered during a
series of tests to determine mesh sizes for the final impingement
matrix. A separate study was conducted to determine the appropriate
correction, The study found that minor changes to the code input
would eliminate the problem; no other code changes were necessary.

A factor of approximately eight in overall computational speed was
realized for this change. Nodalizations as coarse as az/D ~

ar/D ~ 1/20 are now being used (20 cells across the pipe
diameter). The larger viscosity coefficients required less than
half of that cell dimension.

4.4 Model Calculations

Table 4.1 shows the variable ranges selected for study; note,
however, that initial calculation experience has shown that some of
the flow combinations are outside of the model's capabilities, i.e.,
double choking, etc.

Figure 4.5 shows a typical coarse grid which is used to initiate
the calculations; finer zoning is later used to obtain fully
converged solutions. Although for the present modeling purposes
only the target pressures are of interest, the code actually
provides the flow solution between the break and the target. Two
examples will be provided. Axial position 0.0 is the break-exit
plane.

Example one has a stagnation pressure and température of 170

bars and 555.52 K (70 ©C subcooled). The target L/D is 2.0 and
Lo/D is 1.98; thus we expect to recover nearly the initial
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Table 4.1

Two-Phase Jet Model Calculational Matrix Base

subgcooling, AT,

70, 50, 35, 15, O

~

@ (°c)

N

s B

4+

g -~

S —

[ ]

ga qualities 0, 0.01, 0.05, 0.1, 0.2,

g ' 0.333, 0.75, 0.99
0
“
= pressure, Py 60, 80, 100, 130, 150, 170
0 (bars)

[}
~
s’
.

g target position 0.5, 0.75, 1.0, 1.25, 1.50,
o - L/D 1.75, 2.0, 2.5, 3.0, 4.0, 8.0
O

oA
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stagnation pressure at the target centerline. Figure 4.6 shows the
resulting pressure contours and Figure 4.7 shows the density
contours. The ordinate and abscissa in these two figures are the
nondimensional axial and radial coordinates. The target is located
at L/D = 2.0. Figure 4.8 shows the velocity, sound speed,
temperature, and pressure on the target as a function of radius. Of
particular interest is the pressure. The distribution of pressure
with radius is typical of the distributions observed when L,/D > L/D-
note how rapidly the pressure falls off in the radial direction.
Figure 4.9 shows the density, temperature, and pressure along the
jet's centerline; note that large pressure gradients exist near the
target and that the centerline target pressure is indeed about 170
bars.

Example two has a stagnation pressure and temperature of 150
bars and 615.39 K (09C subcooling). The target L/D is 2.0 and
Lo/D is 0.5. 1In this example, the strong shock structure will
appear. Figure 4.10 shows the pressure contours and Figure 4.11
shows the density contours. These contours show a .very rapid
supersonic expansion of the jet just outside of the break. This is
the same behavior observed for free jets. The expansion of the jet
is very rapid; within about a pipe diameter beyond the exit core,
the static pressure has dropped to less than 5 bars. Figure 4.12
shows the velocity, sound speed, temperature, and pressure on the
target as a function of the target radius. The bell shaped curve
for the pressure, observed in numerous calculations, was expected.
Figure 4.13 shows the density, temperature, and pressure along the
jet's centerline. 1In the pressure curve the shock, which occurs
near the wall, is clearly visible. Figure 4,14 displays the
velocity field. The length of each arrow is proportional to the
velocity magnitude. Notice the well-defined shock where the
velocity field changes direction discontinuously. Figure 4.15 shows
the target pressure distribution (including the stagnation
centerline value) on a scale which includes the vessel stagnation
pressure, P, = 150 bars. The shock structure, which stands off
from the target, has a significant impact upon the local magnitude
of the load. Finally, Figure 4.16 is a three-dimensional
illustration of the pressure field; the jet expansion followed by a
compression is clearly shown. The last curve in the foreground in
Figure 4.16 is the wall pressure distribution. :

The possibility of using some dimensionless correlation to
represent the computer results was investigated. To date this has
not been successful. This is mainly attributable to the change in
behavior of the solution in the region of the shock and the change
in the types of wall pressure distributions seen when the value of
Lo/D becomes greater than or slightly smaller than L/D. The fluid
upstream of the shock is a two-phase mixture while the downstream
fluid is pure liquid. The fluid near the center of the target is
also in a pure liquid state. The fluid flashes as it expands
radially along the target. This results in a pronounced change of
the shape of the target pressure distribution as shown in Figure 4.8,
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4.5 Data Base Calculations

In this section a small number of illustrative data base
calculations will be given; this section will be kept brief because
the calculations shown are a small subset of the figures in Appendix
A. These figures illustrate the range of calculations performed.

