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EPRI PERSPECTIVE

PROJECT DESCRIPTION

STEALTH is a general-purpose explicit finite difference code
developed by EPRI for application in the nuclear power industry. The
technology is based on methods developed in the defense industry.
STEALTH's architecture is designed for easy implementation of special
models for specific application with this general-purpose code. The
STEALTH code has been applied in fluid-structure interaction, boiling
water reactor containment, soil structure interaction, piping loads,

welding, and nuclear waste repository analyses.

This project addresses subcooled time-dependent flow phenomena in
piping systems using the one-dimensional STEALTH code. Developments
include models for piping components, a model for fluid motion losses, and
a procedure for force resolution. Example simulations of a feedwater
shutdown, pressurizer relief line discharge, pump trip with bypass, Semi-

scale 711 experiment, and a pressure pulse experiment are included.

PROJECT OBJECTIVE

The objective of this study is to provide a viable tool for the
prediction of fluid loads within piping networks. This study involves the
addition of models to STEALTH to simulate the effects of orifices, area

changes, tee junctions, valves, turbomachines, and fluid motion losses.

PROJECT RESULTS

STEALTH's capability has been extended to simulate piping systems.
The code will locate the regions of intense fluid conditions and resolve
the magnitudes of these effects on the piping structure. Additional

models will be developed if the users believe it necessary.
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ABSTRACT

This report documents technologies that enable the STEALTH 1D
numerical code to simulate the time-dependent flow phenomena that can
occur in the piping systems of power plants. Fixed-frame control volumes
simulate the presence of piping components; these include models for
orifices, area changes, valves, tee junctions, and turbo-machines. The
hydro version of the STEALTH code, purged of the physics and numerics
associated with solid mechanics, can perform efficient flow simulations.
The pipe friction and piping component loss model account for irreversible
effects associated with flow in piping systems. Instantaneous stream
functions account for transient forces that bear on piping components.
The plot overlay option can display several nodal histories on one axis
system. In demonstration of these technologies, the appendixes describe
one-dimensional, numerical simulations of pipe flows that are generic to
power plant systems. These include simulations of a feedwater shutdown
event, a pressurizer relief line discharge event, a pump trip (with
bypass) event, a three-dimensional blowdown event, and the response of a

water-filled, straight pipe to a pressure pulse.
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SECTION 1
INTRODUCTION AND SUMMARY

1.1 TRANSIENT FLUID ENVIRONMENTS IN PIPING

Engineering analysis of power plant systems must include the capability
to simulate the transient fluid environments that can develop within pipe
networks. These environments produce the maximum loads which the piping
must be designed to withstand, safely. Pipe joints and walls, for example,
must withstand fluid overpressures without leaking or undergoing permanent
deformations; valves and pumps must withstand uncommon differentials in
fluid pressure while continuing to provide service; pipe supports must with-
stand large global forces that are created in network sections when maximum
fluid loads bear on pipe bends and junctions. It is important, therefore, to
identify the factors that can produce these intense environments in pipe

flows, and to account for the ensuing maximum fluid loads.

Typically, transient environments occur within fluid mediums, either
static or flowing, as a consequence of pressure waves (or hammers*). Over-
pressures can develop behind compression hammers, while cavitations or the
flashing to vapor of liquid mediums can occur behind rarefaction hammers.
Uncommon differentials in pressure can act across either compressions, rare-
factions, or wave system combinations of both. Moreover, piping components
(such as, e.g., area changes or junctions) or phase changes (such as water
flashing to steam) can amplify wave phenomena and exacerbate maximum loads.
O the other hand, flow losses (e.g., pipe friction) can attenuate these

hammers, thereby reducing maximum loads.

1.2 PRESSURE WAVES IN PIPE FLOWS

Pressure waves develop routinely in the pipe flows of power plants

during the normal operation of valves, or whenever pumps and turbines change

*
e.g., water hammers.



operating flow rates. These events perturb the flow, which adjusts to the
changed conditions through the mechanism of the pressure wave. Non-routine
events (pipe breaks, pump or turbine trips, etc.) will also cause flow per-
turbations that create pressure waves. Both the routine and the non-routine
actions that lead to pressure waves are transient events that spawn non-
steady wave phenomena. As such, these waves are associated with the time-

dependent motion of the fluid medium.

Thus, reasonably accurate numerical predictions of maximum fluid loads

within piping systems depend upon pipe flow simulations that account for:
* the time-dependent behavior of fluid motion,

the geometry (and where appropriate, the dynamics) of
piping components,

the constitutive behavior of fluid materials,

® the flow losses associated with fluid motion in piping.
1.3 LIMITATIONS OF EXISTING TECHNIQUES

Presently, there are techniques which possess the above technologies.
But they lack, to some degree, the operatiomal qualities that characterize
an off-the-shelf method, which canbe easily implemented and cost~effective
to use. They fall into one or more of the following categories:

®* proprietary techniques, which are either not available or
are very costly to acquire;

¢ complex techniques, which are too cumbersome to tailor to
specific applications;

techniques with complex input, which require an inordinate
amount of involvement of senior engineering staff;

expensive techniques, which incur excessive computer costs,
either because of long computing times or large memory storage
requirements, or both;

specialized techniques, which can not simulate the range and
types of flow phenomena expected to occur.



1.4 STEALTH PROGRAMS

The STEALTH™ programs (Reference 1), however, can incorporate both the
technology and the operational qualities that are necessary for realistic,
cost~effective pipe flow simulations. The advantages of these codes include
the following:

® Availability; the STEALTH codes are in the public domain,
sponsored by the Electric Power Research Institute (EPRI).

®* Applicability; the STEALTH codes, in general form, are
designed to simulate time-dependent continuum phenomena,
of which fluid motion in piping systems is a subset; the
codes also possess the capability to perform homogeneous
equilibrium simulations of two-phase effects.

¢ Architecture; the top-down, modular design of the STEALTH
codes facilitates tailoring to special needs, including the
merging of entirely new techniques.

® Documentation; the STEALTH codes are fully documented with
user-tested input instructions; this minimizes the user
effort needed to assemble input data,

® Economics; the STEALTH codes require only moderate computa-
tional times; moreover, because of information overlaying,
the codes minimize storage size in memory.

® Accessibility of persomnel familiar with the details of the
STEALTH codes who are experienced in code usage over a wide
range of hydrodynamic applications.

With the addition of models to account for the effects of piping compo-
nents and flow losses, and a force resolution analysis to calculate force
parameters from flow parameters, the 1D STEALTH code becomes a viable tech-
nique for the prediction of fluid loads within piping networks. Using combi-
nations of STEALTH grids (for modeling pipe sections) and models of piping
components, an engineering analyst can reconstruct (model) pertinent aspects

of the networks. These models produce realistic numerical simulations of

*

Solids and Thermal hydraulics codes for EPRI Adapted from Lagrange
TOODY and HEMP," developed for Electric Power Research Institute by
Science Applications, Inc. under Contract RP-307.



critical pipe flow environments, which can then be resolved into the quanti-

tative features and locations of maximum loads.
1.5 CURRENT DEVELOPMENTS

The purpose of the current study is to describe the pipe flow simulation
capability for STEALTH 1D. 1In particular, Science Applications, Inc. (SAI),

under contract®, produced the following technologies for the code:

® piping component models;

®* STEALTH 1D hydro version;
e fluid motion losses model;
® force resolution analysis;

® history overlay plots.

Moreover, the study also demonstrates these features with simulations of the
transient environments which can occur within pipe flows, and which are generic
to situations that could be encountered within power plants. This report de-
scribes both the development of these features and the construction of the ge-

neric simulations.

Section 2 focuses on the development of the models for piping compo-

nents**; these include:

orifices

® area changes
® tee junctions
e valves

e turbo-machines

%
EPRI Contract RP812.

*k
Except the model for bends; in the 1D sense, a bend is simply a flow
loss effect; as such, bends will be discussed in Section 3.



They follow the assumption that the global behavior of a piping component,
rather than the detailed local behavior within it, characterizes its influ-
ence on a piping system. Each model is a control volume, tailored to the
global behavior of a particular piping component. These control volumes
communicate through boundary conditions with the computational grids of the
STEALTH code. At the beginning of each computational time step, a control
volume accepts boundary conditions from the adjoining computational grid (or
grids), adjusts itself and simultaneously modifies these conditions in a
manner consistent with its tailoring, and then returns the modified bound-

ary conditions to the computational grid(s).

Section 3 discusses the development of the remaining technologies.
The STEALTH hydro version contains only that subset of continuum physics
which has been purged of non-hydrodynamic phenomena. This increases the
efficiency of simulating hydrodynamic environments. Flow losses™ are, in
effect, external forces which retard fluid motion. Thus, the model for flow
losses accounts for this retardation by introducing an increment of deceler-
ation into the equation of motion. The force resolution analysis accounts
for the net forces that are required to maintain the global equilibrium of
specified regions of pipe networks. These forces must balance the net pres-
sure force acting on the regions, the net momentum flux flowing through the
regions, and the rate of momentum growth within the regions. The graphic
display package, GRADIS (Reference 1), can produce history overlay plots on
one axis system. This increases the usefulness of the force resolution

analysis,
The main body of the report closes with Section 4. This section sum-
marizes the previous sections, discusses the implications of these new

features in STEALTH 1D, and suggests further developments.

The Appendixes provide additional material that is associated with the

main body developments. Although this material complements the previous

*
Including the 1D effect of bends.



discussions, each appendix also stands alone as a self-contained presenta-
tion. Appendix A presents a rational procedure for distributing the loss
effect of a piping component over a specified length. The remaining appen-
dixes describe simulations of pipe flow events which require the construc-
tion (modeling) of sections of system networks, using combinations of STEALTH

grids and models of piping components. Specifically, these are:
¢ simulation of a feedwater shutdown event: Appendix B;
® simulation of a pressurizer relief line discharge event: Appendix C;
* simulation of a pump trip with bypass: Appendix D;
¢ simulation of the Semi-Scale 711 Experiment*: Appendix E;

e simulation of a pipe response experiment**- Appendix F;

*
Experiment of a three-dimensional blowdown, performed by Idaho Nuclear

Engineering Laboratory.

Experiment of a water-filled, straight pipe response to a pressure
pulse, performed by SRI International, Inc.



SECTION 2
PIPING COMPONENT MODELS

2.1 OVERVIEW

Piping components are those elements in a piping system which bound
sections of straight pipe. They consist of bends, area changes (reducers),
multi-junctions (tees, etc.), orifices, nozzles, valves, turbo-machines
(pumps) , and reservoirs. They impose forces on the flowing medium, causing
it to adjust its motion (such as a direction change, speed change, generation
of secondary motions, etc). The fluid reacts by generating pressure waves
which impose forces back onto the components. These reaction forces can be

substantial, such as with an unsteady flow caused by water hammers.

Since piping components are stationary devices, fixed in position with
respect to the piping system, their representations in a predictive calcula-
tion occur in the Eulerian (stationary) frame of reference. The STEALTH
codes, however, operate in the Lagrangian reference frame of the fluid medi-
um. Hence, the component models must merge the component effects, produced

in the stationary frame, with the material frame STEALTH calculations.

The models are control volumes,* that are designed to accomplish this
merging. Each control volume is composed of adjacent Eulerian flow regions,
one for each flow region present with the represented component. The trans-
fer of information between regions occurs through forms of the conservation

equations, which are valid across the interfaces between regions.

The control volumes communicate through boundary conditions with the
adjoining Lagrangian grids of the STEALTH codes. This eliminates the need
to match the size scale of component models with that of the grids. 1In ef-
fect, the models occupy no length on the size scale of the grids. In prac-

tice, this is accomplished by embedding the end nodes of the adjacent grids

* - -
Bends excepted, as footnoted in Section 1.



in the appropriate regions of the control volumes; the velocity of each re-

gion and its associated embedded node are kept equal.

Grid rezoning, currently a standard option in STEALTH, maintains the
position consistency between the material zones and the stationary control
volumes. That is, each node is permitted to move for a prescribed number
of time cycles. It is then rezoned to its original position, according to
an appropriate constraint [e.g., constant pressure, conservation of mass

(and energy), etc].

2,2 MODELING CRITERIA

Each component model must be dynamic, in the sense that it can respond
to the states that exist in its adjoining grids. 1In particular, since these
states can change with each computational time step, the model response must
be instantaneous. Moreover, the model must be gble to account for the time-
dependent motion of a variety of fluids; it must respond with the proper
acoustic impedance to the pressure waves that act on it from the adjacent
grids, Stated succinctly, these considerations define the following model-

ing criteria:
* The models must respond instantaneously to boundary conditionms.,
¢ The models must simulate time-dependent events.

* The models must account for the behavior of any specified fluid
material of homogeneous compositiocn, including changes of phase.

2.3 MODEL CONCEPTS

The criteria for modeling provide a basis for developing the funda-
mental concepts which govern all the models of piping components. Each
model is a one-dimensional fixed-frame control wvolume, which is composed of
two, or more, adjacent regions. Each region within a control volume repre-
sents one identifiable, instantaneous state that bounds or exists within a
particular piping component. Figure 1 displays examples of typical adjacent

regions that combine to form a control volume. 1In Figure la, Regions I and



(a) Wave front

=

(b) Different flow areas

N
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(c) Energy source

Figure 1. Examples of adjacent regions (I and II) for typical piping
component control volumes.



I1 represent the states ahead of and behind, respectively, a wave front;
Regions I and II in Figure 1b simulate two consecutive states of different
flow areas; Figure lc illustrates the states, represented by Regions I and
II, on either side of an energy source. In effect, each combination of adja-
cent regions defines a unit flow model. The following discussion explains
how this structural concept of a control volume satisfies the modeling

criteria of piping components.

In real (actual) flow environments, fluid states interact with one
another through the mechanism of waves. Wave fronts are interfaces between
two different fluid states, in essence discontinuities which provide the
vehicle for the transfer of information within a flow field. Thus, the
wave front model (Figure la) is the unit flow process by which the piping
component control volumes link to the adjoining computational grids. At
each location where a control volume and a computational grid meet, a wave
front model is embedded within the terminal zone of the latter; see Figure 2.

* that match an in-

The fronts, in this manner, provide the mechanisms
stantaneous state within a control volume with that in the terminal zone of
an adjoining grid. 1In this respect, all control volumes of piping compo-
nents are similar; whatever their individual specifics, they all possess

wave front models for their boundary structures with the adjoining grids.

The remaining structure of a control volume determines which component
of piping it simulates. The control volume of an area change, for example,
includes the unit flow process of different flow areas (Figure 1b); on the
other hand, the control volume of a turbo-machine includes the unit flow
process of an energy source (Figure lc). The specific details for each con-

trol volume are discussed below, in Subsection 2.4.
Because these processes can respond instantaneously to changing flow
states, the control volumes can respond instantaneously to boundary condi-

tions and can also simulate time-dependent events, Hence, two of the model-

ing criteria are satisfied by the structural concepts of the control volumes.

* 3 )
Referred to as jump conditions; see, e.g., Reference 2.

10



* Computational node

Wave front

Figure 2. Control volume with five adjoining grids.
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The remaining modeling criterion, that of the behavior of the fluid
material, enters the model concepts through the mathematical relationships
that prescribe the control volume flow dynamics. For the wave fronts, these
are the jump conditions (Reference 2) that relate the density (p), pressure

(p), velocity (U) referenced to the wave coordinate system, and specific

internal energy (e) ahead (state I) of the fremt to those behind (state II):

U

pI 1 = pIIUII , continuity

= 2
. pIUi + pI DIIIII + Pyg > momentum
2
. El + e +-Ei = Ell + e +--I-]-I--:L energy .
Py I 2 Pr1 I1 2

For the remaining unit flow processes, the mathematical relationships are

the Euler equations for a stream tube, in the following form (Reference 2):

/

where the energy (or loss) source ($) can be zero (as, e.g., the idealized

2
+ Uil UI
2

\
-7)

ol ™

process of a change of flow area), and the continuity equation which includes

change of flow area (A):

PpAyUr = Prphyr sy

A description of the fluid state:

e = e(p,p)

accounts for material behavior of homogeneous composition, and together with

12



an assumed thermodynamic process, provides the closure conditions necessary

to evaluate

The fundamental model concepts apply to virtually any piping component
for any fluid of homogeneous composition. These concepts are the starting
point for the development of working models that pertain to specific engi-~
neering applications. The working models are more restrictive, but provide
the necessary detail to perform actual simulations of fluid environments.
Gross and Silling (Reference 3) develop working models of piping components
which apply primarily to steam/water vapor enviromments. The remainder of
this report concerns the development and application of working models for

subcooled fluids.

2.4 WORKING MODELS FOR SUBCOOLED FLUIDS

At a given pressure, a fluid is subcooled when its temperature is below
that of vaporization. It is then in a highly compressed state, extremely
resistant to further compression. Practically speaking, a subcooled fluid

is a liquid.

Barely compressible under the subcooled conditions that can exist with-
in the piping systems of power plants, liquids are capable of only small
gradients in density. These gradients give rise to pressure waves which
propagate through the fluid at (practically) the local acoustic speed.

This situation suggests a set of principles, which form the basis for the

subcooled piping component models. These principles are:

®* When relationships between two adjacent control volume
regions involve both densities, but not the density dif-
ference, the densities are set equal.

¢ Within control volumes, information propagates at acoustic
speeds.

13



® VWhen relationships between two adjacent control volume
regions involve a density difference, this difference is
evaluated as the pressure difference scaled by the recip-
rocal of the square of the acoustic speed.

For adjacent regions of a control volume model, pressures
may differ, but acoustic speeds are set equal.

