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ABSTRACT

The sudden release of cryogenic liquid resulting from Catastrophic Tank
Failure (CTF) and its interaction with vertical bunds has been investigated
theoretically. Once the tank wall has ruptured, the phenomenon of CTF
itself is regarded as a collapse of a vertical, squat liquid column under its
own weight. The resulting flow rushes to and collides with a vertical cylin-
drical bund, coaxial with the liquid column, and returns to the column axis
as a strong hydraulic shock. If the bund is low, overflow occurs. The flow
description is based on Shallow Water theory, and the governing equations
are solved by the Method of Characteristics. Consistency of the results has
been checked against the principle of mass and energy conservation.

In preparation, the first part of the work is concerned with re-investigation
of non-boiling liquid release, which has already been examined theoretically
and experimentally by several authors. The calculated energy loss at the
shock agrees within 1 % with the energy discrepancy, defined as the calcu-
lated total energy content at any time level less the total theoretical initial
energy content. The calculated amount of overflowing liquid also agrees
within 1 % with the mass discrepancy ( the calculated total mass less the
total theoretical initial mass ). The maximum shock height at the bund
is equal to that estimated previously (Kleyn, 1983), but such work under-
estimated the amount of overflowing liquid. The results of this study also
roughly agree with the experimental results (Greenspan and Johansson,
1981; Sharifi, 1987).

Cryogenic liquid release is described in the second part of the work.
As cryogenic liquids boil vigorously on contact with the ground, the pro-

posed model considers that the cryogenic liquid flow contains vapour, which



forms a two-phase layer on the ground surface. The two-phase layer thick-
ness depends on: boiling rate, horizontal flow velocity, column height and
diameter, physical properties of liquid and vapour, and the vapour motion
in the flow. The flow region is divided into: non-boiling, density-change
and vapour-release regions, with each region having its own governing equa-
tions. This work only gives general description of the two-phase, unconfined
and confined flow. Further theoretical and experimental investigations are
needed. The theoretically predicted propagation velocity of the moving
front is around 1.7-1.83. Comparison with results for non-boiling liquid
flow has shown that for cryogenic liquid flow, the shock height at the bund
and the amount of overflowing liquid are higher than for non-boiling liquid
flow. It is concluded that the model for non-boiling flow cannot be used to

describe appropriately cryogenic liquid flow.



ACKNOWLEDGEMENTS

I would like to thank Dr. H.J. Michels for his supervision, invaluable
guidance and assistance until the completion of this work. I am also very
grateful to Dr. S.M. Richardson for advice and guidance, which greatly
helped the progress of this work, and to Prof. G.F. Hewitt for the useful
discussion on two-phase flow.

Finally, I wish to thank my sponsor, the Engineering Section of Inter

University Center, Gadjah Mada University, for providing the scholarship.



CONTENTS

NOMENCLATURE 9
INTRODUCTION 14

CHAPTER 1: UNCONFINED FLOW OF NON-BOILING

LIQUID 20
B0 Introduchion . o . o onie o o 5 e b s swnlesl e e b s s b e e 20
1.2 “Review of Previoust Wopk'# sOPEAS, £ AEL0Y N R MR 20
1.3  Derivation of Shallow Water Equations . . .. ... .. .... 26
4 NumesicaldSolution £ » =23 s v 42 3 s v v a5 8 8B A8 205 30
1.4.1 Method of Characteristics (MOC) . .............. 30
1.4.2 The Numerical Calculation of The MOC . .. ... ... .. 33
154:3 ‘Fhet@alculation-Procedures s + & ¢ & 2 & ¢ 2 2 28 & & 52 5 & 3 41
1.4.4 Selection of The Calculation Procedure ... ... ...... 44
125" Resultsfand*Comparison™. s % 55« 5 & &« 885 5 8 5 5 58 5 4 46
1:5.1 *‘The'Selected‘CalculationProcedure . . .« s 2. 46
1.5.2 Comparison with Other Theoretical Results . . . . . . .. .. 48
1.5.3 Comparison with The Experimental Results . . . . . . .. .. 52

CHAPTER 2: CONFINED FLOW OF NON-BOILING

LIQUID 59
208 SINTTOAUBHION . . & o e o e TS BE e e e o s B e e e 59
2:2" “Review of Previous WOTk i i ilcter o s o o o s o oo, sins 59
2.3 The Equations of Shock Conditions . . . . . . .. ... ... .. 68
2.4 NumeriCallSOMION .o <% = ool oo s s s sl suel = e e (e el o b il
2.4.1 The Shock Conditions . . . . « ¢ « ¢ ¢ ¢ v v o v a0 o 0 0 o 71



242 Conditionsat TheBund . . . . . . . . . ¢« o v vt v v 73

2.4.3 The Early Stage of Shock Formation . . . . ... ... .... 75
2.4.4 The Total Mass and Energy Content . . . . . ... .. .. .. i
2.5 Results and Comparison . . . . . .« v v v vt vt 78
2.5.1 The Initial Conditions .. . « « « o « o s s 55 s o s s 00 o o o 78
2.5.2 Bunds of Unlimited Height . .................. 79
2:5:3 OVETHloWa b s v sl s g e s ww S By v e s 90
2.5.4 Comparison With The Experimental Results . ... ... .. 97

CHAPTER 3: UNCONFINED FLOW OF CRYOGENIC

LIQUIDS 102
3.1 ginlzoduction) SRt T DI aE i S e e, ) LR 102
3.2 Review of Related WoTk . . - = ¢ o ol s 6 e v sl 5 o sl o o 103
3.3 Model To Be'PEopO8Ed & - = = s = = = 5 « o lols o 5o n e e o 112
3:3:1 Heal/DOUTEES . . : &« « i & s o a0 miw s wie wee o bwm A 112
3.3.2 The Basic Idea: Theoretical Analysis . ... ......... 114
3.3.3 Mathematical Modelling . . . .................. 119
3.4 p Numerical SOItION &« & o % v o GHEe = o o o0 o 0 0 o s o0 o a o 126
3.4 1 Non-hoiling REGION . . . & o5 ¢ 00 o oo o s 5 5 o oo 127
3.4.2 Density-change Region . . . . . . ... oo vt 127
3.4.3 Vapour-release Region . . . . .. ... ... ... .. ... 132
3.4.4 The Initial Conditions . . . . . ... ... ... 136
3.4.5 Aspects of the Numerical Solution . . ... .......... 137
3.5 Resultsand Discussion . . . ... ... oo v v v v v oo 139
3.5.1 The Nature of Two-phase Layer .. .............. 139
3.5.2 The Selected Procedure . . . . . ..o v oo v o v oo v v v 144
3.5.3 The Flow Description . . ... ... .¢ccveeveoeene.. 145



CHAPTER 4: CONFINED FLOW OF CRYOGENIC

LIQUIDS
41 "Introdnttion : s s = s 8 w4 = 25 a6 B Ew a5 E s Bwe s w8 =
4.2 Theoretical Description of Shock Flow . . .. ... ... ....
421 ConditionsatTheBund. ... ..........c00.....
4.2.2 The Shock Conditions . . . . . ... ... ... ... .....
4.3 Numerical SOlution < = s 5.5 6 % c 0 w5 s 5 25 5 s o 5 v 55 o »
4.3.1 Conditions At The Bund . ... ................
4.3.2 The Shock Conditions . . . . .. ... ... .. ... .....
4.3.3 The Initial Conditions . . . . . . ... ... ... ... ....
4.4 Results And Discussion . . . ... ... ... ... ... . ...
4.4.1 Vapour Concentration - . s = s« 45 « s s 65 s 5 & s & &
4.4.2 Mass Discrepancy and Mass Evaporated . . . . ... ... ..
4.4.3 4 BundsiofiUnlimited Height, . = & . L @ o'i s v o 66 5 s a0 v s
444 Bunds of Limited Height . . ... ... ... .........

44D SURNATY < o 5 « s o soo i o o o4 5. & oo leye 4.6 % & 5 8

CHAPTER 5: CONCLUSIONS
Sl SINtrOAUEHONn o . o . W 5 S vl e e aew E e e she o0
5.2 Summary of Assumptions and The Model Description . . . . .
5.3 Discussion of Results:. .. aivio sl s ol sisione 2w o s alte o % ke
5.3.1 Non-boiling Liquid Flow . . . . . . ... ... .........
5.3.2 Cryegenic Liquid Flow . . .« s o 5 s v ale o oiw olw dhais o
54 Assessment of TheModel . ....................
5.5 Suggestions For Further Work . . . . . ... ... ........

REFERENCES

APPENDIX A: NEWTON-RAPHSON METHOD

157
157
158
160
163
165
170
173
174
176
176
179
183
202
210

216
216
216
219
219
222
225
227

230

235



APPENDIX B: NORMALISATION OF TIME REFER-

ENCE 238
1 Trbojevic and Slater’s Work . . . . .. ... ... ........ 238
2 Martin and Moyce’s Work . . . . . .. ... ... ... ..... 239
3 Sharifils Works v s 5 o' sisns o sautas Sme o = = s o« ol'e n o s 241
APPENDIX C 245
APPENDIX D 257
D.1 Boiling Rate of Cryogenic Liquid Spills on Land/Soil . . . . . . 257
D.1.1 The Nature of Cryogenic Liquid Boiling on Soil . . . . .. .. 258
D.1.2, Boilingiin & Porous Bed ..v i s « siops ges s 5 5 5 5 & 06 & & 5 260
D.2 Stratified Flow Model . : . v oo o5 v s avn s s acsssa 263
D.3 Additional Results . . ... ... ... ... ... ...... 268
APPENDIX E 273

APPENDIX F: The Effect of Vertical Position in Density-

change Region on Unconfined and Confined Flows 287

APPENDIX G: COMPUTER PROGRAMS 292



NOMENCLATURE

coefficient of a polynomial or a power series
coefficient of a polynomial or a power series

- wave speed ( = /gh )

- propagation velocity of sound in a gas

C at point A ( =C;j41 )

C at the downstream of the shock interface

C of the bund height ( = v/gha )

C at the upstream of the shock interface

C at grid-point ¢ and at time step j

C of the initial column height ( = /gHp )

C at point P (at the positive characteristic line)
specific heat

C at point Q (at the negative characteristic line)
C at point S ( at the third characteristic line)
C at the bund

particle diameter

energy discrepancy

a density ratio ( = (pi/ps — 1) )

total energy of the upstream flow

energy content (potential + kinetic energy)
total energy of the downstream flow

total volumetric overflow rate

total volumetric upstream flow rate

total hydrostatic force at the bund

parameter in the density-change region
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total superficial mass flow rate

acceleration of gravity

liquid height

downstream liquid height at the shock interface
bund height

upstream liquid height at the shock interface
latent heat of vaporization

the enthalpy of liquid

initial height of the column/tank

the enthalpy of vapour

grid-point position

time step

Chezy’s resistance coeflicient

thermal conductivity of soil

parameter in the vapour-release region (in unconfined flow)
thermal conductivity of vapour

parameter in the density-increase region
parameter in the vapour-release region (in shock flow)
the length of vapour layer

ratio of Cy to Cy (in non-boiling liquid shock flow)
boiling rate of cryogenic liquid on land

ratio of Cy to Cy (in cryogenic liquid shock flow)
ratio of downstream to upstream density

mass discrepancy

total mass evaporated

total amount of the overflowing liquid

total mass of the flow
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qc
QI
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Quw

Tp

Tf
T
Tma:z:

Tmin

Ry

Tp
TQ
Ts

Ts

Ty

mass evaporated in the shock flow

mass evaporated in the surge flow

pressure

the term [ Z9d# in the positive Riemann invariant
initial impact pressure at the bund

ambient pressure

hydrostatic pressure at the base of the bund

total volumetric amount of the overflow liquid
convective heat flux

the term [ Ur—Cdt in the negative Riemann invariant
heat flux from the ground

heat flux at the bund surface

radial position ( = tAr )

- backward boundary position

- bubble diameter (Azbel, 1981)

the moving front position (forward boundary)
position of grid-point &

the highest grid-point position in polynomial fitting
the lowest grid-point position in polynomial fitting
initial radius of the column/tank

jet projection distance

position of point P (at the positive characteristic line)
position of point Q (at the negative characteristic line)
position of point S (at the third characteristic line)
the shock position

the vapour-release position

the bund position
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vr

temperature

time ( = jAt)

the time at which the axis begins to collapse
the time at which the overflow ends

the time at which the overflow begins
Chebychev polynomial term

horizontal velocity

U at point A ( =U; 41 )

U at the downstream of the shock interface

U at the upstream of the shock interface

U at grid-point ¢ and at time step j

initial velocity of the column ( = zero )

U at point P (at the positive characteristic line)
U at point Q (at the negative characteristic line)
U at point S ( at the third characteristic line)
the shock propagation velocity

the overflow velocity above the bund
superficial vapour velocity

U at the bund

total volume of the flow

vertical velocity

volume error

rising velocity of bubbles

vertical velocity at the bund

a geometric polynomial term

- horizontal position (in Cartesian coordinates)

- vapour mass fraction
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Yy : - vertical position (in Cartesian coordinates)
- liquid depth (Chan and Benerjee, 1981)
Z : a dimensionless variable (Greenspan and Butler, 1961)

2 : axial/vertical position (in cylindrical-coordinates)

Note : symbols in boldface refer to dimensionless form.

Symbol in Greek letters :

a : - thermal diffusivity
- a constant in equation (4.2.1)
~ : ratio of specific heat
€ : vapour void fraction
n : dimensionless variable
A @ wavelength
p @ viscosity
v : momentum diffusivity
p : density
o : dimensionless density
¢ : velocity potential (Penney and Thornhill, 1952)
o : surface tension
T : - shear stress
- dimensionless time in the initialization of shock flow

¢ : dimensionless variable in the shock flow
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INTRODUCTION

Giant storage tanks on industrial production and terminal sites are a
common sight today. Such storage tanks usually accommodate one of var-
ious liquids produced or needed by industries, especially liquid fuels. Ac-
companying the recent increasing world demand for the Liquefied Energy
Gases, more LNG and LPG production, storage and transfer facilities have
been built. Facilities storing in units of more than 3000 m® commonly use
large vertical cylindrical tanks; the capacity of each tank can be up to
120,000 m®.

Any release of the liquid contents from the storage facilities must be
considered dangerous, whatever the scale of the release : slow but continu-
ous ( in case of a hole or pipe failure ) or instantaneous, as a result of tank
failure. To limit the arising danger, it is essential to contain any release
or spill immediately, especially if the liquid is toxic, volatile or lammable.
The common provision for containing any possible release is to surround
the storage tanks with a dyke or bund, forming a reservoir. The capacity
of the reservoir is traditionally equal to or a litle more than the capacity of
storage tanks enclosed, with a safety factor up to 1.5.

However, experience has shown that such a containment facility still
offers little protection against liquid release resulting from a Catastrophic
Tank Failure ( CTF ), where the rate of release is a deciding factor. Sudden
release of all the liquid contents has proved to result in a powerful radial
dispersive surge, which is capable of destroying all but the strongest bund.
As an illustration, LNG within a storage tank with a diameter of 50 m
and a height of 30 m has potential energy of 3.7 x 10 kJ. Releasing such

a huge amount of energy in seconds can obviously destroy many if not all
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obstacles. Even with a very strong bund, some liquid will still flow over the
bund, indicating the inadequacy of its height. Although this sort of release
is quite rare, and the possibility of tank failure is reduced by the progressive
improvement of tank design and application of stricter safety regulations,
the possibilities of mechanical failures, natural disaster and recently the
increasing risk of terrorist attack, leading to CTF, cannot be ignored. It is
therefore important to design an effective bund that is capable of containing
immediately and completely the worst possible release.

The Imperial College project on Catastrophic Tank Failure was set up
with the object of designing such effective containment. The main pro-
gramme of this project is to understand the resulting flow from CTF as
well as its interaction with bunds, so that the requirements for éontajn-
ment of any possible release can be specified accurately. The project was
set up along three lines, two of which have already been carried out. The
first is theoretical investigation of CTF ( Kleyn, 1983 ), which is consid-
ered as the phenomenon of liquid column collapse under its own weight.
An idealized mathematical model was proposed to describe the surge flow
resulting from the liquid column collapse and the shock flow resulting from
the surge flow interaction with the bund. The consequences of inadequate
bund height were also evaluated, such as the amount of liquid overflow-
ing the bund and the maximum projection distance of overflow outside the
impounding area. This work permitted preliminary recommendations on
requirements for a complete containment. To complement this first line,
the second examined CTF experimentally ( Sharifi, 1987 ). The collapse of
a liquid column was studied by using a small-scale vertical cylindrical water
column on a horizontal surface ( water-table ). The flow was monitored by

high-speed photographic and optico-electronic techniques. This experimen-
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tal investigation highlighted some aspects which the theoretical one has not
examined, such as geometric-scale effects. Such a physical model can also
be used to investigate the flow behaviour in more complex conditions, such
as liquid release from a slot or hole in a damaged tank wall and the effect
of rectangular bunds on the surge flow, which cannot be evaluated easily
by the theoretical approach.

The third line, which is the subject of this study, concerns a release of

cryogenic liquid. Cryogenic liquids boil vigorously when they spill on the
( warm ) ground. This particular behaviour is considered to influence the
surge flow resulting from the collapse of a cryogenic liquid column. The
main objective of this study is, therefore, to describe theoretically the flow
behaviour of a cryogenic liquid release, comprising the surge flow and its
interaction with bunds.
There has been much previous work on cryogenic liquid spills on land and
onto water, especially LNG spills, but surprisingly work on cryogenic release
as a result of a CTF is not yet available. Irrespective of the initial size and
shape of the spill source, previous work mainly provides estimates of the
amount of liquid evaporated and of the size of a spill in a long spill period, as
a precursor to the evaluation of vapour dispersion. This is clearly different
from the objective of the current study.

Rupture of the tank shell may take place in two ways : vertical ( longi-
tudinal ) cracking and horizontal or circular cracking along the tank base.
These two modes may occur simultaneously. Some tank failure incidents
have shown that the tank shell split vertically and was carried away from its
original site by the resulting surge flow, or that the tank shell split horizon-
tally at the base and was lifted upward and thrown away. In these cases, the

shell cracking presumably propagated much faster than the liquid motion.
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Therefore, once the tank shell failed, it became irrelevant to the motion of
the liquid content, which allows it to be described as a vertical cylindrical
liquid column starting to collapse. This sudden release of the whole liquid
contents is regarded as an axisymmetric-flow problem. The other scenario
of liquid release may occur when the tank shell ruptures vertically in such
a way that liquid is released through a gap or hole in the shell. This case
is regarded as an asymmetric-flow problem.
The asymmetric-flow problem is more complex in nature than the axisym-
metric one, and solving theoretically such asymmetric flow problems ob-
viously needs very extensive mathematical effort. Such problem is better
investigated experimentally ( physical model ), as carried out by Sharifi.
The liquid column collapse and its resulting surge flow are essentially
considered as an unsteady two-dimensional incompressible motion. As in
flow problems generally, such motion can be described by solving the conti-
nuity and Navier-Stokes equations. Despite their complicated forms, these
equations can be solved successfully by using numerical method. Hill et al.
(1980 ) used the Marker and Cell ( MAC ) method in solving the dam-break
problem, which is similar to liquid column collapse problem. Trbojevic and
Slater ( 1989 ) used the modified-MAC method to simulate a CTF.
It is common practice to make some assumptions to simplify the prob-
lem, as long as such assumptions are acceptable. Some authors ( Penney
and Thornhill, 1952; Greenspan and Young, 1978; Kleyn, 1983 ) assumed
that the surge flow is inviscid. The surge flow resulting from a small-scale
water column collapse has a Reynolds number of the order 10%. This justi-
fies the inviscid flow assumption. It is considered furthermore that, if the
column is squat, the horizontal acceleration dominates the flow, and the

vertical acceleration is assumed negligible. These two assumptions greatly

17



simplify the equations, and lead to the so-called Shallow Water Equations
( SWEs ). The SWEs are unsteady one-dimensional hyperbolic partial
differential equations, which can be conveniently solved by the Method of
Characteristics ( MOC ). In reality, most vertical cylindrical storage tanks
have a height to diameter ratio of not more than 1, and are thus squat
columns. Therefore, the squat column assumption made is acceptable.

Although a model based on the SWEs may give an unrealistic descrip-
tion of the collapse motion at the early stage ( Kleyn, 1983 ), it can generally
give as good a flow description as that given by the MAC method. Further-
more, solution of the SWEs by the MOC is much simpler than the solution
of the continuity and Navier-Stokes equations by the MAC method, and
the computational effort and cost can thus be reduced. Based on this argu-
ment, this study will also use the SWEs to describe the surge flow as well
as its interaction with bunds.

Most storage tanks are enclosed within a rectangular bunded area. How-
ever, like the asymmetric-flow problem mentioned previously, the surge flow
interaction with such a rectangular bund is better investigated experimen-
tally than theoretically. The previous theoretical work also simplified the
bund configuration into a concentric circular-bund, with the tank at the
centre. This study similarly limits its scope to axisymmetric releases within
concentric circular bunds.

Although the main objective of this study is to describe cryogenic liquid
release, it also re-investigates non-boiling liquid releases, which have already
been theoretically examined by Kleyn ( 1983 ). The term “non-boiling”
is used in this thesis, to distinguish it from cryogenic liquid which
boils on contact with the ground. The results of this re-investigation are

compared with those of previous theoretical and experimental work, to
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assess the accuracy and consistency of the numerical solution as well as the
validity of the model used. This is presented in Chapter 1 for unconfined
flow ( the surge flow ) and in Chapter 2 for confined flow ( the shock
flow ). Chapters 3 and 4 are concerned with the main objective of this
study, i.e. descriptions of unconfined and confined cryogenic liquid flow.
As there are no theoretical and experimental investigations on cryogenic
liquid release available, Chapters 3 and 4 also include comparisons with
non-boiling liquid releases. The overall conclusions are given in Chapter 5

together with suggestions for further work.
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CHAPTER 1

UNCONFINED FLOW OF
NON-BOILING LIQUID

1.1 Introduction

While the complete study is concerned with the liquid column collapse
motion and the shock flow resulting from the interaction of the surge flow
with bunds, this work on unconfined flow will cover the column collapse
motion until the resulting surge flow reaches the bund. Such unconfined
flow will be theoretically re-investigated in this chapter. This includes
the numerical calculation procedures used in previous theoretical work,
especially Kleyn’s ( 1983 ). This work will use the Shallow Water Equations
to describe the flow behaviour. Here, the flow description given by the
SWEs will be examined, by comparing the results of this investigation with

theoretical and experimental results previously obtained by other authors.

1.2 Review of Previous Work

Inspired by the collapse of a big vertical column of water droplets resulting
from the atom bomb explosion test at Bikini Lagoon, Penney and Thorn-
hill ( 1952 ) considered the dispersive flow following the collapse of such
a column as an example of incompressible flow. They assumed that such
flow is inviscid and unaffected by ground friction. They used two methods
of solution, one of which is more relevant to this study. The first method
employs a velocity potential ¢ as a dependent variable in polar coordinates
(r,8), where ¢ is a function of r, § and time ¢. To solve the governing equa-

tions, the velocity potential ¢ was approximated by a series of trigonometric
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functions ( cosines ), with the coefficients of the series being functions of
time. The second method, which is more relevant to this study, is a special
case of the solution, i.e. neglect of vertical acceleration in the motion. They
considered that for a squat column, i.e. with a height smaller than a base
diameter, the resulting surge flow is dominated by horizontal acceleration,
and vertical acceleration may be neglected with respect to the horizontal
one. As a result of neglecting vertical acceleration, the pressure p at any
point in the liquid is equal to the static pressure, which depends only on

the depth below the free surface, given by :

p=pg(h—2) (1.2.1)

with p = liquid density ,
g = gravity acceleration constant,
h = liquid height, and

z = vertical distance from the basement/ground .

A further consequence of the assumption of negligible vertical acceleration
is that any point equidistant from the axis of symmetry has equal horizontal
or radial acceleration, regardless of its vertical position. This leads to the
derivation of Shallow Water Equations ( SWEs ), which will be given in
the next section. The collapse of a squat liquid column based on such
a description is illustrated in Figure 1.1. The SWEs, as the governing

equations in this case, are given by :

oh oh oUu Uh

a‘*‘Ua h—67+k——- =0
ovu ovu Oh
S tUG te5 =0 (1.2.2)

with U = horizontal velocity ,
r = horizontal /radial position, and

t = time.
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Here, £k = 1 if the flow is considered in axisymmetric-coordinates ( the
axisymmetric-model ), and k£ = 0 if in cartesian-coordinate ( the plane-
model ). Penney and Thornhill solved equations (1.2.2) numerically by the
Method of Characteristics ( MOC ), but they did not give the calculation
procedure in detail. They stated that the surge front has zero thickness and
propagates at a speed of Uson: = 24/9Hy, with Hy being the initial height
of the column. In dimensionless form (U/+/gHy), this velocity is equal to
2.

(a).Before collapse

(b).During collapse

Figure 1.1: The process of liquid column collapse

In the plane-model case, equations (1.2.2) are similar to the governing
equations of the dam-break problem. The analytical solution of this prob-

lem is known as Ritter’s solution ( Dressler,1952 ), given by :

U= %(Co+(z/t))
h= 1(2C, - (z/t)/% (1.2.3)
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with ¢ = horizontal distance from the initial position of the dam,
Co = vgH, .

