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SUMMARY

The hydrodynamic loads, induced by the steam chugging phenomenon, in
a Boiling Water Reactor suppression pool, are studied Ly a small scale
single vent experiment. The experimental effort established an overall
physical picture of the phenomenon wnich cnabled the development of a
theoretical model intendea for the prediction of these loads in the full
size containment,

A systematic classification of characteristic interfacial motion
patterns is made, based on the steam mass flux and the pool temperature
resuiting iu a condensation regime map. Although the boundaries between
various regimes are system dependent, tne corresponding characteristic
patterns would rei:ain the same., In general, the classification can be
divided into three types: the jet at high mass fluxes (>150 kg/m2~sec),
the bubble oscillation at intermediate mass fluxes, and the steam chugging
at low mass fluxes (<75 kg/m:-sec).

Steam chugging occurs below a steam mass flux of about 75 kg/mz-scc,
and below a pool temperature of about 80.°C., Within this condensation
regime, three different types of chugs are observed: the internal chug
where all condensation occurs within the pipe; the detached bubble chug
where the bubble is "cut off" from the vent during bubble formation; and
the encapsuiating bubble chug where the bubble encapsulates the vent during
bubble formation, The first two types of chugs are characterized by high
caug heights, high intcrface velocity but low steam pressures at the inter-
face upon vent clearing., The last type, on the other hand, is character-
ized by low chug heigats, low interface velocity, but high steam pressures

at the interface upon vent clearing.
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The magnitudes of the pressure overshoot at the poo! bottom associated
with internal chugs, detached bubble chugs, and encapsulating bubble chugs
are: mild (7.1 atm,), moderate (.3 atm.), and large (.5 atm.) respective-
ly. For internal chugs, the loads are generated by the collapse and re-
bound of a bubble within the vent. For the other two types, the loads are
generated by the collapse of the bubbles in the pool. Pool bottom pres-
sures data indicate that the pressure oscillations associated with detached
bubbles are characterized by two different periods. The first period in-
cludes the pressure undershoot and the spike; the second period is the
"ring out." For encapsulating bubbles, the pressure oscillations are
characterized by three different periods. The first period includes only
the pressure undershoot. The second period includes the duration of the
pressure spike which consists of a few fine peaks. The third period is
the "ring out." Cenerally, the violent bubble collapse is initiated by
the penetration of a liquid jet into the bubble. For detached bubbles
the liquid jet penetrates from the side, while for encapsulating bubbles,
the liquid jet penetrates from the bottom.

Synchronized mov:. data and pool bottom pressure measurements show
that the rapid pressure undershoot occurs during jet penetration while
the sharp pressure overshoot occurs near the completion of a violent col-
lapse. The rapid condensation introduced by the liquid jet causes the
rapid decrease in the bubble pressure which initiates the violent collapse.
The liquid inertia developed during the violent collapse over-compresses
the steam causing the sharp pressure overshoot.

I'he chug of water up the vent is caused by a pressure undershoot in
the vent which is resulted from the rapid condensation occurring at the

pipe exit, For internal chugs and detached bubble chugs, the rapid
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condensation is caused by the liquid layers draining off the pipe wall and
accumulating locally at the exit. For the encapsulating bubble chugs, the
liquid jet penetration and atomization phenomenon is responsible for the
rapid condensation at the vent exit,

The vent pipe model is developed to predict the chug height in the
vent and the bubble behavior at the pipe exit. A one-dimensional pipe
flow model for the vent is coupled to a one-volume model for the conden-
sation region at the pipe exit to predict the slug motion in the vent;
and, upon vent clearing, the pipe flow equations are coupled to an infin-
ite pool spherical vapor bubble model, to predict the bubble growth in the
pool. The condensation heat transfer coefficient in the pipe is determined
by comparing the experimental data with the vent pipe model predictions
for various values of h. The best value is

h = 14, x hNu'

Comparisons of the vent pipe model predictions with experimental data
show that the model is inadequate in predicting the chugging phenomenon;
however, the general trends observed in the experiments are predicted.
These trends are listed as follows:

(1) The predicted chug height increases 2s the pool temperature is

decreased.

(i1) The predicted maximum bubble size increases with pool

temperature,

The bubble collapse model is an infinite pool spherical vapor bubble
model with rapid condensation induced by the liquid jet. The condensation
caused by the !iquid jet penetration and atomization is modelled by an
overall heat transfer parameter UAc determined from the experiments to be

4,37 kw/°C. By assuming that the peak pressure decreases inversely with
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distance from the vent exit, the pool bottom pressures are predicted.

Comparisons of the p?edicted pool bottom pressures with the measured
indicate that this model is unable to predict the bubble collapse phenome-
non in steam chugging; however, the predicted trends do agree with the
general trends observed in the experiments. These trends are listed as
follows:

(i) The predicted pool bottom pressure decreases as pool

temperature is increased.

(i1) The predicted pool bottom pressure decreases with submergence.

Comparisons of the model predictions with the Japan 1/6-scale data
show good agreements in the vent clearing time as well as the bubble growth
time. These comparisons are interesting but non-definicive concerning the

validity of the present models.
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ABSTRACT

The rondensation-induced hydrodynamic loads during low flow vapor
injection (steam chugging) is studied experimentally and theoretically.
Qualitative visual experiments in a small scale single vent system indi-
ca*= that the interfacial motion admits certain characteristic patterns
in varicus ranges of pool temperatures and steam mass fluxes. Systematic
classification of these characteristic patterns based on these two para-
meters resulted in a condensation regime map. The basic regimes in the
map are: the jet regime at high mass fluxes (>150 Kg/mz-sec); the bubble
oscillation regime at intermediate mass fluxes; and the steam chugging
regime at low mass fluxes (<75 Kg/mz-sec).

Steam chugging occurs at the low mass flux (below 75 Kg/mz-sec)
and low pool temperature (below 80°C) region of the map. Three different
modes of chugging are identified: the internal chug where all condensation
takes place in the vent; the detached bubble chug where the bubble is de-
tached from the vent during formation; and the encapsulating bubble chug
where the bubble grows to encapsulate the vent exit following formation.
The hydrodynamic loads measured at the pool bottom show mild oscillations
(*0.1 atm.) for internal chugs; moderate oscillations (7.3 atm,) for de-
tached bubble chugs; and large spiky oscillations (70.5 atm.) for encap-
sulating bubble chugs.

Two theoretical models are developed to analyze chugging: the
vent pipe model which computes the water slug motion in the vent as well
as the bubble dynamics at the vent exit after vent clearing; and the
bubble collapse model which predicts the pressures assoriated with the

collapse. The predictions of both models are compared t the present data



as well as the Japan 1/6-scale data. The general trends observed in

the experiments are predicted,
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NOMENCLATURE

= pipe cross-sectional area

= velocity of sound

= pipe diameter

= friction factor

= heat transfer coefficient

= specific heat ratio

= liquid thermal conductivity

= submergenge depth

= mass flow

= pressure

= heat flow

= radius

time

= water slug velocity

= velocity

= yvolume of condensation region
= duration of vent underpressure
= submerged distance from pool surface
= distance

= thermal diffusivity

= apparent mass constant

= density

= specific heat ratio

= yiscosity

2Ty WX ¥ ST INYWMLEANRIARRNG Oy

Superscripts *non-dimensionalized quantities

Subscripts £ for liquid, W for water
tow for condensation region
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CHAPTER 1

INTRODUCTION

1.0 Introduction

One of the major safety considerations in a Boiling Water Reactor
(BWR) 1s the structural integrity of the containment system in the event
of a Loss of Coolant Accidert (LOCA). Present BWR containment designs
(MARN I, II, III) invariably involve the venting of the steam discharged
from the break during the accident into the suppression pool. The rapid
condensation in the pool would prevent any severe pressurization in the
containment. However, the condensation induced pressure oscillations in
the suppression pool exert large loadings on the vent pipes, the pool
walls, and other structuzres in the pool. In particular, towards the tail
end of the LOCA when the vent flow is low, the pressure oscillatious exhi-
bit periodic occurrences of large magnitude but short-duration pressure
spikes which imposes a direct threat to the structural integrity of the
containment. The physical phenomenon associated with these pressure spikes
is called "steam chugging."

This report, written for the U. S. Nuclear Regulatory Commission,
describes the experimental and theoretical study at UCLA into this phenome-
non. The prime objective of the study is to obtain a basic physical under-
standing of the nature and the origin of the chugging induced pressure
oscillations; and, based on the physical observations, a theoretical base

1s formulated allowing the predictions of these loads.



1.1 Backgtound

The Boiling Water Reactor (BWR) systems (Figure 1.l)have been
designed with a pressure suppression containment (or wet well) to
condense any steam released in the dry well during a LOCA, to act as
a heat sink for Hot Standby and Relief Valve Operation, and to pro-
vide a source of water for the Emergency Core Cooling. Because of
these critical functions, the integrity of the wet well is essential
from the view point of public safety. Recent power plant experiences
and experimental tests have revealed potential dynamic loadings on the
wet well which could violate its integrity. The dynamic loads can
result under the following conditions: Y

1. Loss of Coolant Accident (LOCA)

2. Relief Valve Discharge, and

3. Earthquake.

In the event of a LOCA, the steam discharged from the primary
system quickly pressurizes the dry well causing a flow of air-steam
mixture through the vents into the suppression pool. In the initial
stage of the accident, the vent flow is primarily air and the flow
rate is high. Towards the tail end of the accident, the vent flow is
primarily steam and the flow rate is low. The low steam flow causes a
phenomenon known as ''steam chugging' to occur. This phenomenon is
chara.terized by periodic rushes of water up the vent as well as large
magnitude pressure spikes associated with the steam-water interfacial
motion. These spikes can potentially damage the pressure suppression

system and, therefore, are important to nuclear reactor safety.
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Fig. 1.1 Schematic of Boiling Water Reactor Containment (MARK I)



1.2 Past Work
When the question about the integrity of the suppression pool
during a LOCA was raised, the hydrodynamical forces induced by the

condensation process became a focal point of various research groups1
4 3 4, 5 around the world. In most of the theoretical studies,
three areas are of most concern: (i) how the steam is injected into

the pool, (ii) what is the heat transfer rate that causes the bubble

to collapse, and (iii) what is the force imposed on the solid boundary.
Sargis et al.1 attempted toc answer these questions. They used a one-
volume model to approximate the steam in the vent pipe. Then, a hemi-
spherical bubble is assumed to grow in the vent exit as the interface
clears the vent (Figure 1.2(a)). The dynamics of the hemispherical
steam-water interface was calculated using a mechanical energy balance
where the rate of change of kinetic energy of the infinite liquid pool
equal the rate of work done by the interface on the fluid. The com-
puted interfacial otion was then usec as a forcing furction applied

to the potential flow of a finitc poo!. The pressures on the pool wall
were computed using thte linearized transient Bernoulli equation. Their
model predicted the general trends of the pressure oscillations ob-
served in the chugging experiments. It is by far one of the more com-
plete models which solves the entire problem relating the steam inject-
ion into the vent to the wall pressures at the pool boundary. A more
simplified approach was taken by Kowalchuk & Sonin3 who used just a
single vent pipe model. The inertia of the liquid in the pool

was modelled by using an equivalent mass of liquid attached at the

end of the vent pipe. As the interface cleared the vent xit, a



cylindrical bubble with a radius equal to that of the vent pipe was
assumed to form (see Figure 1.2(b)). Concerning the interfacial heat
and mass transfer, they suggested that the condensation process could
be vapor side limiting or liquid side limiting. In their model, the
vapor side condensation was calculated by the kinetic theory with the
accommodation coefficient as a parameter to be studied. The liquid
heat transfer was modelled by a turbulent diffusion model. Their
results indicated that the maximum peak-to-peak pressures in the cal-
culated pressure oscillations was strongly affected as the accommodation
coefficient varied from 0.1 to 1.0, but for values greater than 1.0
the maximum peak-to-peak pressures were unaffected. This iadicated
that the condensation was limited by the liquid side heat transfer.
Class2 developed a similar model except that a spherical bubble is
assumed to form in an infinite pool. He also developed a method for
the change in boundary conditions as the interface clears th~ ent
exit. The one-dimensional pipe flow problem is coupled to the one-
dimensional radial bubble expansion model. The turbulent mixing model
was used to compute the heat transfer in the liquid which in turn
determined the condensation rate. All three models were able to pre-
dict the trends in the pressure oscillatioas in the chugging process.
However, none of these models were able to give a physical explanation
for the sudden rapid condensation which initiated the bubble collapse.
Furthermore, none of these models addressed to the pressures generated
by the violent collapse of the steam bubble. These two aspects will
he more thoroughly studied in the present investigation.

In addition to the thecvetical modeling efforts there are
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Fig. 1.2 Theoretical Models for Steam Chugging



extensive experimenta. efforts for a better understanding of the
chugging process. The first set of full scale cntainment experi-
ments were performed in the Marvik:npower station located at Stock-
holm, Sweden. These experimentsé’7 included sixteen reactor vessel
blowdown runs to study the containment responses and eight blowdown
runs to study the pressure oscillations in the suppression pool.
In each run, the steam generated by the primary system was discharged
to the drywell vertically above the wetwell. Then the steam-air mix-
ture in the drywell was vented through 58 downcomers into the suppres-
sion pool. The data from the pressure oscillation experiments showed
that close to the end of the simulated LOCA, highly oscillatory
pressures were developed in the suppression pool. The periodic
pressure fluctuations were characterized by a sharp pressure under-
shoot which was immediately followed by a high-magnitude short-duration
pressure spike and then a damped oscillation period which was called
the "ring out'. A Fourier analysis was performed in each case which
showed that the oscillations were actually *he superposition of oscilla-
ations at various frequencies. It also showed that the oscillations
consisted of a fundamental frequency, e.g., in Run No. 19, it was
4.6 Hz.

A set of full scale single vent experiments were made by
General Electric Company in the U.S. called the 4T (Temporary Tall
Test Tank) testsg'lo. Their results are proprietary but they claimed
similar oscillations as in the Marviken Tests.

In order to establish some qualitative information about the

scaling of the chugging phenomenon, Creare i performed a set of small



scale single vent experiments including the 1/10, the 1/6 ana he 1/4
scale of the actual BWR. It was found that the nagnitude of the
pressure spike decreased as the scaling increases. The magnitude
of the pressure spikes in the 1/10 scale test were considerably higher
than that of the 1/6 and 1/4 scale tests. No physical justifications
were given for the observed results. The validity of this is question-
able.

To obtain some information about the steam-chugging behavior
in a multi-vent system, General Electric Company performed another
full scale experiment with 3 vents and 6 vents. These data indicated
that the pressure oscillations in each vent was not in phase with
other vents. Recently, two sets of data were completed, one of them
was from a 1/6 scale test13 performed in Japan and the other one is
a 1/12 scale test14 performed at Stanford Research Institute in the
U.S. The former report included also multi-vent (3 vents) data. The
latter one showed detailed motion pictures of the bubble formation
process with no pressure data. However, an interesting question was
raised in the latter report concerning the triggering mechanism for
the observed bubble collapse.

Hence, it appears that although a large amount of data is
available, the questions concerning the mechanism which initiates the
bubble collapse and the cause of the large pressure spikes still
remain. A compilation of the condition for all the above mentioned
experiments is presented in Table 1.2.

In order to understand the chugging process one has to acquire

a knowledge concerning vapor jets, bubble growth, bubble collapse,



TABLE 1.1
SUMMARY OF EXISTENT EXPERIMENTAL DATA

Mark 11
Contain- GE (Full
ment Marviken GE (4T) Scale) Creare SR1 Japan
Scale Full Full Full Full 1/4  1/6 1/10  1/12 1/6
No. of Vents 108 58 1 3,6 1 1 1 1 1,5
Vent diameter,cm, 61. 30.5 61. 30.5,61. 6.4 10,1 15.2 2.5,5.1 10.1
Drywell VOl-,ls. 5384, 1927. 53.6 76.5 .65 1.7 3.8 .026 .25,1.25
Wetwell Air 4250, 1558. 31.6 55.6 .54 1.4 2.0 .026 v2dea ¥l
Vol. ,m™,
Wetwell yater 3400, 538. 20,8 28.9 n/a n/a n/a .028 32,58
VOI.o. -

Note: (1) The test conditions vary in esch :xperiment and most of them are not reported in
the references.

(2) Wetwell airspace volume and water volume varies as submergence varies.

(3) Peak pressures, frequencies in each experiment are not available in references.




cavitation and cavitation Jdamages on materials which is believed to
have some relation to the chugging pressure spikes. The following
paragraphs present discussions of the state-of-the-art in these areas.

Some experimental effort1®+16:17,18,19

has been made for high
vapor injection rates. In this case, the vapor-liquid interface is
very rough due to the interfacial instabilities caused by the high
vapor velocity. The controlling transfer mechanism is therefore the
vapor momentum. If the flow is high enough to cause sonic choking to
occur at the injection pipe exit, the vapor flow in the liquid region
takes the form of a stable cone. But when the vapor flow is not
choked at the exit, an oscillatory vapor region exists in the liquid.
The oscillations of the interface causes regular detachments of vapor
bubbles from the vapor region. The possible explanation for this be-
havior is that in the case of sonic flowat the exit, the condensation
phenomenon do not affect the vapor flow in the pipe. But when the
exit flow is subsonic, the downstream condensation effects can be
propagated upstream to cause pulsation in the vapor flow. The above
phenomena were observed by Greef15 (1975) and recently by Simpson.19
Greef's work included also pressure measurements taken by a pressure
transducer in the vicinity of the jet. These pressure traces indicated
periodic pressure spikes occurring at high frequencies. Although his
observations were not directly applicable to the low flow injection
problem, they did show an unstable vapor region with large interfacial
oscillations when the flow is unchoked at the nozile exit. From these

results it may be "1ferred that as the flow rate is lowered, a point

may be reached that these interfacial oscillations are large enough
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to cause the vapor region to exist only intermittently at the nozzle
exit. This is the point where steam chugging occurs.

The growth of a steam bubble at the downcomer exit during the
injection process is basically a bubble growth problem under the pres-
ence of a mass and energy source. Unfortunately, no previous analyti-
cal work or experimental work was Jjound in this area. The literature
search is then directed toward the subject of bubble collapse. Bubble
collapse is an important part of the phenomena involved in the chug-
ging process. The past work in this subject can be divided into two
categories. The first one involves analyses and experiments relating
to the mechanics of the collapse process. The second category involves
the pressures developed during the late stages of the collapse process.

In the first category, Rayleighzo was the first to formulate
the problem of a spherical bubble in an infinite pool of ideal fluid.
The Rayleigh equation, which describes the radius-time history of the

bubble wall is

U , 3 g2 P~

where

pressure at infinite distance from the bubble

[

pressure at the bubble wall

density of the liquid

"

velocity of the bubble wall

= bubble radius

3NS5 v

1]

time

.
For a cavity P = @ and 7= # , the equation can be
integrated to vield a relationship between the bubble radius and its

velocity

11



3& r."
vis 35 (5~

From this he obtained the time to total collapse of the

spherical cavity,

o 2/2
/35' R dre
“- "f-ft (r3-RD"™

= . G/4¢68 7 ‘/_;f

For the vapor bubble collapse, Florschuetz & Chao21 were the
first to formulate and solve analytically the case of a heat transfer
controlled collapse when the collapse was initiated by a sudden decrease
in the liquid temperature. Comparison of the analyticai solution with
their experimental data <howed that their analysis was able o predict
the trend of the measured radius-time history but the accuracy was not
good. Recently, Lee & Chan22 proposed a classification of the bubble

ollapse modes into two types based on how the collapse is initiated

The first type is when the collapse is initiated by a sudden rise in

the liquid pressure. The second type is when the collapse is initiated
by a sudden decrease in the liquid temperature. The latter case is
identical to the situation where . saturated vapor bubble is suddenly
transferred to a subcooled pool of liquid, which resembles the case of
low flow vapor injection. They also presented numerical solutions of the
coupled problem of heat diffusion and liquid momentum. Their results
showed distinctly different characteristics in the radius-time histories

of the two types.



A fair amount of experimental effort had been devoted to
study cavitation bubble collapse and cavitation damages on material
surfaces, These studies were motivated hy the large damages on tur-
bine blades due to cavitation. Kling & Hammitt23 made a photographic
study of this phenomenon. They observed the formation of a high velo-
city microjet penetrating through the bubble as the bubble collapses.

This phenomenon was also observed by Florschuet:z & Chao in their ex-

. |
-

periments on vapor bubble collapse. Other investigators2 also
confirmed these observations in their experiments. Of particular
interest is the work of Benjamin & EllisZS who were able to isolate

the effect of gravity from the effect of a nearby wall. They con-
cluded that in the presence of a gravitational field alone, the liquid
jet would penetrate the bubble from below and advance vertically up-
wards. However, in the presence of a solid wall, the liquid jet would
penetrate the bubble from the side towards the wall. Chapman26 studied
the problem numerically and confirmed the above observation for the wall
effect.

The second category involves the pressures developed during the
collapse of the vapor bubble. In the case of a cavity, the Rayleigh
solution showed an infinite velocity at the bubble wall as r— 0.

To avoid this singularity, Hickling & Plessnt27 assumed the existence
of a small amount of non-condensible gas in the bubble. Then they
solved the compressible flow problem numerically for the pressures
developed in the liquid for the cases of an isothermal compression or

an adiabatic compression. The reason for solving the compressible flow

equations was due to the fact that the liquid velocity at the bubble
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wail approaches the velocity of sound in the liquid as the bubble
reaches its minimum radius and starts to rebound. Their results indi-
cated that the maximum pressures developed during a collapse decrease
as the initial pressure of the non-condensible gas increased. However,
in a real physical situation the amount of non-condensible gas in the
bubble is difficult to estimate. No other analytical approaches were
able to quantify the pressure developed at the end of a collapse. The
attention was then focused on the previous experimental effort. Green
& \Iesler28 studied the transient pressures during a bubble collapse.
Their measurements showed a positive pressure pulse immediately after
the collapse. Their measurements alsc showed that the magnitude of the
pressure pulse is inversely proportional to the distance from the bubble
which agrees with the analytical results of Hickling & Plesset.zr How-
ever, no direct measurement was made at the point where the collapse
was completed. No previous experiments were able to measure the exact
pressure at that point. In a discussion by Plesset,29 it was indicated

that the pulse magnitude might easily exceed 103

atm for cavitation bub-
bles. This magnitude was high enough to cause pitting on solid surfaces.
It had been speculated that the cause of the pitting was from high
velocity microjets which penetrated through the bubble and impinged
22

t

onto the solid surface. However as was shown by Shutler § Mesler he

pits were caused by the pressure pulse created by the collapse process.
Knapp et al.30 suggested a simple model to relate the bubble size and
the pit depth. The model was based on an energy argument, that the
work done by the fluid during the collapse must equal the collapse

energy, part of which was used in forming the pit. This model was only
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able to give an order of magnitude type of e<timate on pit depth.
Pressure force can be generated in the liquid by free surface
motion. A good summary of the previous work up to 1966 is given in a
report by Abramson.31 Most of the work in this report involves analy-
tical solutions to the hydrodynamic equations describing the fluid
motion in a container of various simple geometries, but none of these
offers a solution to the hexagonal test section used in the experi-

mental part of this study.

Note : A theoretical model was recently developed by Pitt339;

unfortunately his report arrived too late to be incorporated

into this work.
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1.3 Present Work

it is clear from the discussions in the previous section
that the sporadic nature of the pressure spikes imposed considerable
difficulty on any theoretical approach. Of the few theoretical
modeling attempts made, none were able to offer a full explanation of
the condensation phenomena. Although a considerable amount of ex-
perimental data, based on small scale experiments, are available, the
question still remains: What is the origin of the pressure loading?

The objective of this study is to formulate a theoretical base
from which the prediction of the chugging-induced hydrodynamic loads
in a full size containment would be feasible. A physical understanding
of the governing phenomena which is essential for the theoretical de-
velopment is to be obtained by performing a small scale experiment,
As a first step, the experimental study is started with a single-vent
vapor injection system, although the actual system involves multi-vents.

The approach adopted in this study is divided into two stages :
the first stage involves an experimental investigation of the process
of steam injection into subcooled water and the second stage involves
a first attempt to model the chugging phenomenon. The experimental
investigation has two ocbjectives. The first one is to obtain a quali-
tative understanding of the vapor injection process in general. The
second objective is to investigate the nature of the interfacial motion
in conjunction with the hydrodynamic loads. This will establish an
understanding of the physical mechanisms which govern the pressure
spike as well as other oscillations induced at the pocl boundaries.

These physical mechanisms could also be a result of the steam behav .1
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upstream of the vent exit. Thus the present work will include an
exrerimental investigation of the upstream steam dynamics as well.

In the theoretical modeling of the steam-water system, based
on the understanding gained in the experimental investigation, the
bubble dynumics and the steam-water interfacial heat transfer are to
be examined.

Jollowing this introductory chapter, a description of the ex-
perimental apparatus is presented (Chapter 2). The physical observa-
tions from the experimental study are presented in Chapter 3; and the

theoretical model is presented in Chapter 4. Chapter 5 shows the com-

parison between the theoretical model predictions and the Japan 1/6-scale

data while the conclusion of the study is presented in Chapter 6.



CHAPTER 2

DESCRIPTION OF THE EXPERIMENT

2.0 General Description

This chapter describes *he experimental apparatus, the tech-
niques for various measurements. and the method of data acquisition.

Basically, the experimental apparatus is a small scale steam
loop, the major components being the boiler, the superheater, the
surge tank, and the test section. The steam, generated Ly a boiler,
is delivered to the hexagonal test section where the injection
phenomenon is being recorded by various instrumentation. The intei-
facial motion is recorded by a high-speed movie camera. The steam
temperature is being measured by a thermocouple located at the vent
exit, The induced pressure loads are being measured by the pressure
transducers, one of which is located at the poo! bottom right below
the vent exit. The other one is mounted on the side wall of the
hexagonal test section at the same elevati:  as the vent exit. The
upstream steam conditions are measured by an anemometer and a few
pressure transducers and thermocouples. The transient data are
recorded by a PDP-11 computer. Figure 2.1 shows two photographs of
the system. The upper photo shows the surge tank and the horizontal
part of the injection line, and the lower one shows the test section,
the control panel, and the PDP-11 computer.

The following sections describe in detail the experimental
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apparatus and test procedures; the instrumentation and the associated

error bounds; and the data acquisition system.

2.1 Experimental Apparatus, Instrumentation,
Data Acquisition System

The apparatus used for the steam tests consists of a boiler,
a superheater, a surge tank, and a hexagonal test chamber. A
schematic diagram of the experimental apparatus is shown in Figure
2.2, Demineralized water is pumped into the boiler by a high-pressure,
low-capacity pump to provide a discharge pressure greater than 790 kPa
and a water flow of 7.56 g/s. Saturated steam, up to 790 kPa, is
generated in a Chromalox CES 18SS stainless-steel boiler., The boiler
has a heat load of 17.0 kW with a maximum steady-steam generation rate
of 7.56 g/s. The steam can be superheated up to 200°C by a stainless
steel Chromalox superheater., The maximum heat output c¢f the super-
heater is 1.5 kW. The superheated steam is then led to a surge tank

(0.044 m°

in volume), which is designed for up to 1185 kPa internal
pressures., There are side openings on the surge tank for the insertion
of a pressure transducer and thermocouples (Figure 2.3).

The steam is then led from the surge tank into the test
chamber (Figure 2.2) through a 51 mm diameter quick-acting solenoid
valve (V2). A Thermo-System Model 1269-W anemometer, a Statham
PL131TC-50-350 pressure transducer and a fast response thermocouple
are placed downstream of the valve at a location approximately 150 cm
from the pipe exit (Figure 2.5). The exit end of the steel steam

supply line is connected to either a plastic vent or a steel vent

depending on the experiment.
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The test chamber (Figure 2.4) consists of two hexagonal
sections, one stacked on top of the other. Each section has a cross
sectional flat-to-flat dimension of 457 mm and a height of 602 mm.
Each flat surface of the hexagon has a 101 mm x 229 mm window opening.
These openings are for the glass or the stainless steel plate covers.
The glass plate covers allow movie recording while the steel plate
covers allow for insertion of various measuring devices. A 12.7 mm 0.D.,
50 mm pitch stainless steel cooling coil (inner diameter 9.7 mm) is
attached to the inner surface of the hexagon at the middle of the
test chamber. The bottom hexagon has two ports for connecting the
test chamber to a fresh-water supply line and to a drain. As shown
in Figure 2.1, there is a 12.7 mm line (V3) that leads the steam
from the surge tank into the steam dump. There is also another
12.7 mm line, V5, for the degas process. The line V8 is for balancing
the pressure between the downcomer and the test chamber. All the
steam lines are wrapped with tape heaters and insulating materials
to prevent condensation.

Two thermocouples are inserted near the pipe exit, one at a
distance of 6 cm inside the pipe while the other at a distance of
4 cm below tho pipe exit in the water (Figure 2.5). There is another
thermocouple (No. 6) located in the water to measure the bulk pool
temperature. A pressure transducer is located at the bottom of the
pool right below the pipe exit. The thermocouples are ~ade by 25.4
pm diameter chromel-alumel wire. The response time of these thermo-
couples is on the order of 4 - 5 milliseconds. The pressure trans-

ducers are regular, unbonded, strain gauge pressure transducers with
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a response time of 0.6 ms. The thermal effects of the pressure
transducer measurements were investigated and presented in Appendix
A of Reference 33.

The electrical signals from all the instruments including
thermocouples, pressure transducers, and flow meters are amplified by
a set of amplifiers which has a gain of up to a thousand times and
are able to respond to signals of frequency up to one mega-hertz.

The amplified signals are then input into an analog-to-digital con-
verter to be digitized and read into the computer core. Then the

data in the core can be read onto disks for permanent storage and
future data reduction. The computer core has a memory capacity of

six thousand data points for each run, i.e., if there are six dif-
ferent measurements to be made, each measurement can only have a
thousand data points. If the time interval between data points is
chosen to be one millisecond then the total run time is one second.
Since the phenomenon of steam chugging is characterized by large
magnitude but short duration pressure pulses, the time interval be-
tween data points must be short in order to capture all these pressure
oscillations. On the other hand, the system is limited by the maximum
core memory capacity. If the time interval between data points is

too smail, e.g., 0.1 msec, then the total time available for a run

is limited to 0.1 seconds. From visual observations, it is gathered
that the time between chugs is on the order of 0.5 seconds. This
means that the total run time must be on the order of two seconds

in order to ensure that a couple of chugs are captured in each run.

This is a limitation to the data acquisition system.



2.2 Experimental Procedures

Before any experimental test, the air present in the steam
supply system was eliminated by steam purging while the air dis-
solved in the water was eliminated by heating the water with the
bottom strip heater.

Step I: The air initially in the system was driven out by
the stein generated in the boiler. This was achieved by turning on
the boiler until the boiler pressure reaches the desired point.