The principles above do not imply complete incompressibility. They are,
in fact, a carefully tailored hypothesis which preserves the essential nature
of density gradients,* but minimizes the complications that are introduced to
the working models. The hypothesis reduces the complexity of the control

volume mathematics, as follows:

e The Rankine-Hugoniot jump conditions simplify to:

@@y -Up) =Py - Pyy

which is a form of mass conservation across an acoustic
(weak®**) wave, where c is the acoustic speed and § is the
average of Pr and pII'

® In the Euler equation of motion, the integral becomes:

e The continuity equation takes the form:
ArUr = Al -

Henceforth, this discussion turns to the development of subcooled work-
ing models for each piping component. These are: orifices, area changes,
tee junctions, valves, and turbo-machines. Figure 3 depicts the models,
along with their adjoining computational STEALTH grids. Each model spans

no length on the scale of grid dimensions.

*
Density gradients, through the equation of state, drive the physics in
the STEALTH code.

**In the limit, acoustic waves support only infinitesimal changes in state
properties. 1In these applications, the waves are almost acoustic; they
propagate at nearly acoustic speed, support only small changes in den-
sity, but can produce significant changes in pressure.

14



EREITHE

* } 1 ¢ 7 Area change

¢ * 1 ::. Valve

¢ [BEXIBEMNEK) Tee junction

Figure 3. Piping component control volumes with adjoining computational
grids.
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Figure 3 (concluded). Piping component control volumes with adjoining
computational grids.
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2.4.1 Subcooled Area Change. The area change model is particularly
useful in revealing the underlying principles that are common to all control
volume models. Thus, its analysis is more detailed than those that follow
for the remaining models. However, the discussion for each model will be

complete.

Figure 4a illustrates the staie of affairs in the control volume at the
beginning of a computational time step. Region 1 corresponds to the condi-
tions present in zone N of grid 1; in a similar manner, region 4 is asso-
ciated with the first zone of grid 2. Figure 4b depicts the working model
on which the analysis is based. Velocities u, and u, are determined and
assigned to node N of grid 1 and node 1 of grid 2, respectively.
Information generated by the area change is propagated by discrete weak waves,

and regions 3 and 4 are the steady states generated behind these waves.

The transformation from the input conditions to the determined conditions

follows from:

e conservation of mass across the weak wave between regions
1 and 2,

® conservation of mass across the weak wave between regions
3 and 4,

® conservation of mass between regions 2 and 3,

® conservation of energy between regions 2 and 3 (Euler equation
with & = 0),

® known states for regions 1 and 4,

from which the velocities in regions 2 and 3 can be determined.

Conservation of mass across the weak wave between regions 1 and 2 is

cp, = (c~-uy+uy)p,

where
¢ = acoustic speed
Py = density of region i
u, = velocity or region i .

17



Region 4,
First zomne of grid 2

/
‘ /

| Py» Py Wy ? ) § Pger Peos Yy,

Region 1,
Zone N of grid 1

(a) Beginning of computational time step.

-
P P2 P,
¢ Pi1- P ¢ ¢ P, ¢
u u Pys> P s
1 2 u, 4 4 4
N-1 N i
1 2

Weak waves

(b) Analysis for area change control volume.

Figure 4. Conditions present in the subcooled area change control volume
model.
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When combined with the nearly incompressible assumption,

2
Py =Py = (p, =)/,
where

p. = pressure of region i,

mass conservation across the weak wave yields

(Pl - pg)
cp

[l
un

U -uy =

where § 1is the average density across the wave.

Similarly, conservation of mass across the weak wave between regions 3

and 4 yields

(Pa - P4)

u, ~u, = —
3 4 c?

Conservation of mass between regions 2 and 3 is, simply,

[
I

3 (Az / Aa)u4

where

>
"

cross~sectional area of region i.

Conservation of energy between regions 2 and 3 is

Pz - Pj

1
=— =30 - )

2
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which may be rearranged to

2
P P53 _ Yy 2
cP T 2c [(A2 /A3) - 1]

v

The known conditions at regions 1 and 4 yield

P, =P,

pc

Ecp.

But since

p,-p, = (P, ~P,) + (p,-p,) + (p,-P,) >

therefore,

E+M+ 4.

]
[l

There are five equations, and the five unknowns:

solution becomes

-B-\p® -say

u =
2 2«

where
o = [@y/8)° -1] /2
B o= —c[1-@,74)]
Y = -[c(u1+u4) +E-1—_;TI-)-5].

20
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Finally,

u, = (Ay /A )u, .
Thus, the control volume analysis determines the velocities in regioms 2 and
3; these values are then assigned to node N of grid 1 and node 1 of grid 2,

respectively.

2.4.2 Subcooled Orifice. The orifice control volume is essentially a

one-sided area change control volume. Figure 5 illustrates this interpreta-
tion, depicting the input conditions, Figure 5a, and the working model, Fig-
ure 5b. 1In this case, only u, is assigned to the computational grid, at node
N. However, the basic assumptions made for the area change apply here, in a

similar fashion.

The transformation from the input conditions to determined conditions

for this model is based on:

s conservation of mass across the weak wave between regions
1 and 2,

» for outflow, conservation of energy between region 2 and
the orifice (Euler equation with & = 0),

e for inflow, conservation of energy between the orifice
and the outer environment (Euler equation with & = 0),

e known states for region 1 and the outer environment,

from which the velocity in region 2 can be determined.

In a manner similar to that for the area change, the transformation

principles now lead to the following relationships:

Py =Py
u -u, =——2 = E .
T c
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Region 1,

Zone N
P
4 } ®
IR 'J Outer environment
N-1 N
(a) Beginning of computational time step.
] -
-
P1> Pys> Uy | Pos Py Uy l Outer environment
N-1 N

Weak wave

(b) Analysis for orifice control volume.

Figure 5. Conditions present in the subcooled orifice control volume model.
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For outflow (Porf = Penvironment P, )+

P, -p, U A,
— S y -1 =4
orf
or, for inflow (porf = P> Y. vironment 0):

et (R Ly
pec 2c Aorf
and
pl'P
—_ = =8 + ¢, known.
Pec

The three equations determine the three unknowns, §, | or ¢/, and u,,

whence the value of u, ,

is assigned to node N.

The backflowing orifice has no pressure recovery through the area ex-
pansion from the orifice station. In effect, this model simulates irrevers-
ible flow, with losses. 1In fact, these losses are comparable with the theo-
retical loss model for sudden area expansions (see, for example, References

4 and 5).
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2.4.3 Subcooled Tee Junction. Conceptually, the tee junction control

volume is a generalized area change model with three regions, instead of two.
Figure 6 illustrates the model used for control volume analysis. Here, three
velocities to be determined are u,, u,, and ug; their values will be assigned

to nodes N, 1, and M, respectively.

The applicable transformation principles are:

® (Conservation of mass across weak waves

Region 1 to Region 2
Region 3 to Region 4
Region 5 to Region 6.

® Conservation of energy (Euler Equation with & = 0)

Region 2 to Region 4
Region 2 to Region 6
~ OF ~
Region 2 to Region 4
Region 4 to Region 6
~ OF ~
Region 2 to Region 6

Region 4 to Region 6 .

e Global mass conservation for the control volume .

Using the definition

(o]

it
b||w
o |~

the transformation principles become, for example:
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? R, | R, e R, — R, ¢

N-1 N

Weak wave M

Weak waves

D0 o @

Ri denotes region i

Figure 6. Subcooled tee junction control volume model.
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2 1 2 1
6, - 63 = uy <Y,
b = 85 = uy - ug
8, = 85 = (U3 - u3)/2

8g = 8, = (& - u2)/2
0 =A;u, +A,u, +Azu,.
This set of equations contains the known quantities,
6., u,; i=1,3,5 and Ai; i= 2,14,6‘
and determines the unknown quantities,

5., u,; j=2,4,6.

The equations are coupled and nonlinear. They are solved in this model by

the multi-dimensional Newton-Raphson method.

2.4.4 Subcooled Valve, The control volume model for a valve is similar

to an area change, with an orifice-like variable area separating regions 2

and 3. Figure 7 illustrates the model control volume for the valve.

The transformation principles are similar to those for an area change

with the following modifications:
® Conservation of energy between regions 2 and 3 is deleted.

e TFor left-to-right flow, conservation of energy between region 2
and the valve (v) is used (Euler equation with & = 0).
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]
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Ri denotes region i

Weak waves

Figure 7. Conditions present in the suhbcooled valve control volume model.
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e For right-to-left flow, conservation of energy between region 3
and the valve (v) is used (Euler equation with & = 0).

® A description of the variation of valve area (A,) is included.

Hence, for left-to-right flow,
2
Ug
¢ == [(AQ/AV)Q - 1]
while for right-to-left flow,

2
u
vep (@ ra) - /a2 ]

In either case, the description for Ay

A

v = A (time)

or

>
]

v = Ay (flowfield, valve dynamics)

provides the necessary auxiliary condition to complete the mathematical for-

mulation.

These modifications produce an important difference between the area
change and the valve; that is, there is no pressure recovery between the
valve orifice and the downstream flow area. This, in turn, causes the valve
to be an irreversible device, except when the orifice is fully opened to the
smaller flow area and the flow is from the larger area to the smaller.
Hence, the valve is a flow device with implicit losses. As with the back-

flowing orifice, this is also comparable with theoretical losses.

2.4.5 Subcooled Turbo-machines. Turbo-machines are rotary devices

which add or extract energy from a flowing fluid. The dynamic element of

such a device is a set of shaft-mounted, rotating blades (rotors) which
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remain continuously within the fluid. [There may also be a set of stationmary
blades (stators), which complement the effect of the rotors.] The local in-
teractions between the blades and fluid can produce a very complex, multi-
dimensional flow field. However, on a global scale, the blades are merely

a source (or sink) of energy to the flow. 1In fact, for a steady flow, a

turbo-machine produces a time-invariant effect.

The control volume model for these devices is very similar to that for
area changes., As is depicted in Figure 8, the turbo-machine control volume
is an area change control volume with provision for an energy effect. The
discussion of Figure 4 (area change), on Page 17, is equally applicable here.
Hence, the transformation principles for the turbo-machine model are nearly
identical with those of the area change. 1In this case, however, the princi-
ples include:

e The effect of the turbo-machine on the conservation of
energy between regions 2 and 3 (Euler equation with & # 0).

o A description of the turbo-machine rotor dynamics, insofar

as it defines &,

The conservation of energy between regions 2 and 3 is

P3~Pz 1
——t7 G -uwp) =9,

which may be rearranged to

2

P, -P u

This is a generalization of the definition of |, as it appears on Page 20.
This completes the general development of the control volume for turbo-

machines. To this point, the model is comprehensive, applying to any type

of turbo-machine. (In fact, at this stage, the model applies to many forms
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Region 1, Region 4,

Zone N First zone of grid 2

! ¢ ¢ \ 3
P13913u1 p4,p4,u4

N-1 N 1 2

(a) Beginning of computational time step.

P, P, P, P,
= tii—— 1
T % = 1 Ps o 54
u1 'l.l8 ua 4
N-1 N 1 2

Weak waves

(b) Analysis for turbo-machine control volume.

Figure 8. Conditions present in the subcooled turbo-machine control volume.
model.
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of energy devices, in addition to turbo-machines.) All that remains to be
done is the description of the rotor dynamics. This depends, however, on

the particular type(s) of turbo-machine(s) under study.

This study is concerned with the simulation of turbopumps. 1In partic-

ular, the operating modes considered are:
e pump failure (or trip)

® pump start-up.

The rotor dynamics of a turbopump couples the energy effect ($) and
volumetric flow rate (Q) with the rotor torque (TQ) and rotational speed
(N). For each pump, there is a set of performance curves which provide two
independent relationships among the four parameters. 1In their standard
form (see, e.g., Reference 6), however, these curves are cumbersome to use
with the control volume model. Fortunately, Marchal et al. (Reference 7)
were able to convert the performance curves to a pair of well-behaved,
single-valued relationships (called the four-quadrant curves, for reasons
described below). As described by Wylie and Streeter (Reference 8), the
basis for the conversions are the pump parameters, non-dimensionalized to

the pump rated conditions (subscripted r):

& = [@-% <u§-u%>]/[<1>-% (ui-ui)]
r

Q' = Q/q,

™' = TQ/TQ,

N’ = N/N_ .

These, in turn, define the converted variables of the four-quadrant curves:
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2

d = /(W +q %
® = /N7 +Q7%)
§ = m+ tan ' (Q'/N) -

Figure 9 illustrates the four-quadrant interpretation of pump operation;
Figure 9a describes the four-quadrant connection with pump modes, while

Figure 9b presents an example of the four-quadrant curves.

The conservation of angular momentum of the rotating mass provides an-
other independent relationship among the pump parameters. The differential
(with time, i.e., d/dt) form is

dN
dt

TQM - TQ = WR®
where W is the mass and R is the radius of gyration. TQM is the pump motor
torque that drives the pump. The motor torque is effectively zero during

pump failures; it will be discussed below for pump start-ups.

For the simulation of a pump trip, the control volume model uses the
four-quadrant curves and the angular momentum equation in conjunction with
the other transformation principles., All together, these provide a complete
mathematical description. Unlike the equations for the arem change, how-
ever, this set of equations cannot decouple into a system which determines

the unknowns one by one. These equations reduce to two coupled equations:

® An equivalent Euler equation
0=p,-p, +clp,u, -0 uy)
+¢9Q.Q [1+ (a,/A)]1/A,
—_-— 1l =2 2y]
+o® [®- 5 - u)) ]y
72

where &' = 6(N'2+Q )

with the four-quadrant curve: ®=d(N',Q’)
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(a) Connection between quadrants and pump models.
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(b) Four-quadrant curves.

Figure 9. Four-quadrant representation of pump operation.

33



® An equivalent incremental angular momentum equation

WE (N’ -N))
TQr(t - to)

0=1" +1 +

where the subscript o denotes conditions at the

beginning (t,) of the time increment, and
™’ = @'® + ")

with the four-quadrant curve:
T = Q(N’, Q")

which determine Q' and N', and a set of decoupled equations which subsequently
determines the remaining unknowns. As with the tee junction equations, the
multi-dimensional Newton-Raphson technique provides the solution procedure for

the coupled equationms.

Since pump start-ups are powered by a pump motor, the control volume
simulation must account for the motor torque (TQM in the angular momentum
equation). One approach would be to supply a torque-speed curve [TQM = TQM(N) ]
directly, and solve the coupled and decoupled equations as described above
for pump trips. The disadvantage to this approach is that torque-speed curves
for pump motors are not convenient to obtain. Moreover, it has been found
that (e.g., Reference 8), to the degree of accuracy required, the angular
momentum equation can be replaced by a simple time history prescription for

N’'. For a specified rise time (t/):

'

N = t/t when t < tg

s ?

’

N 1.0, when t 2 tg .

The control volume model for pump start-ups uses this simplified approach.

The immediate consequence is that, with N’ specified, the coupled system
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reduces to the equivalent Euler equation, implicit in the unknown Q’. 1In

this case, the one~dimensional Newton-Raphson method determines the solution.
2.5 WORKING MODEL SIMULATIONS

Through a series of test simulations, the response of each control
volume model provided quantitative information by which model validity could
be evaluated. This section describes some of these cases and presents typ-

ical results.,

In all these simulations, subcooled water properties defined the be-
havior of the fluid medium. This guaranteed that the flow conditions would
remain liquid over a significant range of pressures. Consistent with its
subcooled state, the water was modeled as a linear elastic medium with the

following pressure-density relationship,
P =A+k(p/o, - 1) .

The constant, -A, was 1.51X 107 N/nf , which assigns a pressure of 151 bars to
the water at a reference density (p,) of 993.16 kg/uF. The bulk modulus (k)
of subcooled water is 1.79X 10° N/n’. Under these conditions, the acoustic

speed (c,) of the water at its reference state is:

c E'V k/p, = 1342.51 m/s.

Table 1 presents a summary of the test simulations and the associated
control volume area ratios. Each control volume formed one portion of a
complete physical model which included initial, boundary, and (when appli-
cable) forcing conditions. All models were one-dimensional and set in planar

geometry..
The orifice control volumes formed one end of pipes that were 2.9m

long and closed at the opposite ends. These pipes were simulated by calcu-

lational grids of 90 nodes. 1Initially, the pipes were pressurized to 151
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TABLE 1. TEST SIMULATIONS

Control Volume Model Area Ratio
Orifice 20:1
Orifice 3:1
Area Change (explosive valve) 20:1
Area Change (explosive valve) 1/20:1
Opening Valve 1:1
Closing Valve 1:1
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bars; subsequently, they exhausted through the orifices to a constant back-
pressure of 51 bars. Figures 10 through 13 illustrate typical results for
the 20:1 area ratio, while Figures 14 through 17 show similar data for the
3:1 area ratio. For each case, the pressure snapshots show, respectively,
the initial left-traveling rarefactions, the reflected right-traveling rare-
factions,* and late-time left-traveling compressions. These compressions
result from backflow conditions set up by overexpansions in the pipes. The
velocity directions at the orifices become negative at late times, thereby

signaling the backflow conditions.

The "explosive valve" area change control volumes formed the junctions
between two pipes of different flow areas, each 2.9 m long, and closed at
their outer ends. Each pipe was simulated by grids of 60 nodes. Initially,
the pipes were pressurized to 151 bars and 51 bars, respectively. At time
zero, the valves suddenly ("explosively") opened to the full diameter of the
smaller pipe. Figures 18 through 22 display predictions for the case where
the initial high pressure pipe is the larger of the two; Figures 23 through
27 display similar results for the case where the initial high pressure pipe
is the smaller of the two., The pressure snapshots for each case depict
early times corresponding to initial left-traveling rarefactions and right-
traveling compressions: first, intermediate times after these initial waves
reflect off opposite end walls, second, intermediate times after the reflect-
ed waves intersect, and late times after the intersected waves again reflect
off the opposite end walls. The velocity histories indicate that, again,

the flow fields reverse direction at the area change at late times.