Concurrent with Penney and Thornhill’s investigation, Martin and Moyce
conducted an experiment of a liquid column collapse. They used a 5 inch-
high water column, with several base sizes and column shapes : rectangu-
lar, semi-circular and cylindrical. The liquid was constrained by a very thin
waxed paper diaphragm, with its edges glued with a thin layer of beeswax
to a metal strip. A short passage of high electric current through this metal
strip freed the waxed paper and thus allowed the liquid column to collapse.
They observed that the experimental dimensionless propagation velocity of
the surge front was less than 2, and estimated the maximum propagation
velocity attained to be around 1.62-1.71 for a rectangular-shape ( i.e. plane-
model ) and 1.07-1.27 for a cylindrical-shape ( i.e. axisymmetric-model ).

Greenspan and Butler ( 1961 ) studied theoretically the expansion of
a gas into a vacuum, with the gas initially at rest and at uniform density
po and pressure po . Amongst the topics they discussed, the most relevant
one to this study is free expansion of a gas into unlimited vacuum space,
with the gas initially contained inside a cylinder or a sphere. The governing
equations are given by :

2 oC ocC ou ucC
(7_1) [-éTﬁ-UEjI‘i'CE;'{‘k-r— =0

ovu oUu 2C 0oC

with U = velocity of the gas,
C = sound velocity in the gas (= pbg_ll),
~ = the ratio of specific heats.

For a cylinder, k¥ = 1, and for a sphere, k = 2. Greenspan and Butler

showed that the gas-vacuum interface propagates into vacuum space with a
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dimensionless velocity of 2 and the gas density at this interface is considered
to be zero, or C = 0. Note that equations (1.2.4) will be equivalent to
equations (1.2.2), if y = 2 and C = /gh are substituted into equations
(1.2.4). The cases are in fact analogous, and have the same front condition:
zero thickness ( C = 0 ) and U = 2. To solve equations (1.2.4), Greenspan
and Butler used the Method of Characteristics ( MOC ) and a power series

approximation. The power series are given by :

p= U+20= fjA,-(n)t

=0

p= U-20= iB{(ﬂ)t (1.2.5)

=0

where coeflicients A; and B; are functions of n = (r—1)/¢. This approximate
solution depends on the degree of the power series n. In the case ¥ = 2, by

taking only a first degree of ¢ in the power series, the results are :

U = 2-2Z+2t(52°° -32 -2)

1
C = Z+ 5Zt(7Z°'5 ~3Z —4) (1.2.6)

with Z = 22— (r—1)/1] .

Greenspan and Young ( 1978 ) also investigated theoretically and ex-
perimentally the surge flow resulting from the liquid column collapse. They
used the SWEs in cartesian-coordinates ( the plane-model ) to describe the
flow behaviour. However, their main objective was to assess the interaction
of the surge flow with bunds and its consequences. Following Greenspan
and Young’s work, Kleyn ( 1983 ) examined the same problem in cylindri-
cal polar coordinates ( the axisymmetric-model ) and compared the results
between both models. In the case of the unconfined flow, Kleyn confirmed
that the Greenspan and Butler approximate solution is only satisfactory in
the early stage of the surge. Kleyn utilized equations (1.2.6) to set up the

initial condition of the numerical solution of the axisymmetric-model.
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Some authors have used the Marker and Cell method ( MAC ) to de-
scribe the motion of the liquid column collapse. Without neglecting the
viscosity effect, the equation of continuity and the Navier-Stokes equation
of motion ( in unsteady two-dimensional form ) are solved numerically,
where their finite-difference equation forms are complicated. The MAC
method essentially estimates the position and velocity of each element or
cell of fluid at each time step. Reconstruction of all cell positions at a spe-
cific time will illustrate the profile of fluid flow. Hill et al. ( 1980 ) used this
method to solve the dam-break problem, where following the breaking of a
dam, the rushing liquid flows over the quiescent liquid which initially exists.
This is a special case of the dam-break problem, as the liquid is initially at
both sides of the dam ( at different levels ). Trbojevic and Slater ( 1989 )
recently used the modified MAC in cylindrical polar coordinates to simu-
late the flow resulting from Catastrophic Tank Failure, and also included
flow over the bund.

In parallel with Kleyn’s investigation, Sharifi ( 1987 ) carried out exper-
iments, mostly on the unconfined flow. She showed that such investigation
of the flow resulting from the Catastrophic Tank Failure can best be con-
ducted by using a more realistic cylindrical model, instead of a rectangu-
lar/plane model or channel model ( as in the dam-break problem ) . Her
relatively small-scale model, which has a very fast-moving lifting mecha-
nism ( around 20 milliseconds ), was made from a cylindrical glass jacket
with a diameter of 8.7 cm and a height of 10 cm. The glass jacket was
initially filled with water, standing on a horizontal surface ( water-table ).
The jacket was then pulled up very fast, leaving a water column standing
freely on the table. Sharifi described that a short lifting-time was needed

to ensure that the formation of a free vertical water column was not influ-
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enced by the lifting mechanism itself, and that the process of the column
collapse would only begin after the jacket has been lifted clear of the water
column. Included in Sharifi’s investigation was a scale-dependence factor,
which the theoretical investigation did not account for. She drew attention
to the obvious fact that, different from the theoretical investigation, the
surge front is in practice blunt ( i.e. has non-zero thickness ), and that its

dimensionless propagation velocity is 1.4 .

1.3 Derivation of Shallow Water Equations

The derivation of the Shallow Water Equations will be started from the ba-
sic equations of continuity and of motion. Figure 1.2 illustrates an element
in the axisymmetric-coordinates to show the symbols used in the differen-
tial equations of unsteady incompressible flow in two-space variables r and
z. These differential equations are given by ( Bird et al. , 1966 ) :

*x Equation of continuity ;

-}a;—f % =0 (1.3.1)
* Navier-Stokes equations ;

— for the r component,

DU Op li@rr, 1 O
PiDpiT Pigpes [; o 8 } 052
— and for the z component,
Dv Op Borr: JOT.;
Cepyeiag e [; or T o ] %%
D
foqsclbeiiion 5be e sy

Di a8t o 6z
and U = radial velocity ( in this case, horizontal ),

v = axial or z component velocity ,
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7 = shear stress (tensor), with its direction indicated

by its subscript.

Here, |g| is in absolute value.

1

Az
Uity 135

 —

Figure 1.2: The element in axisymmetric-coordinate system

The shear stress terms in equations (1.3.2) and (1.3.3) represent the role
of viscous-force on the momentum balance. This viscous effect is, of course,
important in laminar flow. In turbulent flow, the viscous effect in the bulk
flow may be neglected. In the surge flow following the column collapse, the
flow is assumed to be inviscid. The collapse of a small water column with a
diameter and a height of only 10 cm results in a surge flow ( apart from the
surge front ) with a Reynolds number of the order of 10*. This shows that
the viscous effect on the surge flow can generally be neglected, and hence
the inviscid flow assumption is justified. Fannelop and Waldman ( 1971 )
described how the early stages of an oil spill onto water are dominated by
gravity and inertia forces, which is identical to inviscid flow. Brighton and
Webber ( 1986 ) also gave a similar description in their investigation of a

liquid spill on land. Their description supports the inviscid flow assumption,
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as the period of unconfined flow concerned ranges from the beginning of the
column collapse until the surge flow reaches the bund, which is equivalent to
the early stage of a liquid spill on land described by Brighton and Webber.

In reality, vertical cylindrical storage tanks commonly have a height-
diameter ratio equal to or less than 1, and are then referred to as squat
columns. As previously assumed by Penney and Thornhill, the vertical ac-
celeration (2?) is in this case considered to be small compared with gravi-
tational acceleration. Neglecting shear stress terms and (22) from equation
(1.3.3) results in :

Up e

By integrating the above equation along z to A ( height of free surface ),

the resulting equation is :
po—p=—pg(h—2) (1.3.4)

where po is an ambient pressure. The r derivative of the above equation is

given by :
Op Oh
E = Pga (1.3.5)

If ground friction is considered, integration of equation (1.3.2) along z

results in :
DU 1 6]) T0
_D_t___par 2 (1.3.6)

where 7y is the ground resistance stress.
Dressler ( 1952 ) and Whitham ( 1954 ) employed the Chézy equation to

express ground resistance stress. Here, equation (1.3.6) becomes :

DU  18p KU?

Dt~ por h (&30

where K is Chézy’s resistance coeflicient, which depends on the roughness

of the ground surface. Dressler showed that for K < 1079, ground resistance
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hardly affects the flow. The resistance effect is particularly pronounced at
the moving front region. Based on this fact, Greenspan and Young ( 1978 )
argued that the error incurred by neglecting ground resistance effect in the
early stages of a spill is still acceptable. By assuming the ground surface

to be frictionless, equation (1.3.7) becomes :

DU oh

As shown in the above equation, using liquid height A is more relevant than

using vertical velocity v. Integrating equation (1.3.1) along h will result in :

k(10rU Vh
) (;7)% @aTl
h OrU

;—6;—+v;,—vo =0 (1.3.9)

The boundary conditions at z = 0 and z = h are given by :

Dh
V=g and v =0, respectively.

Substituting these boundary conditions into equation (1.3.9) results in :

Dh oU hU
D1 +h o (1.3.10)
The Shallow Water Equations mentioned are given by equations (1.3.8) and

(1.3.10). The general form of the SWEs is :

acC oC ou uc
2'§+2UE‘-+CE+IC—T— =0

U U aC
S — S0 =0 (1.3.11)

with C = 1/gh. In the Shallow Water theory, C is the propagation speed of
a surface wave. For k = 0, the SWEs are in cartesian coordinates ( plane-

model ), and for k = 1 in cylindrical coordinates ( axisymmetric-model ).
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1.4 Numerical Solution

1.4.1 Method of Characteristics (MOC)

Shallow Water Equations (1.3.11) are hyperbolic partial differential equa-
tions, which can be solved by several methods ( Smith,1977 ). Amongst
these methods, the Method of Characteristics is the most appropriate one
( Abbott,1966 ).

Leaf et al. ( 1979 ) confirmed that the Method of Characteristics (MOC)
has the best accuracy amongst all methods they have examined. They
solved a water-hammer problem ( hyperbolic differential equations of tran-
sient flow, resulting from a sudden closing of a valve ) by several methods :
finite-difference method of Lax, Lax-Wendroff ( two-step ), finite-element
method using a Galerkin procedure, and the Method of Characteristics.
They concluded that two-step Lax-Wendroff method and the MOC give
the best accuracy.

The Method of Characteristics is based on two principles :
e the entity, or specific correlation of dependent variables, and
e the path or track, along which the entity propagates.

The path itself is called a characteristic line or curve.

The following is the basic solution of the SWEs by the MOC. Summing up

and subtracting two equations in (1.3.11) results in :

oUu+2C) oU+x20) _UC
o + Y =F= (1.4.1)

(U +0)

This equation shows that (U + 2C) are dependent variables or entities,

which are functions of r and ¢. Their total derivative is given by :

W Lagye S0 200, QU200
or ot
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and this equation can be transformed into the form :

dr (U +20) | (U £2C) _ d(U +20)

Ty 51 di (L=2)

Comparison of equations (1.4.1) and (1.4.2) shows that entities (U £ 2C)

move along their path with a velocity of :

& —pgio
dt|,

with their rate of change given by :

d(U £ 2C) UucC
:F
dit 7

Briefly, there are two characteristic lines with their corresponding entity

correlations : positive and negative. The positive characteristic line has a

slope of :
dr
— =U+C 1.4.
e (1.43)
where along this positive characteristic line, the rate of change of (U + 2C)
is given by :
d(U +20) vcC
= — 1.4.4
dt i ( )
and its general correlation :
ve ‘
U +2C+ [ = dt = constant (1.4.5)

Equation (1.4.5) is called the positive Riemann invariant ( Abbott,1966 ).

Similarly, along the negative characteristic line,there are :

* a slope of :
dr
—| =U-— 1.4.6
* and a negative Riemann invariant :
U-2C - / 20 dt = constant (1.4.7)
T
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The RHS of equations (1.4.5) and (1.4.7) are constants or parameters. This
means that there are two families of characteristic lines in this solution, as
illustrated in Figure 1.3. The flow region is bounded by two moving bound-
aries, which are also members of characteristic lines. They are the forward
moving boundary, sometimes called forward moving front or edge, and the
inward moving boundary, which moves toward the axis. As shown in Fig-
ure 1.3 , the flow region begins at ¢ = 0 and r = Ry, which is the original
position of a tank wall. Furthermore, all negative characteristic lines start
from this point as well. This phenomenon shows that the disturbance is
dispersed over the whole flow region. In this case, the disturbance is the
initial liquid column profile ( a step function ).

Asin the problem of the expansion of a gas into vacuum ( Greenspan and
Butler, 1961 ), the horizontal velocity U = 0 and C is equal to Cy = v/gHy
at the inward moving boundary. This boundary line is in fact the negative
characteristic line with a propagation velocity of % = Cp. This boundary
line is then given by :

7o = Ry — Cot (1.4.8)
This equation is only valid until it reaches the axis at ¢ = (Ry/C)p), when
the axis begins to collapse.

As shown in Figure 1.3, the positive characteristic lines start from the
inward boundary line. Because Uy = 0 and C = C; at the inward boundary

line, the value of the positive Riemann invariants are 2Cy, as can be derived

from equation (1.4.4) :
U+2C+/Ur—cdt:Uo+2Co:2Co

At the forward moving boundary, the thickness or height of the front is zero
( Saint Venant solution ), analogous to the gas- vacuum interface, where the

gas density is zero or C = 0. Hence, the front velocity can be determined
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by the above equation :
ucC
Ufron.t + 2Ofront + / T dt = 2C’O or Ufront = 2(]0

This means that the front propagates with a constant velocity. The forward
moving boundary is then given by :

dr

_(E = 200 or Ty = RO = 200t (149)

1.4.2 The Numerical Calculation of The MOC

As the solution of the SWEs by the MOC is based on the characteristic lines
and Riemann invariants ( positive and negative ), the condition at any point
always depends on these characteristic lines and the correlations of Riemann
invariants. Figure 1.4 illustrates the principle of the MOC solution, how to
determine the condition at any point along a characteristic line. To simplify
the illustration, two families of characteristic lines ( positive and negative )
are drawn arbitrarily. It is assumed that the condition at points A to E are
known. The condition at point P depends on the conditions at points A
and B. Along the positive characteristic line AP, (Up+2Cp) is correlated to
(U4+2C4) in Riemann invariant given by equation (1.4.5). Similarly, along
the negative characteristic line BP, (Up — 2Cp) is correlated to (Ug — 2Cp)
in equation (1.4.7). Because the values of U and C at points A and B
are known, U and C can be calculated from the two Riemann invariant
correlations along AP and BP. The conditions at other points ( Q, R and
S ) can be calculated in a similar way to those at point P, as can points U,
V and W.

As commonly carried out in numerical solutions, the SWEs are also
solved numerically by using uniform increments Ar and A¢. The method

illustrated in Figure 1.4 cannot ensure the uniformity of Ar and At. Instead
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Figure 1.3: Two families of characteristic lines
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Figure 1.5: Three-point method : A , P and Q
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of that illustrated in Figure 1.4, grid-points ( mesh or node ) with uniform
Ar and At are used, as depicted in Figure 1.5 . The flow region or domain
is divided into equidistant grid-points, with the position r expressed as :Ar
and time ¢ as jA{. However, the solution illustrated in Figure 1.5 needs
interpolation. As an illustration, the conditions at all grid-points at time
step (j) are assumed to be known. Point A represents point r;;.1, with
points P and Q at time step (7). Here, AP is the positive characteristic line,
and AQ is the negative one. The condition at point A can be calculated, if
the conditions at points P and Q are known. Because points P and Q are
not grid-points, the values of U and C at both points have to be estimated

by interpolation. Furthermore, the positions of points P and Q depend on
dr
dt
invariant correlations at line AP and AQ are given by :

the slopes — of the positive and negative characteristic lines. The Riemann

* along the positive characteristic line AP :

PO
A

Uy +2C, = Up+2Cp—/ o (1.4.10)
P T

* and along the negative characteristic line AQ :

dU -2C) = UTOdt
AUC
Us—2C4 = Ug-—2Cy +A Tdi (1.4.11)

: dr
with Uy = U; 1, and C4 = C; ;1. As the characteristic lines are ==
U £ C, the term [ —U;th can be expressed in another form. Equations

(1.4.10) and (1.4.11) can be rewritten into :

Us+2C4 =Up+2Cp + PI (1412)
A
with PI =../ v s (1.4.12-A),
P 7
4 "yc
o 25 Ny i 1.4.12-B),
7 /p =R el ( )
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and

Us—2C4=Ug—2Cy - QI (1.4.13)
A

with QI =- [ —Ur—Cdt (1.4.13-A),
A UC

The values of U and C at point A are then evaluated by solving equations
(1.4.12) and (1.4.13) simultaneously, and given by :

1
Uy = 5(Up+Uq+2Cp+2CQ+PI—QI)

1
Cs = 7(Up—Uq—2Cp+2Cq+PI+QI) (1.4.14)

These equations clearly show that U and C at point A are determined by
iteration, because the position of points P and Q depend on the slopes of
lines AP and AQ, and the values of U and C at both points are calculated
by interpolation. This method of calculation is called a three-point method
( Abbott,1979 ), because it involves three points A, P and Q. Greenspan
and Young( 1978 ), and Kleyn ( 1983 ) employed this method in their

numerical solution. The accuracy of this method relies on :
e the size of increments Ar and At,
e the method of interpolation, and
e the estimate of the slope of characteristic line.

Using finer or smaller increments will increase the accuracy, but this
will need more computational effort( computer memory and cost ). The
usual way is to use a compromise size of increment, that is a moderate size,
compensated by iteration ( implicit method ), to improve the accuracy. The
selection of the increment size also has to consider the Courant-Friedriech-

Lewy criterion ( CFL ). This criterion essentially describes the behaviour of
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a numerical solution of a differential equation, which depends on the incre-
ment size, in relation with its actual solution. To ensure that the numerical
solution converges to the actual solution, the CFL criterion must be ful-
filled. For the SWEs solution, the CFL criterion is given by ( Smith,1977;

Abbott,1979 ) :
At|U + C| e
Ar =

This criterion gives a restriction on the magnitude of At to be used with

(1.4.15)

respect to the magnitude of Ar, or vice versa.

The profile of the values of U and C at successive grid points dictates
the method of interpolation. If the increment is small or U and C vary
linearly with the position, linear interpolation is sufficient. Greenspan and
Young used linear interpolation ( together with iteration ), but they did not
mention their accuracy. Kleyn used a Chebychev polynomial as a way of
interpolation. To improve the accuracy and convergence of the numerical
solution, Abbott( 1979 ) suggested that better interpolation method and
slope approximation will both have to be used. For example, the positive
and negative characteristic slopes are better estimated by using the con-
ditions at two points than at one point only. Greenspan and Young, and
later Kleyn, took the average value of the slope between time steps j and

(7+1). The approximate slope of the positive characteristic line AP is then

given by :
G
dt|,

Likewise, the approximate slope of the negative characteristic line AQ is

e

2(UA+CA+UP+CP) (1.4.16)

given by :
dr

dt
Kleyn called this method a three-point second-order method.

1
= E(UA—CA"}‘UQ—CQ) (1.4.17)
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Following this previous work, the current study uses a three-point sec-
ond order method. It also re-investigates the interpolation method and
the method of PI and QI evaluation, as described in equations (1.4.12) and
(1.4.13). The interpolation is performed by using a polynomial fitting. Two
forms of polynomial fitting are examined. These are :

1. A simple polynomial :
U=Ag+ A X + A X2+ + A, X" (1.4.18)
with A, = coeflicients ( to be evaluated ),
X = (27 — Tmoe — Tmin)/ (Trmae — Tmin)-
The X value should be between -1 and +1 , to satisfy

the validity of this polynomial fitting.
2. A Chebychev polynomial ( Carnahan et al. ,1969 ):

with X defined as in 1), and
Tl(X) = X )
T(X)=2X-1,

T.(X)=2XT,1(X) - T,_o(X) .
A simple polynomial fitting is tried, because it is simpler to use than Cheby-

chev polynomial. The interpolation is carrried out in two ways. These are :

o Using all nodes inside the inward-forward boundary lines and pre-
senting them into one polynomial equation. Hence, at each time step,

there is only one polynomial fitting.

e Using / - 6 nodes surrounding the point to be calculated ( 2 in front,
and the othersbehind ) and fitting them into one polynomial equation. .

In this case, each iterated point has a polynomial fitting.
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The terms PI and QI in equations (1.4.12) and (1.4.13) are also evaluated

in two ways, i.e. :

e By numerical integration of equations (1.4.12-B) and (1.4.13-B) using
the trapezoidal rule, as carried out by Kleyn. Here, U and C are

interpolated at time step j.

e By arithmetic averaging equations (1.4.12-A) and (1.4.13-A), in the

forms :
Pl — — [UACA b UPCP] ﬁ
T4 Tp 2
QI = — [U"C" + UQCQ} it (1.4.20)
T4 TQ 2

The liquid at the axis starts to collapse, when the inward moving bound-
ary has reached the axis. Because the horizontal velocity U at the axis is
always zero, only C is to be calculated, by using equation (1.4.13). In this
case, Uy = 0. By using the negative characteristic line passing through

r =0, ro can be estimated as :

At
rq = —(Ug — Cg — 04)7 (1.4.21)

However, the term QfAQA (in QI ) at the axis cannot be evaluated directly,
because 74 = 0. This term is then estimated by employing the I’Hospital

rule :
U pis oU ucC oU

m—="—— SO : —=C—
r—0 7 or ’ T or

Incorporating the above correlation into equation (1.3.11) results in :

U=0
ot or ér r
hence e = o (1.4.22)
r ot



In numerical solution, this equation is approximated by using :

L) (Coj+1 — Co,5)

1.4.2
T le=0 At ( 3)

where Co ; and Cp ;41 are values of C at the axis at time steps j and (j+1).

1.4.3 The Calculation Procedure

In order to obtain the generalized results, all variables involved are ex-

pressed in dimensionless form. These are :

U C r h 1Cy
= =—,r=—,h=—,t=—.
N e e

Hence, the dimensionless velocity of the moving front is 2 , and the dimen-
sionless initial column height and radius are both equal to 1.

To start the calculation, the initial condition is needed. For the plane-
model, Ritter’s solution in equations (1.2.2) is used to set up the initial
conditions. For the axisymmetric-model, the initial condition is set up by
using equation (1.2.6). The initial condition is set up at small time after
the column begins to collapse.

As mentioned before, the determination of U and C at each grid point at
time step (j + 1) is essentially an iterative calculation. Equations (1.4.14)
together with the determinations of P and Q positions (rp and rg) are
evaluated simultaneously. Here, the positions rp and rg are estimated

from equations (1.4.16) and (1.4.17) :

At
rp = r;—(Up+CP+UA+CA)? (1.4.24)
At

Because this iteration involves several unknown variables ( rp,rg, UgandCy ),

the iteration is conveniently performed by using the Newton-Raphson method

41



( described in Appendix A ). The above equations are regarded as two func-
tions Fi(rp,rg) and Fy(rp,rg) ,ie.:

At
Fy(rp,rq) = r;i—(Up+Cp+Us+Cy)5 —rp

At
Fy(rp,rg) = r,-—(UQ -Cy +UA-—CA)—2— —rQ (1.4.26)

The iteration procedure is performed as follows :

1. At grid point r;;,,, the positions of P and Q are initially estimated
by :

rpr = I;— (U,',J' + C,',J')At

rq = r;— (U,',j = C.;,j)At (1427)

2. For a given rp and rg, values of Up, Cp,Ug and Cg are evaluated

by interpolation.
3. Uy and Cy are calculated by using equations (1.4.14).

4. F; and F; in equations (1.4.26) are calculated. If absolute values |F|
and |F3| are both less or equal than € ( a very small number, namely
107% ), then the iteration is regarded as successfull, and calculation

is continued for next grid point.

5. If one or both values of |F;| and | F;| are greater than € (i.e. |Fy|,|Fy| >

€ ), new rp and rq are estimated by using :

o
Fi g% -

'y

OF:
l'

_FZ_
6T p

&)

rptl =rp —[[

v

|5
#
l??

T

|
]
v
|
-
o
|
o

O F,
T

P
OFZ

il —pn
rQ Q [

ER
17|31
i

Q
_'Q

(1.4.28)

5

@
@

T p ro

with n = iteration step. These equations are described in Appendix A.

The calculation operation is then repeated from step 2) onwards.
The flow diagram of this procedure is shown in Figure 1.6 .
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Figure 1.6: Flow diagram of the iteration procedure
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1.4.4 Selection of The Calculation Procedure.

To obtain results with a good accuracy, the method of polynomial fitting is
combined with the method of PI and QI evaluation. The calculation pro-

cedure is considered to be satisfactory, if it fulfils the following conditions :

1. The procedure is used to solve the SWEs of the plane-model. This
is considered satisfactory if the difference between its result and the

analytical result ( Ritter’s solution ) is less than 0.5 % .

2. The procedure is used to solve the SWEs of the axisymmetric- model.

The results must be :

e Smooth with no ripple in U and C. Below is an illustration of

ripple-point result :

Table I-1: Ripples in C rows

Time Radius (r)

(t) | 0.50 0.60 0.70 0.80 0.90 1.00
1.50 | 0.537 0.492 0.450 0.426 0.432 0.462
1.40 | 0.583 0.518 0.465 0.441 0.460 0.489
1.30 | 0.645 0.519 0.485 0.461 0.481 0.518
1.20 |1 0.685 0.664 0.401 0.541 0.509 0.532

e Convergent. This can be checked by calculation at several At,
such as : 0.10, 0.05, 0.025 . The difference of the results between
the successive At must be small ( namely, less than 1 % ) and

decrease.