Then valves V4, VI, and V3 were opened with valve V2 closed (Figure
2.1). The air-steam mixture was discharged into the steam dump.
Subsequently, valve V5 was opened so that the air initially in the
pipe was driven into the test chamber atmosphere. Finally, the air
initially in the vent pipe was Jriven into the pool by turning on
vaive V2 and turning off valves V3 and V5. To assure the total
purging of the air in the system, this process is normally continued
for an extended period of an hour

Step II: Actuation of the valve V6 allowed water to flow
into the test chamber. By turning on the test chamber heater, the
air initially dissolved in the water could be purged. Air was
prevented from being reabsorbed into the water by maintaining a
steady steam flow over the water surface through the line controlled
by valve V5. This process was continued long eno 't to insure that
all of the dissolved air was driven out of the water,

At the end of the degas process, valve V2 was closed so that
no more steam was injected into the pool. Then, after the surge

tank reached the desired pressure, valve V1 was closed and the

o
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boiler was adjusted to a lower pool level to maintain a small . ._au-
generation rate. The pool was allowed to set while the bottom heaters
were turned off and cold water was allowed to run through the ccoling
coil to reduce the pool temperature to the desired subcooling. Steam
generated in the boiler was continuously fed into the test section
over the pool surface to keep the test section's pre.-' _e above
atmospheric pressure for tre prevention of a backflow of air into
the test section,

After the steam loop and the test chamber conditions were
set at the desired pressures and temperatures, the zero reference
for all the instruments was taken, €.g2., the ze™ for the steam
flow was at zero velocity. The zero for poci bottom pressure trans
ducer was atmospheric plus the static water head, etc. Then a
calibration of the electrical signals were done such that the
magnitude of the electrical signal could be related o the actual
numbers recorded by the computer. A one milli-volt square wave was
applied to all the input channels, then the computer output was
printed. The difference between the output peak value and the bottom
value represents one milli-volt of input signal. The calibration
value for each channel was a little different but thev all range from
164 to 174. These values were used in the data reduction process.
After the calibration and the zero reference were taken, the experi-
ments were performed.

If a steady flow test was made, the boiler power and flow
rates were set to the desired values and the steam flow bypassed to

the dump until steady flow was achieved. When transient tests were



made, the surge tank was pressurized to the desired pressure. Valve
VZ was triggered te inject the steam from the surge tank into the
pool.

The data acquisition procedure for steady state tests was
slightly different from the transient tests. In steady state tests,
data acquisition would be initiated after steady flow was reached.
For transient tests, the data acquisition system was initiated
before triggering valve V2 such that the initial conditions in all
the instruments were recorded. The synchronization between the movie
and the data acquisition was achieved by using a two-way switch
which would simultaneousliy trigger the data acquisition system as
well as a signal light. The signal light was placed at the side of
the test section ~ithin the view of the camera. The data acquisition
would automatically finish at the assigned termination point. The
data set was then recorded on the floppy disks stored for the data
reduction process.

After the test, the pool would be heated or cooled to the

desired temperature for the next test.

2.3 The Test Matrix and the Data Reduction

Table 2.1 shows a tabulaticn of the conditions under which
the experiments were performed. The range of pool temperatures
covered was from 37°C to 95°C. The boiler steam generation rate
was held constant in all these runs at 7.56 gm/sec. Two different
types of injection pipes were used. The plastic pipe was used when det-

ailed movie data on the interfacial motion inside the pipe was desired.

o
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The stainless steel pipe was used when the vent pressure near the
exit was desired since it allows the appropriate mounting of a
pressure transducer. A set of runs (FM1 - 5) was performed to
measure the side wall pressure in the pool. On the same set, the
steam velocity was also measured. The vent pressure was measured

in Runs VP1 - 4., The surge tank pressure was measured in Runs STl -
4,

A computer program was written to perform the data reduction.
For the pressure transducer output, the input to the program was the
calibration for the particular pressure transducer. For the thermo-
couple output, the standard voltage vs. temperature curve given fo:
Chromel-Alumel thermocouples was incorporated into the program. For
the steam velocity, *he calibration equation is incorporated into
the program; however, the three constants used in the equation vary
from one flowmeter to another. Hence, these constants were left
as inputs to the program(see Appendix B).

Photographic information was used to determine the displace-
ment of the interface, the bubble growth and collapse rates, and the
water slug height. The 16 mm movies were projected on a screen and
a preliminary survey was made to determine the portions of interest.
Starting from a frame in which the interface had just moved, the
location of the interface was measured from the tube exit plane. The
number of frames during which the interface moved a certain distance
was then counted. The exact frame speed during this period was deter-
mined from the neon timing-light marks on the film. The movies have

been coded according to the data and experimental conditions. The
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TABLE 2.1 TEST MATRIX

Pool Temp. Pipe 0.D./ Submergence Pipe Steam Generation
Run No . Measurements 1.D., cnm, Depth, cm. Material rate, gm/sec
1 43.9 A,B 5.08/3.81 25.4 Plastic 7.56
2 50.0 AB 5.08/3.81 25.4 Plastic 7.56
3 55.6 A,B 5.08/3.81 25.4 Plastic 7.56
4 61.7 A,B 5.08/3.81 25.4 Plastic 7.56
5 67.8 A,B 5.08/3.81 25.4 Plastic 7.56
6 73.9 A,B 5.08/3.81 25.4 Plastic 7.56
7 83.9 AB 5.08/3.81 25.4 Plastic 7.56
FM1 53.9 A,B,C,D 5.08/4.45 25.4 Plastic 7.56
FM2 62.8 A,B,C,D 5.08/4.45 25.4 Plastic 7.56
M3 37.2 A,B,C,D 5.08/4.45 50.8 Plastic 7.56
FM4 46.1 A,B,C,D 5.08/4.45 50.8 Plastic 7.56
FM5 62.8 A,B,C,D 5.08/4.45 50.8 Plastic 7.56
VP1 37,2 A,B,E 6.03/5.10 24.1 Steel 7.56
VP2 46.7 A,B,E 6.03%5.10 24.1 Steel 7.56
VP3 58.9 A,B,E 6.03/5.10 24.1 Steel 7.56
VP4 64.4 A,B,E 6.03/5.10 24.1 Steel 7.56
MIX1 57.2 A,B,D,E 6.03/5.10 25.4 Steel 7.56
MIX2 61.7 B,D,E 6.05'5.10 25.4 Steel 7.56
ST1 40.0 B,E,F 6.03/5.10 25.4 Steel 7.57
ST2 46.7 B.E,F 6.03/5.10 25.4 Steel 7.57
ST3 53.3 B.E,F 6.0¥5.10 25.4 Steel 187
ST4 61.7 B,E,F 6.03/5.1C 25.4 Steel 7.57

A = Bottom Pressure, B = Exit Temp., C = Side Wall Pressure, D = Steam Velocity,

E = Vent Pressure, F = Surge Tank Pressure



movies are stored in the Nuclear Energy Laboratory of the Chemical,
Nuclear, and Thermal Engineering Departmenf of the School of Engineer-
ing and Applied Science at the University of California, Los Angeles,

The movies and the raw data are available on request.

2.4 Experimental Error Bounds

This section gives a summary of the error bounds involved
in the various instruments used in the experiments. In general, the
error involved in these instruments was acceptable with the exception
of the hot-wire anemometer.

(a) Error involved in temperature measurements:

The thermocouple output was connected to a galvanometer and

the eye-ball accuracy of the scale »f the instrument was + 1.0°C.
The error involved in the thermocouple itself is less than 1.0°C.
The response time of the gage 36 chromel-alumel thermocouples was
tested and was found to be on the order of 20 msec. A typical picture
of the thermocouple response as seen on the screen of an oscilloscope
is shown in Figure 2.6.

(b) Error involved in pressure measurements:

The reference pressure for the pool bottom pressure trans-
ducer could be off by approximately half an inch of water since the
pool water level slightly changes throughout the experiment due to
the steam injection. This corresponds to an error of .128 kPa. The
error involved in the actual measurements was less than 0.75% of the
rated value, e.g., for a 344.5 kPa transducer, the error will be

less than 2.58 kPa. As for the time response, the mau.facturer



provided 2 response time to a step pressure of less than one milli-
second,
(¢c) Error involved in flow meter measurements:

Hot-wire anemometers were used to measure steam velocities.
However, since most manufacturers were not equipped with a steam
facility, a calibration test was performed. Due to the additional
temperature effect on the electronics, large errors were expected
in the velocity data up to a few hundred percent. Therefore, the
magnitude of the velocity measured was not reliable. However, these
probes have response times as fast as 0.1 ms. Hence, the measure-
ments would give accurate times for which large velocity changes occur.
Appendix B presents the details of the calibration test.

{(d) The error in the synchronization:

A check was made on the synchronization by comparing the
movie data and the exit temperature data. The time at which a step
jump in temperature as the interface swept across the thermocouple
junction was compared to the time from the movie data at which the
interface clears the thermocouple. The comparison shows that the
synchronization could be off by as much as 10 msec (the response time
of the thermocouple was taken to bhe 20 msec in this comparison) in
some runs. But for most of the runs, the comparison was within a
few milli-seconds.

(e} Error in the neon timing lights on the film:
No exact value was given by the manufacturer, but the error

between flashes was expected to be on the order of a micro-second.
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CHAPTER 3

RESULTS OF THE EXPERIMENTS AND OBSERVATIONS

3,0 Introduction

This chapter summarizes the results of the experimental
study which represents the first stage of the approach taken to in-
vestigate the problem of low flow vapor injection. As mentic .d in
Chapter 1, two steps were taken in this stage. The first step
began with a qualitative study of the problem of vapor injection in
general. Then, the emphasis was focused on the low flow injection
process or steam chugging. The results of this step provided a basic
understanding of the vapor injection process, and also detailed infor-
mation concerning the relationship between the interfacial motion
and the hydrodyn;nic loads at the pool boundaries. In the second
stcf. the emphasis was to obtain information concerning the dynamics
of the steam upstream of the interface. The physical parameters con-
cerning the thermal -hydraulics of the steam were measured in an
attempt'to relate the upstream phenomena to the interfacial motion
observed in the first step. An overall physical picture was then

formulated to facilitate the development of the theoretical model.

3.1 Visual Experiments--Qualitative

This section presents the results of the set of qualitative

experiments made to obtain som general understanding of the vapor
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injection problem in general.

It is well known in two-phase flow that numerous flow regimes
exist and can be classified in terms of a flow regime map with the
axes composed of the parameters signifying the physically -~mpetitive
mechanisms: namely, the liquid phase flow rate and the gas pha:e
flow rate . The vapor injection problem is similar in nature. It
involves the competitive processes of vapor injection and conden-
sation. Thus, a condensation 1cgime map, which characterizes the
numerous condensation modes, is expected to exist. The natural
parameters for the classification are expected to be the pool sub-
cooling, which characterizes the condensation rate and the vapor
injection rate.

The following sections give the criteria used in separating
the various condensation regimes, and t'e resulting condensation
regime map. It is shown that the 1 terfacial motion admits certain
characteristic patterns for different ranges of the vapor injection
rate and pool temperatures.

3.1.1 The Criteria for Separating the
Condensation Regimes

As mentioned in Section 1.2, Greef, in his vapor injection
experiments, had observed that the stable cone-shaped vapor jet
which prevails at high vapor flow ceases to be stable as the flow
becomes subsonic. Hence a natural dividing line between stable and
unstable jets is the sonic transition. However, the main objective
of the present study is focused on the low flow situation where the

Mach number of the steam is on the order of 0.1. In this low flow




region, an additional complexity is introduced because of the peculiar
dependence of the condensation processes on the pool temperature.
Thus, in contrast to the high flow situation, with the steam flow
being the only important parameter, in the low flow cas:, both the
pool temperature and the steam flow are of equal importance.

Siuce vapor injection means the existence of a continuously
fed vapor region in a subcooled liquid, the criteria established for
differentiating the various condensation modes were hinged upon tne
dynamics of this vapor region. In the low pool temperature situation,
the vapor region normally exists as a cone or a bubble with a dia-
meter approximately the same as the injection pipe. Further-
more, this vapor region usually occupies the space below the pipe
exit. However, in the high pool temperature situation, the vapor
region usually has a diameter larger than that of the injection
pipe. Furthemore, the vapor region tends to extend above the pipe
exit and encapsulate part of the pipe. Hence a natural criteria to
separate the condensation modes is whether the vapor region exists
above or below the pipe exit. This leads to the horizontal separation

line at around 75°C on Figure 3.1.

The other criterion which leads to the vertical separation lines

on Figure 3.1 is related to the release of steam bubbles from the
oscillatory vapor region. In the low pool temperature situation,
at high steam mass fluxes, the bubbles detach from the oscillatory
cone at i1ts tip, which is usually a couple of pipe diameters below
the exit. As the mass flux reduces, the point at which bubble

detachment occurs is moved up to within one pipe diameter below the
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exit. This is where the bubble oscillation region begins. The dis-
tance between the point of detachment and the pipe exit is so close
that the shape of the steam region resembles that of an oscillating
spherical bubble. Further reduction in steam mass flux causes the
detachment point to move closer to the vent exit and periodic rushes
of water up the pipe occur. This is called the steam chugging region.

At high pool temperatures (>80.°C), the bubble detachment
process is similar but the point at which detachment occurs could
be above the vent exit. In these cases, the dotached bubble floats
4p towards the pool surface while condensing.

Using the above mentioned criteria, a condensation regime map
was established. Owing to the crude methods used in estimating the
steam mass flux, the boundaries of the various condensation regimes
were only approximate. However, these estimates were accurate
enough for illustrating the existence of the various characteristic
interfacial motion patterns for different ranges of pool temperatures

and steam mass fluxes.

3.1.2 The Condensation Regime Map

Figure 3.1 shows the results of this set of experiments based
on the criteria established in the previous section. The range of
mass flux covered was roughly from 175.0 kg/mz-sec to 1.0 kgfmz—sec.
corresponding to Mach. Nos. of 0.1 to 0.5. The range of pool temperatures
covered was from 30°C to 90°C while the pool pressure was atmospheric.
when the pool temperature is above 70°C, the steam region
encapsulates the vent exit. At high mass fluxes, the steam region

1s ellipsoidal with a small diameter of approximately eight vent
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diameters. The long axis of the ellipsoid is parallel to the vent
pipe, and it has a length of about ten pipe diameters. It should be
mentioned that although the initial pool level was only ten pipe
diameters the steam injection caused a rise in pool level of about
10. - 12. cm. No obvious bubbie¢ detachment was observed. It is
apparent that the wavy interface of the ellipsoid is responsible for
all the condensation that is taking place.

At lower steam mass fluxes (Region 2), the steam region
exists as a smaller ellipsoid as shown in Figure 3.2. The steam
region still encapsulates the pipe exit due to the high pool tempera-
ture; however, an obvious detachment process is identified. Starting
from the point when a detachment has just occurred, the steam region
that encapsulates the pipe exit will start to grow again to attain
an ellipsoidal shape. As the growth achieves a maximum, the ellipsoid
begins to translate downwards due to the steam momentum, while a
circumferential instability begins to develop around the steam region
like a belt. Then, as the translation progresses, the "belt"
develops into a penetrating layer of liquid which cuts off the lower
portion of the ellipsoid. This portion once detached from the main
region will collapse while another ellipsoid will develop at the
exit and the process repeats. The detachment frequency of this type
of bubble is about 11.0 Hz.

At still lower mass fluxes (Region 3) the steam region moves
up to encapsulate more of the vent pipe as shown on Figure 3.3. The
point at which detachment occurs is above the vent exit. The detach-

ment process initially starts out as a liquid "belt" around the
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cylindrical bubble which is translating upwards after it achieves
its maximum size. As the liquid "belt" tightens, the steam region
above the "belt" is separated from the steam region below. This
separated volume of steam condenses as it floats up towards the pool
surface. The lower steam region which is still encapsulating the
pipe exit then begins to grow to another cylindrical column and then
another "belt" forms and the process repeats. The detachment
frequency is about 7. Hz for this type of bubble.

For pool temperatures below 70°c, at high mass fluxes
(Region 4), the steam region exists as an oscillatory conical jet
below the vent exit (Figure 3.4). The detachment point is about
1-1,/2 pipe diameters below the vent exit. The bubble detachment
process starts off as a liquid "belt" wrapped around the cone. As
it begins to penetrate into the vapor cone, the vapor cone is
translating downwards. Eventually when detachment occurs, the cone
has already moved approximately half a pipe diameter's distance.
This process may also be thought of as an instability which grows
as the vapor region translates downwards away from the exit, and
eventually the instability grows large ecnough to'cut off' a volume
of vapor from the vapor cone. The frequency of detachment is around
40 Hz.

At lower steam mass fluxes, the initial position of the
instability occurs at the pipe exit. Thus the actual point at
which detachment occurs moves up to within one pipe diameter below

the exit which causcs a change in shape of the vapor region (Figure 3.5

) from that of an oscillatory cone to that which resembles more of un




oscillatory bubble. The frequency of bubble detachment is about
26 Hz.

Further reduction in the steam mass flux causes the point of
detachment to move toward the exit. Eventually, a point is reached
where the point of detachment is right at the exit. This is take.
as the boundary for the steam chugging regime because the vapor
region could only exist periodically in the pool and the pool water
periodically enters the pipe. The chugging regime can be separated
into three different regions with distinct characteristics.

When the pool temperature is below 40°C(Region 6¢c),it is
observed that all the condensation occurs basically inside the pipe.
Tis type of chugging is therefore called internal chugging. Bubble
formation at the pipe exit is a rare event, since the interface
rarely moves below the vent exit. The frequency of this type of
chug is about 2 - 3 Hz.

At higher pool temperatures(40°C-60°C,Region 6b), the inter-
face is able to progress beyond the pipe exit. A small cylindrical
vapor region is formed below the pipe exit. However, immediately
after the formation of the cylindrical bubble, a rush of the sur-
rounding water toward the vapor region is observed. This rush of
water simply separates the cylindrical vapor region from the pipe.
Thus, a detached bubble is formed in the pool; and, therefore, this
type of chugging is referred to as detached bubble chugs. After the
detachment, a rush of water up the vent pipe follows. This type of
chugging occurs at a frequency of about 2 - 3 Hz,

For pool temperatures around 60°C - 80°C, another type of
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chugging process dominates. This type of chugging involves the for-
mation of a bubble after the interface has progressed beyond the pipe
exit. As the bubble grows, the vapor region begins to encapsulate
the pipe exit. This type of chugging is therefore called

the encapsulating bubble chug. The collapse of this type of bubble
is also initiated by the formation of a circumferential instability
around the bubble. It bears some similarities to the high pool
temperature bubbles except for the fact that the collapse of this
type of bubble generally leads to a rush of water into the exit. The
frequency of occurrence for this type of chug is typically 1 - 2 Hz.
The reduction in the frequency is due to the additional time taken
for the bubble growth process.

The last condensation regime in this discussion (Region 7)
involved no detachment process and the steam-water interface exists
right at the pipe exit. The steam mass flux is very low in this
regime; in fact, the flow is so low that it is impossible to
determine the steam mass flux in the present experiments. This con-

densation regime is characterized by an oscillatory interface at

the pipe exit. The oscillations are just sufficient to induce con-
vective processes in the water to remove the heat from the conden-

sation at the interface.

Finally, for pool temperatures above the dotted line at the
top of Figure3.l,steam is observed to escape from the pool surface.

Hence, the rather complicated phenomena involved in vapor
injection could be systematically classified in terms of a simple

condensation regime map. The coordinates of the map were the pool
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temperature which characterizes the condensation, and the steam mass
flux which characterizes the driving mechanism. The classification
was made based on two simple criteria involving the location of the
vapor region relative to the injection pipe exit ana the way at which
bubble detachment occurs. Although this classification was ob-
tained from a particular system geometry, it is apparent that all
vapor injection systems behave in a similar way,

In the low steam mass flux situations, a phenomenon called
steam chugging was observed. The corresponding pressure at the pool
bottom indicated large negative and positive pressure spikes. The
detailed study on these spikes are presented in the next section.
3.2 Detailed Experiments on the Interfacial

Motion and the Hydrodynamic Loads on
the Pool Structure

The qualitative results presented in the previous section
indicated the existence of three different modes of condensation in
the chugging process depending on the pool temperature. This section
presents the results of the detailed experiments performed to study
cach of these modes. The first section (3.2.1) presents the detailed
movie data as well as the physical observations, and the second
section (3.2.2) shows the detailed pressure data measured at the pool

solid boundaries.

3.2.1 Detailed Results on the Interfacial Motion

A. Internal Chgg

At low pool temperatures (a40°C) the most frequent mode of

chugging is the internal chug. The detailed interracial motion
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inside the vent pipe for an internal chug is shown on Figure 3.6.
From the high speed movies it is observed that as the interface
progresses down the pipe, an annular flow situation is developed
such that the steam region is surrounded by a layer of liquid which
is attached to the pipe wall. The development of this annular flow
situation has to do with a flow separation phenomenon which occurs
when the chug attains its maximum height in the vent. It is observed
that as the water slug approaches its maximum height, the interface
spreads from that of a horizontal flat interface to an inclined
interface. A portion of the interface is retreating while the rest
is still progressin, upwards, Steam begins to flow towards the
exit following the portion of the interface which is retreating.
Thus a flow separation situation is created where the steam flows
downwards towards the exit while the rest of the water slug is still
moving upwards cresting an annular flow sitnation inside the vent
as depicted in pictures 1, 2, and 3. Notice the smooth and glassy
nature of the interface during this period.

As the steam progresses further down towards the exit, a
small interfacial instability begins to develop (picture 2). As this
instability grows, it begins to penetrate into the steam region;
and, eventually, it "bridges'" the gap between the wall liquid
layers isolating a small volume of steam from the main stream
(picture 5). Following the "bridging," the isolated bubble starts
to collapse. (t reaches a minimum volume as shown in picture 6 and
then rebounds in pictur~ 7 while shattering to a mist of small

bubbles at the same time. The steam in the bubble is being
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compressed, due to the liquid inertia, to a high pressure; although
in this case the compression is only moderate.

While the interesting bridging phenomenon is taking place
at the end of the steam region, a more interesting phenomenon is
occurring on the pipe wall. The stable glassy interface of the wall
liquid layers in picture 2 are rapidly becoming wavy and rough as
the water front stopped moving at picture 3. Notice that the water
front stayed at approximately the same location from picture 3 to
picture 8. This premature slow-down of the water slug motion indi-
cates that the steam pressure in the vent is below that of the water
in the pool. Moreover, it is apparent that as the water front
stopped its motion, the liquid layers draining off of the upper part
of the pipe began to accumulate at the vicinity of the water front,
The phenomenon not only causes a rapid roughening of the interface,
but also the formation of some water droplets due to the shearing
force between the liquid layers. The rapid increase in the heat
trans fer surface causes a sudden rise in the local condensation rate.
Thus, the initially low steam pressure suffered another rapid de-
crease which leads to the collapse of the entire steam region at that
vicinity (picture 8). This is the physical mechanism which is respon-
sible for the underpressure developed in the pipe which in turn
provides thr suction force to pull a slug of water up the pipe.

Hence, the "bridging' phenomenon, which causes the bubble to
be isolated, is the initiating mechanism which leads to the hydro-
dynamic loads which are generated by the collapse and rebound of the

isclated bubble. The accumulation of draining liquid layers at the
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exit is the main cause for the underpressure in the pipe that pro-
vided the suction force for the chug. Chug heights are usually

very high (~10 pipe dia. above the exit) due to the large magnitude
of the underpressure.

B. Detached Bubble Chql

Another frequently observed mode of chugging at low pool
temperatures (~50°C) is the detached bubble chug. In this case the
steam-water interface is able to progress beyond the pipe exit form-
ing a cylindrical bubble in the pool (Figure 3.7, pictures ! and 2).
The interface velocity is seen to be high during the discharge.
However, the resulting bubble in the pool immediately begins to
collapse. This is apparent from the constrast depicted at the
bubble surface. The glassy interface of picture 2, which is a charac-
teristic of a stable growing steam region, turned into an unstable
rough surface, a characteristic of a collapsing steam region. The
immediate collapse indicates that the steam pressure at the inter-
face as it clears the vent exit is below that of the surrounding
pool water. However, the rapid collapse is a result of the pene-
tration of a number of liquid jets into the bubble (picture 4). The
upper ones which are closer to the exit cause the bubble to be de-
tached from thae pipe before the collapse is completed. The high
interface velocities developed at the end of the collapse process
indicate tha: the steam in the bubble suffered a large compression
before it was finally shattered into a mist of small bubbles.

At the same time, the liquid layers draining off of the pipe

wall start to accumulate at the exit; and, eventually, cause a
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collapse of the entire steam region at that vicinity, forming a two-
phase mixture as depicted in picture 5.

This type of chugging is characterized by high chugging
heights (~8 dia. above the exit), low steam pressure during inter-
face clearing, and high discharge velocity. The hydrodynamic loads
are again generated by the bubble collapse and shattering while the
underpressure in the vent, caused by the liquid accumulating at the exit

is responsibile for the suction force for the chug.

C. Encapsulating Bubble Chug

At higher pool temperatures (~50°C), the encapsulating
bubrle chugs are more frequent. The characteristics of this type
of chuy are: as the interface clears the vent exit the steam region
immediately spreads out and grows upwards to encapsulate the vent.
This indicates that the steam pressure is high as the interface
clears the exit., The discharge velocity for this type of chug is
generally low as compared to the detached bubble chug. Also the
chugging heights are usrally lower (»3 pipe dia. above the exit).
As the growth reaches a maximum the bubble begins to translate up-
wards towards the pool surface while a liquid jet develops at the
bottom of the bubble (Figure 3.8, pictures 6 and 7). The jet pene-
tration from the bottom indicates that the bubble pressure, as well
as the steam pressure near the vent exit at that moment, is below
that of the surrounds. However, the coliapse would have been quite
mild if it were not for the penetration of the jet. In picture 8 the
bottom of the bubble is flat as compared to the bubble in pictures

6 and 7. The liquid jet has already penetrated through the lower



part of the bubble into the vent pipe. It is clearly shown in
pictures 9 and 10 that the lower half of the bubble is wavy and
rough, indicating rapid condensation; while the upper half of the
bubble is still smooth and shiny, indicating a stably growing inter-
face. Picture 11 shows the shattered bubble after the collapse.

In some cases, a rebound before shatter is observed, but generally
the collapse is so rapid and irregular that the bubble shatters

into a mist of smaller bubbles before the collapse is completed and
no rebound is observed. However, the high interface velocity devel-

oped at the end of the collapse right before it shatters indicates

that the steam is highly compressed and high pressures are generated.

The important feature of this type of chug is the liquid jet
penetration from the bottom of the bubble. As the jet enters the
vent exit from below, it not only cuts off the encapsulating bubble
from the vent exit, but also becomes atomized and turns itself into
a shower of droplets due to the liquid-solid impact, The sudden
increase in heat transfer surface causes a rapid condensation of the
steam in both the bubble and the vent exit vicinity. This leads to
the rapid collapse of the bubble as well as an underpressure in the
vent which provides the suction force for the chug. Another typical
case for this type of chug is shown on Figure 3.9. The liquid jet
penetration is even more obvious,

For this type of chug, the initiating mechanisms for both
the bubble collapse and the vent underpressure is the penetration of
the liquid jet. The bubble collapse in turn generates the hydro-

dynamic load while the vent underpressure causes the chug.
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At still higher pool temperstures (a60°C), instead of having
a liquid jet which penetrates vertically upwards, the liquid jet
penetrates at an angle. Picture 5 in Figure 3.10 shows the .nitial
penetration which resembles more of a circumferential penetration;
however, the penetration occurs above the vent exit. The bubble is
separated into two different bubbles, a lower one attached to the
vent exit, and an upper one, surronding the pipe. Both of them
cllapse at approximately the sam: time. In contrast to the previous
case for lower pool temperatures, this type of chug does not lead
to a large underpressure in the vent. The reason for this is due to
the different way in which the liquid penetration occirs. The cir-
cumferential type liquid penetration does not cause an atomization
in the vent because the penetration from the side is above the vent
exit. The jet impinges onto the outside pipe wall, atomizes to a
shower of droplets and causes the bubbles (upper and lower) to collapse
rapidly. The underpressure which occurs in the vent caused by this
type of chug is very mild as compared to the previous case. Thus,
the chug heights are also reduced (A1 pipe dia. above exit). How-
ever, the hydrodynamic loads are expected to be comparable because
the compression pressure caused by the collapse is expected to be
about the same, the only difference being the smaller bubble size
due to the separation. There may also be a "cushioning" effect,
in the sense that one bubble acts as a cushion for the other during
the collapse, which could reduce the collapse pressure. However,

this is only valid when the bubbles collapse at different times.
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3.2.2 Detailed Results on the Pressure Spikes
at the Pool Solid Boundaries

A. Internal Chug

As described in the previous section, at low pool temperatures
(~40°C), the most frequent type of chug is the internal chug. The
measured pressure data at the pool boundaries indicate only mild
pressure oscillations. This may be a consequence of two effects.
First, the bubble collapses inside the pipe. Hence the pipe is acting
as a shield preventing the pressure oscillations from propagating
into the pool. Second, since the compression caused by the isolated
bubble is observed to be quite mild (as shown in the motion pictures
in the previous section), the pressures developed are expected to be
small. Apparently, the initial size of the bubble has an effect on
the compression. The collapse of larger bubbles nommally leads to
larger pressure overshoots. In this case, *he initial bubble size
is limited by the vent inner diameter, hence, the maximum pressures
developed are only moderate.

B. Detached Bubble Chu&

Pressure oscillations of considerable magnitude are observed
for this type of chug. The measured pressure oscillations at the
poo’ bottom show that a pressure undershoot is followed by a sharp
overshoot., A typical pressure spike measured at the boundaries of
the pool is shown on Figure 3.11. The magnitude of the spikes,
both the negative and the positive, is approximately 10 kPa at the
pool bottom and slightly less at the side wall. This type of chug-
ging is most frequent for pool temperatures ~50°C.

The pressure oscillations can be divided into two different
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periods. The first one is from the point where the underpressure
begins until the peak. The second period is referred to as the
"ring out" by other workers in the field. It is believed that the
“ring out" has to do with the fluid structure interaction following
the initial pressure overshoot,

The physical picture obtained from the visual studies of the
interfacial motion suggests that the initial pressure undershoot is
due to the penetration of a liquid jet into the bubble. The increased
heat transfer due to the jet causes an increase in the condensation
rate which leads to a pressure undershoot. The reduced pressure in
the bubble provides the driving force for the rapid collapse. How-
ever, towards the end of the collapse, the high velocities developed
in the liquid tend to over-compress the steam which causes the
pressure overshoot. The shattering of the bubble into a mist of
minute bubbles terminates the event while the "ring out" continues.