Two closed-end pipes with equal cross-sectional areas, each initially
pressurized to different pressures, provided the physical model for an open-
ing valve control volume. Each pipe was 2.9 m long and simulated by a grid

of 60 nodes. At zero time, one chamber was pressurized at 151 bars, the

*Note that the 3:1 case shows a negative pressure (tension). This is
reasonable for the simple linear elastic material model. Since these
were only test simulations, no tension limit was provided. Hence,
under total expansion to the vacuum state, the tension could approach
a value nearly equal in magnitude to the bulk modulus.
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Figure 10. 20:1 Orifice pressure profile at ~ 1 ms.
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Orifice Area 20:1 Pressure 151 to 51 bars Liquid
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Figure 11. 20:1 Orifice pressure profile at ~ 3 ms.
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Figure 12, 20:1 Orifice pressure profile at ~ 5 ms.
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Orifice Area 20:1 Pressure 151 to 51 bars Liquid

Velocity (m/s)

o
o
Q

N
0
1] LJJ,L____I‘JJJJ

N
' T T T 17T T T 171 [ l
0.00E+00 2.50E-03 5.00e-03

Time (s)

Figure 13. Velocity history at 20:1 orifice.
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Figure 14. 3:1 Orifice pressure profile at ~ 1 ms.
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Orifice Area 3:1 Pressure 151 to 51 bars Liquid
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Figure 15. 3:1 Orifice pressure profile at ~ 3 ms.
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Orifice Area 3:1 Pressure 151 to 51 bars Liquid
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Figure 16. 3:1 Orifice pressure profile at ~ 5 ms.
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Orifice Area 3:1 Pressure 151 to 51 bars Liquid
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Figure 17. Velocity history at 3:1 orifice.
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Area Change Area 1:20 151-51 Bars Liquid
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Figure 19. 1:20 Area change pressure profile at ~ 3 ms.
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Area Change Area 1:20 151-51 Bars Liquid
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Figure 20. 1:20 Area change pressure profile at ~ 5 ms.
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Area Change Area 1:20 151-51 Bars Liquid
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Figure 21. 1:20 Area change pressure profile at ~ 8 ms.

49



Area Change Area 1:20 151-51 Bars Liquid
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Figure 22, Velocity history at 1:20 area change.
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Area Change Area 20:1 151-51 Bars Liquid
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Figure 25, 20:1 Area change pressure profile at ~ 5 ms.
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Figure 26. 20:1 Area change pressure profile at ~ 8 ms.
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Figure 27. Velocity history at 20:1 area change.
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other pipe was pressurized at 51 bars, and the valve was fully closed. The
valve area opened linearly with time to reach the full flow area in 5 ms;
thereafter, it remained open at the full flow area. Figures 28 through 32
demonstrate snapshot pressure profiles and the velocity history at the valve.
The first pressure snapshot shows the initial left~traveling rarefaction and
right-traveling compression; the second snapshot shows the wave profile
shortly after reflections from the end walls; the third snapshot shows the
wave profile after wave intersection, and the fourth profile shows the pro-
file after the second reflections from the end walls. The velocity history

at the valve shows that eventually the flow field reverses direction.

The final case described here is that of a model using the control vol-
ume of a closing valve. The control volume joins two pipes of equal cross-
sectional area, each 2.9m in length. One pipe is close-ended, the other
open-ended, and both are initially pressurized at 151 bars and are in a
quiescent state. A constant vacuum exists downstream of the open end. The
valve area closes linearly (with time) in 5 ms from the full cross-sectional
flow area; thereafter, it remains shut. Figures 33 through 38 describe the
flow field behavior. 1Initially, a rarefaction (Figure 33) travels leftward
from the open end as the high pressure fluid exits into the vacuum. Figure
34 depicts the pressure profile after the rarefaction has passed the closing
valve; the rarefaction is still traveling leftward. However, owing to the
area restriction existing at the valve when the rarefaction passed by, a
right-traveling compression wave is generated. It also shows up on Figure
34. At a later time (Figure 35), the continuing closure of the valve,
coupled with a flow velocity from left to right, generates a left-traveling
compression to the left of the valve, and a right-traveling rarefaction to
the right of the valve. Note that the characteristics of the previous pro-
file are also still in evidence. Figure 35 displays the profile at full
valve closure. To the right of the valve, a strong rarefaction is following
a weak rarefaction out the open end. The latter is the backside of the com-
pression generated earlier. To the left of the valve, the left-traveling
compression is about to intersect with the right-traveling reflection of

the incident rarefaction. Figure 37 shows one final profile: to the left

56



Valve Opening in Straight Pipe 151-51 Bars Liquid
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Figure 28. Opening valve pressure profile at ~ 1 ms.

57



Valve Opening in Straight Pipe 151-51 Bars Liquid
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Figure 29. Opening valve pressure profile at ~ 3 ms.
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Valve Opening in Straight Pipe 151-51 Bars Liquid
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Figure 30. Opening valve pressure profile at ~ 5 ms.
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Valve Opening in Straight Pipe 151-51 Bars Liquid
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Figure 31. Opening valve pressure profile at ~ 8 ms.
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Valve Opening in Straight Pipe 151-51 Bars Liquid
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Figure 32. Velocity history at opening valve.
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Blowdown with Valve Closure at Midpoint
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Blowdown pressure profile at ~ 1 ms.
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Blowdown with Valve Closure at Midpoint Liquid
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Blowdown pressure profile at ~ 3 ms.
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Blowdown with Valve Closure at Midpoint Liquid
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Figure 35. Blowdown pressure profile at ~ 4 ms.
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Blowdown with Valve Closure at Midpoint Liquid
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Figure 36. Blowdown pressure profile at ~ 5 ms.
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Blowdown with Valve Closure at Midpoint Liquid
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Figure 37. Blowdown pressure profile at ~ 6 ms.
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Blowdown with Valve Closure at Midpoint Liquid
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Figure 38. Velocity history at blowdown valve.
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of the valve, the compression and rarefaction have just intersected, while

to the right of the valve, the rarefaction is about to reflect from the open
end. At this point, the model breaks down because the pressure differential
demands inflow, but a vacuum has no mass source to sustain inflow. Finally,
Figure 38 shows that the material field at the valve is always flowing left

until the valve closes.

2.6 ADDITIONAL MODELS

Additional component models under consideration are reservoirs and
heat exchangers. Although at present, no control volume models correspond
to these components, they can now be simulated in some form. If the need
arises to perform more comprehensive simulations, these models sould be de-

veloped into control volume forms.

Pressure history, velocity history, and temperature history reservoirs
are standard options in the present STEALTH codes. Each of these models may
be assigned to one or more nodes as forcing functions. 1In this sense, they
represent uncoupled reservoirs with histories independent of grid dynamics.
The control volume approach would generalize the resexrvoirs to coupled re-
gions whose histories would be influenced by, as well as influence, the grid

dynamics.

Heat exchangers may currently be modeled as sources (or sinks) of energy.
In fact, a subroutine exists in STEALTH which is addressable by input card
data. What remains to be done is the development of a control volume model
which would generalize the flexibility and response of this heat transfer

mechanism.
Further possible developments include the modeling of compoments with

no current representation in STEALTH, including: (1) multi-port junctioms,

(2) governed turbo-machines, and (3) reciprocating pumps.
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SECTION 3
CONCOMITANT TECHNOLOGIES

3.1 PRELIMINARY COMMENTS

With the modeling technology for piping components, STEALTH 1D can sim-
ulate a wide range of fluid events that occur within the piping systems of
power plants. With the development of a few additional technologies, the
efficiency, range, and usefulness of these simulations increase appreciably.
In particular, removal of non-hydrodynamic logic from the code increases
the computational efficiency of the simulations; modeling to account for flow
losses increases the range of the simulations; force resolution modeling and
plot overlay capability increase the usefulness of the simulations. This

section describes these developments.

3.2 HYDRO VERSIONS

Hydro versions of STEALTH are streamlined continuum codes, from which
unnecessary logic has been purged. 1In particular, they do not contain the
physics of solid mechanics and heat transfer. Also removed is the account-
ing required to add and drop rows (and columms in 2D), as well as the slide-

line analysis pertinent to relative motion between adjacent grids.

Simulations of hydrodynamic phenomena with the hydro versions are iden-
tical with those provided by the standard versions. Moreover, the savings
in both computing time and cost by using the hydro versions can approach a

factor of 2.

STEALTH hydro is available in both one- and two-dimensional versions.
These require the same information as the standard STEALTH codes. The in-
put decks for the standard versions and the hydro versions are practically

identical. The user need only specify either standard or hydro versioms.
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3.3 FLUID MOTION LOSSES

While flowing through piping, a fluid medium is subject to wall fric-
tion. Moreover, as it passes through bends and other piping components, the
fluid encounters abrupt changes in flow conditions. Both of these effects
cause irrecoverable losses to occur in the fluid, leading to a retardation
of motion.* Thus, to predict accurately the fluid motion in a piping system,

it is necessary to account for these loss mechanisms.

In a one-dimensional, inviscid model of fluid motion, the losses due to
pipe friction and piping components are, in effect, external forces which
oppose the direction of motion. As such, they contribute an incremental ac-

celeration (4x) to each local fluid element, as follows:

Ax = -FL §/m
where
FL = magnitude of the local external force due to pipe
friction and/or piping components
§ = i/lél, x denotes velocity
m = mass of the local fluid element .

Hence, the total local acceleration (X) for the fluid element is
¥=%x_ + Ax
o

where §° is the acceleration of the local fluid element if losses due to

pipe friction and piping components were absent.

* 3
For one-dimensional simulations, this is the total effect of bends on
flow conditioms.
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Since FL may include losses from both pipe friction and piping compo-
nents, it is necessary to develop a model for each effect. Therefore, con~

sider that

FL = Ff+FpC .

Ff is the magnitude of the force due to pipe friction:

Fp = (f/8) (md &x) (p 5 /2)
where
f = Darcy pipe friction coefficient (see, e.g., Reference 9)
Ax = length of local fluid element
d = diameter of local fluid element
p = density of local fluid element .

ch is the magnitude of the force due to the loss associated with a bend,

or other piping component:

m

F

b Kpe (T4 14) (0 % /2)

where KPc is the piping component coefficient (see, e.g., Reference 9).

In practice, x is not known in advance of the determination of Ff and

ch. The calculation to determine X must, therefore, converge on %X; it pro-

ceeds as follows [iold = i(timeold)]:

(1) determine io

(2) determine io = iold + ¥ [time step]

(3) define X, ave[xo, xold]
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(4) determine Fy and Foc from it

(5) determine AX

(6) determine X

(7) determine x = ﬁold + ¥ [ time step]

(8) calculate ¢ = li-—it]

(9) if e < specified tolerance, procedure completed; otherwise:

(10) reset io = it

(11) return to Step 3, above.

This procedure converges rapidly on x; in typical applications, convergence

occurs in two or three iterations.

In the STEALTH model, each node is assigned values of f and Kpc, or the
means to determine these coefficients from data tables or formulas (see Ref-
erence 9). In the case of pipe friction coefficients, it is also necessary

to assign (or compute, in the case of flume geometry*) an effective diameter

for each node.

It is also useful to be able to distribute the piping coefficient for
one component over a number of nodes. This effectively distributes that
component's losses over several nodes. For a relatively long component, it
is a more realistic accounting of losses than a single node accounting of

losses. Appendix A describes one possible distribution procedure.
3.4 TFORCE RESOLUTION
Forces on piping components during transient flow conditions can exceed

the steady state loadings. 1In a typical water hammer scenario, the sudden

opening or closing of a valve causes intense accelerations to develop in the

*
Standard option in STEALTH 1D to account for non-abrupt area effects
in 1D flows.
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fluid. The flow becomes highly unsteady and propagates strong pressure
pulses throughout the system. When these waves reflect off or refract
through piping components, they generate sharp impulses which bear directly
on the piping. The determination of these dynamic effects is essential to
the selection of pipe sizes, the evaluation of component performance, and

the design and placement of supporting brackets and hangers.

Consider, as an example, a bend that changes both the direction and
maguitude of fluid motion. For this case, Figure 39 illustrates the asso~
ciated free body diagram. The external forces acting on the fixed control
volume® of the local fluid element are the pressure forces at station 1 (ii)
and at station 2 (f;), and the force (iB exerted on the fluid by the bend.
(In fact, T is the result of the integrated pressure forces bearing along
the control volume surfaces which are in contact with the inner wall of the
bend. However, in this analysis,-iris analyzed simply as a force vector to
be determined.) These external forces are balanced by the change in momen-
tum occurring within the control volume, which is due to the flux of momen-
tum across the boundaries at station 1 @g;) and at station 2 (ﬁ;), and the
instantaneous rate of momentum (ﬁ;) within the control volume. 'ﬁ; is the
unit vector directed outward from the control volume, perpendicular to the
local cross-sectional area (A;); also listed are the local density (pi) and
pressure (pi)’ where the latter is understood to include artificial wviscous

effects, when present,

Conservation of momentum demands that the following relationship be

valid (see, for example, Reference 10):

—_— —_—

ZFE=Mt-M1+M2

*
These may include, but are not limited to the control volume models of
piping components.
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Figure 39. Free body diagram of a fluid element flow through a bend.
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where

™
e
]
>
HZ l
>
Rt
+
)

Sal

v = control volume,

Hence, the reaction force on the bend af = :f) is resolvable as fol-

lows:
R=-(N,f +N,7, +M)
where the local stream thrust function (fi) is defined as (p~+pu?ZiAi.

In any given inertial frame of reference, the reaction force is a vec-
tor quantity which depends on the orientation of?\f;-_ and b[f (Pwd 7]/ ot.
These orientations will vary from section to section in a é%ven piping sys-
tem. Moreover, the reference frame orientation could also vary from one
piping system analysis to the next. It is not feasible to provide the flex-
ibility neceésary to span all the possibilities, nor all user output format

options.

Hence, at present, this model does not compute R directly. The code
computes and stores on an archive tape the local stream thrust functions,
f, and f,, and the instantaneous change of momentum, My, for each piping

component. The reaction force is then recoverable from this archive
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information with a postprocessor which resolves Q. and M, into the orienta-
tion of the chosen frame of reference. The postprocessor can also provide

the components of-ﬁfin an output format which is suitable to user needs.
3.5 PLOT OVERLAYS

The capability to overlay a number of nodal force histories from dif-
ferent piping sections is now a standard option of the STEALTH codes. 1In
particular, it is a feature of the GRADIS plotting package of STEALTH. As
such, this overlay capability may be used either during the computation run
which generates output data, or with STEALTH's postprocessor (ADAPRO), which

refines the raw output data stored on an archive file.

Figure 40 displays a typical application of this capability. 1In this
case, histories A, B, and C from three adjacent Lagrangian nodes are over-
layed on one time axis. Also overlayed on the same axis is the history (D)
of a fixed Eulerian position that is encountered by each Lagrangian node

during the time span of the histories.
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Figure 40. Demonstration of STEALTH overlay capability.
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SECTION 4
CLOSURE

The STEALTH 1D code now has the techmnology to simulate the fluid events
that can occur within the piping systems of power plants. This capability
is embodied in the features which were described in the previous sections of

this report. They are:

Fixed-frame control volume models, which simulate the global
effects of-piping components within pipe networks; these mod-
els simulate time-dependent behavior, in conjunction with
fluid media that behave as materials of homogeneous composi-
tion; although not a fundamental limitation of this control
volume concept, the scope of the working models developed here

is restricted to subcooled fluids.

® A fluid motion loss model, which simulates the irreversible
losses associated with pipe wall friction and piping compo-
nents; based on friction and component loss data, the model
determines deceleration increments, which act through the

equation of motion to retard fluid motion.

e A force resolution model, which evaluates the instantaneous
force parameters which determine the fluid loadings that bear
upon the piping structure; the model determines the rate of

change of momentum within specified flow regioms.

Plot overlays, which display selected histories of flow

parameters on one axis system.

* A hydro version of the code, which produces efficient simula-
tions of fluid phenomena; purged of the physics and numerics
associated with solid mechanics, the hydro version fluid simu-

lations are identical with those of the standard version.
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The code will determine the locations of intense fluid conditions, re-
solve the magnitudes of these effects on the enclosing piping structures,
and present this information in formats that can be selected for convenience.
The hydro version of STEALTH 1D accomplishes these objectives with efficient

uses of computer execution time and storage space,

There are a number of developments which, if undertaken, would enhance
the STEALTH 1D piping technology. Additional piping components that could

be modeled with the control volume approach are:
¢ reservoirs of finite extent
e heat exchangers
®* multi-port junctions
¢ governed turbo-machines
e reciprocating pumps

The fluid motion loss model could be upgraded to include functional depend-
ence on flow Reynolds number and pipe wall roughness. Finally, the flow

loss model could be incorporated directly into the control volume models.
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APPENDIX A

A RATIONAL PROCEDURE FOR DISTRIBUTING
THE LOSS EFFECT OF A PIPING COMPONENT

For relatively long piping components, the associated flow loss acts
ovei a significant spatial interval. This situation is modeled in Figure
A-1; the piping component is equivalent in length to the distance spanned
by several consecutive zones of the computational grids. Under these con-
ditions, it is realistic to distribute the loss over a number of computa-
tional nodes. This Appendix develops one possible distribution procedure,

based on a resistance analysis of the component loss.
Figure A-2 illustrates the resistance concept for a piping component
loss. Figure A-2(a) depicts the global flow resistance of the component.

This resistance causes a drop in the total pressure of the flow from the

upstream value of PL to the downstream value of PR’ as follows:

2
L "R Kpc ppc upc/2

where

K

piping component loss coefficient

pC
ppc = effective density within piping component
upc = effective velocity through piping component .

Figure A-2(b) depicts an equivalent flow resistance, whereby the global re-
sistance is distributed across N discrete resistance units. Each resistance

unit contributes to the total pressure drop in the following manner:
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Figure A-1. Relatively long piping component oriented between computational
grids.
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Flow =

pc

(a) Global resistance schematic of a piping component.

(b) Equivalent resistance schematic of a piping component.