3. The total mass and energy content at any time step must be con-

served, because there is neither loss of mass ( no evaporation ) nor of

energy ( frictionless flow ) during the process.
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Total mass and energy content are calculated numerically. Because
the liquid is incompressible, the total volume must remain constant. The

volume of a small element is given by :
dV = 2zxrhdr

In finite-difference form, the total volume is given by :
V= 27r,§(r,-h,- - r,-+1h,-+1)% (1.4.29)
i=0
where ¢ denotes the position of the grid point. This value is theoretically
equal to the initial liquid volume Vy = wR2H,, or in dimensionless form,
V& 7i
The energy content consists of the potential energy and kinetic energy ( Ab-

bott,1966 ). The energy content of a small element is given by :

dE = (3U%+ %foh pgz dz) (2rrh)dr
dE = (3U%*+ %pgh) (27rh) dr

or in dimensionless form :
dE = E(27rh) dr with E,=1U%+1h

In finite-difference form, the total energy content is equal to :

n—1
A
Er =21 3 (riBysh; + r,-+1Ek,,-+1h,.+1)—21 (1.4.30)
=0

The total initial energy content is 3mpgR2HZ or in dimensionless form,
E;: = %7r.

The difference between the calculated results and the initial volume/energy
content are expressed in relative percent, with regard to the initial vol-
ume/energy content :

Verr = 100% x =2
B = 100%5 i)
27r

A satisfactory procedure will give both errors less than 1 % .
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1.5 Results and Comparison

1.5.1 The Selected Calculation Procedure

The method of the selection of the calculation procedure was described
in Section 1.4.4. The combination between the polynomial forms and the
evaluation methods of PI and QI influenced the results. The procedure
that is satisfactory for solving the plane-model cannot ensure a satisfactory
solution for the axisymmetric-model. Ritter’s equation (1.2.3) shows that
for the plane-model, U and C depend linearly on position z. Furthermore,
the solution of the plane-model does not include the evaluation of PI and
QI, which makes it simpler than the solution of the axisymmetric-model.
This may cause the procedure satisfactory for the solution of the plane-
model, but unsatisfactory for the solution of the axisymmetric-model.
The following is a description of the results obtained by the combina-

tions of the polynomial fitting with the method of PI & QI evaluations :

1). The Combination of the Simple Polynomial and the Numerical Integra-
tion.

Polynomial fitting was tried in two ways ( i.e. based on all points
inside the boundaries, and based on a group of 4 - 6 points surrounding
the ‘iterated’ point ), with its coefficients evaluated by the least-squares
method. The trapezoidal method was used in the numerical integration,
with the interval of integration divided into 8 segments or more. These
combinations are not satisfactory. The difference with Ritter’s solution is

greater than 0.5 % and they sometimes produced ripples.

2). The Combination of Chebychev Polynomial with the Numerical Inte-

gration.

A Chebychev polynomial fitting was also expressed in two ways, similar
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to 1) above. Using Chebychev polynomial fitting in both ways was satis-
factory and accurate for solving the plane- model. The latter form ( i.e.
using 4-6 points ) has the best accuracy, and gave average errors less than
0.01 % . However, the combination of the numerical integration with both
forms of Chebychev polynomial fitting was still unsatisfactory for solving

the axisymmetric-model. They produced ripples.

3). The Combination of Chebychev Polynomial with the Arithmetic Aver-
age.

Here, equations (1.4.20) were used. Chebychev polynomial fitting from
all points still gave ripples, especially for points near the inward and out-
ward moving boundaries. By using one polynomial equation for each iter-
ated point, the combination gave monotonic results and satisfied the first
and second conditions mentioned in Section 1.4.4. This combination was

then used for further calculation.

Kleyn used Ar = 0.10 and refined the increment ( mesh ) around the
axis into Ar = 0.01. This study also used Ar = 0.10. For comparison
purpose, two procedures were tried : with a mesh- refinement around the
axis ( similar to Kleyn’s ), and without mesh- refinement. Both methods
gave monotonic results. The total mass ( volume ) and energy content were
then calculated for both cases. The results are shown in Table I-2 , together
with Kleyn’s results. It is shown that the procedure using mesh-refinement
around the axis resulted in growing volume and energy errors, while the
procedure without mesh-refinement gave small errors. The growing errors
are caused by not comforming to the CFL criterion. According to this
criterion, to achieve a convergent numerical solution, the mesh-refinement
must be followed by time-increment refinement. Using At = 0.10 also gave

volume and energy errors higher than 1 % , although the errors are still
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smaller than those of the procedure with mesh-refinement. This may also
be caused by not conforming to the CFL criterion in some part of the flow
region. In the region from r = 1 to the front edge, the value |U + C| is
always greater than 1. This means that with Ar = 0.10 , At used must be
less than 0.10.

In conclusion, the calculation procedure using :

e a Chebychev polynomial fitting,
e an arithmetic average method, and

e unrefined mesh around the axis,

is selected in this work, with At equal to or less than 0.05.

1.5.2 Comparison with Other Theoretical Results

So far, only Kleyn’s (1983) and, Trbojevic and Slater’s (1989) results can
be compared directly.

Kleyn’s numerical data comprises the unconfined flow and the shock
flow data, with the maximum distance of bund from the axis equal to four
times the initial radius. Because this comparison is only concerned with
unconfined flow, the data can only be compared until t = 1.5 , at which
the forward moving front reaches the bund.

The average difference in U and C between Kleyn’s results and the
results of this work was less than 10 % . Large differences were found at
points near the moving boundaries and around the axis after the liquid level
at the axis collapsed. The total mass and energy content calculation with
Kleyn’s data showed that his data resulted in growing volume and energy
errors, as shown in Table I-2 , although the errors are less than 10 % .
This is caused by refining Ar around the axis without refining At ( CFL

criterion ), as described before.
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Table I-2: Comparison of Volume and Energy errors

Volume errors ( % )

Time | Kleyn’s | With Mesh-refinement | No Mesh-refinement
(t) Data | At=0.10 At=0.05| At=0.10 At =0.05
0.10 | 0.844 0.844 0.912 0.844 0.912
0.20 | -0.218 0.407 0.406 0.407 0.406
0.30 | 0.359 0.453 -0.009 0.951 -0.078
0.40 | 0.882 0.449 -0.050 0.973 -0.143
0.50 | 1.485 0.441 -0.130 0.933 -0.238
0.60 | 1.779 0.476 -0.091 0.903 -0.212
0.70 | 2.299 0.449 -0.171 0.940 -0.232
0.80 | 2.851 0.509 -0.116 0.964 -0.249
0.90 | 3.504 0.472 -0.161 0.993 -0.267
1.00 | 3.656 0.147 -0.569 1.007 -0.296
1.10 | 4.382 1.504 0.917 1.182 -0.137
1.20 | 4.911 2.895 2.425 1.187 -0.139
1.30 | 5.169 4.182 3.710 1.196 -0.105 -
1.40 | 5.394 5.334 4.911 1.157 -0.088
1.50 | 5.572 6.335 5.982 1.149 -0.097
1.60 1.116 -0.058
1.80 1.241 -0.026
2.00 1.199 -0.105

Energy errors ( % )

Time | Kleyn’s | With Mesh-refinement No Mesh-refinement
(t) | Data | At=0.10 At=0.05|At=0.10 At=0.05
0.10 1.758 1.758 1.904 1.758 1.904
0.20 0.328 0.996 0.985 0.996 0.985
0.30 0.849 1.141 0.182 2.292 0.027
0.40 | 1.502 1.129 0.058 2.325 -0.128
0.50 2.254 1.114 -0.075 2.220 -0.285
0.60 | 2.857 1.160 -0.007 2.198 -0.257
0.70 | 3.571 1.117 -0.160 2.246 -0.318
0.80 | 4.321 1.227 -0.073 2.289 -0.359
0.90 | 5.185 1.174 -0.168 2.371 -0.382
1.00 5.916 1.429 -0.086 2.410 -0.438
1.10 | 6.644 3.757 2.527 2.646 -0.179
1.20 7.306 6.111 5.127 2.650 -0.216
1.30 | 7.614 8.258 7.450 2.648 -0.195
1.40 | 7.803 |10.159 9.564 2.566 -0.168
1.50 7.955 | 11.752 11.408 2.523 -0.212
1.60 2.495 -0.159
1.80 2.680 -0.128
2.00 2.655 -0.245
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Trbojevic and Slater reconstructed the motion resulting from a diesel
fuel tank failure, with a diameter of 30 m and a liquid height of 10.5 m. The
tank is surrounded by a circular bund ( with trapezoidal cross-section ), at
a distance of 38.3 m from the centre, or about 2.55 times of the tank radius.
They illustrated the liquid motion in 5 freeze-frames. The front velocity
was estimated to be about 14.6 m/s ( in dimensionless form, about 1.44 )
when it reached the bund.

Because their method differs from the one used in this study, the time
scale can be different too. To make a proper comparison, the same time
reference is needed. The estimation of setting the same time-reference is
described in Appendix B. Figure 1.7 presents a comparison of the liquid
profile between the result of this work and Trbojevic and Slater’s result.
The pictures produced by Trbojevic and Slater were here cut before the
flow reached the bund, because this comparison is only concerned with
unconfined flow ( i.e. inside the bunded area ). This figure clearly shows
that the flow description by the SWEs agrees well with the flow description
by the MAC method, except in the early stages of motion ( at time t =
0.8 ). Ripple surfaces in Trbojevic and Slater’s figures resulted from the
method of numerical solution. The difference in the motion at the axis
area in the early stage of the release will be explained in the next section,
which is concerned with the Shallow Water theory. Apart from this, it can
be concluded that the assumption of inviscid flow for a squat tank ( i.e.
neglecting vertical acceleration ) is acceptable. As mentioned previously,
the flow description by using the SWEs is as good as that given by the MAC
method. Furthermore, the SWEs solution by the MOC is much simpler
than the MAC method and, as stated by Kleyn, needs less computational

effort.
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1.5.3 Comparison with The Experimental Results

There are two prominent aspects in which the description given by the
SWEs are different from the experimental observation. The first is the
motion of the column at the early stages, especially at the original site

area, and the second is the front velocity.

1.5.3.1 Vertical Motion at The Early Stage

Sharifi ( 1987 ) observed the motion of the column collapse by using high-
speed film. The film shows that the body of the column first falls down
and subsequently the liquid disperses horizontally. Kleyn roughly estimated
that beyond one and a third column radii away from the column axis, the
vertical acceleration can be neglected, as beyond that point the horizontal
motion is dominant. The vertical acceleration is of the same order as the
horizontal one inside the region of one and a quarter column radii away
from the column axis.

The Shallow Water theory implies that an element of fluid moves hori-
zontally, while its height gradually decreases along its motion. This concept
is shown in Figure 1.8. When this concept is applied to the collapse of a
liquid column, the liquid level at the axis of the column remains at rest
until the backward moving boundary reaches the axis at t = 1 . This is
different from the experimental observation, where the liquid at the axis of
the column moves downward as soon as the column collapses.

However, within the time span of interest, this difference is tolerable.
Comparison of the theory with the experiment in the case of the plane-
model confirms that after the axis collapsed, the description of the motion
given by the SWEs in the axis area agrees well with the experimental one,

as shown in Figure 1.9. This picture is based on Martin and Moyce’s data
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of the motion of the top of the column in the plane model case. Their
data were re-interpreted ( see Appendix B ) in order to have the same
time-reference. Unfortunately, there is so far no explicit experimental data
available about the axis motion in the axisymmetric-model. Nevertheless,
as shown in Figure 1.9, it can be concluded that the Shallow Water theory

gives a good description of the unconfined flow.

1.5.3.2 Front Velocity

In contrast to the Shallow Water theory, it has been shown in the exper-
iments that the moving front is blunt and that its dimensionless velocity
is less than 2. For the axisymmetric-model, Sharifi estimated the average
front velocity to be 1.4. Martin and Moyce (1952) observed its maximum
attainable to be 1.07-1.27 ( in the plane-model, 1.62-1.71 ).

The fact that the experimental front velocity is less than 2 is most
likely caused by the ground or base resistance. As described by Dressler
(1952) and Whitham (1955), the ground resistance makes the moving front
blunt. For the plane-model, they approximated the front position and the
front velocity as function of time. Ritter’s equation was used to deter-
mine the velocity and the height of the flow behind the moving front. In
the axisymmetric-model, there is so far no satisfactory analytical solution
that can be used to determine the flow condition. Hence, Dressler and
Whitham’s method is not easily applied to the axisymmetric-model. A vis-
cous effect is perhaps the other cause, though this is less obvious. Trbojevic
and Slater (1989) estimated the dimensionless front velocity to be 1.44 when
it arrives at the bund. Here, the MAC method they employed does not ig-
nore viscous effects ( in the form of shear stress terms ). Unfortunately,

they only investigated one tank size, so their estimate of the front velocity
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cannot be regarded as general. Although there is a difference between the
front velocity estimated theoretically and that of experimentally, as previ-
ously mentioned by Greenspan and Young (1978), the error incurred from

neglecting the ground resistance effect is believed to be acceptable.

1.5.3.3 Flow Profile

Figure 1.10 shows the comparison between Sharifi’s data and the results of
this work. Although her description of the flow profile does not cover the
original site of the column, it is very useful, for there are no other expe-
rimental data available. Figure 1.10 was prepared after the time reference
and scale dependence had been normalized ( see Appendix B ). This figure
shows that liquid height in experiments tend to be higher than predicted
by the theory. Here, two possible causes can be given.

The first possibility might be the slight variation of the roughness of
the base plate. Sharifi used a light diffuse glass plate as the base of the
water table. In her experiments, the front was observed to propagate at a
different velocity for different radial direction. In other words, the surge
front position, which is supposed to be in circular shape, is not concentric to
the original column. She suggests that this is most likely caused by a slight
variation of the plate roughness, which leads to different flow resistance.
As a consequence, there is a variation in liquid height at the same radius
from the axis but different radial direction.

The second cause might be inaccuracy of the liquid height measure-
ment. Sharifi used a photo-diode unit to determine the liquid height, by
measuring the loss of light intensity across the liquid flow. Although she
had standardized and corrected the photo-diode unit for water flow condi-

tion, the unit apparently gave higher values for liquid height than the true
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height. In Figure 1.10 , especially at time t > 2, if the liquid profile is
drawn from Sharifi’s data and the total volume is then calculated, the total
volume will be much greater than the initial volume. Even if the surge front
is blunt, the liquid profile will not be as high as those of given by Sharifi.
This phenomenon is likely to have been caused by light refraction through
the liquid flow, as shown in Figure 1.11. This figure illustrates the discrep-
ancy between the true liquid height and the measured height, indicated by
the length of light path. The light comes from the base, and photo-diode
probes are mounted at right angles to the base. Because of light refraction
at the free surface of the liquid flow, the measured height is greater than
the true height, with the discrepancy dependent on the inclination angle of
the free surface.

Apart from this, the general trend of the flow profile produced by Sharifi
agrees reasonably well with the theoretical flow profile. This once again
shows that SWEs can give a good description of the dispersive flow resulting

from the collapse of liquid column.

photo-diode sensor

«—1iquid surface

‘/'\normal to liquid surface

light path
(=observed height)
actual height

Kt/ XD light

Figure 1.11: Liquid height measurement by using photo-diode unit

58



CHAPTER 2

CONFINED FLOW OF
NON-BOILING LIQUID

2.1 Introduction

To complement the unconfined flow investigation described in Chapter 1,
the SWEs will now be applied to describe confined flow, where the surge
flow resulting from the liquid column collapse is obstructed by a bund or
dyke. This obstruction causes the surge flow to form a shock : a hydraulic
jump or bore.

This investigation will cover the shock motion and its consequences.
The fundamental theory used follows Greenspan and Young’s (1978) work.
Initially, this study would include the flow behaviour at an inclined bund
as well, but it was eventually realized such flow over an inclined surface
required the use of a different theory from that used so far in this study.
Therefore the scope of this investigation had to be restricted to vertical
bunds only. It comprises two main cases : bunds of unlimited height and
hence no overflow and sufficiently low bunds at which overflow occurs. The
results obtained are compared with previous theoretical and experimental

results, to check the applicability of the SWEs used.

2.2 Review of Previous Work

As described in Chapter 1, Greenspan and Young examined theoretically
and experimentally the liquid motion at a bund surrounding a tank storage
system, by applying the SWEs to a plane-coordinate model. The fluid

motion was simulated from the instant of tank rupture until the shock
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resulting from collision with a vertical bund moves back towards the centre
of the original tank position. They also estimated theoretically the total
amount of overflow. For their experiments, Greenspan and Young used a
9 x 9 inch rectangular column, with various bund positions and heights.
Although their theoretical investigation was only concerned with a vertical
bund, they explored the effect of the bund inclination angle ( 30° and 60° to
the horizontal ) in their experiments. They claimed that their theoretical
description of shock motion is in good agreement with their observations.
Their numerical calculation of the amount of the overflowing liquid for
vertical bund also showed good agreement with their experimental results.
In the case of inclined bunds, their experiment showed that a decrease in
the bund inclination angle ( from 90° ) resulted in an increase of the amount
of overflow. They concluded that bund height is an important factor in the
overflow phenomenon.

When the surge front collides with the bund, the liquid rapidly piles
up at the bund, forming a shock, as illustrated in Figure 2.1. Initially, the
shock height or shock level rises fast ( the liquid climbs up along the bund ),
while the shock front slowly moves backwards, toward the initial position
of column. The shock level rapidly reaches a maximum and then declines
slowly. Figure 2.1 also illustrates the shock formation according to the
Shallow Water theory. This figure shows how an element of the surge flow
changes its shape as soon as it crosses the shock interface: from short and
fat (in the surge flow ) to tall but slim ( in the shock flow ). According to
the Shallow Water theory, the shock is formed from tall elements arranged
horizontally; their sequence in the shock flow remains the same as their
sequence in the surge flow. Hence, the element at the surge front will

become the element of the shock flow at the bund position. Unless overflow
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occurs, its position remains unchanged.

Greenspan and Young illustrated the shock motion into a position z versus
time ¢ diagram, as shown in Figure 2.2. The moving front of the surge flow
arrives at the bund ( z,, ) at time ¢,,. The shock formed moves towards the
initial column position, where the shock front propagation velocity increases
gradually. The shock eventually converges into the axis of symmetry ( z =
0 ), and is then reflected from the axis. The shock will repeatedly move
forward and backwards between the axis of symmetry and the bund. This

motion is called sloshing.

(a).Surge front moves towards bund

element

bund

(b).Shock is formed at bund

bund

Figure 2.1: Illustration of shock formation

The backward moving boundary ( in the unconfined flow ) reaches the
axis at t, = (zo/Cy), and is reflected in the form of a weak shock ( wave ).
This weak shock will be swallowed by the strong shock coming from the
bund, previously described. Based on the diagram in Figure 2.2, Greenspan

and Young divide the flow domain into several regions, i.e. ;
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RegionI (0<z<z7,0<t<t,):

The undisturbed liquid region, which has not yet been affected

by the collapse.
Region II (2o <2<z, ,0<t <4, ):

Ahead of the surging front, where there is no liquid.
Region III :

The region between the backward moving boundary and the
forward moving boundary, and later between the weak shock
motion ( resulting from the backward moving boundary reflec-

tion from the axis ), and the shock from the bund.
Region IV :

Behind Region III, separated by the weak shock position.
Region V :

The region between the strong shock and the bund.
Region VI :

The region after the strong shock reflected from the axis.

Of these regions, the flow in Region III and IV is equivalent to the uncon-

fined flow described in Chapter 1.

Greenspan and Young derived the shock condition equations from mass

and momentum balances across the shock. The shock propagation velocity

U, is considered to depend on the upstream flow conditions ( Region III

and IV ):

1 0.5
Uy =, = <1 + —) (2.2.1)

2 M?

62



A%

Time

Shock position

ta Forward tw
boundary
Backward line
boundary
line
I II
0
0 Zo —— Position e

Figure 2.2: Flow region division, according to Greenspan and Young

h
with M* =2
hy

U; = upstream velocity at shock position,

hy = upstream liquid height,
hy = downstream liquid height ( shock height ).

Here, subscripts f and b denote repectively in front of and behind the shock
position. The liquid velocity at the shock position ( downstream ) is given
by :

h 1 0.5
Uy = Uy — 5’—2—”—(M2 =1} (1 ¥ _Aﬁ) (2.2.2)

The complete derivation of both equations will be described in the next
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section.

If the bund is so high that there is no overflow, the velocity at the bund
is taken to be zero. For the case of overflow, due to a relatively low bund,
Greenspan and Young proposed an overflow velocity approximation. They
assumed that the main body of the liquid shock inside the bund ceases to
keep its integrity, which leads to some of the liquid flowing over the bund.
With a bund height ks and a liquid level at the bund A, ( with h, > hq ),

the overflow velocity is approximated by using :
U, = v/g(hy — ha) (2.2.3)

This equation implies that the overflow velocity is given by to the distur-
bance or long wave velocity above the bund.

To initialize the numerical solution, they proposed an approximate ana-
lytical equation, which is only valid for a short time during the shock for-
mation, and before the overflow takes place. New space and time variables

are introduced by :

with U and C behind the shock approximated by a power series in 7 :

U = Tf0(§)+7'2f1(C) +...

C = ™go(Q)+79(O) +.- ] (2.24)
and the shock position ( locus ) (, is defined by :
C, = Z(T) =2+ 21T (225)

The shock propagation velocity is derived from the above equation :

dr

U= = —22y7 — 32o7° (2.2.6)
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The coefficients fo, f1, go and g1 in equation (2.2.4) are evaluated by substi-
tuting the power series into the SWEs and the shock conditions ( equations
(2.2.1) and (2.2.2) ). In this case, Ritter’s solution is used to determine the

upstream conditions Uy and hy. The results are :

B _3¢ ok
fO‘— C ] f1—3k02+2k0 ]

2

go= ko , 91=—§k—0+k1 ,
8

1 62
= oz A =—glfilz) + o) + 820 620"]  (2:2.7)

where kg = 212°37%% and &, = —§ﬁ o L
0= 1= 799025 9/

According to this approximate solution, the liquid level of the shock is
nearly uniform in the early period of the shock motion, i.e. the liquid level
at the shock position is almost equal to the liquid level at the bund. Based
on this result, the shock level can then be assumed to be uniform in the
early period of shock motion, and it can alternatively be approximated by
using the principle of mass conservation behind the shock position. As

illustrated in Figure 2.3, the total mass behind the shock position is given
by :

* hode = = hydz
/. I

1 %4
hb — m‘/z‘ hIIIdil} (228)

where hr;; = liquid height in Region III ( unconfined flow ),
hy = shock height ,
z, = shock position ,
z; = position of the surge front.

This approximation gave the same result as that given by equation (2.2.4).

Greenspan and Johansson ( 1981 ) investigated experimentally the over-

flow phenomena, in the axisymmetric-model. The main aim of their inves-
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Figure 2.3: Uniform shock height approximation

tigation was to measure accurately the amount of overflow for various bund
conditions. This included several possible bund shapes, which may reduce
or prevent the overflow. They also investigated the sudden release of liquid
through a slot or orifice simulating partial rupture of the tank wall. They
used a vertical cylindrical column with a diameter of 7.5 inches and a height
of 11 inches, with a circular bund set up at several distances and with seve-
ral inclination angles. It was theoretically considered that the total amount
of overflow @ ( expressed as a fraction of the initial column volume ) is a

function of four dimensionless variables :

hd Tw Ro @]

b 2.2.9
.HO,HO,HO, ( )

o-r|
where 7, is the bund distance from the axis of the column and © is the
bund inclination angle ( with respect to the horizontal surface ). During the
experiment, variation of (hy/Hy) was obtained by changing the initial height
of liquid column Hj and retaining constant bund height hy. Greenspan
and Johansson confirmed the Greenspan and Young’s conclusion that the
amount of overflow @ strongly depends upon (h,;/H,). They also concluded
that radial spreading ( indicated by the term Y€ in the SWEs given by
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equation (1.3.11) ) reduces @ when the bund is moved further from the
tank, and that @ increases as the bund inclination angle decreases. In
comparison with Greenspan and Young’s result, they claimed that @ for
plane and axisymmetric models showed an agreement, especially for bunds
close to the tank.

Kleyn ( 1983 ) mostly based his theoretical investigation on the axisym-
metric model on Greenspan and Young’s work. Furthermore, he proposed
an approximation solution for an inclined bund case, in which the total mo-
mentum behind the shock is regarded to be constant. Based on Greenspan
and Young’s argument, he simplified the shock level to be uniform at any in-
stant. Kleyn claimed that such simplification reduced numerical calculation
effort and that the results were still as good as those without simplifica-
tion. Contrary to Greenspan and Johansson’s conclusion, Kleyn showed
that the amount of overflow in the axisymmetric-model is far less than that
in the plane-model. He also showed that the shock level at the bund in the
axisymmetric-model is lower than that in the plane-model. His estimate
of overflow on an inclined bund agreed with the trend of Greenspan and
Young’s experiments, where a decrease in an inclination angle resulted in
greater overflow.

Based on the assumption of a uniform shock level, the shock height in the

overflow case was estimated by using :

7(hawo — hoo)(Fw — 7) = / Vg(hw — ha)’dt (2.2.10)

where », = shock position ,
hwo = shock level when no-overflow occurs
( bund of unlimited height ),

h, = shock level in the case of overflow.