From these observations, it can be deduced that the control.ing
parameters which affect the magnitude of the overshoot and the under-
shoot are the initial bubble radius and the heat transfer in the jet
penetration period. The lower bound for the pressure undershoot in
the bubble can he as low as the saturation pressure corresponding
to the water temperature. This is true provided that the heat trans-
fer caused by the liquid jet is high enough. Below that point the
bubble pressure will cause boiling to occur at the bubble interface,
which is not observed in the movies. The upper bound for the over-
pressure is more difficult to assign; it depends mainly on the initial

size of the bubble, the initial underpressure caused by the jet, and



the particular way the bubble shatters. If the shatter occurs

before the bubble reaches its first minimum during the collapse,

the peak pressure would be reduced due to the "cushioning' effect of
one bubble on the other. Furthemmore, after the shatter, the sizes

of the resulting bubbles are rather small, and, as discussed before,

the collapse of small size bubbles does not generally lead to large
pressure overshoots. On the other hand, if the shatter occurs after

the bubble reaches its first minimum, the compression would be high.
Therefore, an upperbound for the pressure overshoot in thz bubble is the
maximum compression pressure of a single bubble before its rebound.

C. Encapsulating Bubble Chug

At pool temperatures of about 60°C, the most frequent mode
of chugging is the ercapsulating bubble chug. A typical pressure
trace at the pool bottom for this type of chug is shown on Figure
3.12. The corvesponding pressure measurement at the side wall of
the pool is shown on Figure 3.13.

For this type of chug, the pressure oscillations can be
divided into three periods. The first period (designated as Region
I on Figure 3.12) is from the time the pressure undershoot begins
to the time the first spike begins. The second period (Region II)
inciudes the entire period of the first spike, and the third period
is the "ring out.,"

Te interfacial motion studies suggest that the initial
undershoot is caused by the jet penetration and the jet atomization
upon impact with the vent. The pressure overshoot is due to the

compression at the end of the collapse. The spike shown on Figure
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3.13 shows that a few peaks are present within one spike; the cor-
responding side wall pressure shows some of these peaks also. These
fine peaks that occur at the end of the collapse are an indication
that the bubble collapse is non-monotonic. The bubble shape may have
been quite different from that of a sphere as the bubble volume
reaches a minimum; thus, some osciilations in the bubble shape may
have occurred before rebound and shatter occur. In other words, the
bubble may have been compressed in different directions at slightly
different times before a rebound and shatter occur. On the other
hand, these oscillations may also have been the resuit of the re-
bound during which the shatter occurs.

The lowerbound for the pressure undershoot and the upperbound
for the pressure overshoot for encapsulating bubbles are basically the

same as the detached bubbles.

3.2.3 Synchronized Movie and Pressure Data

By synchronizing the interfacial motion data and the pool
bottom pressure data, the following observations are made.

For the internal chug (Figure 13.14), the pool bottom pressure
oscillations are small. The point at which liquid bridging occurs
is when the first pressure undershoot is recorded.

In the detached bubble chug (Figure 13.15), pool bottom
pressure oscillations are larger in magnitude. The point at which
the liquid jet begins to "cut off" the bubble from the vent is when
the first pressure undershoot occurs. The pressure undershoot

reaches a minimum when the "cut off" is completed and the bubble has

already become a misty region due to the very rough interface near
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2) Internal Chugging Frequency - is the total number of

internal chugs in the run divided by the total time of
the run.

3) Average Bubble Frequency - is the total number of

bubbles in the run divided by the time available for
the bubbling process,.

4) Bubble Growth Time - is the time it takes for a typical

large bubble to grow to its maximum volume. This in-
cludes the time period where the bubble stays at its
maximum size for a while before it collapses.

5) Bubble Collapse Time - is measured from the time a

typical bubble reaches its maximum volume to the time
the collapse process is completed.

6) Avera, Duration of Chug - is the average time period
- £ g P

that the water slug stays in the vent.

7) A Chug - is a rush of water into the vent.

By examining the movie data (presented in Appendix A), which
are 5. seconds in duration, certain statistical data for steam chug-
ging could be obtained (Table 3.1). Chup' . 4 "requencies ranging
from zero to 3.2 chugs per second v- - 'y ved at temperatures above
40°C, In this temperature range (4 ° - tu v . what occurs inbetween
twe chugs has a strong influence on the chugging frequency. In
general, after a chug, several bubbles will form and collapse at the
vent exit and then another chug follows. These bubbles can ‘e
separated into two types. The first type, called the chugging

bubble, usually occurring right before the chug, is large and the



collapse rate is high. The second type, called the intermediate bubble
usually occurring after the chug and before the formation of the
‘arge bubble, is usually small (~ one half of the size of the chugging
bubbles) and its collapse rate is low. The role of the small bubbles
is to slowly warm up the water at the vicinity of the vent exit.
The existence of these bubbles is believed to be related to the high
heat transfer rate caused by the ring vortex or vortices generated
during the slug discharge. As the water warms up the condensation
rate reduces and eventually leads to the formation of the large
bubble which causes the chug. After the chug, the pool water at wne
vicinity of the vent exit drops back to the bulk pool temperature
due to the strong mixing and the process repeats.

The average chugging frequency is auite temperature dependent.
This peculiar temperature dependence can be explained with the help of
the flow regime map discussed previously. 1In the low temperature case
(~40°C), chugging occurs mainly in the form of internal chugs. The
internal chug; ng frequency is almost as high as the chugging fre-
quency. Few bubbles form inbetween chugs in this ranmge. In fact,
bubble formation is a rare event. As the pool temperature increases,
the number of bubbles formed inbetween two successive chugs increases
which causes a reduction in the chugging frequency. The other cause
of such a reduction in chugging frequency is the fact that at this
temperature range, internal chugging becomes a very rare event.
From Table 3.1, it is apparent that a threshold temperature exists
around 50°C beyond which the internal chugging frequency dmps >ff

drastically. In fact, no internal chugging was observed in any
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experiment where the pool temperatures were higher than 60°C. From
this point of view, chugging regime (2b) can be considered as a region
where two different modes of condensation exist. Above 50°C, internal
chugging is a rare event while below 50°C bubble formation is a rare
event. This means that from 40°C to 60°C is a transition region which
exists inbetween the internal chugging regime (2a) and the bubble
formation chugging reg'me (2c¢).

As the pool temperature increases, the chugging frequency be-
gins to increase again due to a sharp decrease in the average duration
of chug. This decrease is accompanied by a decrease in the ma X imum
height of chug (Fig. 13.17). The chugging frequency reaches a high
value of about 3 chugs per second at about 70°C and then starts to drop
off since water does not enter the vent above a pool temperature of
about 80°C.

For the bubble growth and collapse times, the movie data for
the seven experimental runs were reduced and summarized in Table 3.2.
Although the growth and collapse times show large ranges, it is ap-
parent that the low pool temperature cases are quite different from
the high pool temperature cases. In the low pool temeperature cases,
growth times were long and collapse times were short. The opposite
trend was observed for the high pool temperature cases.

3.2 Detailed Experiments on the Dynamics of
the Steam Upstream of the Vent Exit

This section presents the results of the set of experiments

performed to obtain more information concerning the dynamics of the

steam in the injection pipe. They represent the second step of the



08

Dia,

Maxisur Height of Chug, Ven:.

10

- N
Vent dia. = 5.08 cm
- .
y
.
L
4
- i A s A A i
40 50 60 70 80 90
Pool Tewperatures, *C
Pig. 3.17 Plot of Maximum Chugging Height vs.

Pool Temperature



18

Run No.

S —— —— — e

e e ————————————————. ———_—————

Bulk Pool Temperature (°C)

Average Chugging Frequency (sec")
irternal Chugging Frequency (sc(")
Average Bubble Frequency (sec")
Bubble Grwoth Time (wsec)

Bubble Coilapse Time (msec)
Average Duration of Chug (msec)
Maximum Height of Chug (Vent Dia.)

Average No. of Bubbles Between thgi

Table 3.1

——

164,
12.
274,
10.
1.0

p——— ——
p———

50.0
2.7

10.5
125.

19.
212.

3.5

174.
24,
229.

3.0

(Steam Mass Flux = 5.0kg/m2-sec)

161.

175.
2.5
2.8

0,
7.1
15.

EUEEESES————

—————

73.9
B

6.9
106 .
3.

a9
2.0

83.9

Chugging Characteristics at Various Pool Temperatures




B

e

T R RN =R~
|

TABLE 3.2

SUMMARY OF MOVIE DATA REDUCTION ON

BUBBLE GROWTH AND COLLAPSE TIMES

Run No. Pool Temp., Range of Bubble Avg.* Range of Bubble Avg .*
o Growth Times, ms ms. Co'lapse Times, ms ms .

1 43.9 117-157 137 13-28 21

2 50.0 56-167 81 8-39 28

3 55.5 63-174 130 11-35 20

R 61.7 77-177 117 10-43 23

5 67.8 48-137 87 25-53 35

6 73.9 55-120 86 22-49 34

7 83.9 35-35 62 33-76 48

* Arithmetic

Average



experimental stage of this study. The importance of this step is two-
fold. First, an understanding of the effect of the upstream conditions
on steam chugging is crucial for obtaining a general physical picture.
Second, these experiments also give the upstream boundary conditions as
well as the initial conditions necessary for the theoretical analysis.
The experiments were performed in the following order. The
first set concentrated on the study of the vent pressure about 50 cm
from the vent exit. The second set measured the steam velocity at
about 100 ¢m from the vent exit. The third set measured both the vent
pressure and the steam velocity in order to establish the relationship
between the two. The fourth set obtained the surge tank pressure which

is useful as an upstream boundary condition for the steam flaw in the vent.

3.3.1 Vent Pressure Experiments

The set of experiments and conditions for each run are presen-
ted in Appendix €. This set of experiments is intended to relate the
interfacial phenomena, occurring at the pool exit, to the stcam pres-
sure variations in the pipe. They will be used, in a later chapter, to
establish the initial conditions in the pipe for the theoretical comparison.

A typical case is chosen for this discussion. Figure 3.18
shows the simultaneous vent pressure data with the pool bottom pressure
data and the vent exit temperature. The first chug in that run, an en-
capsulating bubble chug, occurred at 0.46 sec after data acquisition
began. A drop in the pool temperature at that point from that of the
steam to that of the pool water is shown. Comparing the pool bottom
pressure data with the vent pressure data, it 1s apparent that at

the time an underpressure begins in the pool bottom pressure, an
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underpressure is also experienced in the vent. This indicates that
the simultaneous undershoots in both the vent and the pool are
initiated by the same phenomenon--the liquid jet penetration and
atomization.

The second chug (at 1.1 sec.) is an internal chug; the inter-
face was able to progress to approximately 2 cm. above the vent exit
(where the exit thermocouple is located) and stopped there for a short
period of time while the liquid layer draining off the pipe wall accum-
ulating at the exit caused a rapid underpressure. The vent pressure
data clearly shows a large underpressure. However, shortly after the
interface chugged up the vent, another underpressure occurred. The
cause of this second underpressure is unknown. However, it is apparent
that the two underpressures are similar in nature in terms of magni-
tude and duration, although the second one is generally less than
the first in magnitude. Therefore, it is suggested that the second
underpressure may have been caused by a rapid increase in the heat
transfer surface. As discussed in Section 3.2.1.A in regard
to internal chugs, it is observed that as the slug coasts down to a
stop, part of the interface begins to retreat while the rest continues
to flow upward. This spread in the interface may have been the cause
of the rapid condensation which leads to the second underpressure.
Unfortunately, this set of runs was made using the steel pipe, which
enables the mounting of the pressure transducer near the vent exit;
but blocks the physical observation by the movies. However, the
spread of the interface has been observed and a flow separation

condition develops where the steam begins to penetrate into the water






3.3.2 Steam Velocity Experiments

Figure 3.19 shows the simul taneous velocity data with the
pool bottom pressure data. It is clear that the rapid velocity in-
creases correspond with the chugs. The first chug in that run is an
encapsulating bubble chug. It is apparent that the velocity increase
occurred after the initiation of the unde:rpressure in the pool bottom
pressure data. Thus it appears that the velocity increase was a
consequence of the vent underpressure. Examination of the other
runs in the set confirmed this observation. However, no particular
characteristics are found between the three types of chugs in the
velocity data. Although there are some inaccuracies irvolved in
terms of the magnitude of the steam velocity, the responses of the
flow meter to velocity variations are accurate. Figure 3.19 shows
the steam flow transient inside the pipe.

3.3.3 Mixed Vent Pressure and Steam
Velocity Experiments

This set of experiments was performed to confirm the obser-
vations made in the last two sets of runs. It is found that the
velocity rise follows after the initiation of the vent underpressure
in all the chugs. Figure 3.20 shows a typical set of simul taneous
velocity data, vent pressure data, and the vent exit temperature data.
Again, no direct relation between the velocity data and the three

types of chugs were identified.
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3.3.4 Surge Tank Pressure Experiments

This set of experiments was performed to obtain the pressure
fluctuations in the surge tank in relation to that in the vent. A
typical set of simultaneous vent pressure and surge tank data is
shown on Figure 3,20. It is found that a corresponding underpressure
in the surge tank occurred slightly after the first underpressure in
the vent pipe. The time difference between the initiation of the
underpressure in the vent and that in the surge tank is approximately
12 msec in all cases. This period is approximately the time it takes
for a rarefaction wave to propagate from the exit to the surge tank.
This confimms the previous observation that the underprssure at the
surge tank is a conscequence of the rapid condensation at the vent
exit.

3.3.5 Statistical [ata

A set of statistical data obtained from this set of experi-
ments is compiled and depicted on Table 3.3. The magnitude of the
average vent underrressure decreases as the pool temperature is
increased. This behavior of the vent underpressure agrees with the
decline in chug height at high pool temperatures observed in the
plastic pipe experiments. The average duration of the vent under-
pressure w is found to be quite insensitive to the pool temperature.
Only a very mild increase in w is observed for the range of pocl
temperatures in these experiments., Of more interest is the time
interval between two successive underpressures in a chug, at. Al-
though some statistical fluctuations are expected, it is seen that

&t is large at low pool temperatures and small at high pool
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temperatures. This indicates that the second underpressure could be
a result of a change in the water slug velocity or perhaps the direc-
tion of the acceleration. In the discussion of the vent pressure
experiments (Section 3.3.1), it was pointed out that the second vent
underpressure may have been caused by an interface spreading phe-
nomenon occurring as the slug coasts down upon reaching its maximum
chug height. This temperature Jependence of At seems tc reinforce
that explanation because the chug heights are usually higher at low
pool temperatures and the time taken to reach its maximum is also

longer.

3.4 Summary ot the Physical Observations
and Discussion

The results of the qualitative visual experiments show that
the interfacial motion admits certain characteristic patterns for
various ranges of the vapor injection rate and pool temperatures.
Hence, the rather complicated phenomena involved in vapor injection
are systematically classified based on the observed differences in the
interfacial motinn patterns. A simp)e condensation regime map is
formulated bascd on two criteria that defined the separation lines
between various conlensation regimes. The first one is concerned with
whether the steam region exists above or below the vent exit. The
second one involves the loc: **.n where the bubble detachment occurs.

When the point of detachment is at the pipe exit, the existence
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of the steam regiv ‘n the water becomes intermittent. This is the
point where steam chugeing is considered to occur.

Detailed interfacial motion pictures indicate the existence
of three different modes of chugging. The first type is the intermal
chug where all condensations occur inside the vent pipe. The charac-
teristics of this type of chug are the high chugging heights, and
the low vent pressure during water discharge. The detached bubbie
chug is the second type, where the bubble is "cut of £ from the
pipe upon interface ciearing. They are characterized by the high
chugging heights, the high velocity and the low steam pressure
during interface clearing. The third type is the encapsulating
bubble chug, where the steam region grows to encapsulate the vent
exit after interface clearing. This tyvpe of chug is characterized by
lower chugging heights, low discharge velocity but high steam pressure
during interface clearing.

For the first two types of chugs, the mechaniss that causes
the chug is the rapid condensation of the vapor by the layers of
liquid draining of pipe wall at the pipe exit.
encapsulating bubble chugs iquid jet penetration and atomi:z
at the pipe exit is the mechanisa responsible for causing the chug

The pressure measurement: at the pool colid boundaries indicate
that only mild fluctuatis.s are experienced for intermal chugs. How-
ever, both the detached bubble chugs and the encapsulating bubble
chugs cause large pressure undershoots and overshoots. The magnitude

of these fluctuations is higher for the encapsulating bubbles. B8y

the nature of the pressure fluctuations, three different periods can




identified. The first period beg’ s with the undershoot until the
overshoot occurs. This is caused by the rapic condensation occurring
in the bubble as the liquid jet penetrates intn the bubble. The
second period includes the entire pressure overshoot which is found
to be non-monotonic. Tl.s is a consequence of the over-compression
at the end of the rapid bubble collapse following the liquid jet
penetration. The third period is called the "ring out" which in-
cludes the oscillations subsequent to the initial pressure peak.
These observations are confirmed by a set of synchronized movie and
pool bottom pressure experiments.

The lower bound for the underpressure is the saturation
pressure corresponding to the water temperature. The upper bound for
the overpressure is the collapse of a bubble, under the influence of
the rapid condensation introduced by the liquid jet; with no
bubble shatter until a full compression is achieved. Early bubble
shatter leads to smaller pressures due to the 'cushioning" effect.

Statistical data give the general trends of the chugging
phenomena at various pool temperatures. The existence of these
trends is a direct consequence of the characteristics of the three
chugging modes. The chugging frequency is high in the internal chug
region, where pool temperature is low, and also in the encapsulating
bubble chug region, where pool temperature is high; however, for
intermediate pool temperatures, the chugging frequency is low. The
explanation for this peculiar pool temperature effect is that the low
temperature internal chugs involve short bubble formation time while the

lhigh pool temperature encapsulating bubble chugs involve short chugging



time since the chugging heights are low. However, for the inter-
mediate pool temperatures, both chugging time and bubble growth time
are long; and, in addition, there are the intermediate bubbles which
grow and col lapse before the formation of the large bubble which causes
the chug. These effects tend to reduce the chugging frequency. Be-
sides the chugging frequency, the chug heights also show a dependence
on the pool temperature. As the pool temperature increases, the chug
height rapidly decreases because of the change in the direction of

the liquid jet penetration at higher pool temperatures from vertically
upward. The jet penetration is then pointed more to the outside wall
of the vent rather than directly into the vent.

The experiments concerning the upstream steam behavior indi-
cate that an underpressure condition in the vent occurs prior to all
the chugs. The data also show that the vent underpressure as well as
the pressure undershoot in the pool are initiated by the same mechan-
ism: the rapid condensation caused by the liquid jet penetration into
the bubble. A rise in steam velocity follows immediately after the
vent underpressure; and after a time of 10 ms the travelling time of
a rarefaction wave, the surge tank pressure suffers a decrease.

The statistical dats obtained from this set of experiments
show that the magnitudes of the average vent underpressure and the
average steam velocity both decrease as the pool temperature is
increased. The decreased vent underpressure at high temper-
atures agrees with the observed decline in the chugging height. How-
ever, the average duration of the vent underpressure W is found to

be quite insensitive to the pool temperature. On the other hand,




the average time interval between two successive underpressures in
the same chug ( A€ ) is found to decrease as pool temperature is in-
creased.

In comparing the steel pipe experiments with those of the
plastic pipe,some important differences are worth mentioning. First,
the steel pipe experiments indicate that pressure spikes other than
those generated by the bubble collapse are preseat. They generally
occur at interface clearing or during a chug. These spikes are charac-
terized by short durations (/v2ems) and large magnitudes. In addition, in
contrast to the spikes generated by the bubble collapse, these
spikes are generally not foilowed by a "ring out." Table 3.4 depicts
the magni tude of these spikes as a function of pool temperature. A
definite decrease in the magnitude of the underpressure is observed
as pool tempcrature is increased. However, the magnitude of the over-
pressure does not show any pool temperature dependence. Second, a
difference in the chugging frequency is observed between the plastic
pipe cxperiments and the steel pipe experiments. Table 3.5 shows
a comparison. Lower chugging frequencies are observed for the steel
pipe experiments which may be a result of the additional condensation

on the pipe wall due to the high heat capacity of the steel pipe.



TABLE 3.4

THE CHARACTERISTICS OF THE ADD!TIONAL PRESSURE SPIKES
(in steel pipe)

Min. Pressure in Max. Pressure in
Run No. Pool Temp., °C a spike, kPa a spike, kPa
VP1 37.2 48,2 130.9
VP2 46.7 37.9 109.6
vP3 58.9 49.6 130.2
VP4 64.4 91.6 114.4

NOTE: The occarrence of these spikes is usually during interface
clearing or during the chugging of a slug up the vent.
They do not correspond to the pressures generated by the
bubble collapse.

TABLE 3.5

COMPARISON OF CHUGGING FREQUENCTES IN STEEL
PIPE EXPERIMENTS AND IN PLASTIC PIPE EXPERIMENTS

Chugging Frequency,

Run No. Pool Temp., °C chug/sec.
VP3 58.9 1.6
VP4 64 .4 1.9
FM1 53.9 2.6
FM2 62.8 2.6
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CHAPTER 4

THEORETICAL ANALYSIS

4.0 Introduction

The analysis presented in this chapter represents the second
stage of the investigation of steam chugging. The basis to
establish the present theoretical model is the physical
picture established in the previous chapter. However, it is clear
from the discussions there that a fair amount of the physical phenom-
ena concerning the interfacial motion are not well understood; and,

a considerable amount of research is still needed before a satisfac-
tory physical understanding can be established. The present theoret-
ical model, despite its complexity, is only a first step in the
modelling of the complicated phenomena. The basic objective

is to see whether the steam chugging process could be described

by ome simple physical laws. The model also serves as a basis for
future improvements when more information concerning the numerous un-
known phenomena previously discussed become available. In the follow-
ing sections the physical processes are being modelled by (i) the
vent pipe model which computes the water slug motion and the bubble
formation during chugging and (ii) the bubble collapse model which

computes the bubble collapse pressures.

99



4.1 General Description of the
Theoretical Models

The vent pipe model for steam chugging computes the dynamics
of the steam when the water slug is in the pipe, and after vent
clearing during bubble growth. The theoretical model is shown in
Figure 4.1. The injection pipe is divided into two regions. Region
I represents the part of the pipe where no condensation occurs. The
one-dimensional transient pipe flow equations are used to describe
the steam flow in this region. When the pressure at the vent inlet
is known as a function of time, the steam velocity boundary condition
of the pipe is defined. Region II is the part of the pipe wher: large
amounts of condensation occur. It represents the part of the pipe
where a liquid layer is attached to the wall during slug discharge;
but only the submerged, cooled section of the pipe during slug upflow.
Since rapid heat transfer takes place in this region, the behavior
of the steam is assumed to be isothermmal. By requiring that the steam
pressure is continuous across the boundary, the twc regions are
coupled.

A one-dimensional momentum equation is used to describe the
motion of the water slug, the driving force being the pressure
difference between the condensation regi. o and the pool.

Upon vent clearing, the slug is allowed to progress down a
distance'ﬂgi where Yo is the pipe radius. The volume of this addition-
al length is equal to a bubble with radius Yo . This is the assumed
initial bubble volume at the pipe exit. The bubble dynamics calcu-
lation will not start until the interface has moved this distance.

This additional length is shown on Figure 4.1.
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Fig. 4.1 The Vent Pipe Model During Water Slug
Discharge and Chugging
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Fig. 4.2 The Vent Pipe Model During Bubble

Growth and Collapse
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at the end of the collapse. The heat transfer to the liquid jet as

wel. as the droplets produced during the jet atomizaticn process is
accounted for by an overall heat transfer parameter to be determined
from the experimental data. The initial conditions for this calculation

are obtained from the bubble growth claculation while the bubble is

still attached to the pipe exit. The conditions in the bubble at the
point the bubble reaches its maximum size define the initial con-
ditions for the collapse calculation. The calculation is terminated
after the bubble reaches its first minimum radius and a peak pressure
generated due to the compression. The bubble is considered to have
shattered during its first rebound. The subsecuent pressures gener-
ated by the shattered bubble, as well as the ensuing "ring out," are

neglected in the model.

4.1.1 Transient Pipe Flow Analysis (Region I)

The transient one-dimensional conservation equations for steam

flow are:

Mass Conservation P (4.1)
2L+ 2(lpv) =
2t 3

Momentum Conservation
P f’V/V/ =0

b
WoevE 555753 e
Energy Conservation '
4 2P\ _ f vVl _ (4.3)
:A+V3___ .L/ + Ve ) > =3 o

Assuming the steam behaves as an ideal gas
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where f>=

g

This set of
teristics (Shapiro,

forward or backward

dP=x pc dv= _Df:{.a viv)[ (e-) v FCJdE

= F-) P
% AL
P
steam density
pressure
velocity
enthalpy

speed of sound for steam
specific heat ratio
friction factor

pipe diameter

tiue

distance

(4.4)

(4.5)

equations are solved by the method of charac-

reference 37), the resulting equations for the

characteristics are:

along 3_3 .

and the path characteristic is:

op - 2-’,-./,»___,.’;/4_,)2/.: v v d¢

73

along -te = ¥V

These equations are non-dimensionalized by the
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(4.9)
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parameters: v?, k?‘f 7%= (.._3_
*_ P A s
T - ~ (4.10)
$9= t 5 '
L

where subscript 4 denotes the initial conditions in the pipe. The

resulting non-dimensionalized equations are:

Ir2 petdvs § 5 P [ s e e

(4.11)
/3" ’ »
;‘}6 - -;' - (4.12)
S T Vel T
dpt - Foar < % ( )Z—’ 2 wyie (4.13)
/3* ’
7e =& .19

For the upstream boundary condition, when the pressure is
prescribed at the pipe inlet, the steam velocity and density are ob-
tained from the backward travelling characteristic and the path. In
the downstream boundary, the pressure matching condition is imposed
such that the pressure in Region Il equals the pressure at the last
spacial node of Region I. This condition coupled with the equation
| for the pressure in Region II allows the determination of the steam
velocity and density at the boundary from the forward travelling

; characteristic and the path.
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4.1.2 Condensation Region in the Pipe

(Reglon 1)

A one-volume, isothermal model is used to describe the be-

havior of this region. The mass balance in this region is

‘/7—-@;": Elmy - me-lon Fa)

where  [Rw = steam density

»,, = Rate of steam flowing into Region I
m¢ = Condensation rate in Region II
dx 2
=S
It lug velocity
V= (x + x)A
and X = Distance from pool surface to the interface.

The volume of the condensation region ¥V, is a function of the
location of the interface (Figure 4.1); and, X is chosen to be
30, cm such that the height of the condensation region is higher
than the chuggino height for all chugs observed in the experiment.
This way the singularity at V=@ is circumvented. The choice of X¢
and its effects on the final solution have been studied. They are
reported in Appendix h. It is found that the solution is rather in-

sensitive to the choice of this parameter.

The mass flux flowing into this region at any instant is given

by
P = B VA (4.18)

where ﬂf and Ww arve the steam density and velocity at the boundary
between Regions I and II.

The condensation rate Mg at any instant is

Pe = b Apl Tiat = 7) (4.19)
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where A, =27% X
h = heat transfer coefficient
Tsat = Saturated steam temperature
7[ = Pool water temperature
The length of X, therefore defines the heat transfer surfacec in
this region. During slug upflow, the value of X is squal to the
sngth between the pool free surface to the interface position rep-
resenting the part of the pipe which is cooled by the outside pool
water. During slug discharge X, is the iength of the water film left
on the wall which is assumed to be the distance from the maximum
chug height to the interface position.
The pressure in this region is related to the density by the

isothermal relation for steam,

Loew £, (4.20)
ow
where 4 = ﬂ'/ F oy

i.e., k; is given by the initial conditions in the pipe which is

assumed to be saturated.

4.1.3 Water SlggﬁMotion

The motion of the water slug into and out of the vent pipe is
based on the slug model developed by Chan and Liu.32 The model is a
one-dimensional momentum balance of the water slug in the pipe. The
complicated processes of the interface spreading, and the flow sepa-
ration are not accounted for by this simple model.

The momentum balance for the water in the vent (see Figure

4.1) is given by
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dimw_ _ o 42 » () -5
72 ﬂ‘”l*‘/ et )(4.21)

where # = Slug velocity
L = Submergence depth
and Pg = Pressure of the vater at the pipe exit,

Peow 15 the pressure in the condensation region, and 2 is the total
mass of the slug which consists of the actual mass of the water
column and an apparent mass which is assumed to be proportional to
the length of the steam column in the pipe below the pool surface.
Thus, m:ﬂy/"x)A -f/g/f, Ax,

where B is the proportionality constant. In the case of no inter-
facial mass transfer, [9 was found to be between 0.2 and 0.4 for slug
discharge.32 For the slug upflow, no apparent mass is expected, and

;’ is set to zero.

The coupling between the slug and the condensation region is
more complicated. The slug position governs the volume of the con-
densation region, its velocity affects the density changes in the

region, while steam pressure in turn affects the slug acceleration.

4.1.4 Bubble Dynamics Model at the Pipe Exit

The bubble at the pipe exit is modelled by a one-dimensional,
spherical vapor bubble with a vapor source in an infinite pool. The
equations that describe the dynamics of this bubble are the conser-
vation equations for the vapor, the liquid and the interface. The
equations are presented in Appendix G.

From physical observation during the growth phase, the bubble

shape resembles that of a pear, the interface is smooth and glassy
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but irregular (see Figure 3.4.5 or 6). During the bubble collapse
phase, the surface becomes rough with liquid jets penetrating into the
bubble at certain preferential lucations, for example, the circum-
ferential "belt" which forms near the bottom of the encapsulating
bubble. Thue, the spherical bubble model is only a crude description
of the actual bubble. Furthermore, if the pool boundaries and the
free surface are close to the bubble (e.g., within a few bubble
radii), they would also alfect the bubble dynanics for both the
growth and the collapse processes. These boundary effects are not
accounted for in the present model.

The coupling between the bubble dynamics and the steam in the
vent pipe is given by the requirement that the pressure at the exit
equal that in the bubble. In addition, the steam flow at the pipe
exit acts as a vapor source for the bubble. Jo account for the con-
densation in the pipe during this period while the bubble is growing
at the pipe exit, the calculated condensation in the pipe is sub-
tracted from the steam flow at the pipe exit, and the net flow is
injected into the bubble.