Figure A-2. Resistance concept of a piping component loss.
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where

P, , ~PB; =K, p ui/2
with
p; = effective density within unit i
u, = effective velocity through unit i .
Since
pyu = :bz/piAai
where

m, = mass flow rate through unit i

A, = flow area of unit i

then the application of mass conservation (assuming steady state),

The above expression will determine the Ki's, with the following known

parameters:
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and the assumption of a desired shape distribution for the Ki's [Figure

A-3(a)]. This last condition may be expressed as

where

o,, =1
11

a, . (i#1) are shape factors, selected to match the
J desired distribution shape [see Figure A-3(b)] .

For convenience, j may be selected such that
Kj = max (Ki)

hence,
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(a) Typical distribution shape of Ki for N=7.

i O

(b) Corresponding distribution of o associated with (a).

Figure A-3. Example of an assumed distribution of Ki'
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Under these conditions,

2
= KPc/ch APC
K.
J N
2
PCHVIN D
i=1
or, alternatively,
N° K
c
K., = 4
J N N N
2 2
Zpl Z(Ai) z(aij/piA)
i=1 i=1 i=1

and

K, = .K,; i=1,2,-+,N.

87



APPENDIX B
SIMULATION OF A FEEDWATER SHUTDOWN EVENT

B.1 INTRODUCTION

One typical steam generator configuration in power plant facilities in-
corporates six feedwater pipes, manifolded into two three-feedpipe branches.
Figure B-1 illustrates one of these branches, and its orientation to the
steam generator. The branch is a combination of three feedpipes and three
intra-branch pipes, linked together by two tee junctions and one reducer;

the combination includes a number of bends and a gate valve.”*

At the upstream end of the feedwater branch, a fast-acting check valve
provides the means of quickly isolating that section from the remainder of
the feedwater system. This capability affords protection to the branch in
the event of an upstream disturbance (e.g., feedwater pump trip), or protec-
tion to the upstream system in the event of a disturbance in the branch or
steam generator. However, the necessarily rapid closure of the check valve
(60 ms) causes water hammers to propagate, both upstream and downstream,
through the previously steady-state feedwater pipe flows. These pressure
pulses can produce transient forces in the piping system which are far in
excess of the steady-state forces associated with normal feedwater operation.
Thus, the design of the feedwater system must take into account the magni-
tude, direction, and location of water hammer forces associated with a check

valve closure.

This Appendix addresses one aspect of providing information related to
the water hammers created by the rapid closure of the check valve, 1In par-
ticular, it describes the construction of a numerical simulation of the un-

steady flow set up in the pipes of one feedwater branch. The construction

*
In this event, the gate valve remains fully open, and thus is only a
source of flow loss.
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Figure B-1. Feedwater branch configuration for a steam generator.
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utilizes the concepts that were discussed in the main body of this report.
It illustrates the application of those concepts to produce an analysis that
retains the essential features of geometry and flow losses, as well as time-

dependent fluid mechanics.

B.2 CONSTRUCTION OF NUMERICAL SIMULATION

The feedwater shutdown simulation incorporates the one-dimensional,
hydro version of STEALTH with control volume models for the check valve, the
tee junctions, and the reducer. 1In addition, the simulation includes the ef-
fects of flow losses associated with pipe friction and piping components (in-
cluding elbows). Figure B-2 depicts, schematically, the computational grids,
control volumes, and boundary conditions that model one feedwater branch of
the steam generator. The control volumes, grid 2 through grid 7, and the
downstream pressure boundaries model the actual feedwater branch. This in-
cludes the closing check valve, two tee junctions, reducer, six sections of
pipe (involving three intra-branch pipes modeled by grids 2, 4, and 6, and
three feedpipes modeled by grids 3, 5, and 7), bend losses, gate valve loss,
and downstream pressure boundaries. The upstream pressure boundary and grid
1 are designed to eliminate upstream transients from passing through the
check valve during the time of its closure; hence, the transient effects gen-
erated in the feedwater branch are due only to the action of the valve in
conjunction with the initial conditions, branch geometry, and the downstream

pressure boundaries.

Figure B-3 illustrates the pertinent details of the control volumes.
The maximum flow diameter of the check valve is 1.45 ft. Its flow area de-
creases linearly with time, attaining full closure in 60 ms. Each tee junc-
tion possesses through-run flow diameters of 1.45 ft, and a branch flow diam-
eter of 0.92 ft. The reducer is a junction connecting a flow diameter of
1.45 ft with a flow diameter of 0.92 ft.
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Figure B-3. Control volumes for feedwater shutdown simulation.
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The seven computational grids have the following characteristics:

k% ¥ S+ o

%

*

L I T T T S R A

#1

Grid

upstream of the check valve

48 zones

nodes 1 through 49

1.45-ft flow diameter

coordinates from ~420 ft to 0 ft
length of 420 ft

constant pressure boundary at node 1
check valve at node 49

pipe friction losses, £=0.012

#2

Grid

between the check valve and the first tee junction
18 zones

nodes 50 through 68

1.45-ft flow diameter

coordinates from 0 ft to 26.09 ft

length of 26.09 ft

check wvalve at node 50

first tee at node 68

pipe friction losses, £=0.012

check valve losses, Kpc =0.93

two 90° short radii elbow losses, Kpc==0.24/e1bow
gate valve losses, Kpc==0.096

#3

Grid

between the first tee junction and the pressure dome
of the steam generator

28 zones
nodes 69 through 97
0.92-ft flow diameter
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* coordinates from 26.09 ft to 67.20 ft

* length of 41.11 ft

* first tee junction at node 69

* constant pressure dome boundary at node 97

* pipe friction losses, £=0.013

: tee junction losses, Kpc>de = 2,63 and Kpc)rev = 2.99

three 900-long radii elbow losses, Kpc==0.182/e1bow
* two 300-1ong radii elbow losses, =0.111/elbow
Kpe

* Grid #4

between the first and second tee junctioms
21 zomes

nodes 98 through 119

1.45-ft flow diameter

coordinates from 26.09 ft to 57.59 ft
length of 31.50 ft

first tee run at node 98

second tee at node 119

pipe friction losses, £=0.012

ok sk Sk % Sk Sk Sk % %

tee run losses, Kpc==0.26

e Grid #5

* between the second tee junction and the pressure dome
of the steam generator

* 31 zones

% mnodes 120 through 151

% 0,92-ft flow diameter

* coordinates from 57.59 ft to 103.26 ft

* length of 45.67 ft

* second tee junction at node 120

* constant pressure dome boundary at node 151

* pipe friction losses, £=0.013

* tee junction losses, Kpc)de 2.63 and Kpc)rev 2.99
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* o % F %k

* % * ¥

R I A B

three 900-long radii elbow losses, Kpc==0.182/e1bow
two 30°-long radii elbow losses, K, =0.111/elbow

#6

Grid

between the second tee junction and the reducer
3 zones

nodes 152 through 155

1.45-ft flow diameter

coordinates from 57.59 ft to 61.93 ft

length of 4.34 ft

second tee run at node 152

reducer at node 155

pipe friction losses, £=0.012

tee run losses, X__=0.26
pc

#7

Grid

between the reducer and the pressure dome of the
steam generator

44 zones

nodes 156 through 200

0.92-ft flow diameter

coordinates from 61.93 ft to 126.85 ft

length of 64.92 ft

reducer at node 156

constant pressure dome boundary at node 200

pipe friction losses, £=0.013

three 90°-long radii elbow losses, Kpc==0.182/e1bow
three 45°-long radii elbow losses, K_.=0.129/elbow

pcC

reducer losses, K = 1.85 and K c) = 2,21
P/ rev

pc)fwd
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The locations of the loss coefficients are assigned as follows:

® Pipe Friction lLosses

*

*

£=0.012 to all nodes in grids 1,2,4, and 6
£=0.013 to all nodes in grids 3,5, and 7

e Piping Component Loss Factors

*
*
*
*
*
*
*

check valve to node 52

gate valve to node 64

reducer to node 156

tee junctions to nodes 69 and 120

tee runs to nodes 98 and 152

90° short radii elbows to nodes 54 and 66

90° long radii elbows to nodes 72, 85, 95, 122,
127, 149, 161, 171, and 198

30° long radii elbows to nodes 81, 87, 130, and 134
45° long radii elbows to nodes 178, 185, and 195

The node position assignments of component losses in the simulation configu-

ration correspond approximately to the locations of the piping components in

the feedwater branch.

The fluid medium is subcooled water. It is characterized as follows:

e 360,000 psi bulk modulus

e 1019 psia reference pressure

e 325 psia saturation pressure

o 56.44 lbm/ft3 reference density

e linear elastic material, where the pressure is not permitted
to fall below the saturation pressure (to assure a reasonable
approximation to the subcooled phase) .
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There are two types of initial/boundary conditions. The first are

independent, and are assigned through input data. These are the:

e downstream dome pressure boundary, assigned a value of 1019 psia
* pipe lengths and piping component locations

¢ initial flow velocity in the three feedpipes with 0.92-ft diam-
eters, assigned a value of 18.319 ft/sec.

The second type of initial/boundary conditions are dependent, and must sat-
isfy mass and energy conservation in conjunction with the material model, the
control volumes, flow losses (when present), and the independent conditionms.

This second type includes the:

® initial pressure profiles in the grids
* initial density profiles in the grids

® initial velocities in the intra-branch pipe grids and
the pipe grid upstream of the check valve

e upstream pressure boundary.

In particular, when flow losses are in effect, the initial pressure and den-
sity vary along the pipe grids. The simulation code determines the dependent

initial/boundary conditions from the input data of the independent conditioms.

During the simulation, rezoning maintains the position consistency be-
tween the material frame grid zones and the fixed control volume models. The
algorithm periodically returns each grid node® to its original (Eulerian) po-
sition, The nodes that are interior to the feedwater branch return under the
constraints of mass conservation and energy conservation, while the exterior
boundary nodes return according to a constant pressure constraint. Also, the
algorithm adjusts the velocities of the rezoned nodes to be consistent with

the velocity profiles defined by their neighboring nodes.

*
But no two adjacent nodes are rezoned simultaneously.
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Figure B~4 displays the input data which define the feedwater shutdown
event., It involves the standard input package for the STEALTH code. The
loss coefficients are not part of the input package; they are loaded directly
into DATA statements, located in the main program routine. Also loaded in
this fashion are the pipe diameters associated with each node, and two inte-
ger scaling factors which control the magnitude of the effect of the loss

coefficients, Figure B-5 illustrates these DATA statements.

B.3 DISCUSSION OF SIMULATION

The simulation begins when the check valve starts to close, and ends
after one second of real time. This causes a severe rarefaction water hammer
to race downstream, at the acoustic speed of the fluid (> 5400 ft/sec).
(There will be no discussion of events created upstream of the check valve;
that geometry, as discussed above, is not representative of the actual sys-
tem and is outside the scope of interest of this simulation.) Since the
farthest point in the feedwater branch is less than 130 ft from the check
valve, the entire flow field transforms to transient behavior within 24 ms.
More specifically, the initial pressure wave reaches and begins interacting
with the first tee junction within the first 5 ms. From here, refracted
waves reach the second tee and the first pressure dome boundary, within the
next 8 ms. The refractions from the second tee junction reach the reducer
in less than a millisecond, and the second pressure dome boundary within
another 9 ms. The refractions from the reducer reach the third pressure dome

boundary within the final 12 ms.

During this initial rarefaction sweep through the feedwater branch,
reflected waves are also generated at the sites of piping components. These
pulses superimpose on the initial wave patterns, rendering the fluid state
extremely unsteady and characterized by many pressure waves at all locationms.
Figures B-6 through B-11 demonstrate the unsteady nature of the flow at three
representative locations in the system. For a simulation with no losses in
effect, Figure B-6 shows the pressure history at node 67 in grid #2, Figure
B-7 shows the pressure history at node 100 in grid #4, and Figure B-8 shows
the pressure history at node 158 in grid #7. Figures B-9 through B-11 show
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TTH FEEDWATER SHUTDOWN SLUGS-FT-SEC

PRA
GRD 1,0 49,0

GRD 2,0 19,0

GRD 3,.a 29,0

GRD 4,0 22,0

GRD 5,0 32,0

GRD 6,0 4,0

GRD 7,0 45,0

END

MAT

i1 1.0

f12 1,0 1.0 1,0 2,0
121 1,0 1,75

f22 1.0 1.0 146736,0 5,184 F+A7
{23 1.0 -1,0 10,0

136 1,0 46886 ,40

END

GPT

211 1,0 1.0 -420,0
211 2,0 50,0 0,0
211 3,9 69,0 26,09
211 4,0 98,0 26,09
211 5,0 128,06 57,59
211 6,0 152,0 57,59
211 7,0 156,0 61,93
2214 1,0 1.8 49,0

221 2,0 58,0 68,0

221 3,0 69,0 97,0

221 4,0 98,0 119,0

221 5,0 120,0 151 ,6

22y 6,0 152,0 155 ,0

221 7,0 156,0 200 .0

251 $,0 48,0 =A20,0 2,0
242 2,0 18,0 6,0 26,09
242 3,0 28,0 26,09 41,11
242 4,0 21,0 26,09 31,50
242 5,8 31,0 57,59 45,67
242 6,0 3,0 57,59 4,34
242 7,8 44,0 61,93 64,92
END

Figure B-4. Input data for feedwater shutdown simulation.
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ZON

31 1,0 1,0 49,0
311 2,0 50,0 68,0
311 3,0 69,0 97,0
31 4,0 98,8 119,0
311 5,0 120,0 161,40
311 6,0 152,0 155,08
31 7.0 156,0 202,92
321 1,0 1,0

321 2,8 1.0

321 3,0 1,0

32¢ 4,0 1.0

324 5,0 1,0

324 6,0 1,9

321 7,2 1.0

322 1,0 1,800800267

322 2,0 1,00000260

322 3,9 1.0

322 4,0 A,99999801

322 5,0 1,0

322 6,0 3,99999525

322 7,0 1,0

334 1,0 22,1240074

334 2,0 22,1240074

334 3,2 18,319

331 4,0 14,7492726

334 5,0 18,319

331 6,0 7,37461499

331 7,0 18,319

384 1,0 1,0 1,0
334 2,0 2,0 96,0
384 3,0 97,9 97,0
3814 4,2 98,0 150,0
384 5,0 151,0 154,40
38y 6,0 152,0 199,92
384 7,0 200,90 204,0
382 1,2 1,8 2,9
382 2,0 1,8 2,0
382 3,0 1,0 2,0
382 4,0 1,0 2,0
382 5,0 1,0 2,0
382 8,0 1.0 2,0
382 7,8 1,0 2,0
END

Figure B-4. (continued)
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adYy

424 1,0
421 49,0
421 50,8
421 68,0
421 . 69,0
421 97,0
424 98,0
421 119,40
421 120 ,0
421 151 ,0
421 152,0
421 155,0
421 156,0
424 200,0
422 1,0
422 2,0
422 3,8
422 4,08
434 1,8
434 2.0
43¢ 3,0
431 4,8
432 1.0
432 2,0
432 3,
432 4,0
a7t 1,0
474 2,0
474 3,0
471 4,0
END

TIM

511 2,020
842 ¢,00091
543

834 1,0
END

£DT

6214 1,9
622 1,0
623 1,0
623 2,0
623 3,0
623 4,0
623 5,0
823 6,9
623 7.0
423 8,0

Figure B-4. (continued)
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1,0
4811 ,0
4042,9
3021,9
3822,

3023,0
3031,0
3032,0

]
3033 ,2
2041 ,@
2042,0
4,0

3600,2
3600, 0
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3600,0
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1,45

1,0
2,25



624 1,0

841 1,0 4,0 1,0 0,29

651 1,0 .0 1,0 0,001

652 1,0 20a,9

653 11,0 12,4 64,0 46,0 93,0

6714 1.0 R0 2,0 0,004

672 1,0 1.9 64,0 1,0 48,9

672 2,0 1,0 64,0 1,0 52,0

672 3,0 1,0 64,0 1,0 67,2

672 4,9 1,0 64,0 1,0 71,0

672 5,0 $,0 64,0 1,0 18,0
672 6,0 1,0 64,0 1,0 118,0
6792 7,9 1,0 64,0 1,0 122,40
672 8,0 1,0 64,0 1,0 154,0
672 9,8 1,0 64,0 1,0 155,40
672 10,9 1,0 64,0 {,7 158,90
879 11,0 1,0 95,0 1,0 48,0

672 12,0 1,0 95,0 1,0 52,0

672 13,0 1,0 95,0 1,0 67,9

672 14,0 1.0 95,0 1,0 71,2

672 15,0 1.0 85,0 1,0 100,90
672 16,0 1,0 95,0 1,0 118,0
672 17,92 1,0 95,0 1,9 122,0
672 18,0 1,2 95,0 1,0 154,0
672 19,9 $,0 95,0 1,0 155,0
672 20,9 1,0 95,0 1,0 158,0
67?2 21,0 $,0 96,0 1,0 48,0

672 22,0 1,0 96,0 1,0 52,0

672 23,0 1,0 96,0 1,0 67,0

8472 24,0 1,8 96,0 1,0 71,0

672 25,9 1,9 96,0 1,0 100,0
472 26,0 1,0 96,0 1,0 118,0
672 27,9 1,0 96,0 1,0 122,0
672 28,0 1,9 96,0 1,0 154,0
472 29,9 1,2 96,0 {,0 155,90
672 30,0 1,9 96,0 1,0 158,0
END

END

Figure B-4. (concluded)
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DATA DIA /68%1,45,29+40,92,22%1,45,32+0,92,4#%1,45,45+8,92/

DATA FRK /68%,A12,29+,013,22+ ,0812,32%,013,4%,012,45+,013/

DATA XKL /51+0, G,,93 2, @,,24,9*@ R,,096,0 0,,?4 240,0,2,6,0,09,182
wt3%3,0,,182,5+w% ﬂ,.111a5*@'9p,111 7+0 ﬂf.152 2%0 9'.26p21*0 @r2,6,
G m,,gsz 440 0,.182,2*@ Dratlt, 3t0 ﬂ,.lil 140, 9,.182 2«0, G,,gG.B*
a m,l 85 440 g,.iaz'gﬁﬂ 0,’,182 Bu? 0,,120 [ 1.3% G'.129'Q*ﬂ ﬂ,,1u9p2*
0 0..182,53*@ B,),93,0 0,,24 9w B,.Bgﬁ 2, 0,.24,2*@ B,3,0,0,0,,182,
J*M z,.zaz,sﬁz Dpalll,5+0 B,,ili,?tﬂ 0,,182,2t@ @,,26, ?1*0 2,3,0,0
,,9,.182 440 ﬂp,182,209 0.,111 Ind, 0..111 14+0,0,,182,2+0, @,,26 3‘8
,, 2,21,4+0,0,,182,9%3,0,,182,6+2, ﬂ,,129 640,0,,129,9«0, ﬂ..l?g 2«9
.,0,.182,2*0 a/

DATA L0OSSF,LL058K/@8,0/

DIA: pipe diameters

FRK: pipe friction loss coefficients

XKL: piping component loss coefficients

LOSSF: scaling factor for friction coefficients
LOSSK: scaling factor for component coefficients

Figure B-5. Data statements for feedwater shutdown simulation.
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FEEDWRTER SHUTDOWN, SLUGS-FT-SEC NO LOSSES

Pressure (1bf/ft2)

Figure B-6.
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0.00e+00 S.00E-01 1 .00E+00

Pressure time history at zone 67 for simulation with no loses
(24.64 ft from check valve).
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FEEDWATER SHUTDOWNs  SLUGS-FT-SEC NO LOSSES
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Figure B-7. Pressure time history at zone 100 for simulation with no losses
(29.09 ft from check valve).
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FEEDWATER SHUTDOWNs SLUGS—FT-SEC NO LOSSES
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Figure B-8. Pressure time history at zone 158 for simulation with no losses
(64.89 ft from check valve).
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FEEDWATER SHUTDOWN: SLUGS-FT-SEC SS LOSSES
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Figure B-9. Pressure time history at zone 67 for simulation with flow
losses (25.64 fet from check valve),
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FEEDWATER SHUTDOWN, SLUGS-FT-SEC SS LOSSES
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Figure B-10. Pressure time history at zone 100 for simulation with flow
losses (29.09 ft from check valve).