The RHS of the above equation is the total overflow, which is derived from
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equation (2.2.3). Here, hy and h,, are calculated at the same time level.

Kleyn also explored one further aspect of overflow. When the liquid
flows over the bund, it forms a jet low. He assumed that the jet motion
behaves similarly to the motion of a projectile under gravitational force, the
distance where the liquid hits the ground can be estimated. This distance
could be used to recommend safe distances for units built near storage
tank facilities. As there is no explicit vertical velocity in the Shallow Water
theory, Kleyn approximated the vertical velocity of overflow liquid leaving
the bund by using :

_ dh,

w ~ T g 2.2.1
v g7 ( 1)

which is the rate of change of shock height at bund. The distance of jet

projection can be calculated by using :

R,(t) = 1y, +Ut, (2.2.12)
- 2 oh, 0.5
(?) * 7]

The horizontal velocity U, is calculated from equation (2.2.3).

VU
4

¢
i g

In parallel with Kleyn’s work, Sharifi ( 1987 ) tried to investigate con-
fined flow experimentally, although she mainly concentrated on unconfined
flow investigation. Her investigation included an inclined bund ( 40° ) and
variation of (Hy/Rp). She emphasized once more that the bund height has
a major influence on the overflow, as concluded by Greenspan and Young,
and Greenspan and Johansson. Her observation on the liquid motion at the
bund agrees well with that given by the theoretical description of Kleyn.
On the other hand, she showed that Kleyn underestimated the amount of
overflow.

By using the MAC method, Trbojevic and Slater ( 1989 ) simulated

the flow over inclined bund, as described previously in Chapter 1. They
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stated that the dynamic pressure at the bund wall can be three times of the
corresponding hydrostatic pressure. Unfortunately, they did not describe
further aspects of shock motion and overflow. Instead, they presented their

results in several freeze frames, which illustrate the fluid motion.

2.3 The Equations of Shock Conditions

The shock conditions are determined from the conservation of mass and
momentum across the shock. It is assumed that the flow is incompressible
flow and there is no mass loss at the shock interface. Several symbols used

in deriving the shock conditions are shown in Figure 2.4.

shock interface \"“"Ub Momsiitain

\ﬁ" hb
upstream .. ... T ==
7 |

Ii’f Uy '_*—3'1

Figure 2.4: Description of symbols at the shock position

With respect to the shock interface ( the plane that separates the up-
stream and downstream flows ), the incoming mass flow rate is phy(U;—U,).
Similarly, the outgoing mass flow rate is phy(U, — U,). The mass balance is
given by :

hy(Us = U,) = ho(Us — Us) (2.3.1)

The momentum balance involves two quantities : the momentum flux and
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the force acting at the shock interface. The upstream momentum concen-
tration is p(U; — U,). Based on the shock interface motion point of view
( Galilean frame ), the incoming momentum rate is phs(U; — U,)?. In the
Shallow Water theory, the force concerned is a hydrostatic force. In this
case, the upstream hydrostatic force is %pgh,z. Likewise, the output mo-
mentum rate ( downstream ) is phy(Us — U, )%, with its hydrostatic force

%pghbz. The momentum balance is given by :

Input momentum rate — Output momentum rate =Net force acting

at the interface,

hf(Uf — U,)2 — hb(Ub = U,)2 = %ghl,2 — %ghfz (232)

The upstream conditions are known from the solution for Region III. The
downstream conditions hy, U, and U, can be calculated if one more cor-
relation is introduced. This correlation is given by the negative Riemann
invariant, where its negative characteristic line passes through the shock
position r,. Simultaneous solution of equations (2.3.1) and (2.3.2) results
in equations (2.2.1) and (2.2.2). For the purpose of this solution, it is con-
venient to use Cy = \/ng and C, = v/ghs. Equations (2.2.1) and (2.2.2)

then become :

Cf 1 0.5
Letvoss ‘TM2(1+W)
1 0.5
By = = \/_(M2 )(1+ M2) (2.3.3)

On the other hand, the total energy across the interface does not re-
main constant ( Stoker, 1957 ; Abbott, 1966 ). The fluid will lose some of
its energy as it traverses the shock interface. To keep the shock interface

standing against the upstream flow, a counter-force is needed and hence
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work is done at the interface. The energy loss is equal to the difference
between the total upstream and downstream energy content. As in the
case of the momentum balance, two quantities are involved : the energy
flux and the work arising from the hydrostatic force. The upstream energy
concentration is p(3(U; — U,)? + 1ghy), which consists of kinetic and po-
tential energy ( equation (1.4.30) in Chapter 1 ). The total energy influx is
then equal to p(3(Uy — U,)? + 3ghys)hs(Us — U,). The work resulting from
the hydrostatic force is 2pgh;*(U; — U,). The outflow condition is derived
in a similar way. The energy balance is given by :

—(Outfluz energy — Influz energy ) = Total work ,

1 1
—Phs(3(Us = UL)* + 39m)(Us = U.) + phs(5(Us = UL)" + Sghs)(Us = U,) =

1 1
W, + 5pgh’(Us = U,) — §P9hf2(Uf =) (2.3.4)

where W, is the work done at the interface or the energy loss per unit time.

Equation (2.3.4) can be re-written into a simpler form, such as :

W, = E;-E, , with
E; = 3phs(Us = U.)* + pghs*(Us — U.) (2.3.5)
E, = 3phy(Us = U.)* + pghs’(Us - UL) (2.3.6)

This energy will be absorbed by the liquid and converted into heat. Because
W, is very small compared with the sensible heat, the liquid temperature

effectively does not change.

2.4 Numerical Solution

The numerical solution and calculation procedures performed in Region
V are essentially the same as those for Regions III and IV ( described in

Chapter 1 ), including interpolation by using Chebychev polynomial fitting
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and arithmetic averaging on PI and QI evaluation. This section will only
describe special aspects of the numerical solution in Region V, such as

determination of the shock position and the flow condition at the bund.

2.4.1 The Shock Conditions

The shock conditions are determined from equations (2.3.3) together with
the negative Riemann invariant. As shown in Figure 2.5, the negative
characteristic line AQ passes through the shock position at time step (j+1),

which is represented by point A. The position of point Q is estimated by

using :
At
TQ = Toir1 = (UA —Cy+ UQ — CQ)—2— (2.4.1)
where 7, ;41 = the shock position at time step (j + 1),

Uy4,C4 = shock conditions at time step (j + 1).

Along this line, the negative Riemann invariant correlation is given by :

UsC UgCqp\ At
UA—ch:UQ—ch( = Q)— (2.4.2)
Tsi+1 TQ 2
The shock position is estimated by using :
At
Tag1 = Tog+ (U + Usja) (2.4.3)

where 7, ; is the shock position at time step (j). The conditions at time
step (7): Us; 4745, U and C of the downstream flow, as well as the upstream
conditions Uy and Cy at time step (j+1), are known. There are 5 unknown
quantities : U, jy1, 7,541, 7Q, Us and C4, with 5 available equations :
two in (2.3.3), and the other (2.4.1), (2.4.2) and (2.4.3). Hence, these
five equations can be solved in principle. The Newton-Raphson iteration
method is employed, with equations (2.4.1) to (2.4.3) regarded as :

At

Fi = 10— (Ua —Cs+Ug —CQ)—Q‘ —rq=0
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Q

T:.j\ e

Figure 2.5: Determination of the shock conditions

UsC UgCo\ At
F, = UA—zCA—UQ+2cq—< A4 g Q)——=0
Tsj+1 TQ 2
At
Fy = 500+ U,,j+1)—2- — 741 =0 (2.4.4)

where Fy, F, and F3 are functions of 7,1, 7¢ and C4. Here, Uy and
U, ;41 are calculated from equations (2.3.3). The values of U; and Cy
are approximated by interpolation at position 7, ;4. The algorithm for

iteration is the same as that mentioned in Section 1.4.3.

2.4.2 Conditions at The Bund

Two bund conditions are considered : bunds of unlimited height, where no
overflow occurs and, relatively low bunds.

In the case of bunds of unlimited height, the velocity at the bund U, is
considered to be zero at all times. Hence, only the liquid height or level at
the bund will be determined. As illustrated in Figure 2.6, the conditions at
the bund can be calculated from the positive Riemann invariant, where its
positive characteristic line passes through the bund position at time step

(7 +1). Here, the position of point P is given by :

At
rp =Ty — (Up+Cyw+Up + CP)? (2.4.5)
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where 7, = the position of bund,

U,,Cy = the conditions at the bund at time step (5 + 1).

The positive Riemann invariant correlation at line PW is :

UsCo
o UpCp) _4_72

> (2.4.6)

Uw+20w=vp+ch—(

Tw Tp
In the case of U, = 0, C,, can be calculated from :
A
rp = ru—(CotUp+0p)3)

or F(TP) =Wl (Cw o UP + CP)% —Tp = 0 (247)
i)z
Tp

with €, = %@¢+%b—( (2.4.8)

2

The above equation can be solved easily by the Newton-Raphson method.

(NW —1)

Figure 2.6: Determination of the conditions at bund

When overflow occurs, due to relatively low bunds, the velocity U, has
to be determined, together with C,. Following Greenspan and Young’s
(1978) method, the rate of overflow is approximated from equation (2.2.3).
This equation estimates the velocity above the bund. According to the Shal-
low Water theory, the horizontal velocity involved in the Riemann invariant

correlation is an average velocity throughout the liquid height. Equation
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(2.2.3) is hence adjusted into the average value along the liquid height at
the bund. Based on the total mass flow rate across the bund, the velocity

U, can be determined from :
Uwhw = Uv(hw i hd) )

The quantities C,, = v/gh, and C; = +/ghq are commonly used. Hence,

the velocity U, is better expressed in the form :

iy (Cw2 = Cdz)%

Uso ok

(2.4.9)

Three unknown quantities are involved : rp, U, and C,, with 3 available

equations : (2.4.5), (2.4.6) and (2.4.9). The problem is regarded as :

At

FI(TP,Cw) = Tw—(Uw+CW+UP+CP)7—7‘P =0 (24-10)
w P

with U, calculated from equation (2.4.9). Newton-Raphson iteration is

once again employed.

2.4.3 The Early Stage of Shock Formation

At the early stage of shock formation, liquid rapidly piles up at the bund
but the shock moves very slowly. Its position 7, is still very close to the
wall. The distance (7, — 7,) is very small compared with Ar used in the
calculation ( i.e. Ar = 0.1 ). According to the CFL criterion ( equation
(1.4.15)), the time increment At¢ must be less than or equal to m
With ér = r, — 7, < Ar, the time increment Af in the early stage of
shock formation must be much smaller than At used in the previous cal-
culation. Figure 2.7 illustrates the determination of the time increment to

be employed, with respect to the shock position. The appropriate At to

be used in the early stage of shock formation depends on both the positive
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characteristic line through points P and W; and the negative characteristic
line through points Q and S;. Here, points P and Q are situated at time
step (7). To satisfy the CFL criterion, both points must lie between the
shock and the bund positions, or 7p must be greater than r, ; and rg must
be less than r,. The previous At is then divided into smaller increments,
namely 6t = %, where K is an integer number to be determined, until the
conditions :

il =oing = Uy £ 0s5)00> v and

rQq = Ts;— (Up;— Cs;)0t <1y (2.4.11)

are satisfied. Here, U,; and Cj,; are U and C at the shock position 7, ;.

Briefly, the time mesh is refined into K sections, where the shock conditions

(NW —1) (NW)

At Shock position

________ W,
ot

B av

r,,-\\p Q | Tw

Figure 2.7: Determination of the time increment in the early stage of shock
formation

are determined at each section ( i.e. refined time step ). Because of this time
mesh refinement, the upstream conditions Uy and Cy in equations (2.3.3)
also have to be evaluated at each refined time step. Hence, U and C in the

upstream flow are then interpolated from two directions : position r and
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time ¢. This interpolation can be performed by using Chebychev polynomial
fitting. The procedure to determine appropriate §¢ can be summarized as

follows :

1. For an initial trial, K is taken to be equal to 2, i.e. §t = At/2.

2. Based on the conditions at time step (j) : Us, Cs, U, and C,, the

position rp and rg are estimated from equations (2.4.11).

3. If both are fulfilled, then éf is considered as a refined time increment.
Otherwise, a new K is taken, bigger than the previous one, such as

K, ew = 2K 14, and step 2) is repeated.

Refinement of the time increment is carried out only if r, is situated between
rnw-1 and 7, where there is no grid point to be iterated except the shock
and the bund conditions. Beyond this interval, the iteration is performed

without further refinement, as carried out in Regions III and IV.

2.4.4 The Total Mass and Energy Content

The total mass and energy content are calculated at every time step, to
ensure the consistency of the numerical calculation results with the conser-
vation of mass and energy. In this case, the total mass and energy content
are calculated at two sections : upstream (r = 0tor, ) and downstream ( r,
to 7, ). Because the flow is incompressible, the total mass is equal to the
total volume multiplied by the ( constant ) density. The difference between
the calculated volume V and the initial volume V;,; ( in dimensionless,
Vinie = 7 ) is expressed as a percentage of the initial volume :

(V i V}nit)

Verror = 100
% V;nit

Unlike in unconfined flow, where the total energy content remains constant,

the total energy content in confined flow decreases gradually, due to energy
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loss at the shock, as given by equation (2.3.4). The discrepancy between
the calculated energy content F,,; and the initial energy content E;; is

expressed as a percentage of the initial energy content :

E ot — Eiru'
Egver =100% (_EL_‘)
j R

As described in Chapter 1, the dimensionless initial energy content is equal
to %71'.

The total amount of the overflowing liquid is estimated by using :

te
Q= / U Co?(277,) di
t.

Incorporation of equation (2.4.9) into the above equation results in :
%
Q = 277, / (Co? — C)} dt (2.4.12)
i

where ¢; and . are respectively the moments at which the overflow begins
and ends. In this case, @ is calculated numerically, and expressed as a
percentage of the initial volume. The total energy loss at the shock interface
is calculated by integrating equation (2.3.4). Equations (2.3.5) and (2.3.6)

are rewritten into dimensionless-forms :
2 1 2 1 2 1 4
E; = G4 (EUJ' +5C)(Us —U,) + 5C17Us
1 1 1
E, = Cb2(§sz + -2'01,2)(Ub — U,) + -2-Cb4Uf (2.4.13)
The total energy loss is given by :
t
Ei,,, = 271, ft (E: — E,)dt (2.4.14)

Likewise, Ey,, is calculated numerically, and also expressed as a percentage

of the initial energy content.
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2.5 Results and Comparison

2.5.1 The Initial Conditions

Equations (2.2.4) to (2.2.7) are derived from the SWEs of the plane-model,
with the upstream conditions ( Uy and C; ) are determined from Ritter’s
solution. The upstream conditions for the axisymmetric-model are differ-
ent from those for the plane-model. Hence, equations (2.2.4) to (2.2.7)
may be modified, if they will be used to set up the initial conditions for
the axisymmetric-model. The modification was carried out in a similar way
to Greenspan and Young’s (1978) approximation method, i.e. by substitut-
ing equations (2.2.4) into the SWEs of the axisymmetric-model. Because
there is no analytical solution for the SWEs of the axisymmetric-model,
Greenspan and Butler’s (1961) approximation was used to determine the
upstream conditions. The result obtained was in fact the same as equations
(2.2.4) to (2.2.7). Hence, these equations were also used to set up the initial
conditions for the numerical solution in the axisymmetric-model.

The other method to set up the initial conditions was tried, by us-
ing equation (2.2.8) together with (2.2.1). As described by Greenspan and
Young, the shock height is almost uniform in the early stage of shock forma-
tion. Following Greenspan and Young’s description, this method of setting-
up the initial conditions assumed C,, = C; ( uniform shock flow height ).
Because the shock moves slowly, the shock propagation velocity U, can be
approximated by using :

U,x— (2.5.1)
with 6t,, =t — t,,.
The shock position r, is then calculated iteratively from equations (2.2.1)
and (2.2.8). Because the value of U, in the early stage is very small, the

iteration is insensitive to the variation of U,. This method of setting-
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up the initial condition also proved satisfatory. The numerical calculation

performed in this work used both methods.

2.5.2 Bunds of Unlimited Height

This section discusses the results in several sub-sections.

2.5.2.1 Shock Profile

Figures 2.8 and 2.9 are two examples of the results, which illustrate the
shock motion from the beginning of shock formation until the shock ap-
proaches the axis. The other results are enclosed in Appendix C.

The shock level is almost uniform at the early stage of its formation,
as described by Greenspan and Young. As the shock moves towards the
axis and away from the bund, the liquid height at the shock front r, is
always lower than the height behind it. The height profile in the shock
front region forms a curved surface, not a flat one. When the shock front is
far away from the bund, the liquid level of the shock is almost uniform, i.e.
the height gradient is very small. As soon as the shock front approaches
the axis, it rises sharply, with its level higher than the liquid level behind
it. This is clearly seen in Figures 2.8 and 2.9, when the shock position is
situated around r = 0.1, close to the axis. This description agrees with
Greenspan and Young'’s illustration, where the shock converges and a new
reflected shock departing from the axis is formed. Figure 2.10 shows the
other aspect of the shock motion in the early stages. This figure depicts the
shock level h, and the downstream velocity U, at the shock interface as a
function of time. After the shock has been formed, the downstream velocity
U, increases sharply, reaches a maximum value and then falls steadily.
When the velocity U, is equal to zero, this corresponds to the shock level

h, reaching its maximum. This coincidence can be explained by using
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equation (1.3.10). When the shock level h, reaches a maximum, 77 =

Equation (1.3.10) becomes :

Dh+ (9rU_0 o BrU_0
Dt ror or

This means that the velocity U in the shock flow is uniform ; the down-
stream velocity is equal to the velocity at the bund. This agrees with the

calculation result, i.e. U, = 0, while the velocity at the bund U,, is known

to be zero.

2.5.2.2 Mass and Energy Content

The mass and energy content were calculated for each time step after t,,.
One of the results is presented in Table II-1 and the others are given in
Appendix C. It is shown that the mass ( volume ) error is still less than 1 %.
As described in a previous section, the difference between the calculated
energy content and the initial energy content is expressed as the energy
discrepancy Faisr. This energy discrepancy should be equal to the total
energy loss at the shock. This is shown in Table II-1 and Appendix C, where
Egi..- agrees very well with the energy loss at the shock. Their difference
is less than 1 %. This shows that the numerical calculation results are
consistent with the conservation of mass and energy.

By the time the shock converges into the axis, the rest of the energy
content is close to the final energy level. This is illustrated in Figure 2.11 .
The total initial energy content is 27 Ro’Ho®. If the final liquid level inside
the impounding area is H,, s, the final energy level is 3nr,,>H,, ;. As there

is no mass loss, the conservation of mass is given by :

R 2
mr,2H, s = TR’Hy , or Hw,,z(—") H,

Ty
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Table II-1: Mass error (Verror) and energy discrepancy (Eaiser) for ry, = 1.5

Time .Verror Egiser Eioss
0.40 | -0.05 -2.63 2.80
0.50 |-0.15 -6.68 6.72
0.60 |-0.22 -10.85 10.79
0.70 | -0.29 -14.82 14.66
0.80 |-0.41 -18.54 18.22
0.90 |-0.48 -21.87 21.44
1.00 |-0.52 -24.86 24.37
1.10 |-0.35 -27.30 27.03
1.20 | -0.26 -29.63 29.46
1.30 |-0.25 -31.84 31.66
1.40 | -0.25 -33.86 33.67
1.50 |-0.22 -35.66 35.50
1.60 | -0.20 -37.30 37.17
1.70 |-0.08 -38.67 38.67
1.80 |-0.07 -40.02 40.03
1.90 | -0.06 -41.21 41.22
2.00 | -0.05 -42.22 42.25
2.10 | -0.02 -43.07 43.12
2.20 | -0.01 -43.80 43.86
2.30 | 0.00 -44.43 44.49
2.40 | 0.03 -44.95 45.04
2.50 | 0.05 -45.41 45.50
2.60 | 0.07 -45.79 45.90
2.70 | 0.12 -46.11 46.24
2.80 | 0.18 -46.37 46.52
2.90 | 0.25 -46.57 46.76
3.00 | 0.34 -46.60 46.94

It can be shown that the ratio of final energy level to the total initial en-
ergy content is (%wﬂ)z. For r, = 2, the final energy level is 25 % of the
initial energy content, while the remaining total energy content when the
shock reaches the axis is about 34 %. Hence at that instant, the system
only has an energy of 9 % of the initial energy content available for sub-
sequent flow ( i.e. sloshing ). With such a little energy remained, the

reflected shock motion or sloshing flow is weaker than the (first) surge flow,

hence the interaction of such sloshing flow with the bund is less impor-
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Figure 2.11: Energy content profiles for r,, = 1.5 and 2
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tant than that of the surge flow. Based on this argument, the reflected
shock motion or sloshing ( Region VI ) can be regarded as irrelevant in this
study. The experimental observation by Greenspan and Young ( 1978 ) and
Greenspan and Johansson ( 1981 ) showed that the amount of overflowing
liquid caused by sloshing is not significant compared with that caused by
the surge flow. This confirms that sloshing can be regarded as irrelevant in

this investigation.

2.5.2.83 Liquid Level at The Bund

The maximum liquid level at the bund for a specific bund distance r,, is
an important aspect of this study, for this maximum level may be used to
recommend a minimum height for a vertical bund to be built at a given
ry, in order that overflow can be prevented. The change of liquid level
as a function of time is shown in Figure 2.12, and Figure 2.13 shows the
correlation between the maximum liquid level and bund distance r,. In
this case, the uniform shock level assumption ( used by Kleyn ) also gives
the same maximum liquid level.

The other aspects considered are the pressure and force ( load ) exerted
by the shock on the bund. Theoretically, the surge front arrives at the wall
and strikes it at t,,. The impact pressure P; exerted by the surge front can

be approximated by using :
P,' = pr,.ont = 4p002 (252)

with Ugron: is equal to 2Cg.

Because the shock motion description is based on the Shallow Water theory,
where the velocity at the bund U,, is equal to zero, the pressure against
the bund can only be approximated by using a hydrostatic pressure. This

approximation may not be sufficient in the early stage of the shock forma-
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tion, where the shock position is very close to the wall. At this condition,
the impact pressure by the upstream flow may not be neglected. However,
when the liquid level at the bund attains its maximum, the shock position
is relatively far from the bund, so the hydrostatic pressure is considered to
be much greater than the impact pressure by the upstream flow. In this
case, the shock absorbs the upstream flow impact.

The hydrostatic pressure at the base of the bund P, is given by :
P.(t) = pgh., (2.5.3)
and the total force or load against the wall is given by :
F,(t) = prghy’ry (2.5.4)

Here, P, and F,, depend on the dimension of the storage tank. Figures
2.14 and 2.15 are examples of the hydrostatic pressure and total load at
the bund as function of time for the storage tank containing diesel fuel,
with a diameter of 20 m, a liquid height of 10 m and a bund distance of 20
m ( ry, =2 ). Other results are presented in Appendix C. Table II-2 gives
the initial impact pressure P; when the surge flow arrives at the bund, and
the hydrostatic pressure as well as the total load when the shock is at its

maximum height, for several liquids.

Table II-2: The pressure and load against the wall for several liquids

( Storage tank size : Rg=Hy=10m and r,, =2 )

Liquid p (kg/m®) | P; (bar) | P, maz(bar) Fy mee(MN)
LNG 430 1.7 0.23 8
LPG 580 2.3 0.31 10.8
Ammonia 690 2.7 0.37 12.9
Diesel fuel 830 3.3 0.45 185
Water 1000 3.9 0.54 18.6
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2.5.3 Overflow

In the case of overflow, the velocity at the bund U,, is estimated by equation
(2.4.9) and the total volume of the overflowing liquid is calculated from
equation (2.4.12). The overflow was found to affect the shock propagation
velocity U, and the shock position r,. The overflow reduces the volume of
the shock flow ( Region V ), which in turn decreases the shock propagation
velocity. Higher overflow rates result in lower shock propagation velocity. If
the bund is so low that the overflow rate becomes very high, the volumetric
rate of overflow F,, can be greater than the volumetric rate of the upstream

flow F,, (i.e. the inflow of the shock interface ) :

overflow F,, > upstream flow F,, :

2nr,U,C,% > 27r,U;C/° (2.5.5)

At this condition, the shock slows down progressively until it finally stops.
The shock then moves back, towards the bund and eventually disappears.
Greenspan and Young, and Kleyn did not describe this phenomenon, al-
though they also estimated the velocity at the bund U,, by equation (2.4.9).
To estimate the overflow, it is initially considered that if the shock reaches
the bund ( r, = r, ), overflow stops. After that, a new shock will be
formed, and overflow will start again. However, this method results in an
intermittent overflow, as illustrated in Figure 2.16, because the shock is
formed and disappears repeatedly.

To simplify the problem, it is assumed that if the calculated volumetric
rate of overflow F,, is greater than the volumetric rate of upstream flow

F,, ( equation (2.5.5)) :
e the shock stops moving ( U, = 0 ) and,
e the volumetric rate of overflow is taken to be equal to the volumetric
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Figure 2.16: Illustration of an intermittent overflow

rate of upstream flow ( F,, = F,, ).

Based on this assumption, the velocity at the bund U, is then given by :
2

U, = U, (:—w) (g—i) (2.5.6)
From the viewpoint of numerical calculation, this method is simpler than
the previous method, because there is no intermittent flow. This method
also resulted in the same amount of the overflowing liquid as that given by
the intermittent flow method. This work used either equation (2.4.9) or
equation (2.5.6) to estimate the velocity U,, depending on the condition
of overflow given by equation (2.5.5).