The pressure maiching condition is again used as the boundary
condition at the pipe exit (see Section 4.1.1). The mass and energy

balances in the bubble with the vapor injection are:

a3 3 /% 4
= = RO T (a.21)

/% 3 5 o ac -
Cor S F et [ Gw,”m.,/r';_;)
V1<% % ( tli /37; : y ) (4.

where q. = steam density in the bubble
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r‘ = Bubble radius
" = Specific heat ratio
{, = Specific heat

The vapor injection rate is M A which is given by

MA = Ve A= Tep (4.23)
Pe and Ve are the density and the velocity of the steam at the pipe
exit respectively. Mris the condensation on the inner and the
outer wall of the pipe. The heat transfer area on the outer wall is
equal to the area encapsulated by the bubble. Since experiments show
that the growth of encapsulating bubbles is toward the pool surface,
the bottom of the bubble is assumed to be at a distance ﬁ%}ﬁ
below the exit. Hence the outside pipe area which is encapsulated

by the bubble is
/'f = J””o/!?)i" -;')i)

where Rg = Outer pipe radius
rg = Bubble radius
ro = Inner pipe

and the total condensation rate is given by

Mep = HlAp + Aop)l Tiat — %) (4.24)

Heat transfer coefficient

z
=
o
-~
°
-
"

Saturated steam temperature

-3
w
=
-
n

Tp = Pool water temperature
A,=2ThL
and L = Submergence depth

The heat transfer coefficient appearing on this equation does not
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have the same physical meaning as the h given for the condensation
in the pipe during slug discharge. However, they are expected to be
on the same order of magnitude and in the present model the same
value of h is assumed flor slug upflow, discharge, and during bubble
growth,

The criteria concerning the initiation of the bubble collapse
which leads to the chug is based in the physical observation described
in the previous chapter. These criteria, called the chugging cri-
teria, are depicted on Table 4.1. As the interface progresses toward
the exit during the slug discharge calculation, if the slug flow re-
verses before the interface reaches the pipe exit, an internal chug
is assumed. If the interface crosses the pipe exit and enters the
pool, the pressure at interface clearing is recorded. If this pressure
exceeds that of the ambient water, B » an encapsulating bubble at the
pipe exit is assumed tc form. If this pressure is less than Pg, a
detached bubble is assumed to form at the vent exit.

For the detached bubble, two conditions have to be simul taneous-
ly met before the water slug is allowed to re-enter the vent. First,
the bubble must have collapsed to 0.9 ¥ . Second, the average vent
pressure at that time must be less than Fy.

For the encpasulating bubble, three conditions have to be
simul taneously met before the water slug is allowed to re-enter the
vent. First, the bubble must have attained a radius greater than
1.5 Yo . Second, the large bubble must be collapsing and the collapse
has led to a decrease in bubble volume by 5.% from its maximum. Third,

the average vent pressure must be below the ambient water pressure 2
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The above criteria for the initiation of chugging are based on
either experimental observations or physical arguments. One of the
major differences between the encapsulating bubble chugs and the
detached bubble chugs is whether the steam pressure at the interface
as it clears the vent exit is greater or less than the ambient pressure
Pa. When this pressure is greater than Py an encapsulating bubble is
formed; otherwise, a detached bubble is formed. For detached bubbles,
since it collapses immediately after formation, its radius never ex-
ceeds that of the pipe ( Yo ). A reasonable assumption is that the
chug occurs when the bubble radius is reduced to 0.9 Y, . For
encapsulating bubbles, the bubble starts to grow immediately after
its formation. However, a few intermediate bubbles may grow and col-
lapse before a large chugging bubble is formed. The requirement
that the bubble radius must exceed 1.5 Y} is to ensure that a large
chugging bubble is formed before the water slug is allowed to re-
enter the vent. Experimental observations indicate that the radius
of the large chugging bubble is generally larger than 1.5 Y
As the bubble collapses, a jet of liquid is observed to penetrate
into the bubble from the bottom. The experimental data show that the
bubble volume is decreased by approximately 5.0% from the maximum
bubble volume when the rapid collapse of the lower part of the bubble
is observed. Finally, on physical grounds, the vent pressure must be
low during the liquid jet penetration since some driving force is re-
quired for the water slug to flow up the vent. Therefore, the last
criterion requires the average vent pressure to be below Fg.

In sum, other than the internal chug where the calculation
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Type of Chug

Internal Chugs:

Detached Bubble Chugs:

(Steam pressure at
Vent Clearing £ Pg)

Encapsulating
Bubble Chugs:
(Steam Pressure at

Vent Clearing ) Pg)

TABLE 4.1
SUMMARY OF THE CRITERIA DEFINED FOR CHUGGING

(1)

(1)

(2)

(1)
(2)

(3)

Chugging Criteria

Water slug reverses flow direction
during discharge.
Bubble radius reduces to 0.9 Yo

Average vent pipe pressure £ Pg

Bubble radius exceeds 1.5,

Bubble volume reduced by .0% for
maximum

Average vent pipe pressuie Pe

Note : Pe= water pressure at the pipe exit
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automatically predicts the slug flow reversal during the discharge,
both the detached bubble chug and the encapsulating bubble chug re-
quires that the chugging criteria described above be met before the
calculation is switched back to the first model (Figure 4.1) where
the motion of the water slug re-entering the vent is calculated.

The vent pipe model is basically completed at this point, except
for the unknown heat transfer coefficient to be determined. The set
of equations governing the condensation region and the slug motion is
solved by the Euler method. After slug discharge, the condensation
region is eliminated and the pipe flow model is directly coupled to
the bubble dynamics model at the pipe exit. The detailed solution
procedure is described in Appendix H,

4.1.5 Bubble Collapse Model and the
Peak Pressure Developed

The model used to compute the bubble collapse and the result-
ing peak pressure is the infinite pool, spherical vapor bubble model
described in Appendix G. However, instead of having a vapor source,
a vapor sink is introduced to model the condensation caused by the
liquid jet. The magnitude of the sink is to be determined from the
experimental data.

As has been stated, the penetration of the liquid jet is the
main cause for the rapid bubble collapse. Not only is the jet res-
ponsible for the introduction of a vapor sink into the bubble, it is

also responsible for separating the bubble from its vapor source, i.e.,
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the vent exit. The situation is similar to an isolated bubble col-
lapsing under the influence of a sudden pressure reduction, which
represents the rapid condensation initiated by the jet penetration
and atomization. Since the actual bubble is not spherical, and the
pipe solid boundary is neglected, the model is not expected to give
exact values for the overpressure developed near the vent exit due to
the rapid collapse. Accordingly, only an order of magni tude type of
accuracy is expected from this model.

Inside the bubble, the heat transfer to the liquid, either to
the liquid jet or the droplets from the atomization, is calculated
by an overall heat transfer coefficient, U . The heat transfer
to the liquid is then given by

Q= UAc(Tone = %) (4.25)
Since poth /' and the surface area for condensation A. are unknown,
they are lumped together as a single parameter to be determined from
the experimental data. From the pool bottom pressure data, the most
accurate information concerning the bubble collapse is the time
period Af, from the minimum pressure when the collapse starts to
the maximum pressure when the collapse is completed. If Ve is
assumed to be a constant, then by varying this constant in a number
of theoretical computations, the correct value can be identified
by matching the predicted time periods ( 4€e ) to those ex-
perimentally measured. The motivation for using this method

in estimating UA. is mased on two observations. First, it
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should be recalled from section 1.2 that the collapse time for a

spherical cavity with radius Y; is given by

= 09/4¢ )'I/ JGE
[ o9 e f 24 (4.27)

For a bubble of 4 e¢m. radius, which is about the observed sizes in
the experiment, the collapse time is approximately 3.5 msec for the
conditions in the experiments. If Zﬂdc is infinite the collapse time
would be equal to this value, which is a lowerbound for the collapse
time. If ZC‘E is small, then the maximum pressure based on theory
would be delayed to a much longer time. Thus an ZZ”E exists where
the time scale could be made the same as those observed in the experi-
ments (which is about 9.0 msec). The second observation is that at
the beginning of the collapse, the pool motion is slow and the flow is
incompressible. Thus, any pressure change in the bubble is trans-
mitted instantaneously; this means that the underpressure in the bubble
is immediately transmitted to the pool bottom. At the end of the collapse,
the velocity of the interface is high and the flow may be incompres-
sible: however, the distance of the pool bottom to the bubble is only
25. cm; thus, considering :he high velocity of sound in water, the
transmission of this pressure pulse is on the order of a fraction of
a milli-second. As far as the experimental data are concerned, this
is instantaneous. Consequently, this method is chosen for the deter-
mination of VA; -

The most important observation in the bubble collapse movies
is that the bubble is usually shattered right before the collapse
reaches a minimum or during the first rebound; and, as mentioned

previously, a premature shatter of the bubble leads to smaller
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peak pressures., Thus, by sssuming that the shatter occurs during

the first rebound, an upperbound estimate of the peak pressures is
obtained. Accordingly, the theoretical calculatio: is terminated

after the bubble reaches its first pressure peak at which time the
collapse should be almost completed.

4.1.6 Physical Phenomena Neglected
in the Model

There are a number of physical mechanisms that are observed

in the experiments but are not included in the theoretical model.

This section examines the effects of these phenomena on the theoretical

results,

During the water slug discharge, the interface is assumed to
remain flat. The interface spreading, and the flow separation phenom-
ena during the slug downflow, are neglected in the model. Since some
water is left in the pipe during the discharge, the actual moving
mass in the water column is reduced. Therefore, the resulting
pressure in the vent as computed by the model would be higher than
the measured since it requires more pressure to discharge the slug.

During the water slug discharge period, the flow of the slug
into the pool induces the formation of a ring vortex or vortices
around the exit, such that upon vent clearing and bubble formation,
the heat transfer rate is very high at the vicinity of the exit. The
growth and collapse of the smaller bubbles, mentioned in the statis-
tical data, may have a lot to do with these vortices. In any event,
this is not included in the present model. The effect on the theo-

retical results is that the bubble formation process is faster than



the experimentally measured for the case of encapsulating bubbles,
In the case ot detached bubbles the effect is small since bubble
detachment occurs.
The second vent pressure drop is believed to be caused by
the interface spread upon slug coast down at its maximum height,
The additional rapid heat transfer due to this phenomenon is not
modelled. This would cause an underestimate of the maximum chug
height since the further drop in vent pressure is expected to cause
the slug to rise up further into the pipe.
The effects of the pool free surface, pool solid
boundaries on the bubble growth and collapse process have been totally
neglected. 1t is expected that for the geometric conditions in the
present experiments, they play only a minor role; but, for other
geometries, they may have a large effect on the bubble dynamics. The
infinite pool assumption needs to be examined.
Finally, the vent pipe solid boundary plays an important part
in both the bubble growth and collapse. Exactly how the vent pipe
affects the bubble motion is unkpown. This is a major inadequacy

in the present model.
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TABLE 4.2
PHYSICAL PHENOMENA NOT INCLUDED

IN THE PRESENT MODEL

Pheromenon Effect on Theoretical Results
(1) Interface spread Higher vent pressures
(Z) Vortices in the pool Faster bubble growth
(3) Heat transfer during Lower chug heights

interface spread

{4) Pool boundary effects Unknown
(Not important in the present

experimental geometries)

(5) Vent pipe boundary Unknown
effect (Expected to be important

during bubble collapse)
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4.2 Determination of the Heat Transfer
(oefficients for the Theoretical
Model

There are basically two heat transfer mechanisms during the
entire steam chugging process: one is related to the steam conden-
sation caused by the liquid jet penetration during the collapse
stage; the other is related to the steam condensation caused by the
liquid inside the vent pipe during the hubble growth stage, and
during the upward and the downward motion of the water slug inside
the pipe.

4.2.1 Qgtermination of the Condensation Heat
Transfer Coefficient During Bubble

Collapse

As was ment:oned previously, the time period from the

bubble minimum pressure to the bubble maximum pressure, Abtg,

during a bubble collapse can be accurately identified from the experi-
mental data. At the end of this period the bubble collapse is
generally completed. Based on the physical reasoning given in
Section 4.1.5, this time period can be used to determine the heat
transfer during the jet penetration and atomization. The basic pro-
cedure is to vary the overall heat transfer parameter't)Ac in the
theoretical computations until the predicted matches the measured
values of At‘ In the computatiuns, Uﬂ; is assumed to be a con-
stant until the bubble radius has reduced to one-half of its original
radius. Then UMc is assumed to be p-oportional to the volume of
the bubble. This assumption is introduced because, physically, a
bubble with zero volume cannot contain a liquid jet.

Rased on the above criteria a set of computer runs was made
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to determ’ ne the value of UAe which matches the experimentally
measured time period At, . In these calculations the initial bubble
radius is determined from the movie data for experimental Run FM5,

the initial bubble pressure is chosen to be atmospheric (the vent
pressure data supports this choice). Table 4.3 shows the comparison
between measured pool bottom pressure and the predicted bubble pres-
sures for three different values of'lfﬁg. For UAc = 0.437 kw/°C,
the predicted At is found to be 20 msec. For UM¢ = 4.37 kw/°C, the
predicted 8t matches the measured. For VAL greater than 4.37 kw/°C,
the predicted At¢ remains constant. Thus, the present method does not
seem to give a unique value of UAc . In this study, the winimum value
of UAL( = 4.37 kw/°C) is chosen. It should be cautioned that this
value only gives the minimum order of magnitude of the heat transfer
rate. The actual overall heat transfer rate mav be higher.

4.2.2 Determination of Condensation Heat
Transfer Coefficient in the Pipe

This section is concerned with the determination of the heat
trans fer coefficients associated with the slug upflow, slug discharge,
and during bubble growth. For simplicity they are assumed to have
the same value. Thus, only one heat transfer coefficient is deter-

mined in this study.

A. Initial Conditions in the Pipe

Before the theoretical calculations are made, the initial
conditions in the pipe need to be identified. This is done with the

physical picture obtained in the vent pressure experiments. Recall,
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TABLE 4.3

PREDICTED BUBBLE PRESSURES BASED ON A FEW VALUES
OF UA, VS. MEASURED (RUN NO. FMS5)

Measured Pool

Time, ms. Bottom Pressure, Predicted Bubble Pressure, kPa kw

kPa UA: = 0.437 UAc = 4.37 UA. = 43,75

&
0 94 .4 101.3 101.3 101.3
1 92.6 88.6 76.3 67.9 min.
2 92.0 min. 86.1 72.2 min. 68.7
3 95.4 87.5 74. 70.7
4 98.9 82.9 min, 79.5 74,2
5 103.6 89.8 86.7 70.4
6 104.0 I11.2 95.4 85.4
7 119.8 122.1 107.3 110.5
- 112.3 129.4 126.4 690,6 max.
9 132.8 max. 129.4 711.8 max. r ., =27
10 120.5 r . =.2r L B
11 109.3 LSS T
12 98.5
13 92.1
14 89.5
15 92.0
16 98.1
17 106.5
18 132.5
19 123.8
20 163.0
r ., = 3¢
min max

At 7.0 ms 16.0 ms 7.0 ms 7.0 ms

Note:rmax = [nitial bubble radius determined from the movies,

Tp = Pool water temperature,

Tain ® Bubble radius at peak pressure.

Run No. FM5

T y 4.98 cm

ma
T
P

123

= 62.8%C



from section 3.3, that the vent underpressure, induced by either
the draining of the liquid layer off the pipe wall and their
accunulation at the exit (for internal chugs and detached bubble
chugs), or the liquid jet penetration and atomization phenomenon
(for encapsulating bubble chugs), ulways occurs before a rapid rise
in the steam velocity take< place. At this point, where the first
vent underpressure just rcdched its minimum, the steam velocity is
still low; and the water is right at the exit ready to chug up the
vent. This is the point where all the conditions are known. Taking
advantage of this observation, the initial conditions for the cal-
culation are then approximately determined.

For the steam velocity, the exact value is unknown, a low
velocity 7.6 m/sec is assumed. Other vilues such as 15.2 m/sec,
and 3.8 m/sec, for the velocity, have been used; it is found that
the effect on the vent clearing time is small. For the vent pressure,
since the underpressure occurs at the exit of the pipe, it is reason-
able to assume that the average pressure in the vent is one-half of
the magnitude of the underpressure. Thus, the initial conditions
already included the first vent underpressure. Finally, since the
slug position is right at the exit, no approximation is required.

The conditions in the surge tank are determined from the
surge tank experiments where the pressure there is measured. A
typical encapsulating bubble chug is selected from Run ST4. Then the
measured surge tank pressure for that chug is used as input into the
theoretical model defining the upstream boundary condition. The
calculation may then proceed when the total heat transfer coefficient

is assumed.
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B. Determination of h

Since steam condensation in the pipe, albeit the complicated
interfacial conditions, resembles the free falling laminar film con-
densation, it is assumed that the total heat transfer coefficient h

40

is related to the Nusselt film condensation coefficient However,

due to the wavy steam-water interface it is expected that the
heat transfer coefficient is greater than the Nusselt coefficient.
A multiplier C 1is used to account for these effects:

h=z & hu, (4.28)

where ﬁm. for a flat plate of length X is

Prw = 113 ( 3 4y x’)‘/4 (4.29)

Ay Ky T

and AT = Tsat - Tpool

The maximum heat transfer coefficient from a vapor to a cooled surface

8 is approximately a hundred times

of its own liquid as reported by M833
the Nusselt film coefficient. Thus C is bounded between one and a
hundred. In the present study C is determined by matching the cal-
culated vent clearing time and bubble growth time to the experimental
results. The best value, based on comparison with Run ST4, is C=14.0.
In general, a larger value of C would cause the chugging height to
increase and a delay in the vent clearing time. However, the large
value of C clearly indicate that the assumed laminar {ilm condensa-
tion coefficient failed to describe the actual condensation process.

4.3 Comparison with Experimental Data
and Discussion

This section presents the comparisons of the model predictions

against the experimental data. But, before the comparisons are



presented, a critique on the present models is put forth here to
examine the compatibility of the model with the physical phenomena
involved in steam chugging.

In the vent pipe model, in addition to the numerous neglected
phenomena discussed in Section 4.1.6, a number of other effects which
play various roles in the chugging process need to be mentioned.
First, irregular bubble surface during the bubble growth phase is
observed in the movies. The cause of these surface irregularities
is unknown. They may be a result of the non-uniform heat transfer
rate at different parts of the surface. More rapid condensation may
occur at a few spots at the bubble surface. They may also be a
result of the non-uniform temperature distribution in the pipe. In
any event, the end result of these irregularities is that they affect
the growth of the bubble, and, thus, the maximum size of the bubble
which controls the final pressures developed in the collapse. They
also serve as preferential spots for the collapse to take place.
Second, the effect of the vent pipe solid boundary, as well as the
free surface, may also affect the growth and the collapse of the
bubble. Exactly how each of these affects the final pressures
developed in a collapse is not known.

In the bubble collapse model, the collapse pressure is
affected by the vent pipe solid boundary and the translational motion
of the bubble. It is observed in the movies that as the bubble
reaches its maximum size it begins to translate towards the free
surface. The effect of this translational motion on the collapse

pressures is unknpown and not modelied. Moreover, the heat transfer
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4.3.1 Comparison of Experimental Pool Bottom
Pressures with EEEBTirEbllapse Model
Predictions

Based on the determined overall heat transfer rate, U=
4.37 kw/°C, a comparison against four other encpasulating bubbles at
various pool temperatures is made. The comparisons are shown in
Table 4.4, The predicted time period in each case, at. , agrees well
with the experimental data. Moreover, the predicted peak pressures
are higher in the low pool temperature cases. This agrees with the
observed trends in the measured pool bottom pressures.

Next, based on the peak pressures determined for these cases,
and, by assuming that the magni tude of the pressure spike decreases
inversely with the distance from the bubble collapse center 28 the
pool bottom pressures can be computed and compared against the measured
pressure spikes. Table 4.5 depicts the resulting comparison. In the
theoretical cilculations, the bubble collapse center is assumed to be
at the pipe exit. The initial bubble radius in each case is deter-
mined from the movies, and the initial conditions in the bubble are
assumed to be saturated at atmospheric pressure. The vent pressure
data supports this choice for the initial bubble pressure.

The resulting comparisons are shown on Table 4.5, Runs
FM1 and FM2 have the same submergence depth and, therefore, in the
theoretical calculation the only differences between the two cases
are the initial bubble radii and the pool temperatures. The theory
predicted a decrease in pool bottom pressure as the pool temperature

is increased. This agree in trend with the measured. Similar agree-

ment is found for the other s2t of runs (FM3, 4, 5) with a different
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! TABLE 4.4 (continued)

Measured Pool Predicted Bubble
Time, sec. Bottom Pressure Pressure,
kPa kPa

Run No. FM4 0 88,0 101.3
| rmax=4.28cm | 83.2 7.6

| Tpcdo.l'c 2 80.8* 59.6*
| L=50.8cm 3 81.9 62.8
| 1 90,3 70.5
' 5 125,58 85.1
: 6 116.6 112.8

| 7 143.1 # 1234.1+
Run No. FM5 0 94.4 101.3
rmax=4.98cm | 92.6 76.3

: szoz.8°c 2 92.0+ 72.2*
; 3 95.4 74.5
' 4 98.9 79.5
5 103.6 86.7
6 104,0 95.4
| 7 119.8 107.3
| 8 112.3 126.4

9

132.8% 711 .8+

Note: ryax © maximum bubble radius determined from the movie dat ..
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TABLE 4.5 PREDICTED MAXIM M , "ESSURES AT THE

POOL BOTTOM VS. » "ASURED
(for encaps.datin ' bubbles)

Predicted Minimum Pred cted Pool Measured Pool
Run No. Pool Temp., °C Bubble Radius, cm. §_0;t_t__o-‘Pressure, kPa Bottom Pressure, kia
M1 53.9 1.305 35.3 51.4
FM2 62.8 1.387 27.2 50.3
M3 i 1.118 59.8 47.3
FM4 46.1 1.084 47.9 41.8
FMS 62.8 1.379 32.7 31.6
Run No. Submergence Depth, cm. Initial Bubble Radius,* cm
FM1 25.4 4.66
FM2 25.4 4.80
M3 50.8 4.52
FM4 50.8 4.28
FM5 50.8 4.98

* Measured from movies



submergence depth. In general, the same trend is observed in all
other experiments. Therefore, the model predicted the correct de-
pendence of pool bottom pressure on the pool temperature.

Runs FM2 and FM5 have the same pool temperature and approxi-
mately the same initial bubble radius. The only difference is the
submergence depth. The model predicts a decrease in pool bottom
pressure with submergence but the data shows the opposite trend. It
was reported in reference il that generally the measured pool bottom
pressure decreases with submergence which conforms with the trend
predicted by the model. Some other effect is responsible for the
higher measured pool bottom pressure in FM2. Apparently some of the
neglected effects such as those given in Section 4.3 are not negli-
gible. Moreover, the crude value of UA, used to represent the con-
densation caused by the liquid jet penetration and atomization may be
inadequate. The crudeness of the present model cannot give the exact
cause of the higher measured pool bottom pressure in FM2,

In sum, the comparisons have shown the inadequacy of the
present model; however, the general trends observed in the experiments
are predicted.

4.3.2 Comparison of Experimental Data
with Vent Pipe Model Predictions

This section presents the comparison between predictions from

the vent pipe model and the experimental data. The four exneriments
(Runs ST1 - ST4) with the surge tank pressure data, are used for
the present comparison. The results are shown on Figures 4.3 through

4.6,



A typical encapsulating bubble chug is chosen from each
experiment for the comparison. In the calculations, the initial
conditions in the vent and the upstream pressure at the surge tank
are obtained from the experiments. The starting point in the calcu-
lation is at the initiation of the bubble collapse where the slug
position is at the vent exit. The initial conditions in the vent are
ohtained based on the néthod described in Section 4.3.1.A.

Figure 4.3 shows the comparison with Run STI. The vent
clearing time for the water slug is predicted correctly; however, the
model failed to predict the bubble collapse which leads tc the next
chug. This is due to the fact that the chugging criteria given for
encapsulating bubbles requires the bubble radius to exceed 1.5 Yo
before a collapse which causes the water slug to re-enter the vent is
allowed. In the present case, the bubble radius never exceeded

1.5 % , The chugging criteria are not met. Therefore, the collapse
which leads to the next chug is not predicted.

In Runs ST2 and ST3, early vent clearing is predicted in both
cases. Examining the experimental data, it is found that for both
cases, a large second vent underpressure occurred. As discussed in
Section 4.1.6, the second vent underpressure tends to increase the chug
height which means an increase in the vent clearing time. In the
case of Run ST1, the second vent underpressure is mild and, therefore,
neglecting it does not cause an early vent clearing. But, i1or ST2
and ST3, the magnitude of the second vent underpressure is large; and
since the model neglects the second vent underpressure it predicted

an early veut clearing for both cases.
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For the last case (Run ST4), the vent clearing time is
again predicted since the second vent underpressure is small; however,
the bubble growth time is underpredicted. This is an expected result
because the high heat transfer rate at the bubble surface caused by
the ring vortices generated during the slug discharged is not
modelled.

Based on the comparisons with runs ST1 and ST4, some genera!
trends of the theory predictions can be observed. First, the pre-
dicted chug heights are found to decrease as the pool temperature
increases. This agrees with the trends observed in the plastic pipe
experiments. Second, the predicted maximum bubble sizes are found
to increase with the pool temperature. This, again, agrees with the
experimentally observed trends.

In sum, these results indicated the inadequacies of the
present model. But, again, the general trends observed in the ex-
periments are predicted which is encouraging. This also indicates
that further improvements in the theoretical model may eventually

lead to success.
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CHAPTER 5

COMPARISONS OF THEORY PREDICTIONS WITH

JAPAN 1/6-SCALE DATA

5.0 Introduction

Although the present theoretical models are far from perfect,
it would be interesting to see how the models perform when applied to
a larger scale system.

In this chapter, a comparison of the model prediction against
the Japan 1/6-scale data is made. Of the numerous blowdown experi-
ments presented in their report, only three of the single vent blow-

’ downs are in the steam chugging condensation regime. However, two
t of these have the same pool temperature. Hence, only two cases
| with different pool temperatures are chosen for the present compari-

son.

' 5.1 System Geometry and Thermal-Hydraulic
| Conditions for the Comparison

Figure 5.1 shows the geometry of the Japan facility. The
steam from a storage tank is discharged into the drywell, and then
into the cylindrical wetwell through a 10.2 cm diameter vent pipe.
A set of water level gages is placed 2t the exit end of the vent to
measure the water level in the pipe during a chug (Figure 5.2).

The two runs chosen for the present comparison are Run 214 and
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Run 216. The conditions for these runs are depicted on Table 5.1.
Steam at 558 kPa and 156°C is discharged from the storage tank into
the drywell through an orifice which controls the discharge rate.
The submergence depth in the two cases are the same (55 cm). The
measured data for these two runs a;¢ verrnduced and shown on Figures
5.3 through 5.6. The particular chug chosen for the comparison is
marked on the figures. In Run 216, the variations of the pressure
in the pool are small and an average pressure as shown on Figure 5.5
is used. In Run 214 the pool surface pressure variation is large;
and, because the variations resemble a step change they
are approximated by the step change as shown on Figure 5.3.

The calculation starts at the point where the bubble collapse
is initiated by the liquid jet. At this point, the slug position
is at the vent exit ready to chug into the vent. The assumed
initial pressure in the vent for the calculation is uniform and equal

to one-half >f the measured vent underpressure at that point (same

assumption as used in the comparisons in the last chapter). The initial

vent pressure for the calculation is shown on Figures 5.3 to 5.5 for
Runs 214 and 216 respectively. The initial steam velocity is uniform

and is equal to 7.6 m/sec (same value as given in Section 4.1.3.A).

5.2 Results of the Comparison and Discussion

The comparisons are shown on Figures 5.7 and 5.8. In both
cases, the predicted vent clearing time compares well with the
measured. This indicates that the heat transfer coefficient deter-

mined in the present analysis
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6 = /4 bﬁh (5.1)

is applicable to the Japan system. However, the measured rise in the
water level is more rapid than the predicted. This indicates that
the initial pressure in the vent may be lower than the value assumed
in the calculation or an underestimate of the heat transfer co-
efficient during slug upflow.

On the bubble growth times, the comparisons are remarkably
good. This is rather surprising because in all of the comparisons
made in the last chapter, the theory invariably underpredicts the
bubble growth time because the additional heat transfer caused by the
vortices induced during the water slug discharge is not modelled. It
is speculated that the good comparison may have been related to a
counter effect at the pipe exit: the bubble which was formed in the
experiment did not fully encapsulate the vent exit. A smaller bubble
which only partially encapsulated the exit was formed. However, in
the analytical model, a fully encapsulating bubble was assumed to
exist and the heat transfer was computed based on the surface of a
full-size bubble. Thus, the additional heat transfer surface acts to
compensate for the neglected heat transfer caused by the vortices.

Regarding the pool bottom pressures, the predicted values
and the measured values are tabulated in Table 5.2 Again, it is
assumed that the magnitude of the pressure spike decreases inversely
with distance from the bubble collapse center which is assumed to be
at the pipe exit. The initial conditions for the bubble collapse cal-
culation are found from the vent pipe calculation when the bubble

radius reaches its maximum, The heat transfer parameter lﬂ”c during
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collapse is scaled by assuming that
VAc o pipe radius (5.2)

The results show that the bubble collapse model tends to
overpredict the pool bottom pessure, narticularly in Run 214, where
the predicted is four times the measured. This overprediction is
probably due to the differences between the calculated conditions
for the bubble collapse and the actual conditions in the bubble in
the experiment.

A major observation from the bubble collapse calculations
in these comparisons is: the vent radius plays an important role
in the bubble growth and collapse and hence it governs the bubble
collapse pressure,

The comparisons between the predicted chug heights and the
measured show good agreement. A definite steam mass flux effect on
the chug height is also observed. In Run 214, although the pool
water temperature is lower than that in Run 216, the maximum chug
height is lower. Examining the Japan data, it is found that the
steam injection rate from the storage tank into the drywell is con-
trolled by an orifice. The larger the orifice diameter the higher
the injection rate. In the case of Run 214 the orifice diameter was
25 mm, while in Run 216 the orifice diameter was 17 mm.

The comparisons have shown that the theoretical model is
able to predict the vent clearing time, the bubble growth time, and
the chug height in a large scale system. Peak pressures at the
pool bottom are generally overpredicted; although the predictions are

still within the same order of magnitude as those measured.



It should be cautioned that the agreement obtained in these
comparisons cannot be taken as a proof of the validity of the present
models. From the physical understanding of the phenomenon, the
simple model is not adequate for the complicated phenomena involved.
For the comparisons made in the present study, the data base is too
small to give a legitimate assessment of the validity of the models.
However, as a first step, these comparisons do seem to be encour-
aging, and it is believcd that further effort in improving the

analytical models would lead to more fruitful results.
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MARX 11 1/6-SCALE FRESSURE SUPPRESSION TEST

Pun No, 21 6 2 !4‘
Date of Performance Man.26 |, 1977 Man.26 , 191
Test Mode / Case No. 2 o | 2 « 2
Test Containment No. ﬂ H
DISCHARGE CONDITIONS
Tank Pressure (kg/cm’abs) 5.7 5.7
Tank Temperature (deg. C) {Qé /56
Orifice Diameter (mm) 17.5 235.0
Prepurging IES __Li_e
CONTAINMENT INITIAL CONDITIONS
Pressure D.Wl/W.wil (hq/cmzabs) / éz /. 73
Temperature D.Wl/W.Wl (deg. C) 59 30

Pool Level (m»)] [ l 50 !/ 5‘?
Pool Temperature (deg. C) 35 « /é’
W

DOVWNCOMER CONDITIONS

Numnber of Downcomers (=) {

initial Submergence (mm) 880" 5;0 %
Orifice Diameter (mm) A/onc A/on;

* Used as input in theoretical model.