108



FEEDWATER SHUTDOWN, SLUGS-FT-SEC SS LOSSES
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Figure B-11l. Pressure time history at zone 158 for simulation with flow
losses (64.89 ft from check valve).
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the pressure histories at the same nodes for a simulation that included the
effects of steady-state loss coefficients. Note that the effect of losses
is to attenuate the pulses, somewhat. However, due to relatively small dy-
namic pressures associated with velocities that never exceed 24 ft/s, the

effect of the losses on the pressure pulses is minimal.

B.4 CLOSURE

While these simulations reveal many interesting aspects of water hammer
behavior, each a potential candidate for further research, the pragmatic ob-
jective of these simulations is to generate a data base from which the tran-
sient force histories can be resolved. For this purpose, the stream thrust
function at each node and the rate of change of momentum in each zone are
computed for each time cycle. These are stored on an archive tape for later
processing according to the method described in Subsection 3.4 of the main

body of this report.

These simulations require approximately 4400 time cycles to span one
second of real time; hence, each simulation involves 880,000 node-cycle cal-
culations. Memory requirements are 133K (octal). Omn a CDC 7600 computer,
these translate into 5 minutes of machine time and completely core-contained
memory storage. Thus, for the feedwater shutdown simulations, STEALTH uses

0.34 CP ms per node-cycle.
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APPENDIX C
SIMULATION OF A PRESSURIZER RELIEF LINE DISCHARGE EVENT

C.1 INTRODUCTION

For power plant facilities, it is standard practice to equip the pres-
surizers with safety relief systems. Figure C-1 depicts a common arrange-
ment for the upstream piping of this system. Here, the relief line consists
of a combination of pipes, bends, expanders, and a reducer. The segment
connects with the pressurizer through a two-valve link. Normally, the safety

valve is closed.

The safety valve can open in 40 ms to relieve excessive pressure within
the pressurizer. This initiates a steam discharge from the pressurizer,
through the relief line, to a quench tank. The rapid expansion of the steam
through the safety valve propagates a steam hammer pulse through the pre-
viously quiescent enviromment within the relief line. Since it can produce
intense fluid loads on the piping, this pulse is a design criterion for the
structural analysis of the relief system. Moreover, since the hammer can
affect the discharge flow rate of the steam, it is also a criterion for the

performance analysis of the system.

This Appendix describes a numerical simulation of the pressurizer re-
lief line discharge event through the upstream piping of the safety relief
system. Since the event involves steam, which is not a subcooled fluid, and
since the simulation was performed before the control volume models for
piping components were operational, it is appropriate to mention why this
topic appears in this report. Although the report emphasizes models for
piping components, subcooled fluids, and piping simulations which incorpo-
rate these features, nevertheless an implied objective of this work is to
demonstrate that the STEALTH codes can address a broad range of piping ap-
plications. Steam modeling demonstrates the ability of the codes to incor-

porate a homogeneous equilibrium simulation of two-phase effects. The
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Figure C-1. Upstream segment of a pressurizer safety relief line.
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modeling of the safety valve (including kinematics), the expanders, and the
reducer, without recourse to control volume models, demonstrates the versa-
tility of the STEALTH flume option: a standard variable flow area feature
of the code. Thus, this Appendix provides a timely supplement to those

concepts discussed in the main body of this report.
C.2 CONSTRUCTION OF SIMULATION

The simulation of the pressurizer relief line discharge uses the one-
dimensional version of STEALTH in conjunction with its standard flume (vari-
able circular flow area) option. This option simulates the time-dependent
safety valve area as well as the fixed variable areas of the reducer and the
expanders, In addition, the simulation accounts for the flow losses associ-

ated with pipe friction and the piping components.

Figure C-2 presents two representations of the computational grid that
models the upstream segment of the safety relief line; the grid includes the
safety valve and a brief, upstream section of pipe. In the upper represen-
tation, the ratio of the Y display scale* to the X display scale is 1.0.

This indicates visually the actual geometric relationship between the flow
path and the flow diameter. The representation also identifies the positions
of the safety valve and the bends. The lower representation of the grid pro-
vides a visual indication of both the actual nodal composition of the grid
and the geometric relationship between the various flow diameters. [It is

a GRADIS (Reference C-1) plot, with a display scale ratio of ~ 277, of the
initial data for the simulation.] The lower representation illustrates that
the valve links the reducer (5.26-cm diameter to 3.94-cm diameter) to the
upstream expander (3.9 -cm diameter to 7.78-cm diameter), and that the down-
stream expander joins the pipe with the 7.78-cm diameter to the one with the
15.4-cm diameter. Also, the lower representation marks the fully open radi-
us (1.97 cm) of the safety valve. The valve diameter varies linearly with

time; it is fully open at 40 ms (see Figure C-3).

*
The display scale of a coordinate is defined to be the length of the
display coordinate per unit length of the simulated coordinate.
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Figure C-2. Grids representing the upstream segment of a pressurizer safety
relief line.
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Figure C-3. Safety valve kinematics.
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The computational grid is a sequential combination of the following

sections:

e Section 1

upstream of reducer

15 zones

nodes 1 through 16

5.26-cm flow diameter

coordinates from ~252.42 cm to -22.82 cm
length of 229.60 cm

constant pressure boundary at node 1

reducer begins at node 16

* % % % % F % % *

pipe friction losses, £=0.019

e Section 2

%

reducer

1 zone

nodes 16 and 17

flow diameter change: 5.26 cm to 3.94 cm
coordinates from -22.82 cm to -7.58 cm
length of 15.24 cm

5.26-cm diameter pipe ends at node 16

safety valve begins at node 17

L I T T T T B

friction loss, £=0.019

* Section 3

* safety valve
1 zone
nodes 17 and 18
full flow diameter of 3.94 cm at 40 ms

length of 15.34 cm

*
*
*
* coordinates from -7.58 cm to 7.76 cm
*
* Yreducer ends at node 17
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% first expander begins at node 18
* friction loss, £=0.019

* safety valve loss, Kpc=2'85

e Section 4

first expander

1 zomne

nodes 18 and 19

flow diameter change: 3.94 cm to 7.78 cm
coordinates from 7.76 cm to 22.9 cm
length of 15.14 cm

safety valve ends at node 18

7.78-cm diameter pipe begins at node 19
friction loss, 0.018 < f < 0.019

LA I TR T R R

e Section 5

between expanders

62 zones

nodes 19 through 81

7.78-cm flow diameter

coordinates from 22.9 cm to 967.78 cm
length of 944.88 cm

first expander ends at node 19

second expander begins at node 81

pipe friction loss, £=0.018

two 45° elbow losses, K, =0.139/elbou
four 90° elbow losses, K. =0.252/elbow

L T T R R B SR

e Section 6

* second expander
* 6 zones
* nodes 81 through 87

* flow diameter change: 7.78 cm to 15.4 cm
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coordinates from 967.78 cm to 1059.22 cm
length of 91.44 cm

7.78-cm diameter pipe ends at node 81
15.4-cm diameter pipe begins at node 87
friction loss: 0.015 < f < 0.018

* % ¥ * %

e Section 7

downstream of second expander

14 zones

nodes 87 through 101

15.4~cm flow diameter

coordinates from 1059.22 cm to 1272.58 cm
length of 213.36 cm

second expander ends at node 87

constant pressure boundary at node 101

A

pipe friction loss, £=0.015

The locations of the loss coefficients are assigned as follows:

e Pipe Friction Losses

0.019 to nodes 1 through 18
0.018 to nodes 19 through 82
= 0.017 to node 83

0.016 to nodes 84 and 85
0.015 to nodes 86 through 101

]

L
Fh Fh Fh Fh Fh
I

e Piping Component Loss Factors

% safety valve to node 18
* 45° elbows to nodes 28 and 35
* 90 elbows to nodes 45, 59, 64, and 81

The node position assignments of component losses in the simulation configu-
ration correspond approximately to the locations of the piping components in

the relief line.
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The fluid medium is a mixture of steam and water. The mixture is homo-
geneous, with its two phases in thermodynamic equilibrium. Its internal
energy density (e) and relative volume (v) determine its pressure (p) and
temperature (T), through a reduction of the saturation data (Reference C-2)
that is shown on Figure C-4 (in the format of FORTRAN IV DATA STATEMENTS).

In particular, there is a saturation point (i) in the data such that

E(1-1) < e < E(i)

where

E(J) ESATL(j) + VQ(3)[ESATV(3j) - ESATL(j)]

and

vQ (i) [v - VSATL(3)1/[VSATV(j) - VSATL(3)]

with the remaining symbols as defined on Figure C-4. These conditions deter-

mine an energy interpolation ratio (er)
er = [e -E@E-DIIEW) -EGE-1)]

which reduces the saturation data to a p and v that are consistent with

e and v.

PSAT(i - 1) + er[PSAT(i) - PSAT(i-1)]

=)
[]

TSAT(i - 1) + er[TSAT(i) - TSAT(i-1)]

+
"

The interpolation ratio will also reduce the data to evaluate the quality (x)

x = (v-vL)/(vV-vL)
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DATA (TSAT(L),L=1,44) /0.0,.01,10.,20.,30.,40.,50.,60.,70.,80.,
190.,100.,110.,120.,130.,140.,150.,160.,170.,180.,190.,200.,210.,
2220.,230.,240.,250.,260.,270.,280.,290.,300.,310.,320.,330.,340.,
3350.,360.,370.,371.,372.,373.,374.,374.15/

DATA (PSAT(L),L=1,44) /.006108,.006112,1012271,.023368,.042418,
1.07375,.12335,.19919,.31161,.47358,.70109,1.01325,1.4327,1.9854,
22,7011,3.6136,4.7597,6.1804,7.9202,10.027,12.553,15.55,19.08,
323.202,27.979,33.48,39.776,46.941,55.052,64.191,74.449,85.917,
498.694,112.89,128.64,146.08,165.37,186.74,210.53,213.06,215.63,
5218.2,220.9,221.2/

DATA (VSATL(L),L=1,44) /1.00021,1.0002101,1.0004,1.0018,1.0044,
11.0079,1.0121,1,0171,1.0228,1.029,1.0359,1.0435,1.0515,1.0603,
21.0697,1.0798,1.0906,1.1021,1.1144,1.1275,1.1415,1.1565,1.1726,
31.19,1.2087,1.2291,1.2512,1.2755,1.3023,1.3321,1.3655,1.4036,
41,4475,1.4992,1.562,1.639,1.741,1.894,2.22,2.29,2.38,2.51,2.8,
53.17/

DATA (VSATV (L) ,L=1,44) /206288.,206146.,106422,,57836.,32929.,
119546.,12045.,7677.6,5045.3,3408.3,2360.9,1673.,1210.1,891.71,
2668.32,508.66,392.57,306.85,242.62,193.85,156.35,127.19,104.265,
386.062,71.472,59.674,50.056,42.149,35.599,30.133,25.537,21.643,
418.316,15.451,12.967,10.779,8.805,6.943,4.93,4.68,4.4,4.05,3.47,
53.17/

DATA (ESATL(L),L=1,44) /-.0416,.000611,41.99,83.86,125.66,167.47,
1209.3,251.1,293.,334.9,376.9,419.1,461.3,503.7,546.3,589.1,632.2,
2675.5,719.1,763.1,807.5,852.4,897.7,943.7,990.3,1037.6,1085.8,
31135.,1185.2,1236.8,1290.,1345.,1402.,1462.,1526.,1596.,1672.,
41762.,1892.,1913.,1937.,1969.,2032.,2095./

DATA (ESATV(L),L=1,44) /2501.,2501.,2519.,2538.,2556.,2574.,2592.,
12609. ,2626.,2643.,2660.,2676.,2691.,2706.,2720.,2734.,2747.,2758.,
22769.,2778.,2786.,2793.,2798.,2802.,2803.,2803.,2801.,2796.,2790.,
32780.,2766.,2749.,2727.,2700.,2666.,2623.,2565.,2481.,2331.,2305.,
42273.,2230.,2146.,2095./

TSAT: saturation temperature

PSAT: saturation pressure

VSATL: specific volume of saturated liquid
VSATV: specific volume of saturated vapor
ESATL: enthalpy of saturated liquid

ESATV: enthalpy of saturated vapor

Figure C-4. Saturation data for steam/water vapor.

120



where

vp = VSATL(i-1) + er[VSATL(i) - VSATL(i - 1)]
vy = VSATV(i-1) + er[VSATV(i) - VSATV(i -1)]

Initially, the conditions upstream of the safety valve are quiescent

steam/water vapor at:

e 176.47 bars, pressure
® 7.84 cc/g, specific volume

® 2,3907 X 10* Merg/cc, energy density
while the conditions of the quiescent steam/water vapor downstream are

* 1.00035 bars, pressure
e 169.40 cc/g, specific volume

* 2.50603 x 10* Merg/cc, energy density

The upstream and downstream pressure boundaries remain at 176.47 bars

and 1.00035 bars, respectively.

During the simulation, rezoning keeps the material frame grid zones
within the relief line geometry. The algorithm periodically® returns each
grid node to its original (Eulerian) position. The interior nodes rezone
under the constraints of mass and energy conservations, while the two bound-
ary nodes rezone according to a constant pressure constraint. Also, the
algorithm adjusts the velocities of the rezoned nodes to be consistent with

the velocity profiles defined by their neighboring nodes.

Figure C-5 displays the input data for the pressurizer relief line dis-

charge event. It is the standard input package for the STEALTH code. The

*
But no two adjacent nodes are rezoned simultaneously.
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TTL PRESSURIZER RELIEF LINE DISCHARGE

PRB 1.0
SYM 4.0

MIN 100.0 1.0 E-3

GRD 1.0 1.0 101.