The total volume of the overflowing liquid at various bund distances
and heights is presented in Figure 2.17, together with Kleyn’s results. Fig-
ure 2.18 presents the amount of overflow as a function of bund height,
which corresponds to the equal volume between the impounding area and
the tank. Figure 2.18 shows that further bund distance ( r, >> 1) gives
larger amount of the overflowing liquid.

Figures 2.17 and 2.18 show that Kleyn underestimated the amount of
overflow, as also confirmed by Sharifi. This is caused by his method of the
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amount of overflow estimation, which is based on equation (2.2.10). This
equation implies that the shock propagation velocity U, and the shock po-
sition r, are not affected by overflow. For a given bund distance, the shock
position for the case of overflow is always equal to the shock position for
the case of bund of unlimited height. Here, overflow is assumed to only re-
duce the shock level, not the shock propagation velocity. This description is
clearly different from this work’s description, given in a previous paragraph,
where the shock propagation velocity and the shock position are shown to
depend on the overflow rate, and the shock level itself is determined by the
upstream conditions, as shown by equation (2.2.1).

As in the case of bunds of unlimited height, the total mass ( volume )

was also calculated. The liquid remaining inside the bunded area was nu-
merically calculated, and the difference between the remaining liquid and
the initial mass ( volume ) is expressed as the mass loss ( as a percentage of
the initial mass ). This mass loss must be equal to the total amount of over-
flow calculated from equation (2.4.12). Table II-3 presents the comparison
between the calculated mass loss and the amount of overflow in two cases.
The calculated mass loss agrees well with the amount of overflow; their
difference is less than 1 %. This confirms that the numerical calculation
results are consistent with mass conservation.
The total energy content was not calculated, because the energy loss carried
by the overflowing liquid estimated by using U,, from equation (2.4.9) is
different from that by using the actual velocity U, from equation (2.2.3).
Hence, unlike the mass loss calculation, the energy content cannot be used
to show the consistency of the calculation procedure.

Overflow occurs, when the liquid jumps above the bund and falls onto

the ground outside the bunded area. The distance between the bund and
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Table II-3: The mass loss and the total amount of overflow

r, = 1.5, hy = 0.4444

r, =2, h; =025

Time | Mass-Loss Overflow | Time | Mass-Loss Overflow
0.40 0.05 0.00 0.60 0.04 0.00
0.50 0.59 0.42 0.70 0.16 0.09
0.60 1.78 1.53 0.80 1.05 0.95
0.70 3.43 3.12 0.90 2.75 2.63
0.80 5.38 5.00 1.00 5.09 4.95
0.90 7.45 7.02 1.10 7.5 7.74
1.00 9.57 9.10 1.20 | 10.72 10.80
1.10 | 11.56 11.18 1.30 | 13.91 14.02
1.20 | 13.54 13.23 1.40 | 17.21 17.32
1.30 | 15.53 15.24 1.50 | 20.55 20.66
1.40 | 17.47 17.18 1.60 | 23.89 23.99
1.50 | 19.31 19.02 1.70 | 27.16 27.24
1.60 | 21.00 20.71 1.80 | 30.32 30.40
1.70 | 22.56 22.27 1.90 | 33.35 33.42
1.80 | 23.97 23.69 2.00 | 36.23 36.29
1.90 | 25.23 24.95 2.10 | 38.95 39.01
2.00 | 26.33 26.06 2.20 | 41.50 41.54
2.10 | 27.25 26.99 2.30 | 43.87 43.89
2.20 | 28.02 27.76 2.40 | 46.04 46.03
2.30 | 28.60 28.36 2.50 | 47.98 47.96
2.40 | 29.03 28.79 2.60 | 49.74 49.68
2.50 | 29.29 29.06 2.70 | 51.24 51.18
2.60 | 29.42 29.19 2.80 | 52.51 52.46
2.70 | 29.46 29.21 2.90 | 53.57 53.52

3.00 | 54.42 54.36
3.10 | 55.05 55.00
3.20 | 55.51 55.45
3.30 | 55.79 55.74
3.40 | 55.96 55.90
3.50 | 56.04 55.97
3.60 | 56.06 55.98
3.70 | 56.07 55.98
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the position where the liquid jet falls can be important, for this can be used
to consider the minimum acceptable distance of the units or equipment from
the bund. This distance ( called jet projection distance ) is calculated from
equations (2.2.11) and (2.2.12). Rewriting equation (2.2.12) in dimension-

less form :

o= () vt [(B) v ()] s

with the jet projection distance AR, given by :
AR, = (R, —r,) = U,t, (2.5.8)

Equation (2.5.7) indicates the dependence of AR, on the geometric ratio
(Ho/Ro). The distance AR, always changes during the process of overflow.
In this case, for a given r,, and bund height h;, only the maximum distance
achieved is considered. Figure 2.19 presents the distance AR, versus the
bund height h, at several r,, for (Ho/Ro) = 1. The results for other
geometric ratios are given in Appendix C. From this figure, it is obvious
that for r,, < 2 and a low bund, overflow forms a high jet and projects far
away from the bund. On the other hand, for r,, > 3, the liquid simply slips

over the bund.
2.5.4 Comparison With The Experimental Results

In the case of the axisymmetric-model, only Greenspan and Johansson’s
(1989), and Sharifi’s (1987) data are available. The comparison with Greenspan
and Johansson’s results are presented in Figures 2.20 ( A, B and C ), and
with Sharifi’s results in Figures 2.21 and 2.22 ( A to D ). Sharifi produced
only few data for the case of overflow, as she mainly investigated the uncon-
fined flow problem. As shown in Figures 2.20, comparison with Greenspan
and Johansson’s data shows that this theoretical work appears to overes-

timate the amount of overflow at low bunds, and to underestimate it at
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high bunds. On the other hand, comparison with Sharifi’s data ( Figure
2.21 ) shows that this work overestimates the amount of overflow for all
bund heights.

Concerning with the difference between the experimental results and
the results of this work, there are two aspects to be considered. Firstly, the
experiments used small-scale models, at which the overflow may suffer from
the geometric-scale ratio, viscous and surface tension effects. Secondly, the
overflow rate at extreme bund conditions ( low and high bunds ) may not be
estimated properly by equations (2.4.9) and (2.5.6). In view of these two
concerns, further theoretical estimation of the overflow rate and further
experimental investigation, especially using larger models, are needed.
Nevertheless, within the range of uncertainty of the experimental accuracy,
the amount of overflow predicted by this work roughly agrees with the
experimental results. The comparison of liquid level motion at the bund
( Figures 2.22 ) also shows an agreement with that given by this theoretical

work, as already claimed by Sharifi.
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CHAPTER 3

UNCONFINED FLOW OF
CRYOGENIC LIQUIDS

3.1 Introduction

Normally, spills of cryogenic liquids over ground will be accompanied by
boiling and vaporization. So is the surge flow resulting from the failure of a
storz;ge tank containing cryogenic liquid. Such a surge flow, as an example
of two-phase flow ( liquid and vapour ), may in some ways behave differently
from the release of non-boiling liquids described in previoué Chapters. If
this is the case, then the previous model, used to describe the non-boiling
liquid flow, may not be appropriate to describe the cryogenic liquid flow
behaviour.

In this Chapter, a new model is therefore developed to describe uncon-
fined flow of a cryogenic liquid as a result of CTF. The flow description is
equally based on the Shallow Water theory, but it considers additionally
boiling and vaporization effects. As very large cryogenic storage tanks of
the vertical cylinder type are generally operated at atmospheric pressure,
this study has been limited to investigate only this type of release from
an atmospheric storage tank. In smaller quantities ( less than 5000 m? ),
cryogenic liquids are sometimes stored at ambient temperatures in a pres-
surised tank or container under their own vapour pressure. Should such
a container fail, a fraction of liquid will vaporize due to flashing, and the
original tank pressure will additionally influence the resulting flow. Fur-
thermore, such tanks are usually spherical or horizontal cylinders. Such

conditions are clearly not those of this study, which is concerned only with
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the flow resulting from the collapse of a vertical cylindrical liquid column

due to its own weight.

3.2 Review of Related Work

To date, no work directly relevant to this study has been reported. Al-
though much work concerning cryogenic liquid spills on land and water has
already been carried out, some aspects of these investigations are different
from those in this study. Their main purpose has been to estimate the size
of the spreading pool, the evaporation rate and the amount of liquid evapo-
rated, which are main factors considered in vapour dispersion assessment.

The different aspects just referred to are :

e The scope of interest of the previous work extends up to when the
spill stops spreading, due to loss of driving force, where the spill layer
is very thin. This occurs over a relatively long time span, which
may comprise several flow regimes: gravity-inertia, gravity-viscous
and viscous-surface tension ( Fannelop and Waldman, 1971 ). By
contrast, this study is concerned only with the early stages of spill,
in the gravity-inertia regime, as pointed out by Webber and Brighton
(1986 ).

e Because in previous work the interest in the nature of the flow is less
specific and the flow takes place over a large time span, the gover-
ning flow equations are simple, and apply irrespective of the initial
shape/form of the source of spill ( such as a cylindrical tank ). Hence,
models used in the previous work may not describe properly the flow

behaviour resulting from CTF, which is of interest for this study.

To show the governing equations used in the previous work, the following

is a quotation of three such papers on cryogenic liquid spills on land. They
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are those of Shaw and Briscoe ( 1978 ), Raj ( 1981 ) and Webber and
Brighton ( 1986 ).

Shaw and Briscoe, and Raj, considered that the whole spreading process
( from start to finish ) occurs only in the gravity-inertia regime, and that
the propagation velocity of the front edge only depends on the average
liquid height throughout the spreading pool. They neglected viscous and
surface tension effects in the later stages of the spreading process.
Shaw and Briscoe estimated the propagation velocity U of the moving front
edge by :

dR

U (2gh)%® (3.2.1)

: |4
with h = 77_}32 ’
where h = the average liquid height throughout the pool,
R = the radius of the pool,

t = time

V= total volume of the remaining liquid.

Based on the rate of the liquid release, Raj classified cryogenic liquid spills
into: instantaneous, semi-continuous and continuous releases. The sud-
den release of liquid from the rupture of a storage tank is an example of an
instantaneous release. Raj used a different estimate for the propagation ve-
locity of the moving front edge from that of Shaw and Briscoe. He assumed

that the ground is smooth and frictionless. Raj used the equation :

& By e g (3.2.2)

where P is a factor, representing the ratio of the inertia of the liquid to the
inertia of the liquid if it was everywhere moving with the acceleration of

the moving front. Raj evaluated the factor P and found it equal to 0.754.
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Webber and Brighton claimed that their model represents an improve-
ment over previous work, as it included the viscous effect that influences

the later stages of the spreading process. The governing equations of their

model are :
dV 9
i e 3.2.3
= TR*m ( )
dUu 4g(1 — s)h
. =R Sos g e 3:2:4
dt R ( )

] U? 3\3 U
wih  F=05+(3) 57

where U = the propagation velocity of the front,

h = the average liquid height throughout the pool,

m = the mass rate of vaporization,
s = a shape factor,
F = friction term,

Cp, = Chezy friction coefficient,

v = kinematic viscosity,

Here, the shape factor s is defined by hjont = sh; s depends on the shape
of the moving front edge, and is related to the stages of the spreading pro-
cess. Webber and Brighton described that, in the early stages of spread,
the gravity force is balanced by the inertia force ( i.e. in the gravity-inertia
regime ). Later, the inertia force may become negligible, and the ground re-
sistance and viscous forces will then balance the gravitational force ( i.e. the
gravity-viscous regime ). Over the whole period of the spread, Webber and
Brighton considered that the flow profile gradually changes ( represented

by shape factor s ), where :

e s = 0 in the early stages of the spread, with zero height of the front

edge. After that,
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e 0 < s < 1 where the spreading pool is thicker in the middle and

thinner at the front, and

e s > 1 where the pool is thick at the edge and thin in the middle.

Unfortunately, they did not describe in detail how the shape of the moving
front edge changes from one stage to another stage of the spread.

In the early stage of spread, their front edge condition ( i.e. Agront = 0 )
is equivalent to that in the Shallow Water theory described in Chapter 1.
Webber and Brighton pointed out that, their model cannot describe the
details of the acceleration from rest with an arbitrary initial height profile
at the early stage of spread, as their model does not consider the initial
form/shape of the spill source. It therefore differs from the dam-break
problem ( described in Chapter 1 ), which is similar to the problem of this
study and is concerned only with the early stages of the spreading process.
All this explains the difference in the point of interest between previous

work on cryogenic liquid spills and that of this study.

Although not concerned with cryogenic liquid spread, very relevant to
this study is the work of Chan and Banerjee ( 1981 ), who simulated an in-
jection of an emergency coolant into a reactor core cooling system during a
Loss of Coolant Accident (LOCA), in the CANDU ( Canadian Deuterium-
Uranium ) nuclear reactor. Fuel rods of the CANDU reactor are in hori-
zontal position, inside horizontal cooling tubes. Under normal operation,
heavy water as a coolant flows through the annulus between the fuel rod
and the cooling tube. In a LOCA, cooling tubes become dry, because the
coolant suddenly stops flowing into the reactor, while heat is continuously
generated from nuclear reaction. This makes the temperature of the re-
actor core rise rapidly. To prevent an excessive temperature rise of the

reactor core and the possibility of fuel melting, an Emergency Core Cool-
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ing (ECC) must be carried out, by injecting water into the cooling tubes.
Chan and Banerjee simulated this phenomenon theoretically and experi-
mentally. They used a hot horizontal tube, into which water is suddenly
injected. From the heat transfer point of view, this process is commonly
called quenching, where a hot surface is brought in direct contact with a
cold liquid, in order to reduce the surface temperature quickly.

When a cold liquid contacts a hot surface at a significantly higher tem-
perature, initially film boiling occurs whenever there is a relatively high
temperature difference. A thin vapour layer covers the hot surface, sepa-
rating the liquid from the surface and thus preventing direct contact be-
tween them. If the temperature of the hot surface decreases, the boiling
mode can change from film boiling to transition and subsequently to nu-
cleate boiling. In nucleate boiling, the hot surface is covered by liquid and
bubbles; the liquid contacts directly with the hot surface over the area not
covered by bubbles. During transition boiling rewetting may take place,
where the hot surface is rewetted with liquid, or the vapour-liquid interface
in film boiling collapses. In pool boiling, the transition from film boiling
to transition boiling occurs at a specific temperature, which is sometimes
called the Leidenfrost temperature.

Figure 3.1 illustrates Chan and Banerjee’s flow description. As water is
injected into a hot horizontal tube, the front part of the flow forms a tongue-
like shape. They identified three regions: the totally quenched (A — A’),
the partially quenched (B — B’) and the film boiling region (C — C’). In
the totally quenched region, the tube is fully filled with liquid, which may
contain vapour bubbles resulting from nucleate or transition boiling. The
heat transfer mode in this region is a forced convective boiling. In the film

boiling region, the liquid tongue has no contact with the tube wall, due to
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the existence of a thin film of vapour. In this description, quenching begins
when film boiling ceases and changes into transition boiling; the vapour-
liquid interface in film boiling collapses and the tube wall is rewetted by
liquid. Rewetting takes place between the totally quenched and the film
boiling regions, starting from the bottom, then at the middle and finally
at the top of the inside surface of the tube. Here, rewetting does therefore

not occur simultaneously at the same cross-sectional position.

QUENCHING FRONT
A= Q; B / C=
filhadh= o
~ ENTRAINED
WATER
)
A =)
A-A' 8-B' c-c!
TOTALLY PARTIALLY FILM
QUENCHED QUENCHED BOILING

Figure 3.1: Characteristics of channel rewetting according to Chan and
Banerjee

To describe the rewetting phenomenon in an Emergency Core Cooling,
Chan and Banerjee used Zuber’s theory ( Zuber, 1958 ) on the instability
of the liquid-vapour interface of film boiling in pool boiling. Zuber based
his theory on the Kelvin-Helmholtz instability of an interfacial wave.

Zuber considered that film boiling exists as long as an interfacial wave
( with a wavelength of A ) at the vapour-liquid interface is stable; the wave-
length A is less than critical wavelength A.. Conversely, when the interfacial
wave grows so that its wavelength exceeds A, the interface becomes unsta-

ble. The interface will break up or the hot surface will be rewetted, and
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the boiling mode will change from film boiling to transition boiling. Based

on the Kelvin-Helmholtz theory on interface wave, A, is given by:

o _ 2ro(oitp)
- 2
plngrel

with U,. = relative velocity between vapour (U,) and
liquid (U;) at the interface,
o = interfacial tension,
A = wavelength at the interface,
pi,pg = liquid and gas density, respectively.
The\ equation above can be rearranged to give the criterion for interface
stability :

i
2ma(pi + Pg)] . :
Ure =U, - U, S e 3.2.5

l g l /\plpg ( )

If this criterion is not satisfied, the interface becomes unstable.

Chan and Banerjee considered that interface break-up, and surface
rewetting, does not necessarily lead to the change from film boiling to
transition boiling ( i.e. quenching ). When the interface breaks up, a wet
spot is formed at the hot surface. For a highly conductive and high heat
capacity surface, the wet spot just formed may dry up rapidly due to suffi-
ciently rapid heat transfer, thus the vapour film in boiling is restored. On
the other hand, for a low heat capacity surface, such as a thin tube wall,
rewetting that leads to the change from film boiling to transition boiling
can take place the first time the wet spot forms, even at a temperature
higher than the Leidenfrost temperature. Their flow experiments support
this argument: in their case, rewetting does not always occur at the Leiden-
frost temperature. Instead, it can happen at a higher temperature. Their
theoretical prediction of the rewetting position along the tube, based on the
stability criterion of an interfacial wave mentioned above, is in very good

agreement with their experimental results.
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To estimate the rewetting position, the vapour flow conditions below
the liquid phase must be known. Chan and Banerjee derived the governing
equations for the vapour-phase beneath the liquid-phase by conservation of
mass and momentum. Figure 3.2 illustrates the cross-sectional view of the
tube in the film boiling region, which underlies their analysis. In this case,
it is assumed that heat from the wall is transferred merely by molecular
conduction across the vapour film ( as in film boiling theory ), and that the
vapour density is constant along the channel.

Mass conservation leads to :

95 . 96U, kAT1

and momentum conservation to :
osU, 86U,* 106p 1 kAT U;
s Lt o 3 — 3: 2.0
ot * Oz pg Ox Pg(Tg P pohsq 6 ( )

-3
L (o] 2
oz Oz?

1 (kAT1\?
with  p—po = pig(h — ) — — 2] -0
p—po=pg(hi—y) 2 ( A 5)

and p = local pressure,
T = shear stress,
6 = vapour film thickness,
U; = interfacial velocity,
z = peripheral position ( see in Figure 3.2 ),
h; = liquid level ( see in Figure 3.2 ),
y = hydraulic depth,
hys = latent heat of vaporization,
k= thermal conductivity of vapour,

AT = temperature difference between liquid and hot surface.

Subscripts ¢ and ¢ respectively denote vapour and interfacial. Equations

(3.2.6) and (3.2.7) are essentially solved numerically by using an explicit
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{a) n=0,\=2R0l, (b) n=1,A=R0l,

Figure 3.3: Two possible modes of oscillation

finite-difference technique. The results show that é is nearly constant in the
first half of the vapour channel and opens up rapidly after that. The vapour
velocity U, rises linearly from zero at the bottom, goes to a maximum at the
point where § starts to increase rapidly, then decreases due to the increase
of §. By using the average value of U, along = ( corresponding to the liquid
height ), the stability of the vapour-liquid interface can be checked from
equation (3.2.5). As U; ( with the same direction as U, ) can be neglected

( being very small compared with U, ) and p; is generally much greater
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than p,;, Chan and Banerjee simplified equation (3.2.5) into :
U, < [E’EJ (3.2.8)

The wavelength A is estimated from the two lowest modes of wave oscillation
at the interface, as depicted in Figure 3.3. It is shown that A depends on
the length of the interface perimeter. In this case, A is equal to 2R6 or
RO, with 6 defined in Figure 3.3. Equation (3.2.8) can also be used to
estimate A for a given value of U,. The experimental result confirms that
the interface instability begins when A lies between R and 2R6. Briefly,
by solving equations (3.2.6) and (3.2.7) along the film boiling and partially
quenched regions, together with the criterion given by equation (3.2.8), the
rewetting position can be predicted.

The aspect which Chan and Banerjee have neglected in mass and mo-
mentum conservation ( given by equations (3.2.6) and (3.2.7) ) is the longi-
tudinal or horizontal motion of the flow. Equations (3.2.6) and (3.2.7) only
describe the tangential motion, while in reality vapour and liquid also flow
horizontally along the length of the tube. With this in mind and with suit-
able adaptation, it will be shown below how Chan and Banerjee’s method
for the determination of a stable vapour-liquid interface in a transient two-
phase flow can be applied to the model of a cryogenic liquid flow resulting
from a CTF.

3.3 Model To Be Proposed
3.3.1 Heat Sources

As the model to be proposed will consider boiling and vaporization effects,
the input of heat into cryogenic liquid flow is essential to the model. Because

the temperature of cryogenic liquids is much lower than the temperature of
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the surroundings ( ground/soil and air ), when cryogenic liquids spill on the
ground, the heat received by cryogenic liquids comes from the ground and
the atmosphere (air). In addition, heat also comes from solar radiation.
Drake et al. ( 1974 ) and Shaw and Briscoe ( 1978 ) confirmed that in
the early stages of cryogenic liquid spills, heat from solar radiation and the
atmosphere can be neglected, compared with the heat flux from the ground.
The following is an illustration of comparison of heat flux from the three
heat sources mentioned, which is based on existing work on LNG spills on
soil.

Drake and Reid ( 1975 ) and Reid and Wang ( 1978 ) measured the
boiling rate of LNG on soil. This boiling rate depends on the nature of soil,
such as compactness, surface roughness and moisture content, which all
affect the apparent thermal properties of the soil. They found that within
such variations the boiling rate is very high at the early stages of spills. The
heat flux from the soil was estimated by using an unsteady one-dimensional
conductive heat transfer equation with the soil being regarded as a semi-
infinite solid. Based on the results of Reid and Wang ( see Appendix D ),
the average LNG boiling rate during the first second of spill is around
1 kg/m?s, or equivalent to a heat flux of 510 kW /m?. Shaw and Briscoe
estimated that the average boiling rate during the first second of spill is
0.7 kg/m?s. Shaw and Briscoe also estimated the solar radiation energy on
a cloudless day to be around 0.8 kW /m?. They evaluated the convective
heat flux from the atmosphere by using a heat-mass transfer analogy and

some related empirical equations. Their equation is :

Se

2
FDT«) W /m (33.1)

g, = CU0'78(27‘)_0'11ATmepm (

with C =4.8x10"35c5 ,

U = wind velocity ( m/s ),
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r = radius of the liquid pool ( m ),
AT = temperature difference between the air and liquid ( °C ),
Pm,Cpm = average density and heat capacity,

Sc,Pr = Schmidt and Prandtl numbers.

For an LNG spill with a spill radius of 30 m, wind velocity of 10 m/s and
and air temperature of 25°C, equation (3.3.1) gave a convective heat flux g,
equal to 4.8 kW/m?. Drake et al. also estimated g, based on a convective
heat transfer on a horizontal flat plate. For a similar condition of spill, their
calculated heat transfer coefficient is 25 W/m?°C, and this corresponds to
a heat flux ¢. of 4.6 kW/m?.

The above estimates clearly show that heat flux from the ground domi-
nates during the early stage of spills, and that at that stage solar radiation
energy as well as convective heat transfer from the atmosphere can be neg-
lected. In deriving the governing equation, this study will therefore only
consider heat flux from the ground. It is assumed that this heat flux is
constant during the early stage of spill that covers the timespan relevant
to this study. For liquid methane, heat flux from the ground is equivalent
to the evaporation rate m = 0.54 kg/m?s. Details of this assumption are

given in Appendix D.

3.3.2 The Basic Idea: Theoretical Analysis

In a cryogenic liquid spill over the ground, there is much analogous to the
quenching process described in Chan and Banerjee’s work. If the radius
in Figure 3.2 is increased until the tube diameter is large enough to be
considered infinite, the bottom will become flat and horizontal, and the
vapour will effectively flow on a horizontal surface. Although the liquid

in Figure 3.2 does not flow in the same direction as the vapour, such a
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concept can be used to describe the collapse of the cryogenic liquid column
on a horizontal surface at ambient temperature, as depicted in Figure 3.4.
Based on this analogy, the flow resulting from the collapse of a cryogenic
liquid column is considered to consist initially of two layers: the liquid layer
on top and the vapour produced below ( beneath the liquid layer ). If it
is assumed that in this case, the liquid-vapour interface is equally stable if
the Kelvin-Helmholtz stability criterion ( equation (3.2.5) ) is satisfied, as
in Chan and Banerjee’s work, then the wavelength A of the interfacial wave
must be determined from the length of the interface, in the flow direction.
Here, the two lowest modes of the interfacial wave oscillation are considered,
as shown in Figure 3.5(a). These two possible modes of oscillation are 7\
and A, which correspond to the length of vapour layer L, of %/\ or %/\,

respectively.