Table5.1 1Initial conditions for performed tests.
(Steam condensation tests)
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TABLE 5.2

COMPARISON OF PREDICTED POOL BOTTOM PRESSURE WITH EXPERIMENTAL DATA

Assumed scaling : UA.ee Pipe Radius

Japan Data Initial Bubble Final Bubble

Run No. Pressure, kPa Pressure, kPa
214 165.6 4188.7
216 134.8 1344.1

Predicted Pool

Japan Data Initial Bubble * Bottom Pressure,
Run No. Radius, cm kPa_ (gage)
214 7.815 161.0
216 8.821 47.8

Minimum Bubble
Radius, cm

ro

.524

o

. 207

Measured Pool
Bottom Pressure,

kPa (gape)

* Calculated maximum bubble radius from vent pipe model.



CHAPTER 6

SUMMARY AND CONCLUSION

AND RECOMMENDATIONS

6.0 Summary and Conclusion

The hydrodynamic loads, induced by the steam chugging phenom-
enon, in a Boiling Water Reactor suppression pool, are studied by a
small scale experiment. The experimental effort established an
overall physical picture of the phenomenon which enabled the develop-
ment of a theoretical model intended for the prediction of these
loads in the full size containment. The experimental study is
limited to single vent injection,

From the qualitative steam injection experiments it is ob-
served that the motion of the steam water interface in the pool admits
certain characteristic patterns for various ranges of the pool temper-
ature and the mass flux of steam injection. A systematic classifi-
cation of these characteristic patterns is made, based on these two
parameters, resulting in a condensation regime map. Although the boun-
daries between varicus regimes are system dependent, the corresponding
characteristic patterns would remain the same. In general, the classi-
fication can be divided into three types: the jet at high mass fluxes
(> 150 kg/mz-sec), the bubble oscillation at intermediate mass
fluxes, and the steam chugging at low rass fluxes (< 75 kg/mz—sec).

Steam chugging occurs below a steam mass flux of about 75,






by the penetration of a liquid jet into the bubble. For detached
bubbles the liquid jet penetrates from the side, while for encapsu-
lating bubbles, the liquid jet penetrates from the bottom.
Synchronized movie data and pool bottom pressure measurements
show that the rapid pressure undershoot occurs during jet penetration
while the sharp pressure overshoot occurs near the completion of a

violent collapse. The rapid condensation introduced by the liquid

Jet causes the rapid decrease in the bubble pressure which initiates
the violent collapse, The liquid inertia developed during the
violent collapse over-compresses the steam causing the sharp pressure
overshoot, If bubble shatter occurs before the compress ion, the
magnitude of the overshoot is decreased. Consequently, an upper-
bound for the magnitude of the overshoot is the full compression of
the bubble without shatter until the first bubble minimum size is
reached and the bubble begins to rebound. A lowerbound for the
pressure undershoot is the saturation pressure corresponding to the
pool temperature.

The chug of water up the vent is caused by a pressure under-
shoot in the vent which is resulted from the rapid condensation
occurring at the pipe exit. For internal chugs and detached bubble
chugs, the rapid condensation is caused by the liquid layers
draining off the pipe wall and accumulating locally at the exit.

For the encapsulating bubble chugs, the liquid jet penetration and
atomization phenomenon is responsible for the rapid condensation at

the vent exit.



The dynamics of the steam in the vent and the surge tank are
governed by the condensation at the exit. The rapid condensation
causes a drop in the vent pressure followed by a sharp increase in
steam velocity and a mild pressure undershoot in the surge tank.

The vent pipe model is developed to predict the chug height
in the vent and the bubble behavior at the pipe exit. A one-dimension-
al pipe flow model for the vent is coupled to a one-volume model
for the condensation region at the pipe exit to predict the slug
motion in the vent; and, upon vent clearing, the pipe flow
equations are coupled to an infinite pool spherical vapor bubble
model, to predict the bubble growth in the pool. The condensation
heat transfer coefficient in the pipe is determined by comparing the
experimental data with the vent pipe model predictions for various
values of h. The best value is

h = 14, x hy, (6.1)

At the end of the bubble growth, the bubble will start to collapse.
A set of physically based chugging criteria is assigned giving the
required conditions in the vent as well as the collapsing bubble
which would allow the re-entry of the water slug inte the vent. These
criteria differ from one type of chug to another. They are summar-
ized in Table 4.1,

Comparisons of the vent pipe model predictions with experi-
mental data show that the model is inadequate in predicting the chug-
gingz phenomenon; however, the general trends observed in the experi-

ments are predicted. These trends are listed as follows:
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(i) The predicted chug height increases as the pool

temperature is decreased.

(ii) The predicted maximum bubble size increases with

pool temperature.

The cendensation caused by the liquid jet penetration and
atomizetion is modelled by an overall heat transfer parameter UA. deter-
mined from the experiments to be 4.37 kw/°C. The bubble collapse
model is an infinite pool spherical vapor bubble model with rapid
condensation induced by the liquid jet. By assuming that the peak
pressure decreases inversely with distance from the vent exit, the
pool bottom pressares are predicted.

Comparisons of the predicted pool bottom pressures with the
measured indicate that this model is unable to predict the bubble
collapse phenomenon in steam chugging; however, the predicted trends
do agree with the general trends observed in the experiments. These
trends are listed as follows:

(i)  The predicted pool bottom pressure decreases as

pool temperature is increased.

(ii) The predicted pool bottom pressure decreases with

submergence.

Comparisons of the model predictions with the Japan 1/6-
scale data show good agreements in the vent clearing time as well
as the bubble growth time. These comparisons are interesting but
non-definitive concerning the validity of the precent models. How-
ever, an observation made from these results is that the vent

diameter is a controlling parameter affecting the peak pressures
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developed at the pool bottom.

In general, the simple theoretical models are incapable of
predicting the complicated steam chugging phenomenon. However, the
present mrdelling effort has generated an account of the numerous
analytica; difficulties encountered in the process of modelling.
Moreover, the models are able to predict the experimentally observed
treads., As a first step in the modelling of such a complicated
precoss, the performance of the model is considered satisfactory.

It is believed that further improvements on the theoretical models

will lead to more fruitful results.

6.1 Recommendations

The following research areas are recommended for future
efforts to improve the understanding of the steam chugging phenomenon:

(1) 'The heat transfer to the liquid jet during the bubble collapse
is still not well predicted. Further research needs to be done to
study this problem because the bubble collapse loads are directly
related to the amount of condensation induced by the liquid jet
penetration and atomization phenomena.

(2) In the present model, the pool boundary effects have been
totally neglected. In the actual BWR suppression pool, numerous
structures, e.g. baffles, pipe supports, walls, etc., exist around
the vent pipe; thie bubble growth would be seriously affected by
these solid boundaries. This may also lead to a preferential spot
for bubble formation and also the bubble collapse. This will gecnerate

a preferential direction for the forces on the vent pipe. More
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studies in this regard are important for the integrity of the vent
in the event of a loss of coolant accident.

(3) The present theury can be extended to the multi-vent calcu-
lations. However, before that is done, more physical understanding
concerning the second vent underpressure, and the high heat transfer
rates during initial bubble growth caused by the vortices induced
during the slug discharge process, is required.

(4) Photographi inforration concerning the bubble growth in a
large system i< crucial for predicting the hydrodynamic loads. As
mentioned in the previous section, the two-dimensional effect which
causes the formation of partially encapsulating bubbles rather than
fully encapsulating bubbles may exist. Incorporating tl.is effect
into the present theory will improve the theory predictions.

(5) Further experimentai study is needed to investigate the
additional pressure spikes discussed in Section 3.4. These spikes
do not correspond to those generated by the bubble collapse. The
magnitudes of these spikes may be higher than those generated by the

bubble collapse.
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GLOSSARY

Annular Flow A situation in two-phase flow where the
vapor is surrounded by an annulus of liquid.

Atomization The physical process of generating a shower
of droplets by shooting a liquid jet into
a sharp edge.

Bubble A vapor region, of arbitrary shape, which is
surrounded by a liquid.

Bubble Shatter The process of an instantaneous fragmentation
of a bubble,

BWR Boiling Water Reactor

Chug A rush of water into the injection pipe.

Chug Height The maximum height the water level reached

during a chug.

Chugging The entire process of low flow vapor injection
where periodic rushes of water into the
injection pipe occur.

Chugging Bubble The bubble, at the injection pipe exit, which
upon collapsing causes a rush of water into
the injection pipe.

Condensation Regime A region, in a two-dimensional map, defined by
the pool water temperature and the vapor
injection rate, where a repetitive interfacial
motion pattern exists,

Condensation Region The part of the injection pipe at the exit
where large amounts of condensation occur.

Containment A sealed structure which encloses the reactor
vesse' -nd portions of the primary coolant
system in a nuclear power plant.

Detached Bubble Chug A type of chugging where the steam bubble is
immediately detached from the injection pipe
upon bubble formation at the pipe exit.
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E——

Encapsulating Bubble
Chug

Hydrodynamic Load

Interface

Interface Clearing

Interface Spread

Intermediate Bubble

Internal Chug

Liquid Jet
Penetration

LOCA

Separated Flow

Vent
(or Vent Pipe)

Vent Clearing

Vent Clearing Time

A type of chugging where the steam bubble
grows to encapsulate the exit end of the
injection pipe during bubble formation.

The force exerted on the injection pipe, or
the pool container, due to rapid motion of
the water in the pool.

A surface separating the steam region from
the water region.

The process where the interface is clearing
out of the injection pipe.

The process during a chug where the interface
changes from a horizontal flat surface to an
inclined surface, consequently increasing

the surface area of the interface.

The bubble, inbetween two chugs, which slowly
grows and collapses at the pipe exit without
causing a chug.

The type of chugging where all the condensation
occurs inside the pipe and no bubble is formed
in the pool.

The initiating process for a rapid bubble col-
lapse where a water jet penetrates into the
steam region causing rapid condensation.

Loss of Coolant Accident

The flow situation where a portion of the flow
is retreating while the rest of the flow is
progressing.

The injection pipe.

The process at which the water is being
cleared out of the vent.

The time period from when the chug enters the

vent to the time when the water slug is
cleared out of the vent.
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APPENDIX A

POOL BOTTOM PRESSURE EXPERIMENTS

(SYNCHRONIZED WITH MOVIE)
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1)
2)
3)

5)
6)

Upstream Pressure (Not Used)
Upstream Temperature
Upper Exit Thermocouple
Lower Exit Thermocouple
Bottom Pressure Transduce
Bulk Pool Temperature T
> ¢ ] 5, 2 C il
- i e
(
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' vent line
- S 192 cr
Te:t i =
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|
l
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| -
| 3 l
| I
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| .
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x - L

Fig. 2.1.4. Locations of Instrumentation
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APPENDIX B

FLOW METER CALIBRATION
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Flow Meter Calibration

In the steam chugging experiments, one of the important
measurements was the steam velocity. The method adopted to make
these measurements was to use hot wire anemometers. The advantage
of using this method was the fast time responses associated with
these hot wire probes. Typically for the wires with diameters on
the order of .00l in., the response times are on the order of a
milli-second. Since the steam velocity in the chugging experiments
was expected to change quite rapidly, the use of this type of flow
measurement technique seemed to be appropriate.

Two different types of anemometers were used in the steam
chugging experiments. The first type was a hot wire probe. The second
type was a ruggedized probe where a hot wire was embedded in a metal
support. The metal support strengthens the wire such that the oc-
casional droplets entrained in the steam flow would not cause damage
to the wire. Therefore the latter type of probe would normally last
longer than the former. Since the probe manufacturers were not
equipped with steam facilities for flow calibrations, in order to use
these probes to measure steam velocity, two methods for calibrating
these probes were adopted. The first one simply used the air cali-
bration data given by the manufacturer, and converted it to a corre-
lation which would apply to the steam conditions. The second one was
to do a calibration experiment using the steam facility in the chug-

ging experiments. Both methods are described in the following sections.
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Method I: Conversion of Air Calibration
Data to Steam Conditions

A set of data was furnished by the manufacturer which gave
a calibration of the probe (No. TSI-F654) in air at 75°F. This set
of data could be fitted by the least-square method using a corre-
lation having the form as King's law for long cylinders:
Q= (A+BUM (T, - Te) (1)

where A, B, n are constants

Q = heat loss

U = velocity

Tp = probe operating temperature
Te = temperature of fluid

The constant A is proportioned to the thermal conductivity R
while the constant B is proportioned to the ratio R/VM where V is the
kinematic viscosity. In order for the probe to maintain a constant
operating temperature, the amount of heat lost to the steam must be

balanced by an increase in the heat generated by the electrical

/2
resistance, i.e., Q = k— where V is the voltage across the probe and

R is the resistance of the wire. Equation (1) could be rewritten as:
2

VE= (A4 BUM) (Tp - Te) (2)
where the resistance R was lumped into the constants A and B. From
the least-square fit, the constants A, B, and n were determined and
the equation for the calibration was

12 o -z - -6l

Ve = (.0773 + .01967 U'") (Tp - Te) (3)
This equation could then be converted to the steam flow

situation by changing the constants A and B according to the difference

in heat transfer properties between air at 75°F (manufacturer
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calibration was made at this temperature) and steam at 212°F which was
the expected steam temperature in the chugging experiments. This
introduced a 2 per cent decrease in the constant A and a 20 per cent
decrease in the constant B, so for steam in the chugging condition
vZ = (L0758 + .0157 U-O1) (Tp - Te)
where for this probe Tp = 482°F, and the range of air velocities in
the calibration was from 0. to 500 ft/sec. However, due to the
change in the electrical resistances of the wires connecting to
the hot wire probe due to the temperature effect, the constant A in
the experiments at zero flow was found to be 0.027. The final
equation used in the data reduction is:
vZ = (0.027 + 0.157 U-81) (Tp - Te) (4)

Method II: Calibration Method Using
Steam Facility

The method chosen to calibrate the probe was the method of
calorimetry. This method involved the discharge of a steam jet into
a pool of water where the pool temperatures were recorded as a
function of time. By the energy balance,

i hy = MCp dT (5)

where T = pool temperature

h*l = latent heat

Cp = specific heat

M = pool water mass
m = steam injection rate
t = time

the steam flow could be determined when the pool temperature was
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given as a function of time. The steam velocity could be computed
from m as determined from equation (5) by knowing the steam density.
An experiment to determine the steam flow rate was designed based on

this method.

Steam Flow Experiments

The apparatus used to perform the steam flow calibration ex-
periments was the same as that used for the chugging experiments
except that a reducer nozzle was mounted at the exit of the pipe.

The diameter of the nozzle was .3175 cm. The location of all the
instrumentation was presented in Figure B.1. Three measurements were
made at the upstream port. Aside from the flow meter reading, the
steam temperature and steam pressure were also taken at that point
such that the steam density could be derived. The pool water tempera-
ture was measured at three different locations in the pool. One of
them was located at the corner of the pool such that any non-uniform
pool temperature could be detected.

In the experiments, the upstream was pressurized to approxi-
mately 50 psia before the solenoid valve was triggered to allow the
steam to be discharged into the pool. Since the nozzle diameter was
small, choked flow was maintained at the exit for approximately half

a minute. The data were recorded by a PDP-11 computer

Data Reduction and Analysis

The data reduction process was divided into two steps.
The first step was a time averaging process which attempted to smooth

out the irregularities in the pool temperature data. Temperature
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fluctuations were observed in the pool which caused the pool tempera-
ture rise to be non-monotonic. These irregularities were caused by
the pool circulation which was induced by the jet. The time averaging
process involved taking the set of data and dividing it into N time
intervals, then the time average of the data in each interval was
computed. As long as the interval was large compared to the period
of the fluctuations, the resulting pool temperature rise would be
monotonic. The time averaging process was also applied to the other
measurements for consistency. Then the time derivative of the pooi
temperature was computed using a forward differencing scheme and the
steam injection rate was computed from equation (1). Since the ex-
periment was quasi-steady, it could be assumed that the steam flow
rate at the exit would be equal to the steam flow rate at the up-
stream port. Then the velocity at the upstream port would be given

by

v: (6)

>3

PAp

where A, = pipe area
Q = steam density

The steam density could be deduced from the temperature and pressure
measurements. In the calibration experiments, the temperature of
the steam was slightly superheated, but they were so small that the
density of the steam could be assumed to be saturated. The velocity
could then be computed based on equation (2).

The second step in the data reduction and analysis process
was to correlate the flow meter output against the computed velocity
data. This process was aided by the use of King's law, as in

equation (2). Here, it should be recalled that the constant A
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was to be found from the experiments at zero flow while the constant
B was proportional to the ratio k/V™ where V was the kinematic vis-
cosity. For n = 1 this ratio changed by approximately 1. per cent
over the range of temperatures in the experiment while k changed

by 2 per cent. So in the correlation A and B could be considered
constants. From equation (4) the correlating parameters were found

to be '§ and U. The relationship was

“f = ve = A+ B UM
Tp - Ts

4 was found directly from the experiment. U was deduced from

the experiment by using equation (1). The unknowns were A, B, and
n. Amongst these, A could be determined from the zero flow reading of
the anemometer output. It could also be determined from the experi-
mental data, both zeros should check. After A wa. determined, then
B and n could be determined by a linear fit of the experimental data
as follows. The first step was to take the natural log of equation
(5). The resulting equation was

In (£-A) =InB+nilnU

then by letting y =1n (- A)

C

In B

In U

~
"

equatior [°; tin.lly became

y % X * € (6)
The least square method for a linear fit was then used to determine
the constants n and C. Using this method, a correlation was obtained

for the ruggedized probe.

For this probe (TSI - 1269W), the correlation was based on
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time-averaged data from one experimental run. When sixteen time-
averaged intervals were used the resulting correlation was

V2 = (.1044 + 00233 U1-0%) (T, - 1) (9)
If ten time-averaged intervals were used, the resulting correlation
was

V2 = (.1044 + .00226 Ul-11) (Tp - Tq) (10)
The two correlations were approximately the same which acted as a
consistency check on the choice of the interval sizes.

Here, it should be mentioned that the constants B and n
were obtained based on minimizing the least-square error when
In (S - A) was plotted against In U. The error involves the log of
the data rather than the data points themselves. In other words,
if the actual data were used rather than the log of the data, the
curve that minimizes the least-square error may not be the same,
B and n could be different. To check the consistency of the frevious
method, the correlations presented in equations (7) and (9) were
checked by letting y = UR,
then T= A+By

¢ and y were given by the data, while A and B would be determined
by a least square fit which minimizes the least square error based
on § and y. If the set of data j? and U could be approximated by
§'= A + B UM, then B and n could be determined by the previous
method, and therefore the constants A and B as determined by
equation (11) should be approximately the same as those given in
equations (7) and (9). Since n was approximately equal to one, a

least-square fit was made for just z = A+ B U. The resulting
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equation was
vZ = (.10425 + .0026318 U) (Tp - Ts)
which compared very well with equations (9) and (10).

Finally, due to doubts about the large value of n, another
check then was made for lower steam flow rates. In this case the
velocity of the steam derived from equation (5) was averaged. Then
the output voltage from the anemometer, and the steam temperatures
were averaged over the entire run to obtain an averaged—f. The
same procedure was applied to the previous set of data used to derive
equation (9) and another averaged U and-f were obtained. The

results were as foliows:

Run #1 £ - .11395 U, = 3.6587

-

Run #2 -

"
"

.10736 Up; = 1.0447
Based on these two points the value of B and n were obtained and the
resulting equation was

v2 = (.1044 + 00284 U-93) (Tp - Ts) (11)
which compared well with equations (9) and (10). From isentropic
compressible flow steady state hand calculations, it was found that
for the steam pressure range in the calibration experiments, the steam
velocity was approximately constant throughout the experiment. In
the same conditions as Run #1, the steam velocity was found to be
3.6 ft/sec which compared well with [j given above. Therefore it
was believed that the averaged data were more reliable and
equation (11) was chosen to be the correlation used to obtain steam

chugging data. Due to the small changes in the transport properties

since the steam temperature range in the calibration experiments



were ~ 300°F compared to the conditions in the chugging experiments
~ 212°F, a correction was made to the constant B. The correct
equation appropriate for the steam chugging condition was

vZ = (0.1044 + .00293 U-93) (Tp - Ts) (12)

Error Analysis

To assess the error involved in these two equations,
namely equation (3) and equation (11), it should be mentioned that
for equation (3) since the equation was derived from the air flow
calibration data given by the manufacturer, the error could be
assessed by checking the predictability of the correlation on the
original data set in the velocity range of intefest. Table B.1
shows the results of this calculation. The maximum deviation was
33 per cent.

For equation (11), the error involved could be found by
taking the derivative of the equation which gives

4f=8av - v
could be determined from the experimental data. The

maximum error was +57 per cent and -68 per cent.

Conc lusion

Owing to the crude methods used in obtaining the calibration
for these probes, it is expected that large error would be incurred.
The error in either probes could easily be of the order of a few
hundred per cents. However, the probes were very sensitive to
velecity variations. The response time for these probes is on the

order of 100. micro-seconds.” Therefore, the velocity data in the
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chugging experiments would be useful in considering velocity variations

over a chug.

*Letter from J. Burgos, Chief Engineer at Thermo-Systems,
Inc., to myself, '
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TABLE B.1

V,,, measured Vp, predicted Deviation

\f velocity, ft/sec velocity, ft/sec Vp - U, x 100%
Unm

L0973 1. 1.028 2.8
.1003 5.2 1.292 7.6
.1048 1.5 1.732 15.5
1113 2:0 2.453 22.6
1¥73 Luh 3.175 27.0
1207 3.0 3.659 22.0
L1311 4.0 5.204 30.1
.1398 5.0 6.654 33.0
.1695 9: 79 12.58 29.0
.1889 14.62 17.21 E1.7
.2074 15.49 22.13 .
.2233 24.36 26.74 9.7
.2384 29,24 31.42 7,5
4T 34.11 35.92 Sedd
2732 38.94 43.29 11.2
2887 43.85 49.05 11.8
.3023 48.73 54,33 11:5
.3241 58.47 63.22 8.1
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()

(3)

(4)
(5)
(6)

(7)

Vent Pressure Experiments (Steel Pipe)

Run No. Pool Temp., °C
VP1 X
VP2 46.7
VP3 58.9
VP4 64.4

Vent Pressure measured by Statham PL-131-TC-15 pressure
transducer (error £ 0.78KPa, Response Time = 0.83 ms).
Bottom Pressure measured by Statham PL-131-TC-100 pressure
transducer (error £ 5.17 KPa, response time = 0.45 ms).
Exit Temperature measured by gage 36 Chromel-Alumel thermo-
couple.

Boiler Steam Generation Rate = .00756 Kg/sec.

Pipe Exit to Pool Bottom Clearance = 25.4 cm.

Submergence Depth = 25.4 cm.

Data sampling time = 2. ms,
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APPENDIX D

yTEAM VELOCITY EXPERIMENTS



Flow Meter Experiments (Plastic Pipe)

Run No. Pool Temp., °C Submergence Depth, cm.
M1 53.9 25.4
M2 62.8 25.4
FM3 37 2 50.8
FM4 46.1 50.8
FMS 62.8 50.8

(1) Steam Velocity measured by 151-1221 hot-wire anemometer
(Response time A, 100 micro-seconds).

(2) Bottom Pressure measured by Statham PL-131-TC-50 pressure
transducer (erroré 2.58 KPa, Response Time = 0.56 ms).

(3) Side Pressure measured by Statham PL-131-TC-50 pressure trans-
ducer (error £ 2.58 KPa, Response Time = 0.56 ms).

(4) FExit Temperature measured by gage 36 Chromel-Alumel thermocouple.

(5) Boiler Steam Generation Rate = .00756 Kg/sec.

(6) Pipe Exit to Pool Bottom Clearance = 25.4 cm.

(7) Data sampling time = 1. ms.
Note: The exit thermocouple in these experiments was placed too

close to the edge of the injection pipe; and, therefore, were
measuring the temperature of the water draining off the pipe

wall,



Upstream Pressure
Upstream Temperature
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APPENDIX E

MIXED VENT PRESSURE AND
FLOW METER EXPERIMENTS
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(1)

(2)

(4)

(5)
(6)
(7)

Mixed Vent Pressure and Flow Meter Experiments

(Steel Pipe)

Run No. Pool Temp., °C
MIX 1 572
MIX 2 61.7

Vent Pressure measured by Statham PL-131-TC-100 pressure
transducer (error £ 5.17 KPa, Response Time = 0.45 ms),

Bottom Pressure measured by Statham PL-131-TC-50 ; -essure
transducer (error £ 2.58 KPa, Response Time = 0,56 ms).

Steam Velocity measured by TSI-1269W ruggedized hot-film probe
(Response Time ~ 100 micro-seconds).

Exit Temperature measured by gage 36 Chromel-Alumel thermo-
couple.

Boiler Steam Generation Rate = .00756 Kg/sec.

Pipe Exit to Pool Bottom Clearance = 25.4 cm.

Submergence Depth = 25.4 cm.
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Upstream Temperature
Upper Exit Thermocouple
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- ¢
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; ] cm
I l
I
* 1110.2 cm
4 J' 11.4—4
' cm
-
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Fig. E.1 Locations of Instrumentation
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Fig. F.1 Locations of Instrumentation
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APPENDIX G

THE ONE-DIMENSIONAL BUBBLE DYNAMICS EQUATIONS
FOR A SPHERICAL BUBBLE IN AN INFINITE POO.

WITH A VAPOR SOURCE OR SINK
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The equations describing dynamics of a vapor bubble, with
a continuwous vapor source or sink in an infinite pool of subcooled
liquid, is presented in this appendix. Figure G.1 shows the
physical model. The vapor region is assumed to have uniform
pressure, temperature, and density, such that the governing ¢quations
for the vapor region are simply the mass and energy balances as well
as the equation of state. These equations are presented as

follows:

Mass -‘-/-g “’%{—mg- /%;_/7); .J.”t‘”*‘ ) (5./)

4t
Enerey 5 2 B p
e, d% _ 2 / om & _ [z 7%
4+ M A /ﬁ&“_@))
+ 7 g (6.2)
Equation of State
L 4G/ JE
5 . L dJde, _Ld%
RaE = e’ wlt 0

On the liquid side, the governing equations are the one-

dimensional conservation of mass, momentum and energy.

Mass
Ma £, 5% [ riu) =e 6.4)
Momentum > e 2y _ _ 1 ej

e % 57 ¢ a or 6y

ra
1
—



p) Y

~

‘ By
Energy ;—:- - ”43_71- = %—Q(Y‘ ﬂ) (61)

At the vapor-liquid interface, the conservation equations
are satisfied in the limit when the interface becomes infinites-

simally thin. The equations are presented as follows:

Mass M, .-.-&/lu- #)r=f‘ b.7)

Momentum /3 - (&),_‘, Y (6!)

Energy ”, Af’ = f‘ /3?{))’:’3 (’69)

In equations (G.1) - (G.9)
2

T = temperature

density

—~
=
'

= pressure
t = time
r = radius

u = velocity

ﬂ& = condensation rate

Y[, = steam injection rate (source or sink)
A= flow area of injection pipe

P = specific heat ratio

(= specific heat with constant volume




A = thermal diffusivity
k = thermal conductivity
the subscripts ¢ denote liquid side and

B denotes vapor side

This set of partial differential equations could be con-
verted to a set of ordinary differential equations. The procedure
is to substitute the liquid continuity equation into the liquid
momenti'm equation and then integrate the resulting equation from Ta
to infinity. This converts the momentum equation into an ordinary
differential equation. In the liquid energy equation, it is con-
venient to approximate the temperature distribution in the liquid

by a quadratic profile.

TeTw #(To=T2) (28 - g) (6.70)
r-ra
where /3 = z

§
7

T = liquid temperature at the interface.

thermal boundary layer thickness

"

liquid temperature far away from the bubble

Then. when Equation (G.10) is substituted into the liquid energy
equation and the resulting equation integrated over the thermal
boundary later, an ordinary differential equation involving time
derivatives of §and /wis resulted. As for the in‘:rface tempera-

ture, the assumption is made that this temperature is prescribed



by the bubble pressure based on the saturated vapor curve. Thus,
a set of ordinary differential equations is derived and are listed
as follows:

Vapor Side
Continuity 4 2 2 %
: 7[::_" MA e Rl - ET e ‘) 6./
¥ 4‘””5 3? (/ A (4 (] A% z;}) ( 4}

Energy

ﬁc'g—?:--‘—;-;-; /M..‘ﬂ"(r/r/:" 7‘-’)
(1

- 2 dh 2 /%
Rerra® Z& _me 414 ﬁ) (6/3)

Eqn. of State

L 4B _ 1L de ) Jn

—_— = /4

hIET Ba T T dt 6%
Liquid Side

Momentum & Continuity

I% _ _ 1 dM _aly dn )N
de> = L dt % dr 2 %
+ bt Ll _ 2T ¥ 4./5)
5 72

where Py, 1s the liquid pressure at infinite distance

from the bubble.

Energy



£ = P
where é, = 'Ji _;2,0, -+ {;2 < ’?)