END

MAT 1.0
111 1.0 6.0

121 1.0 1.0

END

GPT 1.0
211 1.0 1.0 0.0 -251.0

221 1.0 1.0 101.0

243 1.0 100. -251.42 15.24

212 1.0 -266.7 2.629 2.0

212 2.0 -20.32 2.629 1.0

212 3.0 -10.16 0.254 1.0

212 4.0 10.16 0.254 1.0

212 5.0 20.32 3.899 1.0

212 6.0 982.99 3.899 1.0

212 7.0 1046.0 7.709 1.0

212 8.0 1282.7 7.709 3.0

END

ZON 1.0
311 1.0 1.0 17.0

321 1.0 1.0

322 1.0 7.8395 2.3907 E&4

311 2.0 17.0 101.0

321 2.0 1.0

322 2.0 1693.7 25060.3

341 1.0 -176.473 -176.473 -176.473

341 2.0 -1.00035 -1.00035 -1.00035

381 1.0 1.0 1.0

381 2.0 2.0 100.0

381 3.0 101.0 101.0

382 1.0 1.0 2.0 2.0 1.0
382 2.0 1.0 2.0 1.0 1.0
382 3.0 1.0 2.0 2.0 1.0
END

BDY 1.0
421 1.0 2.0 5.0 1.0

421 101.0 2.0 5.0 2.0

422 1.0 1.0

422 2.0 2.0

431 2.0 1.0 0.0 250.0

431 1.0 1.0 0.0 250.0

432 1.0 176.473

432 2.0 1.00035

481 1.0 1.0 2.0

481 2.0 3.0 4.0

481 3.0 5.0 8.0

Figure C-5. Input data for pressurizer relief line discharge simulation.
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482 1.0 1.0 5.0 5.0

482 2.0 1.0 4.0 5.0 3.0

482 3.0 1.0 5.0 5.0

422 3.0 3.0

441 X-VEL 3.0 1.0 0.0 40.0

442 X-VEL 3.0 0.0 0.0 0.0 0.0

443 Y-VEL 3.0 1.0 0.0 40.0

444 Y-VEL 3.0 .04288 0.0 0.0 0.0

END

TIM 1.0

511 .05

512 .004 1000.0

521 160.0 3.0

END

EDT 1.0

621 1.0 0.0 200.0 25.0

621 2.0 0.0 40.0 40.0

622 1.0 101.0

623 1.0 11.0

623 2.0 12.0

623 3.0 64.0

623 4.0 46.0

623 5.0 51.0

623 6.0 13.0

623 7.0 42.0

623 8.0 21.0

623 9.0 71.0

623 10.0 96.0

623 11.0 41.0

623 12.0 24.0

623 13.0 25.0

623 14.0 45.0

623 15.0 66.0

623 16.0 91.0

624 1.0

641 1.0 0.0 200.0 50.0

651 1.0 0.0 200.0 0.5

652 1.0 101.0

653 11.0 12.0 13.0 71.0 64.0 46.0 91.0
653 51.0 66.0 96.0

671 1.0 0.0 200.0 1.0

672 21.0 1.0 71.0 1.0 157.48
672 31.0 1.0 96.0 1.0 157.48
672 22.0 1.0 71.0 1.0 266.7
672 32.0 1.0 96.0 1.0 266.7
672 23.0 1.0 71.0 1.0 411.5
672 33.0 1.0 96.0 1.0 411.5
672 24.0 1.0 71.0 1.0 635.0
672 34.0 1.0 96.0 1.0 635.0
672 25.0 1.0 71.0 1.0 713.7
672 35.0 1.0 96.0 1.0 713.7
672 26.0 1.0 71.0 1.0 972.8

Figure C-5 (continued).
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672 36.0 1.0 96.0 1.0 972.8
672 27.0 1.0 71.0 1.0 983.0
672 28.0 1.0 71.0 1.0 998.2
672 29.0 1.0 71.0 1.0 0.0
672 39.0 1.0 96.0 1.0 0.0
672 30.0 1.0 71.0 1.0 15.2
672 40.0 1.0 96.0 1.0 15.2
672 1.0 2.0 71.0 11.0 10.0
672 2.0 2,0 71.0 11.0 20.0
672 3.0 2.0 71.0 11.0 30.0
672 4.0 2.0 71.0 11.0 40.0
672 5.0 2.0 71.0 11.0 50.0
672 6.0 2.0 71.0 11.0 75.0
672 7.0 2.0 71.0 11.0 100.
672 8.0 2.0 71.0 11.0 125.
672 9.0 2.0 71.0 11.0 150.
672 10.0 2.0 71.0 11.0 200.
672 11.0 2,0 12.0 11.0 20.0
672 12.0 2.0 12.0 11.0 40.0
672 13.0 2,0 12.0 11.0 75.0
672 14.0 2.0 12.0 11.0 125.
672 15.0 2.0 12.0 11.0 200.
672 17.0 2.0 12.0 11.0 1.0
672 16.0 2.0 71.0 11.0 1.0
END

END

Figure C-5 (concluded).
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loss coefficients are not part of the input package; in this simulation,

they are calculated directly in the logic for fluid motion losses.”
C.3 DISCUSSION OF SIMULATION

The simulation begins when the safety valve starts to open, and ends
after 160 ms of real time. The high pressure vapor, discharging through
the opening valve, creates a steam hammer that propagates through the low
pressure vapor of the relief line. This wave reaches the downstream bound-
ary in 20 ms, traveling the ~ 1280-cm distance at ~ 62 cm/ms (Mach number
of ~ 1.45)., During its transit downstream, the wave imparts a 20 cm/ms
velocity to the fluid medium; it also spawns secondary waves as it inter-
acts with the elbow losses and expanders. Upon reaching the downstream
boundary, the steam hammer reflects as a rarefaction hammer. Traveling
through the medium at the local acoustic speed of 42 cm/ms, against the
20 cm/ms fluid current, the rarefaction reaches the safety valve approxi-
mately 40 ms after the valve reaches its full open position. This wave
also spawns additional waves, interacting with elbows, expanders, and the
secondary waves created by the initial steam hammer. At this point, the

. . *
flow field is a complex structure of unsteady wave motions. *

The velocity profiles of the flow field illustrate the effects of the
geometry on fluid motion. Figure C-6 shows the flow conditions near the
valve after 1 ms, The valve is the smallest (throat) area in the line; it
restricts the flow velocity to the local acoustic speed (42 cm/ms). The
peak velocity on Figure C-6 is 46 cm/ms, corresponding to supersonic con-
ditions in the expander just downstream of the valve. Figure C-7 shows that
at ~ 20 ms, the entire relief line has an active flow field. The effects of
the elbows are strikingly prominent as local velocity minima (virtual cusps),

and the velocity increase through the second expander peaks at the initial

*
Subsequent to this simulation, the loss coefficients are loaded direct-
ly into DATA statements that assign wvalues to each node.

*%
The physics upstream of the safety valve will not be discussed.
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—
40.0 —
w‘o
;g‘ —
8 —
» —
= 200 —
S — Valve at ~ 0.0 cm
2 —
m‘o_-
—
Onm | k | —
Pl Illllilji[lll

O.00E+00  S5.00E+02  1.00e+03

Position (cm)

Figure C-6, Velocity profile at 1.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-7. Velocity profile at 20.0 ms.
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steam hammer velocity (~ 62 cm/ms). Figures C-8 through C-10 display later
velocity profiles. Figure C-8 shows that the effect of the rarefaction ham-
mer at 40 ms has accelerated the flow to ~ 85 cm/ms, and that the effects
of the secondary waves have unchoked the valve; Figures C-9 and C-10 depict
the sharp rise in velocity needed, at late times, to match the downstream

pressure boundary.

Figures C-11 through C-15 show the fluid stress”™ profiles that corre-
spond to the previously discussed velocity profiles. These show the progres-
sive effects of the wave motions as they pressurize the relief line. 1In
particular, they show the pressure cusps that are formed where elbow losses
retard fluid motion, as well as the increase in fluid stress threugh the

second expander,

Figures C-16 through C-23 display time histories of fluid stress at the
various piping components in the relief line. The high frequency oscilla-
tions at the two expanders are not physical, but noisy numerics. This noise
signals that, on the local time step scale, the code numerics cannot adjust
fully to the relative suddenness of the expander area changes. However, on
the global time scale, the oscillations are bounded, and do not destroy the
simulation. This phenomenon is, in fact, one reason for modeling abrupt
area changes with a control volume model which can respond instantaneously

to flow conditions.

Figures C-24 through C-31 show the corresponding time histories of fluid
loads at the piping components. They also display the same bounded high

frequency oscillations. Again, however, the global histories are preserved.

*
Fluid stress is defined as the negative of hydrostatic pressure,

128



PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-8. Velocity profile at 40.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-9. Velocity profile at 75.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-10. Velocity profile at 125.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-11. Fluid stress profile at 1.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-12. Fluid stress profile at 20.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-13., Fluid stress profile at 40.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-14, Fluid stress profile at 75.0 ms,
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-15. Fluid stress profile at 125.0 ms.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-16. Fluid stress time history at the safety valve.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-17. Fluid stress history at the first expander.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-18. Fluid stress history at the first 45° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE

0.00 —
___ Fluid stress is the negative of
_ hydrostatic pressure
-10.0 —
—
—
_20‘0 ..._:
o —
3 ]
~ ]
@ —
g _30l0 E—
@ ]
) ]
E —
—
Y -40.0 —]
:
—
—
-50.0 —
:
q
-60.0
IHIIIHI'IIH
0.00 50.0 100. 150.

Time (ms) .

Figure C-19., Fluid stress history at the second 45° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-20. Fluid stress history at the first 90° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-21, Fluid stress history at the second 90° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-22. Fluid stress history at the third 90° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-25. Force history at the first expander.
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PRESSURIZER RELIEF LINE DISCHARGE

_
3J0EHJ3 —
-
_ 2.00C+03 —
':é —
E ——
§ p—
g —
1.00E+03 —
pa—
]

0.006+00 ﬁTT| B ﬂ[l T IL]

1

0.00 S0.0 100.

Time (ms)

Figure C-26. Force history at the first 45° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-27. Force history at the second 45° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-28. Force history at the first 90° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-29. Force history at the second 90° elbow.
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PRESSURIZER RELIEF LINE DISCHARGE
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Figure C-30. Force history at the third 90° elbow.
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Figure C-31.
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C.4 CLOSURE

This simulation requires 5132 time cycles to span 160 ms of real time.
With a field of 101 nodes, this involves 518,332 node-cycle calculations. On
a CDC 7600 computer, the simulation is core-contained, and executes in 7 min-

utes, or 0.82 CP ms per node-cycle.*

*

Note that this simulation was performed with an earlier version of the
code than that used for the simulations in Appendix B, where the CP ms
per node-cycle was improved to 0.34.
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APPENDIX D
SIMULATION OF A PUMP TRIP WITH BYPASS

D.1 INTRODUCTION

In order to mitigate the effects of the pressure waves that are caused
by pump trips, pump installations may possess bypass lines. Figure D-1 illus-
trates one such installation; the bypass, with check valve, is in parallel
with the pump and discharge valve. Normally, the discharge valve is fully

open, and the check valve is closed, isolating the bypass from the pipe flow.

When the pump trips, sending a compression hammer upstream and a rare-
faction hammer downstream, the check valve snaps open instantaneously.* This
establishes a bypass flow which acts to reduce the magnitudes of the hammer
transients, At the same time, the discharge valve closes in 7.2 seconds, to

protect the pump from the wave reflections of the initial pulses.

This Appendix documents a numerical simulation of the pump trip event
described above. 1In all particulars, it is the same event that was simulat-
ed by Wylie and Streeter.”™™ Moreover, the construction of the simulation re-
ported herein adopts their modeling procedure of combining all components in
one control volume. (This is different from the usual STEALTH-based model-
ing, where the simulation is a combination of basic control volumes, one for
each piping componment, in conjunction with computational grids for each sec-
tion of pipe.) By adopting the procedure of Wylie and Streeter here, it is
possible to validate this simulation by direct comparison with their results.
This is consistent with the purpose of this Appendix, which is not to provide,

necessarily, themost realistic simulation of a pump trip, but to demonstrate

*
On the time scale of the trip; thus, in this event, the check valve is
only a source of flow loss.

*%
See Appendix E of E. B. Wylie and V. L. Streeter, Fluid Transients,
McGraw-Hill, Inc., New York, 1978.
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Figure D-1. Pump installation with bypass line.
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that a control volume model for turbopumps is operational for STEALTH 1D

simulations of time-dependent pipe flows.

D.2 CONSTRUCTION OF SIMULATION

The pump trip simulation incorporates the one-~dimensional hydro version
of STEALTH with one control volume model that accounts for the pump, dis-
charge valve, bypass line, and check valve. (As mentioned above, this con-
trol volume model is the same as that developed by Wylie and Streeter.) 1In
addition, the simulation accounts for the flow losses associated with pipe
friction and the piping components. By including all the piping components
in one control volume, the simulation does not account for spatial effects
that act in the bypass line, or that act between piping components. 1In
this representation, the effect of the bypass line enters as a mass sink

upstream of the pump and a mass source downstream of the discharge line.

Figure D-2 illustrates, schematically, the computational grids, con-
trol volume, and boundary conditions that model the pump and bypass instal-
lation. The grids include the loss effects of pipe friction; the control
volume accounts for the pump trip, closing discharge valve (see Figure D-3),
the mass flow of the bypass line, and the flow losses associated with these

components.

The two computational grids have the following characteristics:

upstream of control volume

20 zomes

nodes 1 through 21

1.75-ft flow diameter

coordinates from 0 ft to 1800 ft
length of 1800 ft

constant pressure boundary at node 1

control volume at node 21

* ok ¥ % % ¥ ¥ F ¥

pipe friction losses, £=0.02

157



Grid 1 i——-——l Grid 2

Boundaries

U upstream pressure boundary

D downstream pressure boundary

Control Volume Internals

A mass sink
P turbopump
v discharge valve

B mass source

Figure D~2, Simulation schematic of pump trip with bypass line.
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Figure D-3. Discharge valve kinematics.
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* Grid #2

downstream of control volume

20 zonmes

nodes 22 through 42

1.5-ft flow diameter

coordinates from 1800 ft to 3800 ft
length of 2000 ft

control volume at node 22

ok % % ok % ok ok

constant pressure boundary at node 42

*

pipe friction losses, £=0.02

Mathematically, the control volume accounting occurs in the equivalent

Euler equation for turbopump models (see Page 32), as follows:
= 2 - -
0=r {Pl p, + c(p4 u, - P uy)
+cPQQp [1+ (A/A)1/4,

+70'[ & - —; 5 - )1} -

where T is defined on Figure D-3, the total flow rate (Q&Q is the sum of the
’ 7
pump flow rate (qump)’ and the bypass flow rate (Qbypass)’ the flow loss

through the discharge valve (FL) is, in texrms of the loss coefficient (Kpcdv):

- —_ ’ 2
FL = 0'5Kpcdvp(Qerump/A4) .

The equivalence of the pressure drop through each of the parallel flow paths

determines Qéypass:

— ? 2 _ _ -
O'SKpccvp(QrQbypass Th)" = LT c(p4 uy " P Uy

+e5Q,Qrll + (A,/A)]/4,

where the loss coefficient of the check valve is Kpccv'
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The

fluid medium is subcooled water. It is characterized as follows:

2.5142 X 107 psf bulk modulus, upstream
3.1040 X 107 psf bulk modulus, downstream
4685.1 psfa reference pressure

1.94 slug/ft® reference density

linear elastic material, with hydrodynamic spall property

(p5pa11=0'0 psfa) .

There are two types of initial/boundary conditions. The first are in-

dependent, and are assigned through input data. These are the:

upstream pressure boundary, assigned a value of
3123.4 psfa (50 in. H 0, piezometric pressure head)

downstream pressure boundary, assigned a value of
6246.8 psfa (100 in. H,0, piezometric pressure head)

relief line geometry

discharge valve kinematics, Figure D-3

pipe friction and piping component losses

rated pump volumetric rate, 10 ft®/s

rated pump piezometric pressure head, 72 in. H 0 (4499.14 psf)
rated pump angular speed, 75.4 rad/s

rated pump torque, 800 ft-1b

moment of inertia of the pump, 31.6 slug-ft®

four-quadrant curve for the pumping effect

four-quadrant curve for the torque effect .

The second type of initial/boundary conditions are dependent, and must sat-

isfy mass and energy conservation, in conjunction with the material model,
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the control volume, flow losses, and the independent conditions. This sec-

ond type includes the:

* initial pressure profiles in the grids
e initial density profiles in the grids

e initial flow rate of 10.33 ft®/s, assuming that in
the steady state, the pump is operating at rated speed.

In particular, with flow losses in effect, the initial pressure and density
profiles must vary along the pipe length to maintain a constant flow rate.
The simulation code determines the dependent initial/boundary conditions from

assigned input data,

During the simulation, rezoning maintains the position consistency
between the material frame grid zones and the fixed control wvolume model.
The algorithm periodically returns each grid node* to its original (Eulerian)
position. The nodes that are interior to the installation return under the
constraints of mass conservation and energy conservation, while the two ex-
terior boundary nodes return according to a constant pressure constraint.
Also, the algorithm adjusts the velocities of the rezoned nodes to be con-

sistent with the velocity profiles defined by their neighboring nodes.

Figure D-4 displays the input data which define the pump trip event.
This involves the standard input package for the STEALTH code. The loss data
and four-quadrant pump curve data are not part of the input data package;
they are loaded directly into DATA statements. Also loaded in this fashion
are the pipe diameters assigned to each node, and two integer scaling fac-
tors which control the magnitude of the effect of the loss coefficients.

Figure D-5 illustrates these DATA statements.

*
But no two adjacent nodes are rezoned simultaneously.
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421 1.0

421 21.0
421 22.0
421 42.0
422 1.0

422 2.0
431 1.0
431 2.0
432 1.0
432 2.0
471 1.0
471 1.0
END

TIM

511 0.00625

512 0.000001
513

521 8.0

END
EDT
621
622
623
623
623
623
623
623
623
623
623
623
623
623
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623
624
END
END

.
[eNeoNeNeNoNeNoNoNeNe Nl

bW~ O
.
QOO0 OCOO

b= b et e = = O OO DS WO
. .

O e

Wk =N NN
[ .
NOOOOOOOO

3.4
6246.8
1.75
800.0

1.0
0.85
1000.0

0.0

42.0
11.0
12.0
64.0
46.0
21.0
51.0
5.0

6.0

47.0
45.0
41.0
42.0
66.0
13.0
48.0
65.0

Figure D-4. (concluded)
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DATA DIA /21%1.75,21%1.5/

DATA FRK /42%0.02/

DATA XKL /242%0.0/

DATA LOSSF,LOSSK/1,1/

DATA WH/-.69,-.599,-.512,-.418,-.304,-.181,-.078,-.011, .032, .074,
..13,.19,.265,.363,.46,.553,.674,.848,1.075,1.337,1.629,1.929,2.18,
.2.334,2.518,2.725,2.863,2.948,3.026,3.015,2.927,2.873,2.771,2.64,
2.497,2.441,2.378,2.336,2.288,2.209,2.162,2.14,2.109, 2.054,1.97,
.1.86,1.735,1.571,1.357,1.157,1.016,.927, . 846, . 744, .64, .5, . 374,
..191,.001,-.19,-.384,-.585,-.786,-.972,-1.185,-1.372,-1.5,-1.94,
.-2.16,~2.29,-2.35,-2.35,-2.23,-2.2,-2.13,~-2.05,-1.97,-1.895,~1.81,
.=1.73,-1.6,-1.42,-1.13,-.95,-.93,-.95,-1.,-.92,-.69/

DATA WB/-1.42,-1.328,-1.211,-1.056,-.87,-.677,-.573,-.518,-. 38,
.-.232,-.16,.0,.118,.308, .442,.574,.739,.929,1.147,1.37,1.599,
.1.839,2.08,2.3,2.48,2.63,2.724,2.687,2.715,2.688,2.555,2.434,
.2.288,2.11,1.948,1.825,1.732,1.644,1.576,1.533,1.522,1.519,1.523,
.1.523,1.49,1.386,1.223,1.048,.909, .814,.766,.734,.678, .624, .57,
..5,.407,.278,.146,.023,-.175,-.379,-.585,-.778,-1.008,-1.277,
e=1.56,-2.07,-2.48,-2.7,-2.77,-2.8,-2.8,-2.76,=-2.71,-2.64,=2.54,
e=2.44,-2.34,-2.24,-2.12,-2.,-1.94,-1.9,-1.9,-1.85,-1.75,-1.63,
—1.42/

DATA VTAU /1.,.85,.58,.46,.35,.25,.16,.08,.03,.02,.0L,.001,8%0./

DIA: pipe diameters

FRK: pipe friction loss coefficients

XKL piping component loss coefficients (deactivated; this
simulation incorporates component losses directly in
the Euler energy equation)

LOSSF: scaling factor for friction coefficients

LOSSK: scaling factor for component coefficients

WH: four-quadrant curve data for the coefficient of pressure
differential across pump; 46 is 0.0174 radians

WB: four-quadrant curve data for the coefficient of pump
torque; A® is 0.0714 radians

VTAU: discharge valve kinematic data (see Figure D-3)

Figure D-5. Data statements for pump trip simulation.
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D.3 DISCUSSION OF SIMULATION

The simulation begins when the pump trip and the start of discharge
valve closure interrupt the steady-state initial conditions. These initial
conditions are represented in Figure D-6, by the initial piezometric pres-
sure head profile through the pump branch. The profile demonstrates the
head losses due to pipe friction upstream (A) and downstream (C) of the pump,
as well as the head rise across the pump (B). The simulation ends at 8 sec~-

onds, soon after the discharge valve has closed (7.2 seconds).