As there are two phases which flow separately from each other, such two-
phase flow is called a stratified flow. By using the Shallow Water theory,

the governing equations for the ( upper ) liquid-layer are given by :

Ohy Ohy ouy, mU;, = 0m
0t+U18r+h187‘+T R
U, ou, Ol

b LT o DT )
o TUig 9%,

and the governing equations for the ( lower ) vapour-layer are given by :

By gy, uogopy Ll Goltolluilyice f1
ot Y or * or r
ou, ou, pi Ohy

ot b or gpu or y

where h;, h, = the thickness/height of liquid and vapour layer,
U, U,= liquid and vapour velocity,
p1, p» = liquid and vapour density, and

m = boiling rate of liquid.
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Details of the derivation of the above equations are described in Appendix D.
These governing equations are solved by using the Method of Characteris-
tics. An example of the calculation results for liquid methane ( as a major
component of LNG ) is shown in Appendix D, where the boiling rate of
methane is assumed to be constant, m = 0.54kg/m’s. The results show
that the vapour-layer velocity is around 0-121/gH, and the liquid-layer ve-
locity is 0-1.9/gHy. The velocity of both vapour-layer and liquid-layer for
a liquid methane column with a radius and a height of 10 cm, as may be
used in scaled down experiments, are also shown in Figure 3.5(b). To ex-
amine the length of the stable liquid-vapour interface in the stratified flow
resulting from the collapse of such a small column, the maximum value
of Urer (i.€. Urererir ) is calculated from equation (3.2.5). With a liquid
and vapour density of 424 kg/m?® and 1.8 kg/m?, respectively, an interfacial
tension o of 0.014 N/m, and the length of interface L, taken to be equal to
%/\, the value of U, i in equation (3.2.6) is given by:

Lo(cm) : 1 2 3 5 5
Urelerit (m/s) : 1.57 1.10 0.91 0.79 0.70

If these values are added to the velocity of the liquid-layer, they will give
the maximum velocity of the vapour-layer for which the interface is still
stable, according to the Kelvin-Helmholtz criterion. This is also shown in
Figure 3.5(b). Based on this result, it is obvious that the length of a stable
liquid-vapour interface in the stratified flow resulting from the collapse of
a column with a radius and a height of 10 c¢m is only around 1 cm, i.e. the

interface becomes unstable beyond 1.1R,. Because :
1 1
Urel = Uv =2 Ul ¥ gHO ) and Urcl,crit i _\7_:\- = —\/-—L;-

( see equation (3.2.5) ), the length of such a stable liquid-vapour interface in

the stratified flow resulting from the collapse of a large column is therefore
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.. vapour

Figure 3.4: Analogy between Chan and Banerjee’s experiment and cryo-
genic liquid spills on the ground
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Figure 3.5: (b) Velocity of stratified flow from a column with Ry = Hy = 10
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much less than 1.1R,. Hence, in the case of the collapse of a large cryogenic
liquid column, the length of a stable interface can be neglected, compared
with the radius of the spreading spill. It can be concluded that in that
case, the liquid-vapour interface is effectively unstable, which leads to the
interface breaking-up. Hence, the stratified-flow model cannot give an ap-
propriate description of the flow resulting from the collapse of a cryogenic
liquid column.

Instead of flowing separately in a lower layer, the vapour produced from
the boiling process will mix with the liquid. In this case, while the vapour
is carried away horizontally by the bulk flow, it also moves upward, to-
wards the free surface. Because vapour is produced continuously over the
spill/spread area, there will be a vapour-liquid mixture layer of increasing
height above the ground surface; this two-phase layer has a zero thickness
at r = Ry ( i.e. the initial radius of the column ) and gradually increases
along the flow direction. At some position, the vapour will reach the free
surface and will be released from the bulk flow. This flow description is the
basic idea of the model to be proposed. This model considers three flow

regions, as illustrated in Figure 3.6. They are :
1. Non-boiling Region (0 <r < Ry )

Boiling does not occur in this region, as this region is the original
position of the tank. The flow behaviour is similar to that of

non-boiling liquid flow, as described in Chapters 1 and 2.
2. Density-change Region ( Ry <7 <1, )

The density of the vapour-liquid mixture in this region decreases
along the radial position, corresponding to the increase of the

two-phase layer thickness. Here, r,, is the position where the
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vapour begin to reach the free surface, to be called the vapour-
release position.

3. Vapour-release Region ( r,, <7 <71y )

Vigorous vapour release due to vapour break-through occurs at

the free surface.

| .
t«—Non-boiling —>}
|
I
I

' l
!

Density-change ———>I<——Vapour- —
release

I
I
|
I
|
I
!
' —
|
{

I element-w& ; %
o I of flow... Sont e Al TS
r 0 RO two—phase layer/ 7',),. T4

Figure 3.6: Division of flow region

3.3.3 Mathematical Modelling

As described in the Introduction ( Section 3.1 ), the flow description is
equally based on the Shallow Water theory. An illustration of the motion
of a flow element, according to this theory, is shown in Figure 1.8 ( Chap-
ter 1 ). This theory implies that any point at the same horizontal ( radial )
position propagates at the same velocity, regardless of its vertical position.
Application of the Shallow Water theory to the model to be proposed means
that vapour in the two-phase layer in the density-change region moves at
the same velocity as the liquid layer. Figure 3.6 shows a flow element that
is used as a basis for the derivation of the governing equations.

Each region of the flow has specific and different characteristics. The

following describes the governing equations for each region described above.
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3.3.3.1 Non-boiling Region

There is no evaporation in this region, and the flow in this region can be
treated in the same way as non-boiling liquid flow ( Chapters 1 and 2 ).
Without being described in detail again, the governing equations of this

region are equations (1.3.11) :

ocC oc ou UC
2E—+UE-+CE-+T =0 ,

— e 20 — =
6t+Uar+“C’6r 0 )

with C = \/gh. The backward moving boundary is given by equation
(1.4.8) : r, = Ry — Cot.

The liquid height at the axis after the backward moving boundary has
reached the axis is estimated in the same way as in the non-boiling liquid

case.

3.3.3.2 Density-change Region

Besides liquid height h and velocity U, the density p is introduced as a
new dependent variable. Here, density p is defined as an average density of
the vapour-liquid mixture from z = 0 to z = h, as is the velocity U. The

derivation of the governing equations starts from :

e equation of continuity :

g_:i e (71 3;’;[] + %”ZE) (3.3.2)
e equation of motion :
— r component :
p_]?D_[tJ_ i _-gf;’ (3.3.3)
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— z component :

D 0
A . pg (3.3.4)

Dt = "oz
The energy balance involves potential and kinetic energies, the work done
and the heat flow to and from the surroundings. In this case, because the

phase changes from liquid to vapour, an enthalpy is likely to be the most

appropriate term to be used. It is assumed that :

e the liquid is at its boiling temperature,

e the liquid boils at a constant temperature.

As cryogenic liquids stored in atmospheric tanks are usually at or only
slightly below their boiling point, the first assumption is reasonable.
There is a boiling temperature range for a multicomponent liquid, Asuch as
LNG and LPG. Because this study is concerned only with the early stage
of spills, it is expected that only a small amount of liquid will evaporate
during that stage, and that its composition changes so little that the bo-
iling temperature does not change. Hence, the second assumption is also
acceptable.

It is considered that the vapour formed in boiling is in equilibrium with
the liquid, i.e. the vapour is in its saturated condition. The enthalpy of the
mixture is given by :

H=zH,+(1—-2)H, oo H=H+(H,— H)z |,

with z = vapour mass fraction,

H,,H, = enthalpy of liquid and vapour, respectively.

The enthalpy can be further simplified, by taking H; = 0 ( reference en-
thalpy ), and (H, — H,) = hy,, the latent heat of evaporation. Hence, the
enthalpy becomes :

He=h ot (3.3.5)
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Because during the initial stages relevant to this study the heat flux from
the ground is very high ( see Section 3.3.2 ), the phase-change process
dominates the energy balance. The latent heat of evaporation of cryogenic
liquids is of the order of 100 kJ/kg, while the kinetic and potential energy
change, as well as the work done to and from the surroundings, are only
of the order of 1 to 100 J/kg. As a third assumption, the other energy
changes in the energy balance are negligible, compared with the enthalpy

change. Hence, the energy balance is given by :

pH _ o
Dt 0Oz

(3.3.6)

where ¢, is the conductive heat flux.

The relation between the density p and the vapour mass fraction z is given

by :

rafy 0 o) (3.3.7)

1
P Pv Pi
where p, and p; are respectively the vapour and liquid density. By using

this relation, the enthalpy can be substituted by the density. Equation

(3.3.7) is transformed into :

/),
~ ppr— pu) S

Substitution of this equation into equation (3.3.6) results in :

R 1] el ot 2 3.3.9
E;p Dt 0z ( )

with Ey = (fL — 1). With the density independent of z, integration of

equation (3.3.9) along 2 results in :

Doy _ [y,

0 Ejp Dt 90
hjypl Dp _ _
Efp Dt (Qh QO)



At the ground surface, g, is equal to the heat flux from the ground, and
qn is zero, as there is no significant heat flux or evaporation at the top/free

surface of the liquid ( see Section 3.3.2 ). The above equation becomes :

h DP (QOEf)
&= 3.3.10
p Dt hygpr ( )

In this case, (:—O) is the boiling rate m per unit area; the governing equation
fg
(3.3.10) represents the rate of density change.

Derivation of equations of continuity and motion is as in Chapter 1.

Because p is regarded as independent of z, equation (3.3.2) becomes :

g’f laer = @
ot r Or ”az

Integration of the above equation along z results in :

Op  horpU
5 e g p(vp — vo) (3.3.11)

With the boundary conditions given by :
Dh

’Uo=0 and Uh-tﬁ' ’

equation (3.3.11) becomes :

dp horpU Dh_
3t+r or i "Dt ¢

9p dp ou rU Dh
5t -i"hUa +p h—6—+p——'+pﬁ—0
o Dp _9p dp
Substitution of T +U— r into the above equation results in :
h
D—+th+ h?g+ E =10 (3.3.12)

By neglecting the vertical acceleration £¢ in equation (3.3.4) with respect
y g g Dt q

to |g| and integrating it along z to h, the equation becomes :

p—pn = pg(h —2) (3.3.13)
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where p;, is ambient pressure. Substitution of the r-derivative of equation

(3.3.13) into equation(3.3.3) results in:

DU  0Oph Op
P = e (3.3.14)

Equation (3.3.14) still depends on z. As this work is based on Shallow

Water theory, which only considers horizontal motion, the value of z has
to be somewhere between 0 and h. However, as shown in Appendix F, the
flow behaviour is not significantly affected by the value of z. Therefore, the
term g%?— in equation (3.3.14) can be neglected, which then becomes:

DU g oty (3.3.15)

Dt tg or
The governing equations in the density-change region are equations

(3.3.10), (8.3.12) and (3.3.15). Below is a summary of those mentioned :
Dh . Dp ou U

i L el
DU 9ok _
Dt or
Dp
— + Kyp = 3.
5; T Kip = 0 (3.3.16)
With Kb=’q:;Epi
g

As the density is defined as an average density along the height of the

flow, the two-phase layer thickness can be calculated from the density:

ph = pi(h — hy) + pohs or hy = h% (3.3.17)

where pj, is two-phase layer density and h; is two-phase layer thickness.
The two-phase layer density p, depends on the concentration of vapour in
the two-phase layer; it is determined by :

ps = p1— €(p1 — pv) (3.3.18)

where ¢, is vapour void fraction in the two-phase layer. The concentration

of vapour in the two-phase layer will be discussed in Section 3.5 ( Results

and Discussion ).
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As the density at the vapour-release position r,, is equal to the two-phase
layer density, r,, can be determined on the basis of py. Furthermore, the

smallest density in the density-change region is at r,,; the two-phase layer

density py is also called ppin.

3.3.3.3 Vapour-release Region

The height of flow reduces as time and the distance from the axis increase,
but this region is characterized by additional thinning of the flow height, due
to mass loss or massive vapour release at the free surface. It is assumed that
the vapour void fraction or the density in this region is constant and equal
to the two-phase layer density given by equation (3.3.18). The constant
density assumption makes equation (3.3.6) become :

O0qz
Ton g

or do = qn

Here, the boiling rate ( the vapour production rate ) is equal to the rate of
vapour release at the free surface. The rate of mass loss at the free surface

m, is given by :

q0
my = ————— 3.3.19
hfg(l — ) ( )

where z is the vapour mass fraction corresponding to the minimum density
Pmin OF py. The term (:TO) is equal to the amount of liquid changed into
vapour, while the mass lcg>ss at the free surface due to vapour release is
equal to the loss of liquid ( which changed into vapour ) plus its vapour
content. Hence, the term (1 — z) is to correct (}%’) for the rate of mass
loss. However, the value of z in the vapour-release r:gion is relatively small;
for a vapour void fraction of 0.7, the corresponding value of z is only around

0.01, so in equation (3.3.19) z can effectively be neglected.

The governing equations of this region are derived from :
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e the equation of continuity :

%ag;U i %’i} ~0 (3.3.20)
e the equation of motion :
— r component :
_1]7)_[{. - _Z_’r’ (3.3.21)
— 2z component :
p% - _% 5 (3.3.22)

where p in this case is equal to pnin. Integration of equation (3.3.20) along

z results in :

/(;h_l_aerdz—f-/(;hdpv =g

r Or
horU
p; gr ¥ (th s — pUO) = {
Dh  hOruU m,
— T —pmin (3.3.23)

Equations (3.3.21) and (3.3.22) are treated in a similar way to that in non-
boiling liquid flow. The result is :

ou ou Oh
E + UE + QE =0 (3.3.24)

The governing equations in this region are given by equations (3.3.23) and

(3.3.24).

3.4 Numerical Solution

The solution of the governing equations in all regions is again based on
the Method of Characteristics (MOC), with a three-point method, an in-
terpolation by using Chebychev polynomials and evaluation of PI and QI

( equations (1.4.12) and (1.4.13) ) by the arithmetic average method. As
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carried out previously, all variables are expressed in dimensionless form :

the symbols and their meanings have already been mentioned in Chap-

ter 1. In addition, the dimensionless density g is equal to (_p_) . Hence, the
P

dimensionless liquid density g, is equal to 1.

3.4.1 Non-boiling Region

Rearrangement of the governing equations results in :

d(U £ 20) d(U+2C) _UC
e (UE G = = (3.4.1)

The slope of the characteristic lines ( positive and negative ) is given by :

dr
- =U+C (3.4.2)

with the ( positive and negative ) Riemann invariants :

C
dU2c) __U st

dt r

No further explanation is needed here, for details of the numerical solution
have been described in Chapter 1. The only additional statement for this

region is that p = 1 at all grid points and at all time levels.

3.4.2 Density-change Region

Solution in this region by the MOC involves three dependent variables U,

h and p, with three equations. Substitution of C = /gh in the governing

equations (3.3.16) results in :

DC ou UC CDp
—_— e 34.4
2 Dt 6 Or r o Dt ( )
DU oC C? 0o
—_— —_— = ——— 3.4.5
Dt i Or o Or ( )
1Dp Gx
= e paik 3.4.6
o Dt C? ( )
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_ KR qEs Ro
COHO hngl CoHy
in another form :

Uss (p1— pz,> Ry ' 4o
G = bl 9 Wlth Uvg ES
= ( o) Ho higpo

with Gy . The term Gy can also be expressed

The physical meaning of U,, is a superficial velocity of the vapour produced
in boiling. As p, is generally much smaller than p;, the term (EL;;E“) is
effectively equal to 1. The horizontal velocity U is of the order of Cy, as
shown in the case of non-boiling liquid flow. Hence, the term Gy does
in fact indicate the ratio of the superficial velocity of the vapour to the
horizontal velocity of flow.

Abbott ( 1966 ) described the method to find the characteristic line equa-
tions and their corresponding Riemann invariants from a set of differen-
tial equations, which may consist of more than two equations. Because
three variables are involved in this region, there will be three characteristic
lines and three Riemann invariants. Instead of Abbott’s method, equations
(3.4.4) and (3.4.5) can be manipulated in another simple way to obtain the
characteristic lines and their Riemann invariants. The result is equivalent
to that obtained by the method described by Abbott.

Addition of the LHS of equations (3.4.4) and (3.4.5) results in :

D(U + 2C) o(U+2C) 9(U+2C) d(U +2C)
Dt £ Or o ot 0 =C) Or
and addition of the RHS of both equations results in :
UCpe € Do hE2 UC C |dp do Odo
PR PN o0 NS SENPRII L e 28 L =t
r o Dt o Or r 9[6t+U6r+ Or
UC:: C |8p
= ———— U
r 0 [ +HU )3 :l
By combining the above equations, they become :
o(U +2C) d(U + 2C) Je Op UcC
_- e S R =——— (34.7
ot +(U+C) r + 5t + (U + C)ﬁr - ( )
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This equation shows that the entities (U + 2C) and p propagate along the

path with a slope of (U + C). Based on the principle of the MOC, equation

(3.4.7) corresponds to :

e the slope of the positive characteristic line :

dr
E+=(U+C)

e with its positive Riemann invariant :

dU+20)  Cde _ UG

dt odt r
or in another form :
d(U + 2C) dlnp uUcC
(® = —
FT A :

Similarly, subtraction of equations (3.4.4) and (3.4.5) results in :

e the slope of the negative characteristic line :

dr
ET_:(U—C)

e with its negative Riemann invariant :

d(U - 2C) dlnp UC
- C E
dt dt r

(3.4.8)

(3.4.9)

(3.4.10)

(3.4.11)

Also based on the principle of the MOC, equation (3.4.6) corresponds to :

e the slope of the third characteristic line :

dr
= =1]
dt
e with its Riemann invariant given by :
odt - C? el
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In this case, instead of two characteristic lines, three characteristic lines are
used to determine the condition of the flow, as shown in Figure 3.7. These
three characteristic lines are PA as the positive characteristic line, QA as
the negative characteristic line and SA as the third characteristic line. Note
that SA is actually the path of an element ( in the Shallow Water theory )

with a propagation velocity of U. Point A represents point r;;,,, whose

(7+1) Ve
(7) T /P 78 Q
At
P PR
(1—1) (¢) (¢ +1)

Figure 3.7: Characteristic lines PA; QA and SA in the density-change region

conditions is to be determined. By using a similar way to that described in
Chapter 1, the values of U, C and p are determined from equations (3.4.8)

to (3.4.13) in the forms of :
e the positive characteristic line PA :
At
rper—(Up+Cp+UA+CA)'? (3.4.14)
with its Riemann invariant :

1
Uy+2C4 — (UP + QCP) + §(CA + Cp)(ln 04— In QP) =
(UACA 4 UpCp) éii

3.4.15
g4 rp 2 ( )
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e the negative characteristic line QA :
At
rQ =rA—(Uq-—CQ+UA—CA)? (3.4.16)
with its Riemann invariant :

1
UA—QCA—-(Uq-—-QCQ) — E(CA-I-CQ)(IHQA—IHQQ):

U,C UgCp\ At
+ ( 44, =9 Q)— (3.4.17)
T4 rQ 2

e and the third characteristic line SA :

At
rs=ry — (Ugs+ UA)—é— (3.4.18)
with its Riemann invariant :
1 1 At
Inpy —Ilnpg = -Gy (‘C—Az + 6?) ? (3.4.19)

Note that the term Cd(ln ) is also appoximated by using the arithmetic
average. Equation (3.4.19) implies that the boiling rate ( included in Gy )
is constant for all positions and at all time, as already described in Sec-
tion 3.3.2. For a particular case, where the boiling rate is not constant, due
to variation of the surface temperature or variation of the boiling mode,

equation (3.4.19) can be rewritten in the form of:

Gl "G\ At
Ing, —lngs = — (C‘;’é + 055)7

It is obvious that equations (3.4.14) to (3.4.19) are non-linear. By regarding
them as quasi-linear equations, the solution can be obtained through the use
of the Newton-Raphson method described in Appendix A. In this case, the
solution is regarded as a simultaneous solution of six equations: (3.4.14) to
(3.4.19) with six unknown variables: rp, rg, rs, Ug, C4 and p4. The basic
algorithm of the numerical calculation procedure ( iteration ) is equivalent

to that described in Chapter 1.
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The other aspect of the numerical calculation in this region is the de-
termination of the vapour-release position r,,. This corresponds to the
position at which g = p,,;,. The vapour-release position r,, can essentially
be determined by iteration, i.e. by assuming r,, at an arbitrary value and
then calculating U, C and p at that point, until g at r,, is found to be
equal to g,,;.. However, this method needs extensive iteration. Instead, by
using an interpolation method, r,, can also be determined easily without
performing numerous iterations. As an illustration, suppose the calculated
density at r;;,, is greater than p,,;,, but the calculated density at r;;; ;4
is less than g,,;,. Hence, the position r,, lies between r; and r;y;. By taking
0i—1,j+1> ij+1 and g, ;. into Chebychev polynomial form ( as a function
of position r ), the position r,, can be determined by interpolation, where

0 = Opin- After that, the density at r;;; ;41 is taken to be equal to g,,;,.

3.4.3 Vapour-release Region

The governing equations (3.3.23) and (3.3.24) are transformed into :

DC ou UuC K,

e e D~ .4.20
2 Dt e Or r C (8 )
DU oC
_ —_ = 4.21
77 +205 = 0 (3.4.21)

A Ry

th L

iy . pminCO HO

The evaporation rate m, is calculated from equation (3.3.19). The MOC

solution of the above equations is given by :

e the slope of the positive characteristic line :

dr =U+C (3.4.22)
dt|,

with its Riemann invariant :

d(U + 2C) _ UcC __IE‘L
dt - r C

(3.4.23)
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e and the slope of the negative characteristic line :

dr
AL O (3.4.24)

with its Riemann invariant :

d(U—ZC)__UC_i_ﬁ
dt T or C

(3.4.25)

As shown in Figure 3.8, there are two characteristic lines AP and AQ used
to determine U and C at point A. Here, the density p of this region is always

equal to g,,;,,. The numerical solution of equations (3.4.22) to (3.4.25) is

G+1) =
0 £ R
At
=1 J‘ =
ey (0) (i +1)

Figure 3.8: Characteristic lines PA and QA in the vapour-release region

given by :
e the positive characteristic line PA :

At
I‘p:l‘A—(Up-f-Cp-{-UA-}—CA)‘—z— (3.4.26)

with its Riemann invariant :

U4C UpCp\ At
Uy+2C4 —(Up+2Cp) = —( ':‘AA-i- 9 )'2—
1 1.} At
-K (-—— ot —) = (3:4:27
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e and the negative characteristic line QA :

At
ro =I‘A—-(UQ—CQ+UA-—CA)? (3.4.28)

with its Riemann invariant :

U,C UpC At
UA—QCA—(UQ—2CQ) = ( 4 A+ Q Q)—

r4 ro 2
1 1\ At
Ky|l=—+=]—(34.
+ V(CA+CQ> 5 (3.4.29)

These four equations are non-linear, with four unknown variables : rp, rq,
U, and C4. As described in the previous section, these four equations can
be solved easily by using the Newton-Raphson method.

The other aspect of the numerical solution in this region is the deter-
mination of the front position r; and the shape of the front. The front of
unconfined flow of non-boiling liquid described in Chapter 1 has zero thick-
ness. As the description of unconfined flow of cryogenic liquid is equally
based on the Shallow Water theory, including the assumption of friction-
less ground surface, the front of unconfined flow of cryogenic liquid also has
zero thickness. Mass loss due to vapour release will progressively reduce the
height /thickness of flow from r,, up to the front position ry, as illustrated
in Figure 3.9.

Estimation of the front position ry is illustrated in Figure 3.10. To avoid
the term (—%‘L) in equations (3.4.23) and (3.4.25) becoming infinite due to

C;, = 0, the Riemann invariant is changed into :

uc?
Cd(Udﬂ; 26t ( " Kv) (3.4.30)

By taking Cj,ont = 0, the estimate of the positive characteristic line that

passes through the front point becomes :

At

rp = I = (UP +Cp Ufront)? (3431)

134



N SN (Non-boiling liquid profile
o R

iy

mass loss

Actual profile Zero thickness

front

Figure 3.9: Illustration of the effect of mass loss on flow profile in the front
region
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Figure 3.10: The front position determination
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with its Riemann invariant given by :

Cp + Cy,
(——”—2—” [(U +2C)rons — (Up + 2Cp)] =
2 2
=, (Uf;% i US front) ATt - KAt
UpCp?
Cp(Uront — Up2Cp) = — (—‘-;——”— + 2Kv) At (3.4.32)
P

Likewise, the negative characteristic line is estimated by :
At
g =¥f = (UQ - CQ = Ufront)_z' (3433)

with its Riemann invariant :

UyCo?
rg

CQ(Ufront - UQ + QCQ) = ( + 2Kv) At (3434)

There are four unknown variables : rp, rg, ry and Uy,,,. Equations

(3.4.32) to (3.4.35) are again solved by using the Newton-Raphson method,

as mentioned in the previous section.

3.4.4 The Initial Conditions

As there are three sets of governing equations, three sets of initial conditions
are needed. The initial conditions are set up at small time span after the
column begins to collapse. To simplify setting up the initial conditions, it is
assumed that at such time, the vapour-release region is not yet developed,

and that the front condition may be taken as :
C=0,U=2,r;=1+2t, ry, =ryand p=p,;, .

With this assumption, only two regions are considered. The initial con-

dition in the non-boiling region is set up by using equations (1.1.6), i.e.

Greenspan and Butler’s approximate solution of the SWEs of the axisymmetric-

model. Following their method of solution, the initial condition in the
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density-change region is also given by approximate solution of equations (3.4.4)

to (3.4.6). The resulting equations are :

U = 2-2Z+4[52"° - (E, +5Gx +2)Z — 32t
t
C = Z+[12"° - (2B, + 7Gx +4)Z — 3Z2]§

3th
(3’25) (3.4.35)

4

with E; =3GkIn (%), and Z = i[2 - &),
The estimates of U and C in equations (3.4.36) are seen as the result of

modification of equations (1.1.6), with additional terms E; and Gy.