Figure 4.17 shows the effect of target position with respect to
the pipe break; the figure shows the target pressure distributions
for several L/D ratios. The vessel stagnation conditions were
P, = 150 bars and 350C subcooling. The curve for L/D = 1 is an
example where L/D was less than L./D (Lo/D = 1.07); note that
the wall stagnation pressure was P,. The change in the shape of
the pressure profile for L/D = 1 at about R/D = 0.50 is due to a
phase change in the fluid at that point. Figure '4.18 shows the
static pressure behavior along the jet's centerline for the same
flow and geometric conditions of Figure 4.17. This figure shows an
overlay of five centerline pressure distributions as a function of
nondimensionalized axial position for five different target
locations (L/D = 1.00, 1.25, 1.50, 2.00, and 4.00). ©Note that each
curve ends with the stagnation pressure on the target. The jet
behaves characteristically as a free jet up to the shock, which
occurs near the target. PFigure 4.19 illustrates three-dimensionally
an overlay of both the wall and centerline pressure distributions
given by Figures 4.17 and 4.18. The rapid fall in centerline
stagnation pressure on the wall is observed in all L/D studies, For
this particular group of calculations, P4/Py = .17 at L/D = 2.0
and P4/Po = .05 at L/D = 4.0 where P4 is the centerline stagnation
(wall) pressure. This trend is easily explained by the shock theory
introduced earlier in Section 3.5.

Figure 4.20 shows the effect the upstream stagnation pressure,
Po, can have on the target's pressure distribution; the figure
shows the wall pressure distribution as a function of the radial
position. The vessel pressure P, was varied between 60 and 170
bars, L/D was 2.0 and there was a constant 35°C subcooling.

Figures 4.21 and 4.22 show the effect of subcooling for two
different vessel pressures. Figure 4.21 shows the target pressure
distributions at L/D = 2.0 for Py = 170 bars and several different
stagnation temperatures; Figure 4.22 shows the wall pressure
distributions at L/D = 2.0 for P, = 130 bars. The centerline
pressure distributions that correspond to the target pressure
distributions given in Figure 4.21 are given in Figure 4.23. Notice
the effect the stagnation conditions have on the break (pipe exit)
pressure; again these distributions are characteristic of free jet
behavior except for the points near the shock at the target.
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Figure 4,22 Effect of subcooling on target (wall) pressure
at P, = 130 bars and L/D = 2.
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Figure 4.23 Effect of vessel subcooling on centerline
pressure at L/C = 2.0 and for a vessel
stagnation pressure P, = 170 bars.
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5.0 THERMODYNAMIC AND CRITICAL FLOW PROPERTIES

In this chapter we show figures that provide a description
of the thermodynamic behavior of water. These charts are very
accurate, and the relations used to develop them are used 1n both
the CSQ model described in Chapter 4 and the approximate model
that will be developed in Chapter 6. The defining relations for
critical flow were developed in Chapter 3.

The HEM critical flow model is defined by the governing
equations (3.8), (3.9) and (3.10). This model provides a
consistent (isentropic) thermodynamic connection of the
properties and flow upstream of and at the break. The critical
flow charts relate the mass flux and the break thermodynamic
properties to the upstream stagnation conditions.

These charts are given in Figures 5.1 through 5.9. Figures
5.1, 5.2, and 5.3 provide the properties of subcooled and
saturated water for the pressure and temperature ranges of
interest in this report. Figqure 5.1 gives the temperature as a
function of pressure (1 bar = .1 MPa) and entropy (1 erg/g%K =
10-7 kJ/kg OK) for subcooled water; Figure 5.2 gives the
temperature as a function of the density (1 g/cm3 = 10
kg/m3) and entropy for saturated water. Figure 5.2 also
includes a bounding 200 bar isobar. Figure 5.3 gives the
temperature as a function of density and entropy but at low
densities (p = 0.001 to 0.1 g/cm3). Figures 5.4 through 5.9
relate various thermodynamic properties to the HEM mass flux.
Figures 5.4 and 5.5 show the HEM mass flux (1 kg/cm?s = 104
kg/mzs) as a function of the entropy and stagnation
temperature; Figqure 5.4 emphasizes the region with subcooled
stagnation conditions while Figure 5.5 emphasizes the region with
saturated stagnation conditions. Figure 5.6 shows the HEM mass
flux as a function of the stagnation pressure and the stagnation
temperature; these curves are used where the stagnation
conditions are saturated. Figure 5.7 and 5.8 show the HEM mass
flux as a function of the stagnat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>