Since the control volume model lumps a number of separate effects into
one, and since the non-varying pressure boundaries are not realistic, there
will be no attempt to interpret this simulation on the basis of physical
events. (Figure D-7 illustrates the effect of the non-realistic boundary
conditions: at 6 seconds into the trip, the boundaries are driving the pump.)
This discussion will concentrate on the evidence that suggests the validty of

the pump model: comparison with the benchmark simulation of Wylie and Streeter.

Pump performance during the trip event is the primary basis for com-
paring the two simulations -- in particular, the histories of pump rotational
speed and pump flow rates, Table D-1 displays non-dimensionalized rotation-
al speeds (see Page 31*), and a percentage difference between the two, at se-
lected times for each simulation. The percentage difference is based on the
initial speed, which is identical for each simulation. The average differ-
ence over 8 seconds is 0.3%, and the maximum is 0.4%. In a similar manner,
Table D-2 displays non-dimensionalized pump flow rates, with a similar per-
centage difference. Here, the average difference is 0.217%, and the maximum
is 0.58%. These extremely small differences imply that the two simulations

are predicting virtually the same pump behavior.

Bypass performance during the pump trip is another basis of compari-
son between the two simulations. Table D-3 displays non-dimensionalized

bypass flow rates, and a local percentage difference between the two

\

*
For definition of non-dimensionalized rotational speeds.
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TABLE D-1. NON-DIMENSIONALIZED PUMP ROTATIONAL SPEEDS

Time (s) Ny Nys % A
0 1.0 1.0 0.00
1 0.762 0.762 0.00
2 0.641 0.638 0.30
3 0.562 0.558 0.40
4 0.500 0.496 0.40
5 0.436 0.432 0.40
6 0.382 0.379 0.30
7 0.327 0.324 0.30
8 0.322 0.319 0.30

NS From STEALTH simulation
Nés From Wylie and Streeter simulation

%A = (100)[N’ -N’| /N at initial time
ws ] WS
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TABLE D-2. NON-DIMENSIONALIZED PUMP FLOW RATES

Time (s) Qs Qws 7 A
0 1.033 1.033 0.00
1 0.995 0.99% 0.10
2 0.910 0.908 0.19
3 0.814 0.811 0.29
4 0.716 0.710 0.58
5 0.304 0.302 0.19
6 0.109 0.111 0.19
7 0.003 0.004 0.10
8 0.000 0.000 0.00

Q': From STEALTH simulation

Qws: From Wylie and Streeter simulation

%4 = (IOO)IQ‘;S -q_ | /Q], at initial time
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TABLE D-3. NON-DIMENSIONALIZED BYPASS FLOW RATES

Time (s) Qs Qws % A
0 0.000 0.000 --
1 0.000 0.000 --
2 0.000 0.000 --
3 0.000 0.000 --
4 0.000 0.000 --
5 0.314 0.309 1.61
6 © O 0.412 0.403 2.21
7 0.426 0.417 2.14
8 0.341 0.331 2.98

Q;: From STEALTH simulation

Q"]s: From Wylie and Streeter simulation

%8 = (100)|Q;_ - Q. [/ average (q; . Q)
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simulations. (Here, the initial bypass flow rate is zero, which is not a
meaningful basis for percentage difference.) The local average difference
over the final 4 seconds is 2.247%, and the maximum is 2.98%. Owing to the
different basis, these percentages are an order of magnitude greater than
the primary comparisons. Even so, these differences are small, and they

support the conclusion that the two simulations are virtually the same.

Thus, STEALTH 1D has an operational control volume model for turbopumps.

D.4 CLOSURE

This simulation requires 381 time cycles to span 8 seconds of real time.
It performs 16,002 node-cycle calculations in 9 seconds of CDC 7600 CP time,
and is core-contained in memory. This execution requires (.56 CP ms per
node-cycle. If the calculations were extended over thousands of time cycles,

the CP ms per node-cycle would improve, approaching the 0.34 value reported
in Appendix B.
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APPENDIX E
SIMULATION OF THE SEMI-SCALE 711 EXPERIMENT

E.1 INTRODUCTION

The hypothetical sudden rupture of a eold leg in the primary loop of a pre-
ssurized water reactor (PWR), which operates at ~ 150 bars, eould induce an asym-
metric blowdown flow field to develop within the reactor vessel containment
region, This field would begin at the point of rupture with a rarefaction
hammer that would travel through the water in the cold leg, toward the pri-
mary containment region of the PWR., As the pulse entered the water in the
containment region, the field would become highly three-dimensional, expand-
ing along the length and circumference of the outer surface of the core bar-
rel, Finally, a portion of the hammer would carry the flow field into the
internal volume of the barrel. In turn, these events would produce second-
ary pulses, which could sustain the flow field for hundreds of milliseconds.
Flow fields with these characteristics can provide a useful data base for

evaluating the validity of thermohydraulic numerical simulations,

In the first phase of a program to accomplish this evaluation, Idaho
Nuclear Engineering Laboratory designed and performed the Semi-Scale 71l
Experiment. The experiment produces an asymmetric blowdown flow field that
is qualitatively similar to the event that might occur in the primary con-
tainment region of a PWR. Specifically, the apparatus contains flow pas-
sages, illustrated in Figure E-1, similar to a portion of a cold leg, the
annular volume between the core barrel and the containment boundary, and
the internal volume of the barrel. Prior to the start of the experiment,
the passages were filled with water and pressurized to 158 bars. The experi-
ment initiated when the blowdown nozzle, attached to the end of the cold leg,
opened. Four transducers, located as shown on Figure E-1, recorded pressure

histories during the blowdowm.
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Figure E-1. Flow passages of the Semi~Scale 711 Experiment apparatus.

174



In the second phase of the program, Intermountain Technologies, Inc.
(IT1) used the STEALTH hydrocode in conjunction with control volume models
of piping components to perform a numerical simulation of the Semi-Scale 711
Experiment, Their application is unusual in that it is a one-dimensional

piping simulation of a three-dimensional flow field.

This Appendix briefly describes ITI's numerical simulation of the Semi-
Scale 711 Experiment. (It is not a comprehensive documentation of the simu-
lation; that will appear in a forthcoming ITI report.) The simulation is
reported here to demonstrate the versatility of the STEALTH piping component

models.
E.2 ITI CONSTRUCTION OF SIMULATION

The numerical simulation of the Semi-Scale 711 Experiment incorporates
the one-dimensional hydro version of STEALTH with the control volume models
of the orifice, the tee junction, and the area change. Figure E~2 depicts,
schematically, the computational grids, control volumes, and boundary condi-
tions that model the experiment apparatus. The figure also indicates the
equivalent locations of the experiment pressure transducers. (In this simu-
lation, there was no model for flow losses.) Grids 1 and 2,'an area change
control volume, and a rigid boundary represent the volume that simulates the
region inside a PWR core barrel. Another area change model links Grid 2
with Grid 3, which models the lower plenum region. Grid 4, which simulates
the lower annular region, connects with Grid 3 through the third area change,
and with Grids 5 (the middle annular simulation) and 9 (a section of pipe)
through a tee junction model. Grid 8 models a blind nozzle that connects
through an area change model to Grid 9, and terminates at a rigid boundary.
The second tee junction links Grid 5 with Grid 10 (the simulation of the
upper annular region that terminates at a rigid boundary) and Grid 6 (the
model of the cold leg). Grid 7 models the blowdown nozzle that connects
with Grid 6, and opens to the atmosphere through a blowdown orifice. Figure

E-3 depicts the geometry of the control volumes. The ten computational
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Figure E-2, Simulation schematic of blowdown event,
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Area change between Grids 1 and 2

d=0.25m
d=0.30m
Area change between Grids 2 and 3
d=0.25m d=0.32m
|
Area change between Grids 3 and 4
d=0.18m
d=0.32m
— I Area change between Grids 6 and 7,
s and between Grids 8 and 9
d=0.l4m d=0.10m

Figure E-3. Control volumes for blowdown simulation.
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d=0,14m

Tee linking Grids 4, 5, and 9, and
linking Grids 5, 6, and 10

d=0.18m d=0.18m
_] 3 d=0.05m Orifice at the end of Grid 7
d=0.10m

Figure E-3 (concluded).
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grids possess the following characteristics:

* interior core barrel region that is adjacent to
the rigid boundary

% 22 zones
* nodes 1 through 23
* 0.303225-m flow diameter
* length of 0.5080 m
* rigid boundary at node 1
* area change at node 23

e Grid #2

* interior core barrel region (that is partially
blocked with fuel assemblies)

* 39 2zones

* nodes 24 through 63

* 0.254485-m flow diameter

* length of 0.9652 m

* area changes at nodes 24 and 63
e Grid #3

* lower plenum

* 4 zones

* nodes 64 through 68

* 0.323824-m flow diameter

* 1length of 0.1016 m

* area changes at nodes 64 and 68
* Grid #4

* lower annular region
12 zones
nodes 69 through 81
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* 0.175371-m flow diameter

* length of 0.3048 m

* area change at node 69

% tee junction at node 81
e Grid #5

* middle annular region

* 38 zones

* nodes 82 through 120

* 0.,175371-m flow diameter

* length of 0.9652 m

* tee junctions at nodes 82 and 120
e Grid #6

* cold leg section

* 11 zones

* mnodes 121 through 132

* 0.143876-m flow diameter

* length of 0.279% m

* tee junction at node 121

* area change at node 132
e Grid #7

* blowdown nozzle

* 23 zones

* mnodes 133 through 156

* 0,103179-m flow diameter

* length of 0.5842 m

* area change at node 133

* orifice at node 156
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blind nozzle

17 zones

nodes 157 through 174
0.103179-m flow diameter
length of 0.4826 m

area change at node 157

oo ok X % F *

rigid boundary at node 174

e Grid #9

section of pipe

11 zones

nodes 175 through 186
0.143876-m flow diameterxr
length of 0.2794 m

tee junction at node 175

stk ok ok % % %

area change at node 186

e Grid #10

upper annular region

12 zones

nodes 187 through 199
0.175371-m flow diameter
length of 0.3048 m

tee junction at node 187

* % % ok *

*

*

rigid boundary at node 199

The fluid medium is subcooled water, with linear elastic behavior. 1Its
acoustic speeds are assigned:
® 06.62 cm/ms in Grid 1

e 100.74 cm/ms in Grid 2
e 104.85 cm/ms in Grids 3 through 10
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The initial conditions for the blowdown are:

® initial pressure of 158 bars

e initial density

* 0.761 g/cc in Grid 1
* 0.778 g/cc in Grid 2
* 0.793 g/cc in Grids 3 through 10

The boundary conditions that constrain the flow field are:
® an atmospheric pressure boundary at the orifice
on the end of Grid 7

®* rigid boundaries at the appropriate ends of
Grids 1, 8, and 10

During the simulation, rezoning maintains the position consistency be-
tween the material frame grid zones and the fixed control volume models.
The algorithm periodically returns each grid node* to its original (Eulerian)
position. The nodes return under the constraints of mass conservation and
energy conservation. Also, the algorithm adjusts the velocities of the re-
zoned nodes to be consistent with the velocity profiles defimed by their

neighboring nodes.
E.3 DISCUSSION OF SIMULATION

The pressure histories at the transducer locations (Figure E-1), or the
equivalent locations (Figure E-2), verify that both the simulation and the
experiment produced the same sequence of events. Figure E-4 shows that the
Pl location experiences the pulse ~ 1 ms into the event. One-half ms later,
the wave reaches the P2 location (see Figure E-5). 1In the next half ms,
the lower plenum begins to depressurize, as indicated on Figure E-6. Final-

ly, traveling up the internal volume, the hammer reaches the top surface

*
But no two adjacent nodes are rezoned simultaneously.

182



Pressure (bar)

Figllre E-ll' .

175 =

o—se - Semi-Scale 711 Experiment

o= = w= = STEALTH simulation

150 j=

125 b=

100 p—

75 =

50 P~

25 -
0 1 1 J
0 5 10 15

Time (ms)

Comparison of pressure histories at Pl location.

183



175 =
e Semi-Scale 711 Experiment
. = = = = STEALTH simulation

150

125
o 100
o
<
o
H
=
w
0
o
o 75

50

25 =

0 I i
0 5 10
Time (ms)
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Figure E-6. Comparison of pressure histories at P7 location.
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~ 3.5 ms into the event; see Figure E-7. The wave arrival times are con-

sistent with a Mach 1 rarefaction.

The pressure history comparisons for the P1l, P2, and P7 locations show
that the simulation agrees very well with the experiment. These locations
first depressurize, then experience some repressurization from secondary
waves before continuing to depressurize. The Pl location undergoes another

significant repressurization before the final depressurization.

The pressure histories for the P8 location do not match as well as
those for the other locatioms. The pressure from the STEALTH simulation is
consistently lower than that recorded for the experiment. (At this time,
there is no definite explanation for the discrepancy.) Nevertheless, the
comparison shows that both histories exhibit similar be :avior, and that

their differences are less than 87 of the initial level.

These histories indicate that the STEALTH 1D piping simulation sucess-
fully modeled the Semi-Scale 711 Experiment.
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APPENDIX F

SIMULATION OF THE RESPONSE OF
A WATER~-FILLED, STRAIGHT PIPE TO A PRESSURE PULSE

F.1 INTRODUCTION

Consider a compression hammer that is traveling within a water-filled,
straight pipe. Behind the wave front, the overpressure produces an increase
in the fluid forces that tend to expand the internal cross section of the pipe.
If the pipe is sufficiently rigid (strong), it expands elastically, with
minimal strain; this causes only minor attenuation of the overpressure, over
a distance of wave travel that is equivalent to several pipe diameters. If,
however, the pipe is flexible (e.g., a thin-walled pipe, with a small ratio of
wall thickness to nominal diameter), it can expand plastically, with an
appreciable strain, and experience an associated internal volumetric increase.
This increase, in conjunction with the relatively large bulk modulus of the
water, will reduce the overpressure behind the front, considerably, within a
short distance of wave travel. Downstream, the lowered overpressure will

cause the pipe to undergo less strain.

These water-filled pipe responses, that are characterized by the inter-
action of compression hammers and plastic strains, are dynamic thermohydraulic
piping events. As such, they provide opportunities for evaluating the ability

of thermohydraulic codes to perform numerical simulations of piping phenomena.

In a program to provide a data base for these evaluations, SRI Interna-
tional designed and performed experiments where flexible piping systems were sub-
jected to internal pressure pulses (Reference F-1). One series of these experiments
investigated straight pipes, and used the apparatus shown on Figure F-1l. Prior
to an experiment, the entire pipe (15 feet) was filled with water at ambient
puressure and temperature conditions. The experiment initiated when the pulse

gun, shown in detail on Figure F-2, generated a compression hammer in the
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Figure F-1l. Experiment apparatus for the water-filled, straight pipe experiments,
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water, at the site of the flexible diaphragm. The ensuing flow field inter-
acted with the pipe walls and boundaries, providing a data base that was ob-

tained by the transducers shown on Figure F-3.

This Appendix describes a numerical simulation of the SRI Water-Filled
Straight Pipe Experiments; in particular, it describes a STEALTH simulation of
experiment FP-SP-102 (which is further documented in Reference F-2). The
simulation combines the versatility of the STEALTH 1D flume option* with a
rudimentary 1D thin shell model that simulates the elastic-plastic response
of the pipe wall. The simulation demonstrates that for flexible straight pipe
geometries, a simple application of the STEALTH code can predict the associated

attenuation of a compression hammer.