G = (7-T) [ 5+ X2 +4%)

o el f o g)

T 3
Interface
Continuity ﬂf = Up - J’i (6,/7)
[2 dt
Momen tum fé = @ [’;) /5,/()
Fnergy ”, /)’" e ?2;( Z - '/';4) (4/7)

The initial cenditions for this problem are as follows:

r&/ﬂ)-‘-’ Ye
5[0) = 0_,

d s =0
dt, "

=0
Tele) = Tear (),
Twle) = Tsarl /2,))

7"(/0) = 0_,
la(o) = 12
/oe/l) & f/,.ut ('9»),



and the initial liquid temperature is Jp . These initial conditions
correspond to the sudden transfer of a vapor bubble into a subcooled
pool of stagnant liquid. The step change in the liquid temperature
leads to an infinite condensation rate initially. In addition, the
liquid energy equation is singular initially due to the initial
condition that ﬁZ’: 0. The latter problem was circumvented by
multiplying the energy equation through by $ and then taking the

limit as $ approaches zero. The resulting equation is:

a5’ _ a @
r /3. o (&. )

Then equation (G.20) is integrated over an arbitrarily small time

then

§lt) = J1a o ta ' 6. 1)

Eqn. (G.21) is then substituted into equation (G.19) to yield

2 4
mlb) = -z,;—:;/;‘) (Tu=Ta) (G9)

It was shown in reference (14) that as long as the initial
PR |
time step size and ﬁ are of the same order ( t‘ < /o ) and
that 2 —
X)) 4t <y (§23)
the subsequent numerical solution will not be affected by the choice
of t, . The modified initial conditions are presented as follows:
glc) = 1,
§le) = {(t),
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Jde
a7 il i o 0 )
dt l4z0 ~ CZf)'

Tate) = Tsat (B),
T lo) = Td(&),

Melo) = " lts)
/’8/0) = &1

(200 = fosar (1),

—
and the initial pool temperature is /e,
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APPENDIX H

THE NUMERICAL PROCEDURE
AND

SENSITIVITY STUDIES

H.0 General Description

H.1 Sensitivity of the Choice
of the Condensation Region
Volume

H.2 Required Time Step for the
Pipe Flow Model when Coupled
to the Bubble Dynamics Model

H.3 Convergence Test on Chugging
Model



H.0 General Description

The equations for the transient flow in the pipe are solved
by the method of characteristics. The resulting equations for the

forward and backward characteristics are
L p° w"/V’/ et o y B
alf"' ‘,a’p g / [ J[ H.1

5’5 o ik .

and the path characteristic is

dp- %g‘ -- 54 )co*d/'/%{r

ro

H.3
d3* _ 7
";}'6 i ] H.4

where the starred quantities designate non-dimensionalized variables,

P' = dimensionless steam density
P* = dimensionless steam pressure
V* = dimensionless steam velocity
C* = dimensionless steam sound speed

W

™ dimensionless time

and f = friction factor

..
- §
i

‘er"th to diameter ration for the pipe

-
L]

ratio of specific heats

The boundary conditions at the pipe inlet and Region II are
both the pressure prescribed conditions while the velocities at both
boundaries are found from the characteristics as appropriate. The
relat ion between the time step size and the spacial grid size which

ensures a stable solution is found to be



‘/x) + v 11)/% .

In the condensation region (Region I1) the Fuler method is

used to solve the mass balance equation given in Section 4.1.2.

ne/ »
limw = leon "t = (m,, -"’c —/;:.,/55)‘) H.6
where V" = volume of condensation region
= (x + x¢) A
A = pipe cross-sectional area
(x + xc) = length of condensation region

(see Figure H.1)
)5,',. = rate of steam inflow
Mme = rate of condensation
ﬁ;~ = steam density

interface velocity

3

The subscript £eW indicates the condensation region, super-
script » indicates current time step and (n + 1) indicates next
time step. The criteria for a stable solution for this equation is
found to be (Computer Runs WCR 10, 11, 12, 13)

a2 = V? H.7
Since ¥ is a variable hence 4€ is also varied. When coupled to the
method of characteristics, the largest 4# allowed is given by Eqn.
(H.5) when ltlis converted to its dimensional form. As the volume
of region II descreases 4¢ and g¢* are both decreased accordingly.

The pressure in the condensation region is given by the iso-
thermal relation for the steam, i.e.

n
Pm = Il

(zow



where ‘,is given by the initial conditions in the pipe which is
assumed to be saturated.
For the chugging model concerning the water slug motion, the

momentum equation for the water slug is solved by the Euler method.
n+/ n ‘t n ” n
a =i+ ?f'd“ '*[/"&‘/3)-/?"]" H.9

where T = p AlL- (r-A)%")
da

- ™)
S AS 4 S f__.__./‘“ p)

1]

water densit:-

4

=)
"

pipe diameter

—
i

submergence depth

and p

proportionality constant for the
apparent mass of the water slug

0.2 for slug discharge

s

For the conditions in steam chugging, the slug velocities are

0.0 for slug upflow H.10

generally small and moderate pressure changes and are imposed by the
condensation region; the stable time step for this equation is
generally larger than the one chosen for the condensation region.
Hence, this equation does not impose any new criteria for the choice
of the time step.
As described in Chapter 4, the present model is based on two
different configurations depending on whether the water slug is
in the pipe or when the bubble begins to form at the exit. Hence,
two different procedures are used to solve this set of equations.
During chugging, using the above set of equations, the steam

th
conditions in the (n + 1) step are determined from the conditions

sg\
« D&



in the nth step by the procedure presented bhelow:

Procedure A - Step (1) Using the prescribed inlet steam pressure

for the (n + 1)th step, compute using the
backward travelling and path characteristic
to obtain the inlet steam velocity and density.

Step (2) Solve the characteristic equations for the
steam pressure, density, and velocity at all
the spacial nodes in Region I.

Step (3) Using Eqns., H.6, H.8, determine the steam
density and pressure for the (n + 1)th step
in Region II.

Step (4) Using pressure result of step (3) obtain exit
steam velocity and density from Region I using
forward travelling characteristic and path.

Step (5) Compute slug velocity using Eqn. H.9.

These steps are repeated until the slug is discharged out
4%
7

. 3
gives the steam a volume of %1('5 serving as the initial bubble

of the vent and proceeded a distance of This additional length

volume for the bubhle dynamics model. Then the spacial grids in the
pipe are reset extending Region I to cover the entire pipe. The boun-
dary condition at the pipe exit is coupled to the steam bubble
dynamics mcdel which is solved by the Runge-Kutta method. The pro-

cedure for solviag this phase of the calculation is:

Procedure B - Step (1) Same as Procedure A.

step (2) Same as Procedure A,
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Vent Pipe Region I

Vent Pipe Region II
(Condensation Region)

Bubble Dynamics
Bubble Collapse

Chugging Model

TABLE H.1

Method of Characterictics

Euler Method

Runge-Kutta Method
Runge-Kutta Method

Euler Method
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Initially the slug is at the exit, x is equal to the submergence
depth, thus

-lfl';‘litl.at - (L * Xe) A H.12
Recall from previous discussion, the time step required for the
condensation region is given by Eqn. H.7.

st =V

ilence as the slug moves up the vent, ¥ decreases and 4¢decreases
also. The choice of x. becomes critical here because if the slug
approaches a height of (L + x¢), the time ste, is reduced drastically
due to the decrease in the volume of the condensation region. Nor-
mally, x. is chosen to be large enough such that no chugs in the given
pool temperature range would exceed a ' ight of (L + x¢) from the
exit. However, due to the limitations by the time step, it is
desirable to use a large x. to reduce the computation cost. 1In
Runs RV5 and 6 x. is varied from 25.4 cm to 50.8 cm and the solution
is compared to identify the dependence of the final solution to the
choice of x¢c. 't is fourd that the calculated chug height and the
computed time at which this maximum is attained does not differ by
over 10%. Table H.2 depicts this comparison. Thus it is concluded
that the dependence of the solution on the choice of xc is small,

H.2 Required Time Step for Bubble Dynamics
Model When Compled to Pipe Flow Model

Since the bubble dynamics model is solved by the Runge-Kutta
method, which uses a much smaller time step than the one used in the

transient pipe flow model, the coupling between the two is more

complicated. The time step used in the pipe flow model is used as




Run No. RVS Time, sec. Chug Height, cm
Xec = 25.4 cm .006082 .2926
.007252 .3993
.008421 .5029
.009591 5791
.01076 .6126
01207 .6035
Run No. RV6 Time, sec. Chug Height, cm.
Xe = 50.8 om .006468 . 3440
007511 L4389
.008554 .5242
. 009597 .5883
.01064 .6218
.01175 .6248
.01315 L5913
Conditions for these two runs:
(1) Pipe radius = 2.54 c¢m
(2) Submergence depth = 25.4 am
(3) Pipe total length = 337.8 cm
(4) Initial pipe pressure = .956 atn,
(5) Initial velocity of steam = 7.62 m/sec
(6) Steam mass flux at pipe inlet = 7.56 gm/sec
(7) Pool temperature = 53.9°C
(8) Pool surface pressure = 1.0 atm,

TABLE H.2
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the time interval for the computations in the bubble dynamics model.
At he end of this time interval, the computed bubble pressure is

fed back to the pipe flow model. However, if the time step used in
the pipe model is toou.large, then large changes in the bubble
dynamics may have been calculated before the computed bubble pressure
is fed back to the pipe flow model causing large inaccuracies

in the pipe flow model and consequently large errors in the solution.
Run No. WCR1I6A and WCR17 are made to identify the correct time step
to be used in the pipe flow model. The results show that the time
step in the pipe given in Eqn. H.5 has to be reduced by a factor of
eight during the bubble growth period. Identical results were
obtained in the two runs when in WCR17 the time step was reduced

by a factor of eighty.

H.3 Conve:ggpce Tests

A convergence test is performed by reducing the time step
by a factor of two twice. The results are the same for all three
runs indicating that the time step criteria given previously are
adequate.

The same procedure was performed in testing the bubble col-
lapse model. The resulting peak pressures did not differ by 1% for
all three cases indicating the choice of the time step in the bubble

collapse model is adequate.
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TABLE H.3

COMPUTER RUN RECORD

Run No. Purpose/Results
RVS Xc = 30.5 cm
RVE Xe = 61, cm

Sclution insensitive to X

WCRI16A Time step reduction factor =

WCR17 Time step reduction factor
Soluticn the same, factor of
8 1s adeguate.

coONw 11, 2, 3 Convergence Test of

Chugging Model

SPIKE 24, 25, 26 Convergence Test of Chugging
Bubble Collapse Model
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IMPLICIT HEAL®B(A-M,0-2)
DOUBLE PRECISION MIN WK
COMMONZSTHUBZXP INF s XOT T ARW e XHGoe YY( 8) o XALN o XHO

COMMONZ/VELOC/ZYYY(S500) Cl1 oPPOLDDONPTS
DIMENGSTON PU29)ePO(2%) VI29) VOIZH) sRIZY) sRO(2B 1 e2(25)
LZUC29) +CL25)C0I2Y)
XP(ZZV 22Vl 2-210V722
FUALLAZOADS AR AS AG)“(AZ-AL)/20080 (1 o~A2)0AS0 A2 AL/ 2.0AN8A0L/AN
GIBL D203 2=2,0037 (DL ¢DSART (BL *N1 -4 ,¢H2e01 1))

(o s rmmsamrmrmee smasmmmeem mmmmm -

ComommmcneE IMETRIC CONDITIONS

READI(S 884 INPTS

. —— -

444 FORMATLTS)
READ(S3I3NIYYYL T ) k21 aNPTS)
333 FORMAT(10D8.4)
WRITE(OHO6DIYYYIL) o0 =1 NPTS)
6610 FORMAT (SX, 10D12.4)

C---------—-----——-- . ——_—— -

(owmmmwmnw==COMMON BLOCK VELOC
c W W . —— b I I I I Y
PPO=0. 0
VA 03240
C-------------_-----4.------_--_ L A ————
RADO=2 ., 018712,
NITR=Z2 29712 .
XLS=21 0657120
XLA*OBH 11712
ML S sxLS
KL =XLA® XS
KLEXKL ¢4 ,02AD0/ 3,
XLE Qex
KL SeXL S AL, 0IADO/ S
ARV A= 1. 14 16%HADOSRADO
SCALER=DHI5 /712,

(S m e s rmen e s e EreSSe T REES e e EE e -

(omommmmae=C INGTANTS FOR THE INL T BOUNDYARY CONDITIINS
€ B o B WSS B WO WS a0 A W A B 0 s A G o BN REPE SRR EERSSBSSSGEE
RO=* 0138
PO=1S.
KMue D1 OGO o)1, 2
COEFesl2%,
TYALYZ #) o7 COUNF
AVALV # 1.l ain/Z 140,
T L T L p——— PRI S S e ——— PR —— R ———
(owmsvon cnaTHEHMAL MHYDRAUL TC CONDIT TONS
(P ros s ssmen T e s R s AR Emr s ammme o~ RS —————
PINF 2«30 6H67
TSAT=2%2.0
HrFGeYa4,.1
RHOG= 07477
i dnunn. 7a

-~

L1

IUSA

T4 3

~
-

12POW 2

.




BSTA=z,2
FLD=1.615
C=32s2
GGC =184, %00 /7AH I
Re=RH0o
PINFz2INF+XLSURTRW/148,
DYT=191.2
TWATER=TSATYT=-DTT
XMU =] ¢65-0,01228(TWATER~100,)
XMU=XMUL/ 3600,
CALL HTPROP(XKK JALFA SIGMA ,TWATER)
FILMH=(GCORWERWEHFG/ X MU/ XKL /DTT 1 88,2581 41 38XKK
FILMH=FILMH®*14,
REILMH=FILMH 2, /2
WRITE(S 270 ) TWATEF R XKKALFA,SIGMAFI_MH

270 FIQMAT (10X, *TEMP WATER=',S 1144, THERMAL ZOND=* sElleb,
i "THERMAL OIFF=*3E114+9, 'SJURFACT TENSION='3Z11:4,
2 *WALL HT COEF =" 4€114)

C"'"""““°°" -~

g----—-----VARlABLES IN COMMON 3LOCK STBUB
XP INF=P [NF
XDTYT=DVTY
XqwWw=240w
XRG=RHOG
XAIN=AREA
XR0=2ADO

C--—----o—---------——----—-----—--------o—-------------. - ————————

WRITE(64,210) XLAXLS 4 XLFQ,LD,AREA

210 FORMAT(SX, *XLA=',Flle8, *FT, XLS=*,Elled,*'F T, XLEQ="* JE11 +4,
1'FT. FLDO=Y 3EL] e/ e5X s *AEQUI="3E11:9,° SQseFT, ", 7)
c-- --------- B - e - —————————— - - ——— -
Commcscnnnas SATURATED VAOPOR CJURVE NEAR ATMOSPHERIC 2RESSURE

C-—--—----Q---------—---c- -~~~

XK 1=14.,7/7.0373
K=1,.3
PREF =144 7
RREF=2,0373
GRAD=,00242
CF=12=06
Pl =31 .24
QI=RAIEF+GRADE(PI PR
CI=DSART(144,%32,2%P
VTANK =] 57

-
=

=)
[/R1)



‘\.

¥

BTYTANKD)= 3266
RTANKDIzRAEFSGRADS(APTANKD =PRI )
C1L2PTANKOSRTANKOS® (~K)

XMOUT =0
WRITE(H .21 3IRLPL.CI1PINF
213 FORMAT(SX,*INITIAL CONDITIOMS RI=®FEl1e4,:°LBM/CUFTa Pl=*.Ellecb
1+ *PSIA SONIC SPEFD=*,Elled,'FT/SFC PINT =Bl L8, 'PSIA* /)

WRITE(H 4218 )K ,Rw
214 FORMAT({SX.*SPECIFIZ HEAT QATIU=®oF1 185X, " WATER DENSITY="® ;EL11<8,"

ILBM/Z/T) s FT et /)

G o e =
Commmmmme == =NON=D [MENSTONALIZE PARAMETERS

- —— -~

O — - - R W R R e R R e e e e

c----—----———~——--——-----—-—---
XMO=X4/RIZ/ZCIZAREA
PINF =P NF 7P]
TMAX =1
TMAX =TMAXSC [/xL
PREF =PREF 70]
RREF2QRFF /R
C—--- RIS S S ———————— L e R I
(wwmmmnees=-TONTROL LOGIC
Commemme==-=NGUS=1 Al BUBBLE .NBUB=2 STEAM BUBBLE
(mmemmme===aNDC=TIME STEP REDUCTION FACTOR WHEN CONDENSATION OCTUR
[ s L A1 FOR CONSTANT STAGNANT CONDITION UPSTREAM
Commmmmm=eeNY=]l FIR CONDITION DO CONSTANY FLOW AT VALVE
(ommm amm = eaNY =22 VELOCITY AT VALVE IS5 GIVEN
Commmmmene=y3TAIT=1 START FROM 5SLUG DISCHARGE
Commmmee==Y4START 20 START FROM BUBBLS COLL APSE
(meememe===NP=QUTPUT FREQUENCY FOR SLUG INFONP MUST BE MULTIP_E OF NJUMP
Commmmmmee==NJUMP=JUTPUT FREQUENCY FOR VENT PIPE INTO
oD P ——— “NR=1 #HFN REVFRSF FLOW (0F SLUG ODCCUR,,ZERD DTHERWISE
Commemmme==NJJINT FOR CONTROLL ING UPWARD OR DOWNWORD FLOW OF S5LJ6
Commmmmmee=NVE 3 SURGE TANK MODEL FOR STFAM INFLOW
Commmcmew==NV=4 SURGE TANK PRESSURE GIVEN
(omwemme==MOUNT=1 DURING REVERSS FLOW.0 OTHERWISE
Comnmmeanee==NDROP=]l WHEN VENT PRTSSURE DROPS IN INITIAL CTHUG 0 DTHERWISE
MOUNT=0
N3UR =2
N =8
NDC =100
N=24
NGK ] P=)
NV =4
NP=20
NJUMP 250
NYAX =200




CL f F JUNT ING
BURMLE MOT!ON f INTING
CONDENSAT ION | s TEP OQUNTING
OVERALL >T=P

INT=0

PIPE CONDITIONS

HoHM

L

- ‘
ST S LI )

=25¢ O® K /C 1




ROCT) =1,
ZOCIY2(I~-1 DO XL A/ZXLZ(N=-1"
ZCEY=20C 1)

CONTINUE

DZaXLA/XLZIN=1)
SMAX=VOL1) 7K+ COCL)
DY=DZ/75MAX
OT IME=DT sxL/7C1

i R e ———

IFINSTARTF Qe 0)GO

GO 7D 50
COUNTINUE
IF(TaGT+ TMAX) GO TD 99
TOUNT= [OUNT ¢}

DU 2 122 ,Nv1
YPCM=YO(I~1)/K¢CO

(iI=-1?
VMCPeYDI(TI®L )/ -COCTL#L)
VRPCP=VO(I#1 ) /7KeCO(T#1)
VNMCMaVDL{ I~ 1) /K-C0O(T~1)
YP=YI(1)/K
VRCevOll ) /e O]
VMC=VvO(I)/K=COC(1)
DEL=DZ/DT

APaYPCM/ 2, ~VPCOYPrp,/2,
BPeVPCP/2,-VPCM/2.4DFL
AMSVMCM/Z2 , ~YMCevMCP /2,
BM=yMIP /2, ~VMCM/2.¢DFL
APP=(VO(I~L )/ 2¢=VU( 2~V

L1V /7260 /K

OPP-(VO(IOID/Zo-VUtl-ll/?.)lKQDFL

ZA=ZO(1)eDZeGIBP AP, YFPL )
IB=Z0CT )N ZeG (M AN, v )
ZD=Z20( 1) DZeG( PP LAPP v )
XPZA=2XP{ZALZO(I) ,OD2)
KPLZAZXPZASXPZA
XPZAR=2XP(ZALZO(I)YD2)
XPZA2uXPINeXD75
XPZD=XP(ZDLZO(1),D2)
XPZQ2aXPLO®XPZD

PA=ECXIZA XPLA2, POCL) « PO
RA=F(XPZA, XPZA2, ROC L) kD
CA=F (XPZA XPZA2, cotll.cu
VASFILXPZALXPZAZ, L1).a
PB=F(XPZIB.xPZB2, ().
AB=F(XPLA . xPIB2, (ll.
CO=F(XPIn, xPZB2, Cerd,
YOF(XPZD.XPZD2, !nlll.

P o Py oy



POSF(X2ZD.XPZD2, PO(L1)«PO(1I=1),PO(I#1),2D)
RD=F(XPZD,xXPZD2, ROCIDRICI=1)RO(L®1),2ZD)
CD=F(XPZNDxXP2D2, CO(I1).CO(1-1),CO(1+1),2D)
YO=F(XPZD.XPZD 2, C(I)sVO(LI~-1)a¥YO(I#*1),2D)
SMB=FLO*RI/KEVASDABS (VB )/ 2 8 ((K=1,)/KsVvB+LB)®DT
SPAFLDSRA/KEVASDABS(VA )72 o2 ((K~]l o ) /KEVA=CA)®DT
SRD==FLD®(K~ 14 )/ K/K/KSRD/ZD/7CO®VISVD /2 .8#DABS(VD)SDTY
RCVA=RASCA®VA

RCvB=28sCa3s VB

RCFAC=1+/(RASCA+RB*CB)
P(I)=RCFACS (RBECB*(PA+RCVAISPA)I+RASCAS(PB~-RCVB+SMB))

V(1)=RCFACS(PA-PB+RC VASRCVEESPA=5 MB )
ROIV=RD#L &/K/7CO/7COE(P(1)=PD) +SRD
ClI)=DSART(P(II/RI(T))
CONT INUE
IF(ZP.GE«XLS/XL) GO YO 10

HETA=,2

IF(DOX3AR «.E o0 )BETA=0,000001

uZPe=2ZP

QDZP=DZP
PPOOL =P INF sP |

D2XBAR=GGCS (P (NIS*P[-PPIOL )~BETASI XBARSDXBAR+GC*®{ XL S~ X3AR)
D2XBAR=D2XIAR/(XLS~(1+~BETA)&XBAR)
DXBAR=D2Z2XBARSDTIME+D XBAR
IF(DXBAR.GT « 0« s ANDJNOUNT ,EQ.0 INR=0
IF(OXSAReGT o Co « ANDe NOUNT ¢ EQel ) ZPO =02ZP
IF(DOXBAR ¢ GT e 0w o AND dNOUNT Z Qa1 )JOUNT=0
IF(DXBARGT o0 s « ANDeNOUNT +EQel INQINT=Q
XBAR=DX3ARSDTIME + X3 AR
IP=XBAR/XL
DZP=( 2ZP=-0QZP) /DT
VE=DXBARSK /(1
ICML=[DJUNT =1
IS(CICML/NP)IENPLEQe ICMIL IWRITE(6+,230)ITIME,XBAR, DXBAR
IF(ZP «GE «XLS/XLIGO YO 9
230 FORMAT(ISX»*"TIME=",E11e4:2Xs"*'SLUG POSITION="9211:%:2X,
1*'SLUG VELOCITY=',Ell.4)
€a Ta 1S IS W
9 CONTINUE
LOUNT =LOUNT #1
NDRQP=0 =
VCT IMS=T [ME-(ZP=XLS/XL ) *DT M= /(ZP~-QZP)
WRITE(6,220)VCTIME,DXBAR
220 FORMAT( /415X, *VENT CLEARING TIME=" Elled./
110X, *VENT CLEARING VELOCITY®R*,ELlle4,./)



L._--- Rl cdcsclie=dicmihoeiowde it dinte-seho i o d b

- -

Commenmen==FOR STEAM BUBALE AFTFR VENT CLEAR RESEY ALL NODE POINTS

C"""""""‘“"‘"'"“""""'""‘"

401

20

23
24

B6T

22

IFINBUB.EQe1)GO TO 21
- DQ 301 I=1.N

WRITE(6,388)1,Z0(1).PO(TI)VO(I),RL(TII,COLTY

CONTINUE
TIME=VCTIME

DZ3=0Z

DZ=1e /DFLCAT(N~-1)

M= (XLA/XL_+ZP0)/D2Z

20 sO I=1N
$DFLOAT(I-1)

E couthuE

DO 22 1=2.M

DO 23 J,‘.N

_DjFs= J)
!'(Dl‘oLEoOo'GO TO 2a&
CONTIUE
CONTINMUE
 DARAM=(Z

MOL =Me ]

AAA=ZO(N)
_B88=1.-AAA

DO 25 [=MPI1,N
P(1)=PCIND/PI
R(I1)=RCON/RI
_C(1)=DSQRT(P(I)/RI(
(I)=(Z(1)~-AAA)® YV
ONY INUE

O(N))/BBB +VOIN)



..
(@

66

-nlYE(b.aaa)l.ZO(ll.PJCIl.v0(ll.lO(lD.CO(l)
N _ CONT INUE
" 21 CONTINUE
Ve =0,
___RADO=RAD0
RHOB0=RI(N)SR]
PBO=P(N)*P]
TCHUG=0e
PCHUG=P(N)
ARITE(H,250) TIME «RADD. VWO s RHOBO, PBU
DT=NZ/SMAX®0.83/DFLOAT(ND)
DTIME=DTeXL/CI
G0 10 15
10 CONTINUE
KOUNT=X OUNT #1
IFINSUB.EQs1)G0 TO 17
TIN=PO(N)*P[ %184, /RO(N)/R1/85.76

C—----—--‘-o--—---—--—--------‘ . .-~

E-°°°‘---°‘V‘“1ABLES IN ARGUMENT IN CALL SBUB
XPEND=POQ(N}*P]
X11=XLS~4+.¢RADO/ 3¢
ATOTI=F ILMHE3 . 14 16CRAD OS2, DT TS (X1 1)%%,75
X22=2 . ¢RADD~4 ,*RADO/3.
lgiK221LT1911‘22’4{
ATOT2=FILMH=*3,.1416
ATOT1L =QY0OTL+QYOTY2
XMCOND=QTOT1#DT] ME/HFG
AMCW =XMCOND/ DT [ ME/ AREA
AMDOT=ROINISRISVOINISCI/K~XMCW
IE(XMOOT oL T a0 ) XMCOND=(XMDOTH XM W) #DTIMESAREA
IF(XMDOT o LT o0 ) XMDOT =0,
TOT4=TOT4+ XMDOTS#AREASD TIME
TITS=TITS+XMCOND
XTIN=TIN
Xva=vVwd
XTIME=T [MZ
XOTIME=DTIME
XRG=RBINI&R]
CALL SBUB(XPEND XMDOT . XT INs XV W XPB o XTIME s XDTIME JLOUNT)
P3=xP3
Va=XVw
RHOB=YY (2 )R HDw
QAD=YY(7)*RADO

QUTKEZ2 . DT T#(X22)%%,75



00¢

404

17

18
111

IF(IMAXLLT «RAD)IRMAX=RAD
SUNMP =0,
DO 404 I=1,N
SUMPSUMP +PD( 1)
CONTINUEZ
PRIAR=SUMP/DFLOATI(N)
TWZR=1.5%RAD0
TCHUG=TCHUGH: OT I ME
FACT=0s 5¢RMAX
IF(PCHUGeLToPINF IFACT=0s 9 RMAX
IF(RADLGTATHOR)IFACT=0.983¢RMA X
IF(RADLY FACT.AND.PBARLLT PINF)IGO TO 300
LOUNT=LOUNT+1
GJ) TO 18
CONTINVE
VEEVAD (= 3. sVWOSVWD /2. +(P(N)*PI-PINF)*GGC)ISDTI M= /RADO
RAD=zRADO VWO *DT [ ME
RHOS =AHO30-RH08B30¢ VW OsDTIME/RADO
RHOI=RHOS+ I ¥RINI*RISV(NI*CI /K*RO*R 0D TIMI /4,
PB=P30+XK] *(RHOB-RH0OBO)
CONTINUZ
P(N)=PB/PI
CONT INVE
VON=VOI(N) 7K ¢COI(N)
VONML =VOIN=L ) /K ¢CO(N=-1)
ZAZZOUN)“VINSDT/ (1 o+ (VCN-VCONML ) /D Z%DT)
ZX=(ZI(NI-ZA)/0DZ

PAZPOIN)~(POIN)I=POIN=-1))*Z X
RA=RO(N)=(ROINI-ROIN~-1) ) *ZX
VAEVOIN)I=(VOIN)I=VDIN=-1) )27 X
CA=COINI=-(COINI=-COIN-1))*ZX
FNMC=FLDSRA/KEVASDABSI(VA)IS({IK~-1 4 )/ KeVA-CA)EDTZ72,
VINIsVA-(PIN)=PA)/RA/CAYMC /RA/CA
I=N
FACC=(vO(I)=vO(I-1))sDT/D2Z/K
ZD=ZOIN)=(DZeVIOIN)II/Z(VOIN)=VOI(N=-1)#DZ/DT)
VO=vO(I=1)+¢(VO(I)=-VO(I-1))®(ZD~-2Z0(1~-1))7D2Z
RDIRJ(l'l’O(QO(‘,-QO(l'l)’.(ZD Zo(l1-1))/D02
PO=PI(I~1)+(PO(])=-POC(I-1))*(2D-22(1~1))7D2Z
CO=CO(I=1 )¢ (COMI)=CO(I=1))n(2ZD~2Z2Li~1))/D2
SRD==FLD®(K= 1+ )/K/K/KERD/ZUL/CODENISYN /2 o #DABS(VD)*D T
RII)=RD# 1 +/K/7CO/CO®(P(]I )= D)eSRD
CIN) =DSQRTIPINI/RIN))
IFINBUB.EQ.2e D.LOUN?.L'.I’GO To 222



10€

Vealdzvwe
RADOU=RAD
QB0 =Rk408
P33=P3
IF((ICMI /NPIENP NELICMLIGO TO 1555
WRITE( 6., 789) XMZ OND
789 EIRMAT(SX , *CONDEN=*,D15.8)
WRITE(6,2S50)TIME ;,RADO,.VWO,RHOBO,PBO
250 FOEMQY(S‘O.T!“:3.03‘5090'3\" RAD="' ,E11.8,°8BU3 VEL="iE11 o5,
1°'8UB DEN=",E11.4,'END PRES=",FE1l1.4)
Clsss CONTINUE
GO TO 16
15 CONTINUE
l‘(NRQEQOI)GO VQ 302

C"‘""""“"""““" ----------- - - ——— -

CorrecancseASSUNE NO CONDFNSAYION UNTIL SLUG HAS MOVED 8Y XLENGT

C------------ e e kb b ————

XLENGT =01 #XLS/ XL
ZZZ=02P=-2P0Q
IFINBUBEQu22AND A ZZZ2.GT aXLENGTIGO TO 19
Commceee==aSLUG END CONDITION FIR CHARACTERISTICS “OR NO CONDENSATION
c------------------------‘--------------------------------------------.’
v(N)=V(N-lbooll(DZPoDTooll#(VU-V(N—lD)
- AF(ZP 2 G o XLS/XLIVINI=YNES, - ST
VCN=VOIN) 7K +COI(N)
VCNMLI=VOIN=- 1) /K+COIN=-1)
zkle(Ni-VCNODYI(I-O(VCN—VCNNl)/)Z.DTD
ZX={ZO(N)-ZA)/DZ ——
PA=PO(NI=(POIN)=PO(N=1))®ZX
PAZRO(N)=(ROINI=RO(N=1) )e2x
VA=VO(N)=(VOINI=VO(N=1) ) *ZX
CA=COINI-(COINI-CO(N=-1))*ZX
FMC=FLD®RA/KSVASDABS (VA)#( (K~1 . ) /KSVA-CA)®DT/ 2,
PIN) zPA-RASCAS(VIN)~VA) +FNC