3.4.5 Aspects of the Numerical Solution

As shown in equation (3.4.6), Gk depends on the physical properties of the
liquid and the dimensions/size of the column/tank. This equation shows
that the value of Gy is high for a high boiling rate ( high superficial velocity
Uys ) and for a small tank ( low horizontal velocity Cp ). As an illustration,
for LNG columns with radii of respectively 0.1, 1 and 10 m, with (Ho/Rp) =
1 and the boiling rate of LNG m = 0.54kg/m?s ( see Appendix D ), the
values of G are respectively 0.3, 0.096 and 0.03. Hence, the highest value
of Gy is likely to be of the order of 0.3. This study will therefore investigate
the effect variation of Gy up to 0.5, which is believed to cover all possible
scenarios for cryogenic liquid storage tank failure. From the definiton of
Gy in equation (3.4.6) and Ky in equation (3.4.20), the value of Ky can

be calculated from :

Gy
= 3.4.36
e (3450

where Ey = (ﬂ - 1) and z is the mass fraction of vapour corresponding

Py
to Cmin:
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From physical property data, the density ratio 2oof cryogenic liquid ( ni-
trogen , oxygen , methane to propane ) at thei; normal boiling point is
found to be in the range 150 to 250. In order to represent this property in
general, this study takes a typical density ratio L of 200.

As in the case of non-boiling liquid flow, U 1;md C are calculated by
interpolation, using a Chebychev polynomial fitting. In this study, a density
interpolation will also be carried out by using a Chebychev polynomial
fitting. To obtain the results with a satisfactory accuracy and consistent

with the mass conservation, density as a dependent variable is expressed in

three ways :
1. Density ¢ as a function of r : p = fi(r).

2. The term Inp as a function of r : Inp = f5(r). This term is used,

because it appears in Riemann invariant equations.
3. The term pC? as a function of r : pC? = fy(r).

The accuracy and consistency of the numerical calculation procedure
will bé checked on a mass error basis, as carried out in the non-boiling
liquid flow. The total mass can be calculated numerically by using :

Nirone—1 Ar
M, =27 X; (o;,r;h; + g,~+1r;+1hg+1)-2— (3.4.37)
The dimensionless initial value of total mass is 7. Instead of using the term

“mass error”, the difference between M, and the initial mass is called a

mass discrepancy My;,.,, expressed as a percentage of the initial value of

total mass :
Myioor = Mloo% !
T

because My;,., also includes the mass loss due to vapour escape. The mass
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loss or evaporated mass is calculated by :
AM, = mni (Tf2 = rvr2) ’

or in dimensionless form :

G 2 2
AM, = "E, (rf? - r.?) (3.4.38)

This evaporated mass is also expressed as a percentage of the initial value

of total mass :
AM,

U

100 %

Mevap =

The calculation procedure is considered to be satisfactory and consistent
with the conservation of mass if the difference between My, ., and M,,,, is
1% or less.

The energy content is not checked in this solution, because during the
derivation of the governing equations, the potential and kinetic energies
are neglected in the energy balance, and only thermal energy is considered.
Hence, checking the total potential and kinetic energies, as carried out in
non-boiling liquid flow, is not appropriate. Furthermore, checking the heat
balance of cryogenic liquid flow is in fact equivalent to checking the vapour
production ( density change ). This is also equivalent to the calculation of
the evaporated mass, because the heat flux from the ground is related to
the vapour production rate. In other words, checking the mass discrepancy

also includes checking the heat balance.

3.5 Results and Discussion
3.5.1 The Nature of Two-phase Layer

As the two-phase layer is the main aspect of the model proposed in this

study, it is essential to describe the nature of the two-phase layer, such as its
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height and vapour concentration. The solution of the governing equations
for the density-change region only results in an average density profile for
the whole spill, but it does not identify the individual heights of the liquid
and the two-phase layers. The relation between the height or thickness (h;)
and the density (p;) of the two-phase layer is given by equation (3.3.17).
In this case, density p, indicates the vapour concentration in the two-phase
layer. If the vapour void fraction €, in the two-phase layer is known, p
can be determined from equation (3.3.18). To describe completely the
nature of the two-phase layer, one more piece of information ( equation or
correlation ) is needed; either the height of the two-phase layer h; or its
vapour concentration ( p;, or €, ).

The height of the two-phase layer essentially depends on :
1. the boiling rate or vapour generation rate m,

2. the horizontal velocity of the flow U,

3. the dimensions of the column ( Hy and Ry ),

4. the physical properties of liquid and vapour,

5. the motion of vapour in the two-phase layer.

Parameter Gy of the model proposed in fact covers points 1 to 4 ( see
equation (3.4.6) ). The motion of vapour in the two-phase layer is influ-
enced by buoyancy, turbulence and acceleration of the flow resulting from
the collapse of a liquid column: the vapour moves upward due to buoyancy,
while turbulence may break up the vapour into bubbles and may balance
buoyancy, which could slow down or accelerate the upward motion of the
vapour. Unfortunately, no appropriate and reliable work or theory is avail-

able that can be used to describe the precise motion of the vapour under
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these conditions, and hence the nature of the two-phase layer. Further
thorough theoretical and experimental investigation is needed. However, a
general and qualitative description of the two-phase layer can at least be
given in this study.

If buoyancy dominates the upward motion of the vapour, the height of
the two-phase layer h;, or alternatively the vapour void fraction €,, can
be estimated from such motion of bubbles in liquid. In this work, such
an estimate is likely to give a higher value of hy. On the other hand,
if tgrbulence dominates the motion of the vapour, the estimate of A, is
likely to be lower than the actual value of hy. The actual value of A,
may lie between these two estimates; buoyancy domination or turbulence
domination.

Weisman et al. (1979) described the transition from dispersed flow to
intermittent flow for two-phase flow in horizontal pipes. They defined dis-
persed flow as a flow in which the discontinuous phase is finely dispersed
in a continuous phase; if the vapour or gas is the discontinuous phase, it is
dispersed into small bubbles in the liquid; if the liquid is the discontinuous
phase, there is mist flow. Weisman et al. also described that intermit-
tent flow comprises slug, plug and bubbly flow, where the vapour or gas
is contained in “large bubbles”. They considered that in dispersed flow,
turbulence can overcome buoyancy and break the vapour or gas into finely
dispersed bubbles, and hence control the motion of bubbles. Based on their
theoretical and experimental investigations, they estimated that dispersed
flow exists when the total superficial mass flow rate G ( gas and liquid ) is
equal to or greater than 107 kg/m’hr. Unfortunately, this criterion can only
give a qualitative description of one aspect of two-phase flow, but cannot

be used to determine the vapour concentration in two-phase flow. Never-
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theless, it may serve to describe the sort of liquid-vapour mixture in the
two-phase layer in cryogenic liquid spills, which can be regarded as two-
phase flow in a horizontal conduit with increasing height. For a methane
column with a height and a radius of 10 m, the horizontal flow velocity is
of the order of 10 m/s; with p; = 424 kg/m® and a vapour void fraction
e, = 0.5, the total superficial mass flow rate Gr = 7.6 x 10° kg/m’hr,
which is close to the criterion threshold above. It is therefore likely that
the two-phase layer in the flow resulting from the collapse of a large column
( Hy 2 10 m ) is likely in dispersed flow.

Barnea ( 1986 ) also investigated dispersed two-phase flow in an inclined
pipe; in this case, he was only concerned with gas dispersed in liquid. He
considered that in the transition from dispersed bubbly flow to intermit-
tent slug or plug flow, the turbulent force is in balance with buoyancy as
well as with interfacial forces. At this transition condition, he assumed
that finely dispersed bubbles are packed at maximum capacity. Above this
maximum capacity, bubbles will coalesce. Here, bubbles are considered as
uniform spheres in cubic packing. The maximum gas void fraction in such
a structure is 0.52. However, this does not mean that maximum gas void
fraction in the dispersed flow is always 0.52. Froth flow can have a higher
void fraction of gas.

Larsen and Tong ( 1969 ) studied the critical heat flux in subcooled
flow boiling inside a tube. They considered that the critical heat flux cor-
responds to the transition condition where the tube wall is fully covered
with crowded bubbles, which are almost to coalesce to form a vapour layer.
Larsen and Tong approximated this condition by assuming that the bubble-
layer at the wall consists of liquid containing uniform size spherical bubbles,

arranged in an octahedral structure. The maximum theoretical vapour void
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fraction in such a structure is 0.74. They estimated that the void fraction
of the bubble-layer at the tube wall is around 0.7. A similar study was also
carried out by Weisman and Pei ( 1983 ). On the basis of experimental
observation, they estimated that bubbles in the bubble-layer at the wall
are of an elliptic shape, with a short to long axis ratio of about 1:3, rather
than a spherical shape. They found that the maximum void fraction in this
structure is around 0.82. All this shows that the vapour void fraction at
the transition from dispersed flow ( with vapour is finely dispersed ) into

intermittent flow may be in the range of 0.5-0.8.

If estimation of the upward motion of the vapour, and hence of the
height of the two-phase layer, is only based on buoyancy, the vapour void

fraction in the two-phase layer can be calculated from :

where U,, is vapour superficial velocity and v7 is rising velocity of bubbles.
For methane, with m = 0.54 kg/m’s, the superficial velocity U,, = 0.30
m/s.

Because such value of the superficial velocity is relatively high, bubbles tend
to coalesce and form a large bubble, hence an estimate of the rising velocity
of bubbles has to account for bubble concentration. At such condition,

Wallis ( 1969 ) estimated vr as given by:

Y 0.25

vr = KoUl,, + 1.53 [szu]
Pi

where K, is a flow distribution parameter; its value is around 1-1.5, and it

is generally taken to be equal to 1.2. Based on this equation, for methane,

vr = 0.56 m/s or €, = 0.54.

Levich ( 1962 ) estimated vr of an oblate ellipsoid shape bubble in a mass-
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bubbling process, given by:
40%g(p = p)]"*
it [ aup? ]
where « is a constant, equal to 30. For methane, this equation gives vy =
0.35 m/s, or €, = 0.86.

In summary, turbulence effects on two-phase flow just mentioned can-
not as yet be used to estimate the concentration of vapour in the two-phase
layer. Thus the concentration of vapour in the two-phase layer is not yet
known. The calculation in this study mainly uses €, = 0.7; the results pre-
sented in this Chapter are based on this value. Other results for €, = 0.5
and 0.8 are enclosed in Appendix D. This therefore gives a general des-
cription of the two-phase layer, while precise description has to be further
investigated theoretically and experimentally at a later date, by considering

buoyancy, turbulence and transient condition together.

3.5.2 The Selected Procedure

In non-boiling liquid flow, the time increment At used was 0.05 and Ar was
0.10, which conforms with the CFL criterion, given by equation (1.4.15).
In cryogenic liquid flow, the value of |U + C| at some positions can be
higher than 2, because the height of flow is affected by the two-phase layer
thickness. Hence, to conform with the CFL criterion, At used may be less
than 0.05. The time increment At used in the current calculation was then
taken to be equal to 0.025.

The density interpolation was carried out using three methods, as men-
tioned before. Using p as a dependent variable was unsatisfactory, where
the difference between My;,., and M,,,, was sometimes greater than 5%.
This may be caused by the uncertainty about the density profile. As will

be shown in the next section, for small values of Gy, the density changes
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rapidly at the vapour-release position r,,. At this position, the drastic
density change may make interpolation insufficiently accurate. Using the
term In p as a dependent variable improved the accuracy, but for large val-
ues of Gy, this method still gave unacceptably low accuracy. According to

equation (3.4.6), the density is calculated from :

Gy
04 = gpexp—/-@dt

This means that a small variation or fluctuation in C can result in a large
fluctuation in density, and this leads to a large difference between Mg .,
and M,,,, for large values of Gy. Finally, using the term oC? as a depen-
dent variable gave (|Mgiser| — Mevap) < 1% . Table III-1 shows the mass
discrepancy My;s., and the mass evaporated M,,,, for Gy = 0.005, 0.05
and 0.5. It is also shown that, within the dimensionless time span 0 to 2.5,
the mass evaporated is very small ( less than 1% ), except for Gk = 0.5 at
t > 1.5. In this case, Gk = 0.5 is regarded as an extreme condition, which
is likely to arise in practice only for a small tank with a very high boiling
rate. In general, the difference between the mass discrepancy and the mass
evaporated is less than 1%. In conclusion, interpolation using oC? was

therefore used in this study.

3.5.3 The Flow Description

This comprises the front and vapour-release positions, the flow profile, and
the density and velocity profiles. The results are presented in several figures,
with Gy as a parameter. The density ratio -g—l is taken to be 200. With a
vapour void fraction of 0.7, the correspondingv minimum density is 0.3035.
Other calculation results for several values of vapour void fractions are given

in Appendix D.

As there is no relevant experimental and theoretical work available for
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Table ITI-1: The mass discrepancy and the amount of mass evaporated for
(p1/pv) = 200

Time Gy = 0.005 Gx =0.05 G =0.5
( t ) Mdiacr Meuap Mdiacr Mevap Mdiacr Mcvap
0.10 | 0.832 0.670E-5| 0.818 0.620E-4 | 0.595 0.621E-3
0.20 | 0.066 0.807E-4 | 0.131 0.738E-3 | -0.063 0.631E-2
0.30 | -0.118 0.163E-3 | -0.048 0.141E-2 | -0.262 0.125E-1
0.40 | -0.194 0.247E-3 | -0.111 0.182E-2 | -0.154 0.246E-1
0.50 | -0.238 0.327E-3 | -0.144 0.358E-2 | -0.176 0.442E-1
0.60 | -0.269 0.386E-3 | -0.159 0.524E-2 | -0.152 0.739E-1
0.70 | -0.294 0.495E-3 | -0.173 0.670E-2 | -0.228 0.116E4-0
0.80 | -0.307 0.606E-3 | -0.180 0.872E-2 | -0.253 0.173E+40
. 0.90 |-0.317 0.696E-3 | -0.202 0.114E-1 | -0.256 0.248E+0
1.00 | -0.327 0.848E-3 | -0.178 0.149E-1 | -0.310 0.341E+0
1.10 | -0.251 0.102E-2 | -0.097 0.193E-1 | -0.468 0.457E+0
1.20 | -0.222 0.120E-2 | -0.042 0.248E-1 | -0.694 0.596E+0
1.30 | -0.208 0.144E-2 | -0.019 0.316E-1 | -0.998 0.762E+0
1.40 | -0.189 0.172E-2 | 0.021 0.397E-1 | -1.135 0.956E+0
1.50 | -0.177 0.206E-2 | 0.022 0.494E-1 | -1.377 0.118E+1
1.60 | -0.169 0.247E-2 | 0.025 0.608E-1 | -1.542 0.144E+1
1.70 | -0.163 0.296E-2 | 0.058 0.741E-1 | -1.522 0.172E+1
1.80 | -0.156 0.353E-2 | 0.085 0.894E-1 | -1.459 0.205E+1
1.90 | -0.142 0.421E-2 | 0.074 0.107E+0 | -1.684 0.241E+1
2.00 | -0.132 0.498E-2 | 0.092 0.127E+40 | -1.822 0.281E+1
2.10 | -0.124 0.586E-2 | 0.132 0.150E+0 | -1.708 0.325E+1
2.20 | -0.119 0.686E-2 | 0.119 0.175E+0 | -1.902 0.373E+1
2.30 | -0.106 0.800E-2 | 0.132 0.204E+0 | -1.948 0.426E+1
2.40 | -0.096 0.928E-2 | 0.136 0.235E+0 | -1.911 0.483E+1
2.50 | -0.092 0.107E-1 | 0.153 0.271E+0 | -2.016 0.545E+1

comparison purposes, the results of this study are compared only with the
theoretical results of non-boiling liquid flow. Below are descriptions of some

aspects of the flow.

3.5.3.1 The Front and The Vapour-release Positions

Figures 3.11, 3.12 and 3.13 show the front position ry, the vapour-release
position r,, and the amount of evaporated mass M4, as functions of time.

As shown in Figure 3.11, it is obvious that the propagation velocity of
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the front is less than 2. It is also not surprising that the front position is
only slightly influenced by the variation of Gg. For Gg = 0.5, Ky is only
0.0084. Hence, the variation of Gy up to 0.5 gives only a small variation of
Ky. As the front position ry depends on Ky, ry consequently only varies
slightly.

Based on Figure 3.11, within the dimensionless time span from 0 to 2.5,
the average front propagation velocity is 1.7 to 1.83. Larger G results in
lower front velocity. For a small value of Gy ( 0.005 ), the front velocity
is 1.83, which is not close enough to 2. Theoretically, the smaller the value
of Gy, the closer the front velocity is to 2. This is likely to be caused by
the numerical calculation used to determine the front position ry.

In contrast to the front position, the vapour-release position r,, strongly
depends on the value of Gk. In this case, (ry — r,,) indicates the area in
which the vapour escapes from the bulk flow. For Gx = 0.5 ( i.e. extreme
condition ), almost all of the flow region outside the non-boiling region
(r > 1) is dominated by the vapour-release regime, which indicates that
there is very significant evaporation.

Apart from this, the amount of mass evaporated is generally small ( less
than 1% ), as shown in Figure 3.13. At small values of Gy, the mass

evaporated is even far less than the inaccuracy of the numerical solution.

3.5.3.2 The Flow and Density Profiles

The flow profiles at several time levels and for Gy = 0.005, 0.05 and 0.5, are
illustrated in Figure 3.14, and the comparison with non-boiling flow profile
is presented in Figure 3.15. As predicted by the theory and can readily be
understood, the two-phase layer raises the fluid height /level. The increase

in height depends on the value of Gx. At small values of Gk, the height
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only increases slightly, and it is even difficult to distinguish the difference
with the non-boiling liquid level, as can be seen in Figure 3.15. The two-
phase layer in Figure 3.14 is drawn as a dotted line. This figure shows the
effect of Gy upon the two-phase layer thickness.

At the extreme condition, such as at Gk = 0.5, the height increase is very
high. As Gy indicates the ratio of the superficial velocity of the vapour
produced to the horizontal velocity of the flow ( see equation (3.4.6) ), the
flow at Gy = 0.5 is an example of the flow resulting from the collapse of a
small column with a high boiling rate.

Figure 3.16 illustrates the density profiles at various Gy values. As
mentioned before, the density profiles indicate the thickness and behaviour
of the two-phase layer. From Figure 3.16, the nature of the density profile
can be identified with two types of curve : A-type and B-type, as depicted
in Figure 3.17. The A-type curve represents the flow with a thin two-phase
layer and the B-type represents two-phase layer dominated flow. The flow
dominated by the two-phase layer indicates that significant evaporation
takes place. Line PQRS in Figure 3.17 is used to show the relative height
of the two-phase layer, with respect to the total fluid height. The relative
height of the two-phase layer for an A-type curve is shown by the ratio of
PQ to PS. Similarly, the relative height of the two-phase layer for a B-type
curve is given by the ratio of PR to PS. Briefly, by identifying the form of
the density curve, the flow behaviour can be known. The A-type curve is
encountered at small values of Gy and at a very early stage of spill/spread
for moderate values of Gy, such as 0.05 . On the other hand, for large
values of Gy and at a late time of spill, the density profile has a B-type
curve. It can be concluded that the density profile actually begins with an

A-type curve, and gradually changes into a B-type curve, and that at a late
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Figure 3.17: Two types of the density profile

time of spill, the two-phase layer will dominate the flow, even for a small
value of Gi. Here, the rate of change from an A-type curve to a B-type

curve depends on the value of Gy, as shown by equation (3.4.19).

3.5.3.3 The Velocity Profile

Figure 3.18 shows velocity profiles at three time levels. For Gy = 0.005,
the velocity profile effectively coincides with that of non-boiling liquid flow.
This trend is already encountered in the flow profile just described. Fig-
ure 3.18 also shows that the velocity is only slightly influenced by the
variation of Gyi. This can be described by the Riemann invariant in the

density-change region. Rewriting equations (3.4.15) and (3.4.17) :

ucC
Uy iLac, = Up+2Cp-—/P ——dt—/ Cdlnp

A
Us-2Cs = Ug-2Cq+ [ —dt-i—/ Cdlnp
Q r Q

and by taking the average value of C at P and Q, U4 can be calculated

from :
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UoCo UpCs\ At
U = UP+2CP+UQ—2CQ+( e ”)—]
2 rg rp 2

1

4CPQ(1n or —Ineg)

The first term on the RHS is equal to U in non-boiling liquid flow, and
the second term depends on the conditions at points P and Q. Because P

is close to Q, (In gp —In gg) is small. This means that the variation of the

velocity U is also small.
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CHAPTER 4

CONFINED FLOW OF
CRYOGENIC LIQUIDS

4.1 Introduction

In this chapter, the shock motion resulting from the collision of the cryo-
genic liquid surge flow with the bund will be investigated. As this phe-
nomenon follows the process of unconfined flow of cryogenic liquids de-
scribed in Chapter 3, such a shock flow is at least partly two-phase with
behaviour that may differ from that of non-boiling liquids. All aspects of
the shock flow described in Chapter 2 will therefore be reinvestigated, with
additional consideration of the effect of boiling or vapour generation. As
in Chapter 2, the investigation is at this stage concerned only with vertical
bunds.

The division of the flow region and their corresponding governing equa-
tions for unconfined cryogenic liquid flow used in Chapter 3 will be extended
to describe the conditions of the shock flow. Equally, all restrictions and
assumptions made for unconfined flow of cryogenic liquids are now also ap-
plied to the shock flow, such as the limitation that this investigation is only
concerned with the release of cryogenic liquids from an atmospheric storage
tank and that cryogenic liquids spills are at their boiling temperature.
The numerical calculation procedures to be carried out for all aspects of
the problem prior to the first collision with the bund are equivalent to those

described in Chapter 3.
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4.2 Theoretical Description of Shock Flow

As soon as the cryogenic liquid surge flow has collided with a bund sur-
rounding the original storage tank, a shock is formed. Some of the kinetic
energy of the surge flow is converted into potential energy, and the height
of the shock flow becomes much greater than that of the original surge flow.
Because this shock flow of cryogenic liquid contains vapour, as in the case
of unconfined flow of cryogenic liquids described in Chapter 3, its analysis
is more complicated than that of non-boiling liquids. Here, the density of
the vapour-liquid mixture is also a dependent variable, which is related to
the vapour concentration in the flow.

The front of the cryogenic liquid surge flow is effectively in the vapour-
release region, i.e. it is uniform vapour-liquid mixture. Hence, when this
moving front collides with the bund and the shock is formed, this shock
flow must also be in the vapour-release region, although the vapour motion
in the shock flow may differ from that in the surge flow ( i.e. the “as
yet”, unconfined flow ). This is illustrated in Figure 4.1. Subsequently,
when the returning shock swallows the density-change region of the, until
then undisturbed, outgoing flow, the shock flow region will become divided
into density-change and vapour-release regions. The density-change region
covers the area in which the vapour does not yet reach the free surface and
escapes, while the vapour-release region is characterized by the release of
vapour and hence mass loss at the free surface. The nature of this density-
change region is however different from that in the unconfined flow.

As in the case of unconfined flow of cryogenic liquids, the essential
aspects of the two-phase shock flow are the presence of vapour and liquid
in the shock flow and the vapour concentration in the two-phase layer and

in the vapour-release region. These can only be estimated with some degree
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of accuracy if the vapour motion in the shock flow is well understood. As

I \'
I Y
| Shock flow
Time { X
Shock position :
Vapour-release region
/7 bw
ta
Backward Front
boundary ik
- position
line
e -
///
22T /Non-,%oiling liquid front
—
0
0 Ry ——— Position Tw

Figure 4.1: Illustration of the shock flow region division

the two-phase shock flow is a complex flow phenomenon, allowance has to
be made for the constraints of the Shallow Water theory. The concept of
the Shallow Water theory on the shock formation was described briefly in
Section 2.2. However, an estimation of the vapour motion in the shock flow
is still as difficult as that in the surge flow ( in Chapter 3 ), as no related
and reliable theoretical or experimental work is available. Our estimate of
the vapour concentration in the two-phase layer and in the vapour-release
region of the shock flow will be described in the section of Results and
Discussion ( Section 4.4 ).

Because the flow density is the dependent variable of the shock flow,
the equations used to determine the conditions at the shock interface and

at the bund are also different from those in the case of non-boiling liquids
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described in Chapter 2. The minimum density for the shock flow is defined
aS Pymin, in order to distinguish it from the minimum density pmi, for
unconfined flow. The value of p,n;, may be different from that of p,in, due

to the different conditions in the shock flow and in the surge flow.

4.2.1 Conditions at The Bund

The aspect to be considered is boiling at the upright bund surface. When
the shock is formed, boiling also occurs at the bund surface, throughout
the shock height. The bund surface will be covered with vapour, and the
average density at an infinitely-high bund may be regarded to be equal to
vapour density.