F.2 CONSTRUCTION OF SIMULATION

The numerical simulation of SRI Experiment FP-SP-102 incorporates the
one~dimensional version of the STEALTH code (variable area flume option) with
a rudimentary thin shell model for elastic/plastic strain. Figure F-4 depicts
the computational grid that models the experiment apparatus. The radius of
the 10-foot upstream sections of the grid is fixed, while the radius of the
5-foot downstream section can vary, locally, according to the thin shell model.
A varying pressure boundary drives the upstream-end of the grid, while a rigid

boundary constrains the downstream end.
The two sections of the grid are characterized as follows:

e Section 1

* rigid section

* 132 zones

* mnodes 1 through 133

% 0.2395-ft flow diameter

*
A standard variable flow area option of the STEALTH code.
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Figure F-3. Pressure and strain gage transducers for the water-filled straight pipe experiments.
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Figure F-4. Simulation schematic for the water-filled, straight pipe
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coordinates from 0.0 ft to 10.0 ft
length of 10 ft

varying pressure boundary at node 1

k% Ok

3 flume wall points, rigid

® Section 2

*

flexible section

66 zones

nodes 133 through 199

0.2392-ft flow diameter

coordinates from 10.0 ft to 15.0 ft
length of 5 ft

rigid boundary at node 199

ok % ok ¥ F *

81 flume wall points, thin shell model

The thin shell model that simulates pipe wall motion is comprised of a
sequence of one-dimensional hoops with cylindrical symmetry and the properties
of Nickel 200. Each flume wall point in the flexible section of pipe moves
according to the response of a hoop to the local pressure difference between
the internal fluid pressure and the external ambient pressure. Since the local
internal pressure varies from wall point to wall point, the hoop response also

varies from wall point to wall point.

Figure F-5 illustrates the flume orientation for the hoops of the thin
shell model. The figure depicts three adjacent wall points (hoops) that com-

prise a portion of the flexible pipe section. Poxt is the constant ambient

pressure that acts on all of the wall points, and Pt i is the intermal fluid
3

pressure that acts on wall point (i). The latter pressure is defined to be:

I}

Pint,i

b
[1/(b-a)] fP(Z)dZ
a
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where

a = axial midpoint between wall points (i) and (i - 1)

o
n

axial midpoint between wall points (i) and (i+1)

p(2)

fluid pressure at z, obtained from the appropriate
STEALTH computational zone.

Each wall point responds to a radial driving stress (©y) > where:

c,. = -average(Pext,P

r int)

with plane strain, i.e.:
ez(the axial strain) = 0.
The equation of motion for each wall point is:

r = [bcr/br + (crr -ce)/r]/p

equiv

where
¥ o® Pr/ot®.

In effect, this dynamic model defines the pipe wall to be a sequence of
hoop rings, which "float" on the fluid medium within. The model does not ac-
count for shear stresses that can act between hoops (bending mode). The reason
for the neglect of the bending mode is the assumption that for this event,
shear stresses are not an important effect. The justification of this assump-
tion occurs (in the next subsection) with the comparison of the simulation

prediction and the experiment data.
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The equivalent density (p ) is based on an equivalent mass that ac-

equiv
counts for the radial inertia effects of the water mass (mw) as well as the
mass of the Nickel 200 pipe wall (mNi)' From a kinetic energy analysis (see,
e.g., Reference F-3), and the assumption that the radial velocity of the water

varies linearly with radial position, the equivalent density becomes:

Poquiv = Pnil™y; +0-5m,1/my,

where

3
PN 17.28 slug/ft° .
The material behavior for the pipe wall is defined by the stress (f) ver-
sus strain (€) data shown on Figure F-6 (interpreted here as hoop stress versus

hoop strain), an elastic constitutive equation, a yield criterion, and a plas-

tic flow rule. The elastic constitutive equation is (see Reference F-4):

Q.
]

0‘+2G)éa + Méﬁ + éY)

where

B=2,r,6 ie., 0 #B #FYV+a

and the Lamé constants (M and G) are

(]
]

0.5E/(1+y)

>
[}

RE/(T+w) / (1 -2u)

with E (Young's modulus) determined from the stress-strain data (as shown on

Figure F-6), and p (Poisson's ratio for Nickel 200) set equal to 0.31.
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) Data from stress-strain experiments

(for details, see Appendix A of Reference F-~1)

-~ Linear interpolation of data

30 -

f (kpsia)

\— £ = £(¢)

SN

E (Young's modulus) = f(€q)/eq

q° 0.06%, elastic limit

€ (%)

Figure F-6. Stress (f) versus strain (¢) for the Nickel 200 pipe wall.
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The yield criterion for plastic flow is

€ > €q plastic range

where €4 (the value of maximum elastic strain) is indicated on Figure F-6. In
the plastic range, the stress deviators (Sr’ Se, Sz) are adjusted by a flow

rule which assures that the hoop stress follows the stress versus strain data:

wn
n

M CPST], M=r,6,z2

where
¢ = (f+py;) /s,
and
f = £(€), the stress versus strain data
Pyi = hydrostatic pressure within the pipe wall material .

The fluid medium is subcooled water. It is characterized as follows:

® 2116.8 psf reference pressure
® zero pressure spall limit
®* 1.94 slug/ft® reference density

e linear elastic material .

The value for bulk modulus (k) must be consistent with the acoustic speed of
the water in the rigid section of the experiment apparatus. From wave arrival
times at transducers P,, P,, and P, (see Figure F-3), the average acoustic
speed (C) was determined to be 4381.90 ft/s. Thus, for the linear elastic
water, k [= (reference density) XT°] is 3.725X 107 psf.
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The initial and boundary conditions tailor the flow field that occurs in
the water. 1Initially, the water is quiescent, and is at its reference state.

The flow field is subject to the following boundary conditions:

® pressure boundary, upstream
e rigid wall boundary in the 10-foot, upstream section
e flexible wall boundary in the 5-foot, downstream section

e rigid boundary, downstream .

These boundary conditions limit the water motion to extremely small velocities,
Thus, there is no practical reason to account for losses from fluid motion.
Moreover, there is no need to apply rezoning. (Although rezoning was activated

to determine if it affected the simulation.)

Figure F-7 displays the input data package for the simulation of the
water-filled, straight pipe experiment. In addition, Figure F-8 illustrates
the DATA statements which define the time history of the upstream pressure
boundary. For this simulation, the upstream pressure boundary was defined to
be the experiment pressure history that developed at the P, location (see Fig-

ure F-3). It is characterized by:

¢ ~ 130 pus rise time
® ~ 2060 psia peak amplitude

¢ ~ 3.3 ms duration .
F.3 DISCUSSION OF SIMULATION

The simulation initiates with the application of the upstream pressure
boundary, depicted on Figure F-9, to the computational grid. A compression
hammer moves through the water within the rigid section at ~ 4381.90 ft/s
(acoustic speed), reaching the rigid/flexible interface at ~ 2.28 ms. During
this transit, the pulse maintains its initial character, as is illustrated on
Figures F-10 through F-12. The figures also demonstrate the close agreement

between the simulation and the experiment data.
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TTL SRI EXPERIMENT FP-SP-102
PRB
PRO 1
GRD 1.
SYM 4
END
MAT
111 1.0
115 1.0
121 1.0

1.0

1.0

0
0 1.0 199.0
0

122
123
END
GPT
211 1
212 MYGEN 1.

1

1

2116.8 3.725000E7
0 100.0

221
241
END
ZON
311
321
322
341
381
381
381
382
382
382
END
BDY
421
421
422
431
END
TIM
511 0.63000E-6

512 0.62000E-60.57800E-5
521 . 00600 9999.0

513 1.2 .33

END

198.0 0.0 15.0

199.0

.
1 = =
s N e e

OO OCWOO=OOO0O

[
(o))
(o]

-2116.8 -2116.8
1.0
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199.0
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e \O ¢

OO0 O0OO0COOO0OOO

W N = WN b s b s
.
b = N
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.
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.\o.
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0.0 5.00000E-3

(continued on next page)

Figure F-7. Input data for the simulation of the water-filled, straight pipe
experiment. .
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EDT 1.0

611 1.0

616 2.0

621 1.0 0.0 . 0060 .0015

622 1.0 199.0

623 1.0 11.0

623 2.0 12.0

623 3.0 13.0

623 4.0 64.0

623 5.0 46.0

623 6.0 65.0

623 7.0 21.0

623 8.0 51.0

671 1.0 0.0 9999.0 1.0

672 1.00 1.0 64.0 1.0 2.5
672 2.00 1.0 64.0 1.0 7.5
672 3.00 1.0 2.0 1.0

672 4.00 1.0 5.0 1.0

672 5.00 1.0 6.0 1.0

672 6.00 1.0 91.0 1.0 2.0

672 7.00 1.0 64.0 1.0 9.0
672 8.00 1.0 64.0 1.0 10.125
672 9.00 1.0 64.0 1.0 10.5
672 10.0 1.0 64.0 1.0 11.5
672 11.0 1.0 64.0 1.0 12.5
672 12.0 1.0 64.0 1.0 13.0
672 13.0 1.0 64.0 1.0 14.0
672 14.0 1.0 64.0 1.0 14.875
672 15.0 1.0 64.0 1.0 199.0

672 16.0 1.0 92.0 1.0 5.0

672 17.0 1.0 92.0 1.0 11.0

672 18.0 1.0 92.0 1.0 67.0

672 19.0 1.0 92.0 1.0 81.0

672 20.0 1.0 91.0 1.0 3.0

672 21.0 1.0 93.0 1.0 2.5
672 22.0 1.0 93.0 1.0 7.5
672 23.0 1.0 93.0 1.0 9.0
672 24.0 1.0 93.0 1.0 10.125
672 25.0 1.0 93.0 1.0 10.5
672 26.0 1.0 93.0 1.0 11.5
672 27.0 1.0 93.0 1.0 12.5
672 28.0 1.0 93.0 1.0 13.0
672 29.0 1.0 93.0 1.0 14.0
672 30.0 1.0 93.0 1.0 14.875
672 31.0 1.0 93.0 1.0 199.9

END

END

Figure F-7. (concluded)
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DATA TIME / .620, .639, .655, .671, .687, .699, .707,
.713, .715, .721, .726, .732, .735, .743,
.750, .778, .788, .812, .829, .865, .875,
.885, .890, .898, .906, .920, .932, .950,
.975, .990, .999, 1.011, 1.017, 1.027, 1.035,

1.044, 1.050, 1.068, 1.080, 1.085, 1.107, 1.119,
1.134, 1.151, 1.159, 1.165, 1.176, 1.187, 1.198,
1.208, 1.220, 1.232, 1.242, 1.250, 1.259, 1.268,
1.277, 1.287, 1.299, 1.307, 1.318, 1.326, 1.340,
1.350, 1.357, 1.367, 1.374, 1.384, 1.396, l.414,
1.434, 1.444, 1.461, 1.486, 1.505, 1.526, 1.555,
1.585, 1.618, 1.678, 1.722, 1.765, 1.834, 1.878,
1.917, 1.965, 2.007, 2.032, 2.089, 2.142, 2.185,
2.287, 2.340, 2.426, 2.487, 2.563, 2.669, 2.748,
2.878, 2.952, 3.107, 3.215, 3.301, 3.496, 3.630,
3.712, 3.824, 3.898, 3.934/

DATA PRES / 0.0, 222.7, 402.8, 739.3, 1175., 1555., 1853.,
2019., 2038., 1934., 2009., 1938., 2009., 1953.,
2047., 1588., 1678., 1412., 1573., 1104., 1218.,
1199., 1175., 108l., 1142., 952.6, 1052., 748.8,
995.3, 886.3, 1009., 928.9, 1019., 1085., 1033.,
1118., 1076., 891.0, 1043., 1085., 810.4, 862.6,
796.2, 947.9, 900.5, 848.3, 739.3, 782.0, 739.3,
805.7, 729.9, 691.9, 658.8, 649.3, 677.7, 706.2,
715.6, 701.4, 673.0, 668.2, 701.4, 772.5, 824.6,
644.5, 625.6, 611.4, 663.5, 673.0, 658.8, 635.1,
582.9, 573.5, 582.9, 559.2, 549.8, 545.0, 511.8,
507.1, 497.6, 469.2, 450.2, 440.8, 412.3, 398.1,
379.1, 364.9, 346.0, 336.5, 308.1, 279.6, 260.7,
251.2, 213.3, 184.8, 165.9, 151.7, 123.2, 142.2,
113.7, 90.1, 90.1, 52.1, 66.3, 33.2, 37.9,

33.2, 47.4, 28.4, 0.0/

% N % ¥ N % N N N N N H X X *

B % N O N N N O N N N ¥ F ¥ F

TIME: time (ms)
PRES: pressure (psig)

Figure F-8. Data statements for the simulation of the water-filled, straight
pipe experiment.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

Fluid pressure (psia)
et
o
o
o
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0.0 2.5 5.0

Time (ms)

Figure F-9. Pressure history in the thick-walled (rigid) section of pipe,
at site of pressure pulse initiation.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data .
= STEALTH Simulation
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Figure F-10. Pressure history in the thick-walled (rigid) section of pipe,
2,5 ft from site of pressure pulse initiation.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data
—— STEALTH Simulation
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Figure F-11. Pressure history in the thick-walled (rigid) section of pipe,
7.5 ft from site of pressure pulse initiation.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data

«— STEALTH Simulation
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Figure F-12. pressure history in the thick-walled (rigid) section of pipe,

9.0 ft from site of pressure pulse initiation.
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At later times, the simulation displays considerable oscillations. In
fact, so do the experiment data; the figures display oscillation bands which
describe the extent of the data oscillations. These oscillations are associ-
ated with the cavitation (hydrodynamic spall) of the water, that is induced
by the flexible section. In that section, the plastic strain and associated
volumetric expansion are large enough to eliminate positive hydrostatic pres-
sure in the water. While the simple spall model in the simulation certainly
does not model the correct physics of water cavitation, nevertheless the

macroscopic pressure oscillations show a reasonable comparison with data.

Upon reaching the rigid/flexible interface, the pulse refracts into the
flexible section as a weaker compression, and simultaneously reflects back in-
to the rigid section as a rarefaction. Both of these waves develop as a con-
sequence of the volumetric expansion, due to the plastic strain of the nickel
pipe walls. Figure F-13 illustrates the extent of compression attenuation
at 1.5 in. downstream of the interface. The original > 2000 psi pulse is now
only ~775 psi. Here, also, the cavitation phenomena create high frequency
oscillations. Again, the comparison between the simulation and the data is
very good, including the extent of oscillations. The pressure rise at late
times is the effect of a returning compression hammer, created when the re-

fracted pulse reflects off of the rigid end plate.

Figure F-14 shows the associated strain history which develops 1.5 in.
downstream of the interface. The strain is highly plastic (0.06% elastic
limit) , and permanent. The comparison between data at one strain gage and
the simulation is very good. The figure also indicates the range of data
readings that were obtained by the five separate strain gages located at
Section A-A (see Figure F-3). The probable causes for the different readings
are asymmetries in the pipe wall cross section and the configuration asymmetry

induced by the location of the pressure transducer.
Figures F-15 through F-18 demonstrate the close agreement between the

pressure data and simulation pressures for various locations within the flex-

ible section. Figure F-19 illustrates a location where the comparison between
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data
—— STEALTH Simulation
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Figure F-13. Pressure history in the thin-walled (flexible) section of pipe,
10.125 ft from site of pressure pulse initiation.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

O Experiment Data
= STEALTH Simulation
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Figure F-14. Strain history in the thin-walled (flexible) section of pipe,
10.125 ft from site of pressure pulse initiatiom.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data
w— STEALTH Simulation
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Figure F-15. Pressure history in the thin-walled (flexible) section of pipe,
10.5 ft from site of pressure pulse initiation.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data
= STEALTH Simulation
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Figure F-16. Pressure history in the thin-walled (flexible) section of pipe,
11.5 ft from site of pressure pulse initiation.
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WATER-FILLED, STRAIGHT PIPE RESPONSE TO A PRESSURE PULSE

{ Experiment Data
«—— STEALTH Simulation
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Figure F-17. Pressure history in the thin-walled (flexible) section of pipe,
12.5 ft from site of pressure pulse initiation.
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Figure F-18. Pressure history in the thin-walled (flexible) section of pipe,
13.0 ft from site of pressure pulse initiation.
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Figure F-19. Pressure history in the thin-walled (flexible) section of pipe,
14.0 ft from site of pressure pulse initiation.
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the data and the simulation is not good. 1In view of the excellent comparisons
upstream of this location, the discrepancy is a mystery. Figures F-20 and
F-21 show the strain histories associated with Figures F-15 and F-19, respec-
tively. The agreement between strain data and the simulation is very good.
Figure F-21 shows that the simulation was able to predict the elastic strain
precursor that occurred prior to 4.5 ms. The good agreement shown on Figure

F-21 serves to underscore the puzzling discrepancy shown on Figure F-19.

Figures F-22 and F-23 illustrate discrepancies in the comparisons of
pressure and strain, respectively, at the location that is 1.5 in. from the
downstream boundary. Here, the discrepancies are understandable. The simu-~
lation had an absolutely rigid boundary, while the experiment had a finite end
plate which yielded enough to affect the data. This is consistent with the
simulation predictions being higher than the data. 1In effect, the simulation

did not represent the experiment near the end plate.

The high degree of correlation between the experiment data and the pre-
dictions of the simulation suggests that the STEALTH code can predict compres-
sion hammer attenuation within a water-filled, straight pipe with flexible
walls. Moreover, the rudimentary thin shell model responds accurately to the
pressure differences across the pipe wall, verifying the assumption of negli-

gible shear stresses within the pipe wall material. Finally, the comparison

(not shown) of this simulation with an abbreviated one, where the rezoner was

not activated, indicates that rezoning does not affect the simulation.

F.4 CLOSURE

The simulation required 1063 time cycles to span 6 ms of real time.
Since there were 280 computational nodes (199 fluid nodes and 81 wall points),
the simulation required ~ 300,000 node-cycle calculations. On a CDC 7600
computer, the simulation executed in ~ 140 CP seconds. Thus, the simulation

performance was 0.47 CP ms per node-cycle.
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Figure F-20. Strain history in the thin-walled (flexible) section of pipe,
10.5 ft from site of pressure pulse initiatiom.
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Figure F-21. Strain history in the thin-walled (flexible) section of pipe,
14.0 ft from site of pressure pulse initiation.
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Figure F-22. Pressure history in the thin-walled (flexible) section of pipe,
14.875 ft from site of pressure pulse initiatiom.
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Figure F-23. Strain history in the thin-walled (flexible) section of pipe,
14.875 ft from site of pressure pulse initiation.
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