=N
FACC=(VO(I)=-VvO(I-1))* R S——
ZD=ZO(N)I=(DZ*VOI(N) ) 7/(VOIN)=VOIN=-1)+DZ/DT)
VO=VO(I=1)#(VO(I)=-vO(I=-2) )& 2D=-2D(1I~-1))/D2Z
R)xRO(l-IDO(QO(ID-QO(I-I)I‘(ZD-ZO(I-Ii’/DZ

o = S~ i - - - - .
CO=CO(I-1)+(C oz



RUII=RO# 1 /X /CO/CO®(PLLI=-PD)¢SRD
CUN) =O3QRT(P(N)I/RI(N))
GO TD 16

i9 CONT INUE

C"'“""” - ——_————— -

—mmemmee==CONDENSATION REGION BQUNDARY CONDITION
IF( JOUNT .EQe 1 )RCONO=R(N) #R [
IF( JOUNT oS Qe 1 )PCONDO=P (N) # P
IF( JOUNT ¢EQe 1 )DT=DT /DFLOAT (NDC )
IF(JOUNTeZQe L )IDTIME=DT IME/DFL OAT (NDC)
IF(JOUNT Qa1 IXK 1P (N) P I/R(N)/R]
JOUNT = JOUNT +1
XLN=(0ZP-2P0)# XL
ATOT=F [LMHEI L 141 682AD0E 2, $DTTR(X_N)es, 75
GTOT=QTOTeD TIME
XMCOND =QTOT /HF G
TAT1=TOT | $4XMCOND
XMIC=RO(N)SRISVO(N)#CI /KSDT IMESARE A
VOLC =AREASXLN
RCON=RCONO+(XMIC=XMCOND-PCOND 0D ZP DT ¢ X_ ¢AREA ) /VOLC
PZOND=PCONOQ* XKl * (RCOUN=-RCONC)
D(N)I=PCOND 7P I
IF((JOUNT/200)8200.EQ.JOUNT IDT IME=VO_C#0,001
DT=DTIMESCI /XL
G T 111}
222 CONTINUE
QCONO=RCON
PCONDO=PCAOND
IF(DOXBARCGT -0, AND.MOUNT +EQel1 }GD YO 7
rre CONTINUE
IF(LICMLZ PIENPaNEL ICMIIGO TO 16 Lar
ARITE(6,260)PCOND,RCON « XMCOND o XMIC o VOLC ¢ JOUNT

20g

260 FORMAT (SX + " CONDENSATION REGIIN® 715X, "PRES=*,511.4,"DEN=",
5 Elle@s"CONDEN=" oS 118 "INFLOW=" E1 1l e84 " VOLIME=" ,EL ] o4,
15)
GO TO 16 :

c-------------—-------------—-- O ———— ———_— - -

g-—--—---—-REVERSE FLOW OF SLUG CONDENSATION REG(DM

302 CONT INUE
MOUNT =1
TREV=TRIVEDTI ME
JOUNT=JOUNT+ 1
XLL =XCH+OZPeXL
XCONL=0ZP% XL
TERM=DELAY +wIDTH
QTOT =0,
IF(TRAEVeGTeDELAYoANDe TREVeLT. TERM)IQTOT =2, 34077 #RADO/SCALER



IEINDROP e TUel ANDQTOT +GT.0.01G0 TO 405

(029 LT 0. I XCONL =0,

JT=RF [LMHE 3,1 416%RAD OS2, sDT "¢ (XCOM. ) *#,75
FI(TREV .GT .O.IQO-AND.'FEV.._Y.O.Ib!)CrO TO 4086
FUTREV.GTe0057)1G0 TO 405

TR =] ,5¢RADO . B
) Gk | r\:".)Jo 37606025 ANDs RCHUG 3T e TWOR)IQTOT =2 038D SRADI/SCALER

405 CONTI

TOQT/HFG

2+#XMCOND
(N)SRISVOIN)ISCI/< DT IME*AREA

S23GO0 T0 ©
L/NJUMP) ENJUMP . NE . ICMLIGD TO 6
TIME,TOT 1, TO07T2,T0T3,TOT4,T0OTS
ASS BALANCE® ,SX,5D15.8)

o

r
B
5
(:
7
0

(
¥
)
1
N

-

il el e r 2L
%)

ClO0w ODwme « £

- -

DABS(VO(I)) el 200001 )OV=0.
[ +40Z,0P.0V.0R,.0C

O N o o e bt

-

WRITE(
CONTIN
CONTIN
IF(ZP,GE«XLS/7XL) GO YO S0
O SHIFTING OF NOVEL IF CUNDENSATION IN YIPE EXISTS
IFINBUB.EQe2)GO TO S0

i
—

ICCO AN €S i O D=

nmi




vog

c----o----- -

CommmcmeeeaNR=] JATER SLUG CHUGS UP THE PIPEJ.ZERO JOTHERWISE
Covcccnneca==SHIFTING OF NODES DUF TO SLUG ™MOT ION
C------Q---------C- ............. W ———— -
7 CONTINUE
DZLO=DZ
DZ=(XLA/XL #ZP)/7(N~-1)

DT=DZ/SMAX® .8
DYIME=DTeXL /C!
MOUNT =0
GO YO 77
S0 IF(VO(2)7KGELCO(2)) GO TO S52
IF(T «GT o TMAX)IGO TO 99
TIME=TIME#DTIME
T=T DT
ASTAR=COEFSAVALVEST [ ME
IF(ASTAR G T« AVALVE) ASTAR=AVALVF
XM=XM)SASTAR/AVALVE
vMCl =vO(l1)/7x-=CO(1)
VMC21=vD(2) 7Kk=-CO(2)=-VvM(C 1}
ZB=VMCL*DT /(1 « #VMC21/7DZ%DT ) #(~14)
PB=PI(1 PO(2)=-P0O(1))e2B/70D2
va=vall volt 2)-vO(1))%2B/D2Z
RB=ROI(1 J(2)=-RD(1))e*ZB/ D2
cCa=Cco(1
IFINV,E

IF(NYV
IF(NV. Q.84)G0 YO 58
A=XMEP0ex /O]
B2 XM*Q0/R "% (K~ 1.)72./K
S=R3«C3
D=PB~5¢VA+FLD*RB/KeVBSDABS (VB )I/2.%((K~-1,)/7Ks/B8+CB)SDT
cPB=5+¢8
oCB=D/CPB
V1) =(=DCA+DSARTIDCHB*DCHR+A 8A/CPB ) )V /2.
P(1)=Ssv(1)+D
RE1D)=PLL)I/Z(PO/PISRI/RO~(K~-1e )/ 2s/7K/7xK8YV(L)eV 1))

)+ (
)+
)+
)+
el
I
NVa



S0g

53

55

54

56

S7

58

R
C

GRT(PILI/R(L1)Y)
oLTCfLl)®K) GO 7O o

S=kDeCO
D=P3=-SEVA+FLOD*RB/KEVBEDABS (VB ) /2% (K=1.)/Ke/3+CHB)*DT
CONTINUE
PvzDeSsvy
RY=RIEF S (PY/PREF ) *#() /X))
VVN= XMeK 7/Q v
[FIDASS(VVN=VV ILELCF)IGO TO 54
VV=VVYN
GD TO S5
CONTINUE
P(1)=PV
vil)=vyv
R(1)=RY
CL)=DSARTIP(LI/R(1))
IF(VI1)elTCUL)EX)GO TO 3
CONTINUVE
S=R3*_8

D=PB=SEVB+FLDE*RB/KEVEBEDABS(VB) /2.8((r~1.) 'KevB+CB) DT
VIi1)=xXV K

SeEvVii)+D

(LI/(PO/PISRI/RO=(K- Lo ) /2 /7K/XKSV(L)SV(]1))

QRT(P(1)I/R(1))

P

R »

Ct DS

IF liselLT4CC1)®K) GO TO &
J

S=R3¢C

D=

T XMOUT=RO(1)VO(1)SAREA $RISCI /K
RTANK=R TANKO+ ( XM=XMOUT [ Z/VT ANK *DTIME
RTANKD=RTANK
BYANK=RTANKssxs ]
CONTINUE
S=R3+CH
D=P3-S¢VYR+FLOSRE/KSVYDB*TADS (VB ) /2, %((K-1,)/K®/34(8)*DT
[IFINVeE2e8)CALL XPEXF PTANK,TIME)
P(1 I=PTANK/P |
Vil )=(P(1)~D)/S
(1)=P(1)/(PO/PISRI/RO-(K 1e)/2e/7K/K8VIL)®V(L1))
(1)=DSART(P(LI/R(1))
TAT3=TOT3¢RO(1)I*RIGVO(L)ISCI/KSAREA*DT [ MF
ICMI=IJUNT =1
IF(CICML/NP)*NP L EQe ICHML JURITE(B2SSSITIMELPTANSR(LDav(1)aD



90

$5C

52
136
240

FORMATIZ2X,S5D12e8)
IF'¥(1)eLToC(1)®Kx) GO YO &
CONTINUE

WRITE(6,280) TINE
5% ¥?sx.15 5515.4)
FORMAT(1ISX,*CHOKING AT VALVE AT TIME =*,Elled)

VI1)2K8DSART(247(K+ 1) *RI/RO*PO/P 1)
Pl )1=XMEDSQRT (2,7 (X ¢ 1. ) *PU/PI*RO/R])
RI1I=XMERO/RISDSANT ((K* L) /2. ¢P1/PO*RO/RI )
%gt;:ﬁfﬂﬁl(Z.l(Ktl.JOPQ/PXtRl/RDl

0

C o om oo o om nom - - - -

Crmereccee==DREPARE CONDITIONS FOR REVERSE FLO' OF 5LUG

c-------------0----‘---—--- ------ - -— - ————— - -

300

3ol

400

305
306

CONT INUE
NOUNT =]
KBAR=ZXLS~RADO®4 o/ 3.-1.0-05
TREV=0e
QCHUG=RIMA X
RMAX =0 o
IXFIAR =0,
DZP=0a
ZPO=XBAR/XL
I9P=s2P0
XCH=2,
NPL=N¢]
DO 301 I=1,.NPI
ZCID=DFLOAT(I-1)8( XLA=XCH) /XL /DFLOATIN=-1)
CONT INUF
20 400 I=1.N
VYRITE(6:,888VI,Z0(1)+POCL)VOLTD)ROCI)COCL)
CONTINUE
DZO=le /DFLOATI(N=-1)
IF(TIVME qEQ o0+ )DZ0=XLA/ XL S/DF_DAT(N-1)
D0 304 I=1.+N
DO 305 J=1.N
2Z=Z241)=-200(J}
IF(ZZ.LT.,0.)G0 YO 306
CONTINUE
CONT INUE
CHANGS ==22/D20
1 )=P0(J)-CHANGE*®(PU( J) -PO(J
1)=vO0(J)-CHANGE®(VO(J)=-VDI(I
(1)2RQA(C I ~-CHANGES (RO(J) -RU(Y
(1) CD(JE-CHANGE.(CO(JD-CO(:
Y

-1))
-1))
2 -1))
c = -1
~ E(6:+988)14Z0(1)+POCL)+VO(T),R

Q(I),CoC 1)



B88 FORMAT(2X:sIS«5D1548)
304 CONT INUE
MM=(ZOIN)-ZI(N))/DZO
PSUM=0,
RSUM=0,
20 303 [=1 .MM
KKaN¢1~]
PSUM=PSUM+P0 (KK )
RSUM=RSUM+ 20 (KK )
308 CONTINUE
PCONDO=PSUMSP [/DFLOAT( MM)
QCONQ=RSUMER I /DF LOAT (MM)
D0 307 I=1.N
POoCI)I=P(1)
vo(I)=v(l)
RACII=R(1)
Cat(r)=C(1)
ZaCid=2(1)
307 CONTINUE
WRITE(6,107)
WRIT=E(64110)
) DO 303 I=1«N
OC=CO(1)«l1
Ov=ClsvO(l)/K
oP=PO(I ) &P
QZ=XL*Z0(1)
OR=RI*RO(I
IF(DA3S(V)
WRITE(6,10
303

L0g

oL Teea001) OV=0.
0Z.0P.0vV.0R,0C
NU

E
6+230)TIME XBAR,DXBAR
OQUNT =0
NR =1

)
(
6

cQ
Rl
L

DZ=(XLA=-XCH) /7XL/7DFLOATIN-1)
DT=DZ2/SMAX%0.8
DT=07/72.
ODTIME=DTsXL/CI
WRITE(6:999)TIME,PCONDD+RCONDWDZ.DZO
999 FORMAT(2X,5015.8)
IF(TIME«EQe 0 )GO TO SO
GO TO &
c----------‘--‘----“- ----- -— - - T -~ - -—-——-
99 CONTINUE
110 FORMAT (L7X,*FEST® 4 1 IXe *PSIAY 9K "FEET/SEC® 46X *LBM/CULFT® g 9X,*FEZT
3 FSECT o 7)
107 FORMAT(7X ¢ "NIDE " 84X, *DISTANCE®  7X ,"PRESSURIE® 4 7X 4*VELOTITY"* , 7TX,*
1 DENSITY®*3X,*SONIC SPEED"')
sSToP
END



QoL

SUBROQUTINS HTPROP(IXKC JALFA ,SIGMA, TSAT)

IMPLICIT REALSS8(A-H.0-2)

TSTAQR=TSAY=-32,

XKC=e319400078TSTAR=, 15D~ 05 TSTARSS 2,4, D~ *

et Jo Sk At g 25 JOETSTARe® 3,
ALFA=S54 07+, 0148 TSTAR=432D D45 TSTAR®$2 ., +4,13D0~)7#TSTAR®s3,
ALFA=ALFAZ1000.73600.

TSTAR=TSTARSS , /9,
S[GN“’S.G?'.l391‘TSYAQ—QOOOJ‘VSYAQ.‘2000250‘06‘73YAR..30
SIGMA=35 [GMA%6 ,35D-05

RE TURN

END

SUBROUTINE XPEXYF(XP,TI ME)

IMPLICIT REAL®*8{A~H,0-2)
COMMON/VELOC/YYY(S00).C1,.PPO,DDD.NPTS

PO=PPO

DD=DDO

DJ 1 I=1.NPTS

XX=TIME=-DD®DFLOAT(I~1)}

IF(XX LT e0)GO YO 2

CONTINUE

WRITE(6,3)

FORMAT (SX + *"DATA TIME EXCEEDED*, /)

STOP

CONTINUE

XP=zYYY(I=1)+(DO#+XX)/0O®(YYY(I)=-YYY({I-1))

XP =XDeP0D

RE TURN

END

SUBROUTINE DERI(Wl w2, W3,W8,U1l,U2,U3,U4,DUD")
IMPLICIT REAL*8B(A-H,.C~Z)

C21=(J02~Ul)/(w2-wW1)

D32=(JU3=-U2)/(wWi-w2)

D&a3=(Us~U3)/( wa~w3)

D31=(032-D21)/7(wW3-wi) .
Da2=(NA43=-D32)/(wWa-wW2)

Dal1=(Da2-231)/(wa-w1)

DUDW=D21+ (W]l -#2)2D31+(wWil~-w2)%(Wi~-wW3)%D4al

RE TURN

END



SUBRIUTINE DUTP(X .Y +DERY  IMLF . NDIM,PRMT)
IMPLICIT REALS3(A-H,0-2)

COMMON/PQIP /XK XEP R XKCJALFARHDW,SIGMA L VZP X JA

CU.HON/COﬁFF!Al.“vAS.A‘.lS.lb."olaol9o

1 CleC2473:CA,C54CH.C7

2 DloOZ'D‘ DayDSe X0,0Z0L0

COMMONZPRINT/DTBL +DTB. «DTB83,D0EL1 yODEL2,DDEL3,DDE_4,T5TA, U0,
DXMCL+DXML2 oD XMI3,02R8B1 +D02RB2 +NeNO
o KK X

CONNQN/CQN#T/PQ CO:PQeTOJDPl 4sPIPGCaXJeGeCIEFZTINQ 4PINF
o‘ﬂlNcA!Noth’

DlﬂcNSlQN PRMT (S ).Y(B).,DERY(3)

[FI{XeZ Qe XO)IRETUSN
NO=N
N=N+1
KKK KKK X

DEL=Y(4&)

DELO=DEL

X0=X

NJUNM2=1000

NP=200

N »-

[FINLLT «3500000 )RETURN
IF(KKKeGTea L INP=10
NeSQe2)IPRMT(S)=1
NeLE10)GOD TO 2
(N/NP JENP ¢ NE o NIRE TURN
TINUE
TINE =X0%R0/CO/TSTAR
SPEED=DERY( 7)/700%CO
WRITZE(6¢10.X0+DELOWN »TIME,,SPEED
REALT=X0%R0O/CO
RADIUS=RO*Y( 7)%12,
VELOC=DERY (7)=CO
WRITE(O,2IIREALTLRPADIUS «VZLOC A3, A
20 FORMAT (10X, 10HREAL TIME=,D15.8:5H SEC 7HRADIUS=,D015.8,
1SH IN vIHVELOCITY=,0158,7H FT/SEC,2D15.8)
WRITE(G,1M(Y(I)s1I=1,8)
WRITE(S6,1)V)(DERY(1)sI=1:8)
1 FORMAT(SX,8D 4.7)
10 FORMATISX 42HX = 4D 15eBsSXKe4HDE LT 3D15e¢Be9X42HN=,16,20X 54T MZ =,
IDIS «8,7HSPZED =,D15.8)
IFIKKKeGTe 1) RETURN
IFCINNIUMP ) ENJUMP JEQ N IPRMT(S)=1 .
RETURN
END

60¢

[F(
IF(
1F(
CON



01¢

SUBRIOUT INE STEAM(P, T, HLVY DM, DX NN)
,1.PLl;lI-REAL!.L‘:ﬂfn=¥1 . -
COMMONZ/TASLE/PR( 120) .TTI(120) HFGI120) . ¥VFG(120)
DIMENSION F(120),G(120)X{ 120),V(120)
C======NN=2 GIVEN T GET PSAY
(oneroncen-eNNa] GIVEN P GEY To1Y
Crmmmcnmnea=pPp TY IN ASCENDING ARDERS
IFI(NN«GTe1)G0O TO 200
XX=pP
DO 1 1=1,120
Xt1)=pP2(1)
FOIi)=TT(01)
G(I)=HFGI(I
VII)=VFG(LI
I CONTINUE
GO YO 500
200 CONTINUE

)
)

S00 CONTINUE
DO 1Q 1=1.120
DaXX-X(1)
IF(DelL T Qe )30 TO 20
10 CONTINUE
WRITE(S6, 900NN
900 FUORMAT( /7,85X,21HFAIL IN INTEZARPOLATIONGIS..Z)
sToP
20 CONTINUE
IPL=1
(=]1~-1
IMl=l~1
C=(X(I)=-X(1I
DENOM=(X(1)
1 (xX(1)
C=C/DENOM

(FLI)=-FLIP)I=(X{ID)=XCIPLD)I®(F (LI )=-F(IML))
1))*(X([)*e2-X(]IP] )*e2)~
1)) X(1)*®e2 - xtlnl)ooz)

B=(FII)=-FUIPM DI A(X(I)=XLIPL1))-Co(X(TIeX{IP1))
A=F(L)-B*X(I)-CeX(I)*X(])
FF=A*ISXX +CEXX ®XX

C=(x(I)=-X(IMI ) I*(GITI)=GUIPR) I=(X7 I )=XCIPLIIS(GLIN-GLIML))
C=C/7DEINOM
B(o( D) ~-GUIPL)IIZ(X(I)=X(IPL))=Co( X(1)eX(IPL))



[ig

EMITTIISTIsEsssss==wssz=== P A G %

» LEVEL

201

AzG(I)=-3¢«x([)~C»
GO=A+sXX+CEXXEX
C=(X{I)-x{(Iml))o
C=C/DINOM
B=(VIL)=VIIPL) W I(X(TI)=-X( 1P L,
A=V (I)=-Bex( [ )=-Cex(I)sx(1)
VV=A+IEXXeC EX XXX

X1l =XX

X(1)sxql)
A

S K1 BP

21 STEAM

X2y X3, X4,G1452+53,G64,0GDX)
0 70 201

L) -

DXDF =G5 /VV/(FFea60e) /144844778,
DX=1./0XDF

RE TURN

CONTINUE

P=fF &

HLV =GG

DH=DGOX
DFDX=GG/VVW/(XX+460.)/7144,.%778.
RETURN

END

DATE = 79123

(VEI)=VIPI) I=(X( T )=XC(IP1)DI®(VII)-VIINM1I))
e X(I)ex(I>1))

S UPPRES 3 E D zzzz=zss:

00/5370



i

ro

SUSRDUTINE SBUB{ XPEND  XMOOT (X TINXVW XPB XTIME XDT IME, KKK )
IMPLICTIT REAL®B(A-H,0-2)
EXTEANAL FCT,0UuTP
DIMENSION PRMT(S) AUX{B8.:8) +Y(8)DERY(8)
COIMMON/STBUB/XP INF ¢ XOT T XRWXRG.YY( 8) s XAIN 4 XRO
COMMON/DTINE/H
COMMON/ZPROP /XK « XKP oR ¢ XKC ALFA ,RHOW, SIGMA,CV,ZP (X JA
COMMON/CONST/RO+COsPOsTOWOsPIyPIPsGCe XIsGeCIEF 4 TINO JPINF
1 s XMIN,AIN,TINF
COMMON/ZCOEFF/ALLA2,A3,AQ, A5, AG6,A7,AB,A9,
1 CleC24C3,C4,C5,C6,C7,
2 DE+sD2¢D3:D84:,D05,X0,DZ0L0
COMMON/PRINT/OTBLDTB2,DTB3:0DEL1+DDSL2¢DIE_IDDELS+TSTARLUO,
1 DXMCL sDXMC2 DXMC3I,D2RB1 ,D2RB2,N, NO
2 s KKK X
Comveamee=-READ IN STEAM TABLE
COMMON/ZTASL=/PP(120) ,TT(120) sHFGI(120).VFG(12))
Crmmrmeaec-=AQGUMENTS IN SUBRIJOUTINE
PINI =X PEND
XMI N=XMDOT
TIN=XTIN
TIME=XTIME
TMAX=XDTI ME
KKK X=KKK
VINI =XVW
c-----— ------ - - - ————————— - BT T T ——
IFIKEKK GT .1)GO TO 7
IFINTEQe120)GO YO 103
READ(S, 99 INT
Y9 FORMAT(IS)

READ(S100)(TT(I) oI =1 NT)
READ(S. 100)M(PP(L)si=1.NT)
READIS 41 00) (HFG(I )l =1 ,NT)
READIS 100M VFGII )Ll =14NT)

100 FORMAT (1008 «8)

WRIYZ(6,102)

102 FORMAT(//725X."STEAM TABLE T P HF3',/77)
WRITE(S 101 )(TT(I)sI=14NT)
WRITE(G6.101)(PPII) I =1 NT)
WRITE(6. 101D I(HFG(I) s I=1,NT)
WRITE(6,101 )(VFG(ID)elI=1l,NT)

101 FURMAT(SX.10D01244)

103 CONT INUE

Commenmeac-=INPUT CONSTANTS
N=0

NO=0



b §3

PI=3.,14(9%9
PiPss .1
XK=l .3
A=B85. 76
XJ=773.
COEF=1.
GC=32.2
G=DSART(GC/2./7P1 /R ) *COEF
Cy=.335
CP=,445
CPw=2l.
NEQUIL=0
Lu=erecee=-=DARAMETERS FROM COMMON STBUB
PINF=XP INF
DYT=XDTT
RH0G=XRG
AIN=XAIN
RH0W=XR
RO=XRO

c--------------------—---—v—--------‘-—-------—-- - ———— -

.5 CONTINVUE

C--------—--COLLAPSE
Crmmnwmme==COLLAPSE
CALL STEAM(PINF TSAY JHFGP,DHF GDP.DTDP,L 1)
CALL HTPROP ch'ALFA.S‘GM'TS‘Y’
TINF2TSAT=-DTY ¢+460.
TINL=TINF~-460.
CALL STEAM(PB,TINL., HFGB,DHFGB,DTOPB ,2)
 UO=DSART(2,%GCe144 ., (PINF-PB)/ 3 ./RHOW)
FO=ALFA/R07U0
TSTAR=FOSRO*RO/ALFA
DELP=PINF-PB
KiAzHOWsCP WD T T /RHOG/HFGP
BFC=XJASXJASALFA/ROSDSQART(RHOW /G /DELP)I/Z12.
6 CONTINUE
WRITE(G6,9BIXKCL,ALFA,SIGMA, TINI
98 ‘Q?N:I(SXO'chs'tElloQt'ALFl"oEllo‘o'SIG‘A”oElloOo"lNl"o
. -
WRITE(6,95)RHDG, XJA,BFC,DTT
95 FORMAT(1SX :SHRHOG=E1S eB S5 XK HX JA=Z ,EL1S5.2,5X,4H4BFC=,F15.8,
1L4HDTT=,5 135 8)
CO‘D’O"(I“o‘ﬁ("l“".ﬂoﬂ'
PO=P NF



PR =PI NI
TQ=TINF
TINO=T IN/T INF
UD=DSAORTI(GCEPINFA144,/RHUW)
Al=GCeP INF R84 . /7RHOW/CO/CO
A2=2%S IGMA*GC/RO/7CO/CO/ RHOW
AJ=XMINSAIN/CO/RHOW/Z/ (PIP/3%RO*R0D )
AA= 3 . ¢P [NF S 144 . /CV/RMOW/TINF /X))
AS= . S5/7XKC/T I N>
A6=AY
AT =, 166606667
AB=, 1333330
A= |2 . ¢ALFA/RO/CO
CL22 +*XKCeT INF/RHON 7 COZ HFGQP/Z RO
Ti=leD=07%U0/7R0
X0=0a
DELO =0,
H=0»
lklf"’(b.')f)"ﬂ.‘lf,‘.(j.ﬁ
FORMATIIX s3HPB=DIS e84 SX e IMNO= D1 58,5 X IHCI= o D1 S5.8,:,5X,2495=,019%.8)
INITIAL CONDITIONS USING NMORMAL IZED PARAMETERS
TB=T INF
RHOB=RHOG” RHO W
TB=(TSAT*460 ) /T I NF
Tw=T73H
PR =PINI /P INF
DEL =0Qa
XMC=0.
DRB=VINI/ZCO

o)
o

o~

IQN:—"J‘O‘—’»"—-U

T ™ www Lo
I

AL CLLZ

-

DO




4 CONTINUE
NDDD=1.2
KOUNT =0
2 CONTINUE
IFIKOUNT GTLS)ODD=1e5
DT=,000005%RO/7U0
IF(AFCeEQe e )DT=DT/106/7Se
IF(BFCaNEe D e s ANDPINF oL T e5)D0T7T=DT /10,
XKOQUNT =K OUNT
DO 1 I=1.NDOIM
Y(I)=AUX(1:s1)
DERY(I) =1 ./7DFLUOAT (NDIM)
1 CONTINYE
PBB=Y (3) %P INF
CALL STEAM(P3H ,TSAT HFGP,OMF GDP,DTDP,1 )
Y(B8)=(TSAT#+360.)/7TINF
Comewcmme~=FJR ZZRO INITIAL DRIV ING PRZISSURE FINITZ TEM? DIFFERINCE
IF(KOUNTZQel ) Y(S)=C1®(Y(8)=1,.)7Y(A)
IF(KOUNT «EQ el )Y(6)=~V(S)
IF(KOUNT «“Qel JDELTAT =01 ¢CI8CLIo(Y(B)-1.)882/A9/Y(5)%%2
IF(KIUNTGE e L IDT=DELTATSRQO/7V074 .
PRMT(1) =XO¢H
PRMT(2)=T4A XS UO/R0O
PRMT{ 3 )1=DT®UO/RO*DDDeS{ XK OUNT)
PRMTI(4)=.0001
CALL XRKGS(PIMT J YV, DERYNDIMGIHLF ,FCT,OUTP,AUX)
IF(X0 GELPRMT (2))G0O YO 3
KOUNT =XOUNT+ 1
GO 1O 2
7 CONTINUE
KOUNT=KOUNT+ |

XKOUNT=DFLOATIKOUNT)
ND=10
[FIKOUNTs GTeS)10DD=1e5
27T=,000005¢«k0/C0
AJ=XMINSAIN/CO/RHOW/ (P IP/I ., %R0O*RG)
A6=A3
10 CIAINT INUZ
PRMT (S) =0,
20 8 l=l.NDln
vtl»:vvt

:;l'lo/DPLOlT(NDlﬂl

[ ]
Qm



91¢

P38=Y (3 )P INF
CALL STEAMI(PBB,TSAT ,HF GP,DMEGDP,DTDP, 1 )
Y(3)=(TSAT+460,) /TINF

PRMT (1 )=T IME*CO/ RO

PRIMTI2) =PRMT(1)+ TMAXR- O/ RO
IF(KOUNT e GT 4200 ) XKOUNT =200,

PRMT (3) =DT #CO/RO$DDD*# XX DUNT
DIV=(PIMT(2)-PRMT(L1))/D LOAT(ND)
[IF(PRMT (3) GTDIVIPRMT (3)=D1V
PRMT(4)=,0001

CALL XRKGS(PRMT 3 Y,DERY yNOI My IHLF ,FCT,0UTS, AUX)

3 CONTINUE

9

20 9 =1,
YyYy{lri=v(t)
CONTINVE
XP8=Y(3)$PINF
XVvad=Y(6)sCD
RETURN

NOI M



SUBRDUTING XAIKGSIPIMT GV JDIRY JNDIMGIHLF FCT,00TP,AUX)
IMPLICIT REAL®3(A-H,0-2)

DIMENSION V(Q’.DEQV(R’.lAJl(q.‘ii.l(‘)u"(‘).’((‘).:’?"( > )
COMMON/ZDTIME /7/H

DO 1 I=1.NDIM

AUX (8,1 )=.0666666T7T%DERY (1)

X=PRMT(1)

XKEND=PRMT
Hz=PIMTL )
IF(ORMT(S)eEQele)GI TD <01
PRMT(5) =0.

CALL FCTIX,Y.DERY)

GO 7O 202

CONTINUE

PRMT(3)=0.

DO 203 I=1.NDIM
DERY(I ) =AUX(2,1)

CONT INUE

(2)

ERROR TEST
IF(HS(XEND-X))38,37,2

PREPARATINNS FIOR RUNGE-KUTTA METHO0D
All)=.5

A(2)
A(3

Ea

-

O~
o
NG
R
oW
N~y

~ &
- -
(SR
‘M

i NS ¢ ¢ ¢ =g N
~ W
v

e s N ve =

L S B

LU T I T A )

Vv NnONO2oO®
T~~~

0
M PUN=DUN™S

NS OF FIRST RUNGE=-KUTTA STEP

-9
-
g

ERY(I1)

el ¥ 4
b ]
H oUW e ™~

COVUXZQ




81¢

non

noon

nn onon

cCne

Ce

10

i
12

13
14

IEND=0

START OF A RUNGE-KUTTA ST:-®
[IF(IXPH=-X=ENDISH)IT7 6.5

M XEND-X

IEND=1

RECORDING OF INITIAL VALUSS OF THIS STEP

CALL DQUTPI X Y, DERY L, IREC ., NDIM,PRMT)
IF(PRUT (S))40,3,40

ITEST=0

ISTSP=ISTZPe])

START OF [INNERMOST RUNGE=-KUTTA LOOP
J=1

AJd=A( )

BJ=B())

Cu=C()

DO 11 I=1.NDIM

RlI=H&DERY (1)
Q2=AJE(R]1 - IsAUX(6EL,1))
Y(I)=¥Y(1)eR2

R2=R2+¢R2+R2
AUXI6.1) 2AUX( 6,1 ) ¢R2~-CU*RI
IF(J=-4)12,:, 15,15

J=uel

IF(J=-3)13,148,13

X=X ¢+.5¢H

CALL FCTI(X,YDERY)

GOTO 10

END JF [INNERMOSY RUNGE-KUTTA LOO?

TEST OF ACCURACY
IF(ITEST)16,16,20

IN CASE ITEST=0 THERE IS NO POSSIBILITY FOR TESTING

DO 17 I=1.NDIM

AUX (A, 1)=Y(1)
ITEST=1

ISTEP 2 ISTEP®ISTEP-2
IHLE = [HLF +1}

X=X-H

aF

AZCURACY



nn

nn

nn

19

20
21

22

23

24

28

29

H= 584
DO 19 I=1.,NOTHM
Y(I)=AUX(1,.1)
DERY(I)=Aux(2,
AUX(6,1) =AuUX(]
GOTO 9

IMOD=[STER/2

1F( [STEP =~ [MOD~ [MOD)21, 23
CALL PCTIRsYIDEST) 21*23.21
DO 22 I1=l,NDIM

AUX(S. Ehay (@)
AUXTT7 1) =DERY(T)

GOTO 9

9
1)

COMPUTATION OF TEST VALUE DELT
DELT=0.

DO 24 (=1 .,NDIM
DELT=DELT+AUX(B, [ )*DABSIAUX({A, 1))=Y (1))
IF(DELT-PRMT(4))28,28,25

ERROR IS TOO GREAT
IFCIHLF=-10)26, 36, 36
DO 27 [ =1.NDIM
AUX(A,1)=AUX(544)
ISTEP2ISTEPSISTEP~-o

X=X=H
IEND =0

GOTO 18

RESUWT VALUES ARE GOOD
CALL FCT(X,Y.DERY)

0O 29 I=1sNDIM
AUX(Es1D=7C(1)
AUX(2,1)=0ERY(I)

AUXE 3T )=4)X(6.1)
YOI)=AUX(5. ()
DERY(L)=AUX(7.1)



0Zg

nn

nnn

30
3i

32

33

38
35

36

37

38
39
40

CALL OQUTAIX=HoYDEIYJIHLF sNDI M PRMT)
IF(PRMT (5))40,32 40

DO 31 I =1,NOIMNM

Y(ID)=AUX(1.,1)

DERY (1) =AUX(2,1)

IREC=IHLF

IFC(IEND) 32, 32,39

INCREMENT GETS DOUILED
IrLF= [HLF~-]

ISTEP=ISTEP/2

H=He¢H

IF(IMLF)4,.33,33
IMOD=ISTEP/2
IF(ISTEP=-IMOD-IMUOD)S4,34,4
IF(DELT=,02%PRMT (4)) 35,35, 4
IHLF =[HLF~1

ISTEP=ISTEP/2

H=H+H

GUTO &

RETURNS TDO CALLING PROGRAM

IHLF =11

CALL FCT{XsY4DERY)

GOYD 39

IHLF =12

GOYTO 39

IHLF=13

TALL DQUTPI XY DERYLIHLF ,NOIM,PRMT )
RETURN

END




FCT( Y«DZRY)
AL “Hy,0=-12)
(8 RY (3)

T/ VITB2:DTHIWDDELL DDEL2 +DDELI +DDELSTSTARLUD,
2y DXMC2:.DXMT 3,D2RBL+D2RB2:MN:N0O

2

L
I(A~
+DE

( T8 1
1 M
KKK
COMMON/7COEFF /AL LA
1.C

X
{
o)
=
~
-
.

|
X
2eAJAG JASJAGLAT JAB A9,
i 2+C3.CA, S+CHL,C7
2 D1 2:D3:,D4 DS X0,DELO
COMMAONZCONST/RU+COsPOsTOWUOIPL sPI P ,GC e XJeG9sCIEFLTINO PINF
L o XMINJAIN,TINF
COMMON/PROP/ XK s XKP 4R JXKC JALFAAHOW,SIGMA,CV.CP JXJA
PARL1=1,0~03
PAR2 =1,
NC=100

IDENTIFY VARIABLES
YTe=v(1)
RHO3I=Y(2)
PB=Y(3)
DEL=Y(4)
XMC=Y(5)
DRB= Y(6)
RB=Y(7)
Tu=v(3)
UB=DR I+ X MC
DEL2=DZL#DEL

CALCULATE ALL COEFFIC IENTS

COEFFICIENTS ARE CIMENSIONLESS

~

8R= 1, /7R3
BOHR= | o /RHOB
PEB =P P NF
IFCIN/NC)ISNC Qe NICALL ST AM(PBB . TSAT JHFGP ,DHFGDP.DTDP,1)
HFG=HFGP
DI=DELSAG*(DEL2¢, L+DELSREB* ,S5+RO*RB)
DZ==(1e~Tw) (DEL20A702.03 LERBSABSRBERB)
D3=RB*RB*(] ., ~Tw)
Da4=z~(le=TW) $(DEL2%. | +DEL*S B AI+RBRB*AB )
DO=A9P
FO=PINF&DTORP/TINF
Fil=HFGERHMOWsCO*ROSDELE®AS
Fz:hCJOQHD-‘”)ChO.!~C‘AS
FI=RHUWSCOSRAO*DEL*XMOSDHFSDP *P INF %AS
IF( XoGF PARL)DS==A9SATS( 1. ~TW)SRBERB/DEL
DTBL 2AIS(XKST INO-THB )*BUHR*BR*BRIBR~ XMC*PESALSBOHR*BOHR«BR
DYTB Ix-A4*PREBOMREBR®DRB
DTB=DTBI#DTHI

D
-




&4

DRHOB 2= 3 ¢ HOBSDREB*BREAGSBRIBREAN=-J o ¢ XMCEBR

DPB=2P3s(DTB/TA+DRHOB *BOMR)
DTw=FO®0DPA
IF(XaLTePARL)IGO TO 1
DDEL1=1.7D4
DDEL2=05-D3%U8

DDEL 3=-D14DT3-D2¢DRB
DDEL=DDEL1#(DDEL2¢DDELI)

mESEsssTTTITTIET=Tzzsszassz=z P A G T S K1 P
» LEVEL 21 FCY
GO 10 2
1 CONTINUE
DELOLD=DEL

DELNEW=DSARTIDS *(X=X0)+DELOLD*DELOLD)
IFI{XeSQe0)G0 TO 3
DDEL=( DELNEW=-DELOLD I /(X=-X0O !
GO TO o
3 DDEL =0.
& CONTINUE
2 CONTI NUE
IF(DEL «EGeC 4 )DrMC=0e
IF(DELEQ.0.)GO0 TO S
DXMC =(DTw=F2¢DDEL~F3%DPB) /7FI1
S CONTINUZE
D2RBL1 ==DXNC =2 ., sUB*DRASBR+ . S*UBS*BRUB
D2RHZ2=A1&(PE~-PARZ2)I*BR~-AZ2*3IR*BR
D2PB3=D2RBIL +22Rr32
Cowmmwma===INSERT DEQIVATIVES
DERY(1)=DTH
DERY (2 ) =DRHOB
DERY(3) =DPB
DERY(4)=DDEL
DERY (5 ) =DxMC
DERY(6) =D2RA
DERY(7)=DR3
DERY(3)=0Tw
RETUAN
END

S JPPRESSED

DATZ = 79123

00/5370



IMPLICITY REAL®*B(A-»,0-2)
EXTERNAL FCi.0UuTP
DIMENSILN PRNAT(S ). AUX(B8:,8),.Y(8).DERY(8)
COMMON/DTINE/N
COMMON/PROP /XK 4 XKP gR ¢ XKC o ALFA ,RHOR o SIGMA ,CVCP o X JA
COMMON/ZCONST/RO+COsPCoTOLUOPI P IP Gl X JeGeCOEF 4 TINO LPINF
1 e XMINGAINLJTINF
COMMON/COEFF /AL A2 A AR JAS AG JAT JABLAS,
CleC2eC3:CA,C5,C6,C7,
D14D2+D3:04,D05.X0,DELO
CO”“ONIPElN'/DtBloOT'ZODYOJ.DOELIODDELzoOOELJ.DOELQ.'S‘AR.UOo
1 DXMCL sDXMC2, DXMC3,D2RB1 sD2RB2.NNO
C~=—mwee==READ IN STEAM TAELE
COMMONZTABLE/PP(120)«TT(120)HFGL120)VFG(120)
READ(S .99 INT
99 FORMAT(LIS)

READ(S«10C)(TT (I ) I=1uNT)
READ(S+100)(PP(LI ) +I=1NT)
READ(Ss 10C)(HFG(I) oI=1,NT)
READ(S 100)(VFG(I)+I=1sNT)
100 FORMAT(10D8.4)
WRITE(6,102)
102 FORMAT(//725X+*STEAN TABLE T P HFG* /7))
WRITE(GS,101)CTTCLI)i=1,NT)
S WRITE(G:101)(PPLI)eI=1,NT)
w WRITE(GJ101)(HFGLI ) I=14,NT)
WRITE(G 101)(WGILI)el=1aeNT)
101 FORMAT(EX,1CC12.4)
Commmemmm==INPUT CONSTANTS
N=0
NO=0
Pi=3.1415¢%
PiP=4 %P1
XK=1 03
R=85.76
XJ=778.
COEF=1.
RPIPE=2.25/12.
SCALER=1./712.
XMiM=0.

AIN=,.046 SRPIPE/SCALER
TIN=212.4460.,
RHOW=62 .4
GC=32.2
G=DSOQRT(GC/2.7P1 /R )*COEF
Cv=,335
CP=,44A5
CPu=1!,

19pow asder(o) a1qqng



NEQUIL=0

fromemaenans IF NEQUIL=] GROuTH
Ceemmmme===[F NEQUIL=0 COLLAPSE
IF(NEQUIL NEo1)GO YO &
Cmemmemme==GRCE TH
PINF=]o447

CALL STEAM(PINF,TSAT ,HFGP sDHFGDP 4DTOP 4 1)
CALL HTPROP(XKC.ALFA,SIGHNA,TSAT)
DIT=2.
TINF=TSAT#DTT +460,
TINI=TINF-460.
WRITE(O,98)TSAT,TINFLTINI

98 FORMAT(15X,3015.8)
CALL STEANIPSAT,TINL JHFGY ,DHFGDT 4CPDTY 2)
PB=PSAT
FO=,0366372194
RHOwW=61.7E9
RHOG= 00421
UO=DSCRT(2.%GC*144 ., (PSAT-PINF )/ 3 ./7RHON)
RO=ALFA/FQO/UC
TSTAR=FOSRO*RO/ALFA
XJA=RHUWSCPRSDTT/RECG/HFGP

BFC=0.
GO TO 6
S CONMTINUE
Ce==mmme—==COLLAPSE
C-========~CCLLAPSE

PINF=24 .57

CALL STEAM(PINF TSAT  HFGP sDHFGODP ,DTDP, 1)

CALL HTYPRCP(XKCoALFA,SIGHA,TSAT)
DIT=14S5.

TINF=TSAT-DTT+460.

TINI=TINF-460.

CALL STEAMIPB,TINI HFGB,DHFGB,DTDPB:2)
PE=19.5¢€
RHOwW=S9 ,0E
RHOG=C0.0€12

UO=DSQRT(2.%GC*144 ,$(PINF~-PB)/3./RHCHN)
RC=0.2894

FO=ALFA/RC/UC

TSTAR=FOSRO®*RO/ALF A

DELP=P INF-PBE

XJA=RHONSCP o DT T /RHOG/HF G

BFC=X JASX JASALFA/RC*DSCRT (RHOW/GC/DELP )12,

6 CONTINUE
WRITE(G.FEIXKCJALFA, SIGMA



HOGe XJALBFC,DT !

WRITE(6 2]
SHRHOG= sE 1S e B SR AHXJIA=ZJE 1S5 .8 .,5X . 4MBF C= L,EI1S .8,
]
q

L]
95 FORMATI(1
I14HDT T=,E
CO=0SCRT

9s
Sx
18
(1

)
L
«8)

44 ,%GC*FP INF/RHON)

TINO=TVIN/TINF
JO=DSORT(GC*FPINF *144 ./7RH0ON)

ALl=GC*P INF®144,./RHCR/7CC/CC
A2=2 4 *SIGMA*GC/RC/CO/CO/AKHON
AZ=XMINSAIN/CC/RHOR/(PIDP /3 J*RUL~RC)
AG=3*PINFS* A4 . /CV/RHOB/TINF/XJ
AS= o S/XKC/TINF
A6=A3
A7=.1666€6€67
AB=,33333333
A9=12 .¢ALFA/RC/CC
CI=2¢XKCOTINF/RHOR/7CD/ AFGP /RO
Til=1l C=07%UC/KRC
X0=C e
DELO=",
H=0e
TMAX=]l.0
WRITE(G.,
FORMATI(I

INI
TB=Y INF
RHOB=RHOG/RHCE
TB=(TSA " *4€C)/TINF
Tu=7T8H

PB=FB/P Iy

DEL=0e
XMC=0 o
DRB=0.
RB=1.
NDIM=8
Y(1)=18B
Y(2)=RHOB
Y(3)=PB
Y(4)=DEL
Y(S)=XMC
Y(5)=DRB
Y{(7)=RB
Y(8)=Tw

+04
S7)IPBJRO+CCHG
X s INHCU= D1 5B oSXs2HG=.,0D15.8
T1

IRPE=,C1S5. ,5X,3HRC=+015.8 x
ED PARAMETERS

+5
AL CONDITILAS USING NORMALIZ




9Z¢

PRMT(S)=0.
DO 4 I=1.NDI
AuxX LI )d=YL1
CONT INUE
DDD=1e.1
IF(BFC GT 2 )0DD=1 4wl

KOUNT=0

CONT INUE

DT=,000005*RC/7U0
IF{BFC.EQeQ0«)0T=0T/10+/5¢
IF({BFCaNE«Qe o AND 4P INF LT aS54)DT=DT/10.
XKOUNY=KCLUNT

DO 1 I=1.NDIM

Y(I)=AUX(1s1)

DERY(1)=1./DFLOAY(NDINM)

CONTINUE

PBB=Y (3 )*P INF

CALL STEANM(PBB.TSAT HFGP .DHFGDP.DTDP,.1)

-
)

Y(B)=(TSAT*460.) /T INF
~——==FOR ZERQC [NITIAL DRIVING PRESSURE FINITE TEMP CIFFERENCE
IF(KOUNTEQa Ll IY(S)=CLI®{Y(B)-1)/Y (A,
IF(KOUNTLEC.1IY(ENI=-Y(5)
[F(KOUNTEQel JDELTAT= 01 *CISCLI$(Y(B)=1.)882/A9/Y(S )2
IF(KOUNTGE « 1 JOT=DELTATS®RC/7UO/ 4,
PRMT(1)=Xx0+H
PRMT(2)=TMAXSUO/RD
PRMT( 3 )=DFT*UC/RCSDDC**{XKOUNT)
PRMT(4)=,0001
CALL XRKGS(PRMT, Y CERY NDIM, IHLF FCT,OUT/ ,AUX)
IF{X0 .GEPRMT(2))GOC TO 3
KOUNT=KCOUNT+ 1
IF(Y(7) el Te0e91IKCUNT=KIOUNT =2
WRITE(6 ,9€)KOUNT
GO 10 2
FORMATI(// o+ SX 6HKQUNT=,0S4.77)
CONT INUE
sTOP
END



N

20

i

SUBROUTINE CQUTP{ R QYSCERYZIPFLF ., NDIN PRMNT

IMPLICITY REALSB(A-N,0-2)

COMMUN/PROP/ XK JXKP R ¢ XKC o ALFA ,RHOW oSIGMACV. CPoXJA
COMMON/COEFF/ZALLAZ A3 AR ASAG AT ,AB,AS,
i ClaC22C30C8:C5:C6,C7,
l C1+.024L34D08,05+x0.0ELO

COMMON/PRINT/DTE]1 sDTB2.DTEB3,DDEL 1 +CDEL2+DDEL 3,0DELQ«TSTAR,UOD,

i DXMCLl s OXMC2, DXMC3,02RB1 +D2RB2+NaNO
C\JNNON/CUNS'/FO.CU."C.'UoLC'pltplooG(olJ-b-(_UEForlNC » FINF
1 e XM INGAIN, TINF

DIMENSICN PRRTI(S)Y(8),DERY(8)

NO=N

N=N+1]

DEL=Y(4)

DEL O=DEL

X0=X

NJUMP=]1000

NP=200

IFINCEQ .2 IPRNMTIS I=1.

IF(N.LE.10)GC TO 2

IFLINI/NP)INP JNE«NIRETURN

CONT INUE

TIME=XC#*RC/CC/7TISTAR

SPEED=DERY(7)/7u0s(CO

WRITE(GJI10IXCLDELCsN o+ TIMELSPEED
REALT=X0®RO/CC

RADIUS=ROSY(T7)*12,

VELOC=DERY(7)*CO

WRITE(G20IREALTY JRADIUS.VELUOC:A3,AG6
FORMAT (10X 10HREAL TIME=,D1548¢5H SEC +7HRADIUS=,D1S.8,
I1SH IN +ONRVELCCITY 15¢8,7H FY/SEC«2015.8)
WRITE(G 1) (Y(L),1=

WRITE(G6.1 J(DERY( 1)

FORMAT(SX «8014.7)

=eD
1.8)
o I=1.8)

10 FORHAI(5!.2Hx=.0l5.eobx.0HDEL=-DIE.B.SA.ZHN-.lb.ZOl.SHY[ME

IDIS«B,7HSPEED =+015.8)
lF((N/NJU.F"NJU“F.EC.N’pF."S,'. -
RETURN

END




SUBROUT INE DERI(wl w2, W3, W4 ,ULlUZ.U3 UG ,0UDN)
INPLICITY REALSBI(A-r.0-2)

D21=(U2-Ul)/7(u2-n1)
D32=(U3~-U2)/7(w3-n2)
Da3=(Uua-u3)/(ua-wl)
D31=(D32-021)/7C(w3-0n1)
DAaZ2=(D4aA3-0D32)7(wWa-n?)
Da1=(DA2-D31)/(wa~-nl)
DUDW=D21+(m]l-w2)*C21+
RETURN

END

(nl-w2)%(wi-nl)*Dal

SUBROUT INE KTYPROPIXKC ALFASIGHMA,TSAT)

IMPLICEY REAL®B(A-NH,0-2)

TSTAR=TSAT-32.
XKC=e3194a00C7¢TSTAR=L1SD-QS*TSTAR®$2,+,25D~-09%TSTAR®s ],

XKC=XKC/3€00.
ALFA=S q074.0148TSTAR=L320~04%TSTAR®#2,4.13D0~07*TSTAR®s3,

ALFA=ALFA/1000473600.

TSTAR=TSTARSES /9.

SIGMA=75462- 1391 ¢TSTAR-cQO003%TSTAR®$2,+.250-06¢TSTAR®*3,
SIGMA=SIGMA®SE ,A85D~05

RETURN

END



SUBROUT INE XRKGS (FAMT Y, DERY JNDIN, IMLF ,FCT,OUTP,AUX)
TP ICIY REALSBIA-H, . O-1)

DIMENSICON YiB8),DERY(B)AUX(B8:8).A(A4).,B(4),C(A4),PAMNT(S)
COMMON/DYIME/H

WRITE(6,200)

FORMATI(// s 0X 4 13HREACHED XRKGS./77)

DO 1 I=1.ADInm

AUXIB, 1 )= ,06666667¢DERY(I)

X=PRMT(1)

XEND=PRNMY (2)

H=PRMT(3)

IF(PRMT(5).EQel)GC TO 201

PRUMT(S)=0.

CALL FCTYI(X,Y.CERY)

GO YO 202

CONT INUE

PRMT(S)=0.

DO 203 [=1.NDIM

DERY(I)=ALX(2,1)

CONT INUE

ERROR TESTY
IF(H®(XEND~-X))38,37,2

PREPARATICNS FOR RUNGE-KUTTA METHOD
A(l)=.5

A(2)=.292€932

«7071C7

666667

1
~
S
2

ON

Al
Al
Bl
B(
B(
B8(
o |
Cl:
o |
(o |

PUN=DIUWUN=& W

)
)
)
)
)
)
)
)
)
)

WU HNNHN

|
2
1
i
2
-
i

el u\.
- -
HHHle =

ISTEP=0
IEND=Q




START OF A RUNGE-KLTTA STEP
IF({X*H-XEND)ISH) 7 :,6€,5
H=XEND~-X

IEND=])

RECURDING OF INITIAL VALUES OF THIS
LL CUTPIX YL ,DERYLZIRECoNU IMPRNT)
(PRMT(S5))1a0,E.,40

EST=0

TEP~  STEP+1

E
CA
IF
T
I

>

START OF INNERMOST FUNGE-KUTTA LOQP

(€sl )4R2-CU%RI1]

)
)
}
i
E
(
{
R
I
)

o DX N

IF(J-3)13.,14,13

X=X+ 5%H

CALL FCT(Xx,Y,DERY)

GOYO 10

END OF INNERMCSTY RUNGE-KUTTA LOOP

TEST OF ACCURACY
IF(ITEST)164+16,20

f¥=0 THERE IS ANO POSSIBILITY

FOR

TESTING OF ACCURACY




IMOD=1STEP/2
lF(lSVEP—llOO-lﬂOO)?l.ZJ.?l
CALL FCT(X,Y,DERY)

COMPUTATICN OF TEST VALUE DELTY

DELT=0.

DO 24 I=1,NDIM
DELT=DELTAAUX(B, 1 )*CABS(AUX(4,1)-Y(I))
IF(DELT-PRMT (4))28,28.25

RESULT VALUFS ARE GCCD
CALL FCTI(X.Y,DERY)}

DO 29 1=1.NDIM
AUX{LleIDd=Y(1)

AUX( 21 )=DERY(I)
AUX{3el)=AUX(641)
Y(iI)=AUX(E,.1l)
DERY(I1)=AUX(T.«1)

CALL CUTP(X-HY+DERY S IHLF JNDIM,PRMT)
IF(PRMT(5))40,30.,40

DO 31 I=1.,NDINM

Y(I)=AUX(1l,1}

DERY(IL)=AUX(R2

IREC=1IHLF

IF(IEND)32+32 39

o1)

INCREMENT GETS DCUBLED
IHLF=IHLF -1
ISTEP=ISTEP/2

HEHH

IF(IMNLF )a 33,0




alatal

33

34
29

36

37

Js8
39
40

IM0D=ISTER/2
IF(ISTEP~IMCD~INOD )4 34,6
IF(DELT -« 02¢%PRMT (4))35,38,4
IHLF = [HLF -1

ISTEP=[ISTEP/2
HEMeéH
GNTO &

RETURNS TO CALLING PRCGHAM
IHLF= ]}

CALL FCT(XaYLDERY)

GOTOo 39

IHLF= |2

GOTOQ

IhLFs=

CALL CQUTP(X Y DERY JIHLF,NDIM,.P

e T oY . . +PRMT)
END



SUBROUT INE FCY(X Y +DERY)

IMPLICEIY REAL®E(A-KH,0-2)

DIMENSION Y(8)+DERY(2)
CONNONIPRINTID'B‘oO'BZ.D"’.DO!L.QDOELZ.ODEL3ODDEL‘o‘S'AR.UO.
1 DXMC1 +DXMC2,0XMC3 ,D2RE1 ,D2RB2 +N 4NO
COMMON/ZCOEFF /AL AZ A3, A8 AS.AG,AT7,AB.AS,

1 CleC2+C3:CA,C5:4C64C7
2 D1+¢D2+D3,04:,D5:X0,DELQ
COHNON/CONSY/RO.(O.PO.'OOUOoPloplpoGCoXJoGoCCEFoTINO +P INF
Lo XMINJAINSTINF
COMMON/PROP /XK o XKP oR ¢ XKC s ALFA,RHOR S IGMA ,CV,CP o XJA
PARL1=1.0-03
PARZ2=1.
NC=100
(= mwmm == [DENT IFY VARIABLES
TB=v(1)
RHOB=Y(2)
PB=Y(3)
DEL=Y(4)
XMC=Y(S)
DRB=Y(6)
RB=Y(7)
Tu=vY(8)
UB=DRB+ XMC
DEL2=DEL®DEL
Crewmemm=me=C ALCULATE ALL COEFFICIENTS
ACTIKE=X$RC/CC
HTIC=50.
lF(thlnE.Gt.l.C—ObbxulnsﬂtCO(TB-l.)othF/OSO.a
XAIN=AIN
IF(YC(?) el ToOSIXAINSAINSY(T7)%e3,
AgS-K.lNOXA[h/CC/RHOU/(PIP/30.RO‘RO'
AG=AZ
Cmwwmememe=AlLlL COEFFICIENTS ARE DIMENSICNLESS
BR=]1 ./RB
BOHR=1./RHOB
PBB=PB*FINF
IFTUIN/ZNC)SNCLEQeN)ICALL STEAMIPBB,,TSAT o FGP DHFGDRP+DTOP 4 1)
HFG=HFGP
DI1=DEL®ABS(DEL2% . 14DEL*RB* ., S+RB*RE)
D2=~(1e~TR)*(DEL2%AT+2.¢DEL*RB*AB+RE®RE)
D3=RO*RB* (1 .~Tn)
Da==(1e~TH)®(DEL2* .1 +DELSRBEABIRBIRESASL)
DS=A9
FO=P INF*D IDP /TINF
Fl=HFG*RHCu¢COSRCH*DEL*AS
F2=HFG®*RHCw*CC*RC*XN(*AS
FI3=zRHOWSCO*ROSDELSXMCSDHFGDPSP INF SAS
IF(X oGE PARL )CS=-AQSAT*( 1 .~TW)ISRESAB/DEL



C

DYBL=AIS(XKST INO-TB)*BOHR*BRASBA AR - XMCOIPB® VL4 *AUHR*BCHR *B R
DI I=-A4A*PU*BCHRSBRIDAS
DYTB=DTH1I+CTAS
DRHUB= - 1, 0RHCB®DRBEBR*ALPBROANRIBR - 3 . ¢ XMC *HR
DPB=PH*{(DIBZTB+DRHOB*BEUMR )
DYW=FO®DPE
IFIXJLTPARL)IGC TC 1
DDELI=14/D48
DDEL 2=D0S5~-D3I*UB
DDEL 3=-DI1oDTB-D2e0KHH
DOEL=DDEL 1 ¢(DDFL 2+CCEL )
LU T0Q <
CONT INUE
DELOLD=DEL
DELNFR=DSART (DS (X -X0)+DFLML D*DFLOLD)
IF(XEQaD.)GC TO 23
DDEL=(DELNEW-DELCLD)Z7{X~-X0)
GO TO &
DDE‘ 10.
CONT INUTF
> CONT INUE
i (l)l‘ cEQeQa)OXMCaaC,
IF(DEL «EQe0.)GO YO S
DXMC=(DTW~-F2¢DREL~-FI%DPOMN/F 1
CONY INUE
DZ2ZRBLI=~DXMC-2 . CUESDRB*BR ¢ . SeUB*AR UL
DZ2RB2=A ¢ (PE-PAR2 )*BR-A2eBR*AR
DZ2RB=02Z2RBL+DO2RB2
v = INSERT DERIVATIVES

DERY(1)=DT18

DERY(2)=DRHOB

DERY(3)=DPB

DERY(A4) :DDEL

& W

\:.

a
DERY (S ) =D xM(
DERY{&) =D2RE
DERY(T7)=DKB
DERY(B)=DTHn
RE TURN
END




SCOo

10
S00

20

SUBROUTINE STEAM(FP oT oLV eCrH DX aNN)

IMPLICIT REALSE(A-H,0-Z)
CLAMONIIABLE/PP(IZOD.II(lZO).HfG(lZOI.VIG(l20)
DIMENSION F(120) +G(120)sX{(120),.VvI(120)

«~NN=2 GIVEN T GET PSAT

----- NN=1 GIVEN F GET TSAT

------ [S2=4 T IN ASCENDING ARDERS

IF(NNLGTL1)GO TO 200

XX=pP

DO &I I=1,120

X(1)=PPI(IL)

F(I)=TT(1I1)

GI(I)=HFG(L)

Vil)=VFG(I)

CCNTINUE

GO YO 500

CONT INUE

xx=T

DO 2 [=1.,120

X(E)="7(1)

FllL)=PP(1)

G(I)=MFG(I1)

VIL)=VvFG(IL)

CONTINUE

FONT INUE

DO 10 I=1,120

D=xK=Xx(1)

IF(DelLT0)GC TO 20

CONTINUE

WRITE(G6.,2C0O0 NN

FORMAT (/7,485 X 21IHFALIL IN INTERPOLATICNIS5:7)

sToP

CONT INUE

IPl=

i=l-1

IMi=1~-1

C=(XCI)=X(IMLI)S(F(I)=FCIPL) )=U(XLE}-X(IPLIDI*(F(I)-F(IML1))

DENOM=( X{E)-XCIML) ) (X(I)*e2-X(IP1)*%2)~
(XCI)=XCEIP1) I*(X(L1)*82-X(IM1)*%2)

C=C/7DENIM

B=AFlI)=FCIPMIIZ(X(I)=XCIPL))~-Co(XCI)eX(IP1))

A=F( 1 )=-AsX(1)-CeX(1)*X(])

FF=A+Be XX +CEXXEX X

Cz(K(lD-X(INI)DO(L(II-G(lPl))‘(X(ll-l(lpl))‘(b(ID-Gll"lll

C=C/7DENCM

B=(GlI)=-GUIFL))/Z . XCI)=XCIPL)D=CH(X(L)eX(IP1))

A=G(L)=BeX(I)-Cxx(ideXx(]1)

GC=A+ES XX 4CEXX® X X

C:(x(li-x(l~l)lt(V(ll-v(IPID)-(I(ID-I((PIDDO(vllb-v(lull)



C=C/7DENCH
B=(v(l)-v Pl))=Co(X(Z)eX(IPL))

EX1 X2 X3 X861 ,G2:G3:G4,0GDX)
IF {NN.G 1)GO YO 201

T=FF

MLV=6G

DH=DGOX

DXDF =G G/ YV/(FF4460.)/7144.,%778.
DX=1./DXDF

RETURN

CONT INUE

P=FF

HLV=G6G

OH=DGD X
DFOX=GG/VVY/(XXe460.,)/7184, 0778,
RETURN

END
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