In the formulation of the numerical solution, the grid-point at the bund
position will become a singular point, because its density suddenly drops to
a very small value compared with the density of surrounding grid-points.
This makes the numerical solution difficult, if not impossible, to be carried
out. To simplify the problem, the grid-point at the bund position is assumed
to be represented by point W which is very close to the bund position 7,
( see Figure 4.2(a) ). The position of point W is (r, —7), where ér is small.
The conditions at the bund are assumed to be equal to those at point W,
such that :

pw =_lim p,

Wty
Boiling at the bund surface is then considered to affect only the horizontal
velocity at the bund. The rate of boiling can be calculated from the heat
flux from the bund surface. Here, boiling is considered to take place at a
vertical surface. As an illustration, the estimate of film boiling coefficient
of liquid methane at a vertical surface is about 0.31 kW /m2?C°. This cor-

responds to a heat flux g, = 57.7 kW/m?®. For an infinitely-high bund, the
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steady-state the mass balance in a very thin element between point W and

the bund position may be given by :

=0

Gl
pUN|,, s —
i hfy

which is illustrated in Figure 4.2(a). If §r is very small, the above equation
becomes :

Qo Pow

pUh|, — = 0
[ ¥ h.fy
Qv
U e 4.2.1
' (pwh.fy) ( )
or in dimensionless form :
Qw
Upy=—"— 4.2.2
pwhfgCO ( )

Equation (4.2.2) is used to approximate the velocity at an infinitely high
bund. For liquid methane released from a storage tank with a height of
10 m, U, is only around 3 x 10~°. From this example, it can be deduced
that boiling at the bund surface has only a small effect on the velocity at
the bund, and hence can be neglected. The velocity at an infinitely-high
bund can then be taken to be zero, as in non-boiling liquid shock flow. If
overflow occurs, the velocity at the bund will be estimated in the same way
as for non-boiling liquid flow.

In the case of infinitely high bunds, the density p,, at the bund is theo-
retically equal to the minimum density p,m:, of the shock flow. According
to Shallow Water theory, as already described in Section 2.2 and illustrated
in Figure 4.2(b), the flow element at the front of the surge flow will be per-
manently positioned at the bund, as soon as the shock is formed. Because
the density of the element at the front of the surge flow is equal t0 pmin
( i.e. in the vapour-release region of unconfined flow ), the density of the

element at the bund will also be at its minimum value.
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4.2.2 The Shock Conditions

To clarify the description, the flow in front of the shock interface ( i.e. the
surge flow ) is called upstream, and that behind the shock interface ( i.e.
the shock flow itself ) is called downstream ( see Figure 4.2(a) ). Symbols
used in this description are identical to those in Chapter 2: subscripts f
and b respectively denote upstream and downstream flows.

The conditions at the downstream, including density p;, essentially de-
pend on the conditions at the upstream. According to the Shallow Water
theory, the shape of a flow element changes into tall but slim, as soon as
the flow element crosses the shock interface. This flow element has a high
potential energy but low horizontal velocity when it becomes a part of the
shock flow. However, this description still cannot be used to estimate the
downstream density py, because the density of the flow element may in real-
ity change when it crosses the shock interface. In this case, it is difficult to
estimate such a change of density. To simplify the estimation, assumptions
are made, which depend on the value of the upstream density p; and of the
minimum density of the shock flow p,min.

If pf > psmin, i.e. the upstream flow is in the density-change region, the
density of the flow element is assumed to be constant, while it crosses
the shock interface, or p, = p;. In this case, the downstream flow of the
shock interface is also in the density-change region, in which the density
subsequently decreases until p,,,;, is reached.

As mentioned before, the minimum density pym;, of the the shock flow may
be different from the minimum density p,i, of the surge flow. In the case
when p,min is greater than ppin, it is possible that p; < psmin, i.e. when
the upstream density p; is low ( i.e. in the density-change region close to
the vapour-release position and in the vapour-release region ). If that is

so, the density of the flow element will increase from p; to psmin, While it
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crosses the shock interface. However, as previously described, it is difficult
to estimate gradual change of the density at the shock interface. It is
therefore assumed that in the case ps < pymin, for the purpose of the shock
conditions calculation, the downstream density p; is taken to be equal to
Psmin-

As in non-boiling liquid flow, the conditions at the shock interface of
cryogenic liquid flow are determined from mass and momentum balances
across the shock interface. To derive the equations that can be used to
determine the shock conditions in the general case, it is first considered
that the upstream density ps is not equal to the downstream density ps,
as in the case p; < pymin. Because the density changes when an element
of fluid crosses the shock interface from the upstream to the downstream
flow, there is mass loss at the shock interface, due to vapour release in this
process of density change. The steady-state mass balance across the shock

interface is given by :
pfhf(Uf - U,) = pphs(Up — U,,) + M (4.2.3)

with U, = propagation velocity of the shock ,

M = mass loss rate at the shock interface.

The magnitude of M can be illustrated from this example : if the upstream
and the downstream dimensionless densities are respectively o, = 0.30 and
o, = 0.70, such a change from the upstream to the downstream density
corresponds to a change of vapour mass fraction from 0.0115 to 0.0021.
This example shows that the amount of vapour M released at the shock
interface due to the density change is very small compared with other terms
in equation (4.2.3). It is therefore assumed that the density change does
not reduce the mass flow across the interface, and thus M may be neglected

in the mass balance. Equation (4.2.3) now becomes :

prhs(Us = U,) = pyhs(Uy — U,) (4.2.4)
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The above equation is equivalent to the mass balance in non-boiling liquid
shock flow ( see equation (2.3.1) ). Also neglecting the vapour release effect,

the steady-state momentum balance is given by :

1 1
pshs(Us = U)? = poho(Us — U,)* = §Pbghb2 = §Pf9hf2 (4.2.5)

If M? and M, are respectively the ratio of height and density between the

h
downstream and the upstream flows, i.e. M, = == (%] and M,; = &’
hy Gy ps
the simultaneous solution of equations (4.2.4) and (4.2.5) results in :
P e [Mndz(MdMC4 2} (4.2.6)
8 =T \/'2- (Mnd2 SF 1) s

Fpt= s +(1-—-

U, 4.2.7
Mnd2 ) ( )

M,M}?
These two equations determine the shock conditions. In the special case
when the upstream density is equal to the downstream density, i.e. My =1,
equations (4.2.6) and (4.2.7) become equivalent to equations (2.3.3) in the

non-boiling liquid case.

4.3 Numerical Solution

Except at the shock position r, and the bund position r,, the numerical
solution used is equivalent to that for unconfined flow of cryogenic liquids
described in Chapter 3. There are also two sets of governing equations:
one for the density-change region and one for the vapour-release region. Of
particular interest is the equation (3.3.14) for the density-change region,
which still depends on z. It is shown in Appendix F that the value of 2
has little effect for for r,, > 3; its effect is only pronounced for r,, < 2. In
this case, z = 0 gives the highest estimate of liquid height at the bund. To
provide for the worst case, this work therefore only considers z = 0, where
equation (3.3.15) is used for the the governing equation in the density-

change region.

165



The vapour-release position r,, in the shock flow, which separates both
regions, is also determined by using interpolation, as carried out for un-
confined flow. The following is a summary of the solution by the MOC in
both regions. Unless described, symbols of all variables used in this section
onwards are written in their dimensionless form.

The solution in the density-change region has three sets of characteristic
lines and Riemann invariants, as shown in Figure 4.3. These characteristic
lines are PA as a positive characteristic line, QA as a negative characteristic
line and SA as the third one.

The conditions at point A are determined by using :
e along the positive characteristic line PA :
At
rpzr;-(Up+Cp+UA+CA)7 (4.3.1)
with its Riemann invariant :

1
Uy +2C4=Up+2Cp - §(CA + Cp)(Ing4 —Ingp)

U,Cy . Up@p\ At
- ( 24y L ”)—— (4.3.2)
T4 rp

2

e along the negative characteristic line QA :
At
rg =r; — (UQ — CQ + Uy — CA)—2— (433)
with its Riemann invariant :

J.
Uy-2C,=Ug-2C, + §(CA + Cg)(Ing, —Ingy)

U,C UpCop \ At
+ ( A4y 2 Q)—— (4.3.4)
ry ro 2
e and along the characteristic line SA :
At
s =r; — (Us + UA)T (435)
with its Riemann invariant :
1 1 |\ At
lngy, —lnpgg=-Gy |— + — | —
04 0s k (042 Csz> > (4.3.6)

with Gy defined in equation (3.4.6).
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Equations (4.3.1) to (4.3.6) are solved simultaneously by using the Newton-
Raphson method.

Two characteristic lines in the vapour-release region are shown in Figure
4.4. They are : PA, which is a positive characteristic line, and QA, which
is a negative one. The equations used to determine the conditions at point

A are given by :

e along the positive characteristic line PA :

At
rpzr;—(Up+Cp+UA+CA)7 (4.3.7)
with its Riemann invariant :
1 1\ At
U, +2C,=TU 2Cp — K (_ _>__
A + A P + P vs CA + CP )
U4C UpCp\ At
- ( 44 2 ”)— (4.3.8)
TA rp 2
o and along the negative characteristic line QA :
At
rQ :r,-—(UQ —CQ+UA —CA)T (439)
with its Riemann invariant :
1 1 At
-2 =Up — 2C Kys| —+— | —
U, -2C4 =1 g S(CA+CQ) 5
U,4C U,C At
( == Q) = . {a3a0)
Ty rQ 2

where Ky is defined in equation (3.4.37), with g,,;, substituted by p,, ;..
The Newton-Raphson method is also used to solve the above equations
simultaneously.

At the early stage of shock formation, when the shock position r, is still
very close to the bund position r,, the time increment is refined in order
to satisfy the CFL criterion. The method of time increment selection has

already been described in Chapter 2 ( Section 2.4.3 ).
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When the shock position r, is less than r = 1, the density of the shock
flow in the region between r, and r = 1 will increase, because there is
no boiling or no vapour production in the region r < 1, while the vapour
contained in the flow is gradually released at the free surface. This in
turn will reduce the vapour concentration in the shock flow. As illustrated
in Figure 4.5, the vapour is carried away by the shock flow and will be
gradually released later on, until the shock flow is free from vapour and
the density becomes equal to 1. Depending on the condition, the shock
flow region for r < 1 may then be divided into two : the density-increase
region which covers the region r < 1 to the vapour-release position, and the
constant-density region, comprising the rest of the shock flow region with
a density equal to 1. The governing equations and their numerical solution
in the constant-density region are equivalent to those for non-boiling liquid
shock flow. Of particular interest is the density-increase region. Because
the density rises, the equation of density change rate given by equation
(3.4.6) has to be adjusted. To simplify the problem, it is assumed that the
rate of vapour release in the density-increase region is equal to the boiling
rate in the region r > 1. Hence, instead of equation (3.4.6), the rate of

density increase becomes :

dlnp Gy
it

with a Riemann invariant equation given by :

1 1\ At
Fritay o s adata liesse. o oo} OF
Qa3 Post k(CAz+CS"’) 2

(4.3.11)
Because the density-increase region is essentially the density- change region
as well, the characteristic line equations are also given by equations (4.3.1),

(4.3.3) and (4.3.5). In this case, positive and negative Riemann invariants

need adjustment, due to density change and vapour release taking place
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Figure 4.5: Illustration of the density-increase region when r, < 1

simultaneously. The positive Riemann invariant is given by :

1
Uy +2C4=Up +2Cp — E(CA‘*'CP)(anA —-IIIQP)

U,sCy UpCp) At ( 1 1 At
== + T KV —— .
( 1 - 5 + Kb = + QPCP) 5 (4.3.12)

and similarly, the negative Riemann invariant is given by :

1
Uy—-2Cy ZUQ -—2CQ+ §(CA+CQ)(1nQA —IDQQ)

U4Cy UQCQ) At ( 1 1 At
=+ + — — K, — 23
( =5 T 2 BNl % Qch) 5 (4.3.13)

. G ;
with Kyp, = k ) Equations (4.3.11) to (4.3.13) are only valid until

G-
the density is equal to 1.
The conditions at the shock position and the bund position will be

described in the following section.

4.3.1 Conditions at The Bund

Two regimes are also considered in the determination of the conditions at
the bund. If the density g, at the bund is greater than minimum density
of the shock flow, the condition at the bund is determined in the

Osmin

density-change regime, by using two characteristic lines and their Riemann
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invariants, as shown in Figure 4.6. Line PW represents a positive charac-

teristic line and SW represents a characteristic line which corresponds to

the density change equation.

(NW —1) (NW)
(] e 1) < Ar > W(= rw)
I Positi h teristic
T t osl1tive cli:erac €ristl
. P S
(7)
o / Tw

Figure 4.6: Determination of conditions at bund

The equations used to determine the condition at the bund are given by :

e the positive characteristic line PW :

At

rP:rw—(Uw+Cw+UP+CP)—2_

with its Riemann invariant :

(4.3.14)

1
U, +2C,=Up + 2CP—§(Cw+Cp)(anw—anP)

U,C, , UpCp) At
_( +PP)_

} rp 2

e and the characteristic line SW :

At
rg =1, — (U, + US)T

with density change correlation :

1 1 At
Inp, —Inpg = —Gyx (—-2 + —2> ——
Cs

(4.3.15)

(4.3.16)

(4.3.17)



The velocity U,, at the bund depends on the bund height, as in the case
of non-boiling liquid shock flow. For infinitely-high bunds, in which over-
flow does not occur, U, is taken to be zero, as already mentioned in the
Section 4.2. If the bund is so low that overflow takes place, the overflow
velocity is also estimated by Greenspan and Young’s theory, as described in
Chapter 2. According to this theory, the velocity at the bund is estimated
from equation (2.4.9) :

(Cw2 _ Cd2) 1.5

U, = o

The limit of applicability of equation (2.4.9) has already been mentioned
in Chapter 2. This limit is also applied to the cryogenic liquid shock flow.
If the upstream flow rate is less than total overflow, as shown in equation

(2.5.5), the velocity at bund is estimated by using equation (2.5.6) :

r; G \d
Gk (E) (C—:)
With four equations : (4.3.14) to (4.3.17) together with the equation for
U,, the five unknown variables : rp, rg, g,,, U, and C,, can be determined.
The conditions at the bund under the vapour-release regime to be deter-
mined involves only U, and C,,, because p,, is equal to g,,,;,. In this case,

only the positive characteristic line is needed, which is given by equation

(4.3.14). Here, the corresponding Riemann invariant is given by :

1 1 At
Uo+2C.=Upr + 2Cr—Ku(g+o) 5
w P

U,C, | UpCp) At
_( 5 PP)_

4.3.1
Ty rp 2 (4,3.18)

Variables U,, C, and rp can be determined from equations (4.3.14),

(4.3.18) and U, equation.
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4.3.2 The Shock Conditions

The method of determination of the shock conditions is essentially sim-
ilar to that in non-boiling liquid shock flow. Figure 4.7 illustrates this

method. Besides equations (4.2.6) and (4.2.7), the negative characteristic

(G +1) w(‘—‘ T, j+1)

Negative characteristic
line

At
l Shock position /

(7) i ¢

Figure 4.7: Determination of shock conditions

line that passes through the shock position and its Riemann invariant are
needed. The shock position can be in the density-change or the vapour-
release regimes. To cover both regimes, the negative Riemann invariant

equation can be written in the form of :
K
U, —2C, = Ug — 2Cq + %(Cb + Cq)(In gy, —Inggp)

U,C, TUpCq) At 1 1 )/_\.t
e N PO (PR O o R T
+(r,,,-+1+ T B Rk (R 0T (4.3.19)

where K; and K, are constants, which depend on the regimes. For the

density-change regime, K; = 1 and K, = 0 and for the vapour-release

regime, K; = 0 and K, = 1. Here, the corresponding negative characteristic
line is given by :
At
rQ = i+l — (Up — Cy+Ug — Cp) > (4.3.20)

The new shock position r, ;41 is estimated by using :

At
r,it1 = Fag + (Usg + Usyin)—

5 (4.3.21)
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With five equations :(4.2.6), (4.2.7) and (4.3.19) to (4.3.21), five unknown
variables Uy, Cp, U, 11, T, ;41 and rg can be determined. The detail of
the numerical solution procedure was already described in Chapter 2.

A special case is when the shock position r, is just less than 1. Here,
the density will increase ; the shock is in the density-increase regime. Its

Riemann invariant is then given by :

1
U, —2C, =Ugp —2Cp + E(Cb + Cq)(lng, —In QQ)

U,C, UQCQ) At ( 1 1 ) At
+ + ——-K — + — 4.3.22
(rs.j+1 rgQ 2 s Qbe QQCQ 2 ( )

If the downstream density g, just behind the shock interface is already equal
to 1, the negative Riemann invariant is similar to that in non-boiling liquid
shock flow. This can also be achieved by taking K; = K, = 0 in equation
(4.3.19).

4.3.3 The Initial Conditions

Unlike the case of non-boiling liquid shock flow, there is no approximate
analytical solution which can be used to set up the initial conditions for
the cryogenic liquid shock flow in the early stage of shock formation. In
this case, the initial condition will be set up by using the second method
of initialization of the shock conditions in non-boiling liquid shock flow,
described in Section 2.5.1. This method is based on the assumption that the
shock height is uniform in the early stage of shock formation, as illustrated
in Figure 4.8.

The shock level is determined from a mass balance over the shock and
equation for the shock propagation velocity U, ( equation (4.2.4) ). To
simplify the setting up of the initial conditions, it is assumed that the
shock density is uniform, i.e. the density at the shock interface is equal to

the density at the bund. The shock density is determined from the upstream
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Figure 4.8: Uniform shock level assumption in the early stage of shock
formation

density g, : for g, greater than the minimum shock density g,,,;,, the shock
density g, = o, and, for g, less than g,,,;,, then g, = g,ip-

As soon as the shock is formed, boiling occurs at the bund surface.
This causes mass loss in the shock flow due to vaporization, which reduces
the total mass of the shock flow. In this initialization, such mass loss is
assumed to be very small and hence neglected from the mass balance. From
Figure 4.8, the total mass of the shock flow is estimated from the total mass
of the dotted area for unconfined flow, from the shock position r, to the

front position ry. The mass balance mentioned is given by :
Yy
o,y (rw2 - r,z) = 27r/ ohr dr (4.3.23)
r,
The RHS of equation (4.3.23) can also be approximated by using :
2 2) _ E— i
wo,hy (rw —-r, ) = 2gfh‘f (rf T, ) (4.3.24)

with 9, being the average density along r, to ry. The front position ry
in unconfined flow is essentially determined by numerical solution, and

depends on parameter K. The other alternative for determination of ry
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is by approximation with :
ry=r, + Uf(t — tw) = Py + Ufﬁt (4325)

where t,, is the time at which the surge flow reaches the bund. In this case,
the front propagation velocity is considered to be equal to U;. By solving
equations (4.3.24) and (4.3.25), together with equations (2.5.1) and (4.2.4),
the initial condition for the shock flow : U,, r, and h; can be determined.

The velocity U, is then calculated from equation (4.2.5).

4.4 Results And Discussion

4.4.1 Vapour Concentration

As in the case of unconfined flow of cryogenic liquids, the description of
the two-phase shock flow is also concerned with the vapour concentration
in the two-phase layer and in the vapour-release region, which depends on
the vapour motion in the shock flow. The vapour motion is mainly affected
by buoyancy and turbulence, as already discussed in Chapter 3 ( Section
3.5.1 ). Buoyancy causes the vapour to move upward, while turbulence
may slow down or may accelerate the upward motion of the vapour, and
may break up the vapour into bubbles. The degree of turbulence depends
on the flow conditions.

Abbott (1966) described that the surge flow ( i.e. unconfined flow ) is
characterized by \/_(gﬁ— or % > 1, which is called supercritical flow, and
that the shock flow is characterized by % < 1, so-called subcritical flow.
The surge flow is relatively shallow with a relatively high horizontal velo-
city, while the shock flow is deeper with a lower horizontal velocity. This
difference in condition between the surge flow and the shock flow may lead
to the result that the vapour concentration in the two-phase layer of the

surge flow may also differ from that in the shock flow. As the surge flow
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is relatively shallow, the vapour in the two-phase layer of the surge flow
may reach the free or top surface rather quickly and escape. On the other
hand, the residence time for the vapour in the shock flow is longer than
that in the surge flow, because the shock flow is deeper than the surge flow.
This may in turn affect the vapour motion, where the vapour may break
up into bubbles before reaching the free surface. The vapour concentration
may therefore greatly vary throughout the height of the two-phase layer of
the shock flow, where the vapour concentration is high at the bottom. In
reality, the shock flow may also be turbulent, which promotes mixing of
vapour and liquid. However, all these factors cannot be used to estimate
quantitatively the vapour distribution and concentration in the two-phase
layer and in the vapour-release region of the shock flow. Furthermore, no
related and reliable, previous theoretical and experimental work has been
found.

One rough method to estimate the vapour concentration in the two-
phase layer and in the vapour-release region is by assuming that the vapour
motion in the shock flow is analogous to the vapour motion in a bubble
column or in pool boiling, i.e. in a deep liquid pool. As described above,
the vapour may break up into bubbles before it reaches the free surface. If
buoyancy indeed dominates the vapour motion, the vapour concentration
( vapour void fraction ) in the shock flow may be estimated from the upward
motion of bubbles in liquid, which has already been described in Chapter 3
( Section 3.5.1 ). On this basis, the estimates of vapour void fraction for
methane liquid are: €, = 0.54 ( Wallis, 1969 ) and ¢, = 0.86 ( Levich,
1962 ).

Azbel ( 1981 ) analyzed theoretically the hydrodynamics of bubbling

phenomena in a liquid pool, in steady condition. He divided the phenom-
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ena into two cases: rapid bubbling and slow bubbling. Rapid bubbling is
encountered in shallow liquid pools with a relatively high gas superficial
velocity, such as in sieve trays of distillation columns. Slow bubbling is
characterized by a deep pool and low gas superficial velocity, as encoun-
tered in a bubble column. Although there is no sharp transition between
both bubbling phenomena, Azbel identified them as follows : for rapid bub-
bling, the depth is less than 15 cm with a superficial gas velocity of more
than 0.5 m/s while for slow bubbling, the depth is greater than 15 cm with
a gas superficial velocity less than 0.2 m/s. It appears that this is a rough
description, as no physical properties and other factors that influence the
bubbling phenomenon are involved.

To obtain a gas void fraction relation, Azbel used the principle that
whenever a two-phase flow system is in steady-state, the total available
energy is at a minimum. The energy considered comprises potential, dis-
sipative and surface tension energies. Based on an energy balance, Azbel
obtained an equation as a function of fluid properties ( liquid and gas ), void
fraction and liquid height or pool depth. He then derived this equation by
using a variational method ( Lagrangian multiplier ), corresponding fo the
condition of minimum energy level. Of interest to this study is his analysis
in slow bubbling. At a minimum energy level, he found that the maximum
gas void fraction ¢, is around 0.3-0.4. Although the condition of the shock
flow is unsteady, bubble motion in the shock flow may be regarded as a
slow bubbling phenomenon, as bubbles move upward in a deep liquid pool.

In summary, the vapour concentration in the two-phase layer and in
the vapour-release region of the shock flow are still not yet known, as also
emphasized in Section 3.5.1 of Chapter 3. Further thorough theoretical and

experimental investigation is still needed. To give a general description of
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the two-phase shock flow, the maximum value of the vapour void fraction
in the two-phase layer and in the vapour-release region of the shock flow
€, = 0.3 is used in this study. With (p;/p,) = 200, this corresponds to
Oymin = 0.7015. The maximum vapour void fraction for the surge flow

€, = 0.7 is used for the calculation of the upstream conditions, as that is

used in Chapter 3.

4.4.2 Mass Discrepancy and Mass Evaporated

The mass discrepancy and the mass evaporated for confined flow are only
calculated after the shock has been formed. Similar to equation (3.4.38),

the total mass is calculated numerically by using :

NwW-1 Ar :
M.t = 27 Z [Qihiri + Q,’+1h1‘+11'i+1] 7 (4-4-1)
=0

The dimensionless total initial mass is equal to 7. The mass discrepancy, as
also defined in Chapter 3, is equal to the difference between the calculated
mass M;,; from equation (4.4.1) and the total initial mass =, expressed as

a percentage of the total initial mass :

(Mtot - 71')

™

Myiser = 100 % (4.4.2)

Unlike unconfined flow, the total evaporated mass in confined flow com-
prises the evaporated mass in the upstream flow and that in the down-
stream flow. The upstream evaporated mass will only be calculated if the
vapour-release position r,, is less than the shock position r,. This is given
by :

M. = w% /(r,2 —r,,2)dt
with M,, being the upstream evaporated mass. The downstream evapo-

rated mass M,q is given by :

= Gy 2 2
M,,d—7rEf /(rw — Iy, ) dt
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The total evaporated mass is then :

Mvtot = Mvu + Mvd (443)

The total evaporated mass is also expressed in the same way as the mass
discrepancy :

Mv of
M= (——*7r‘—7r—) 100 % (4.4.4)

For infinitely-high bund case, the numerical calculation procedure is
consistent with conservation of mass if the difference between the mass dis-
crepancy Mg, calculated from equation (4.4.2) and the total mass evap-
orated M.,,qp is less than 1 % . In the case of low bunds, the total amount
of overflow also has to be taken into account. Hence, the consistency of the

numerical calculation is :
Consistency = Myiser — Meyap — ( Total overflow )

An example of the result is shown in Table IV-1, for r,, = 2 and several
values of Gy, in the case of infinitely-high bunds. Other results are enclosed
in Appendix E. These results show that the difference between My;,., and
M.yqp is less than 1 %, meaning that the numerical calculation procedure
is consistent with conservation of mass. This also shows that the numerical
calculation procedure used in this study is satisfactory.

The results also show that, for r,, < 2, the total evaporated mass at
the moment the shock flow converges at the axis of symmetry is still less
than 1 %. On the other hand, the total mass evaporated at the same
instant is relatively high for r,, = 4. As expected theoretically, greater
bund distance r,, will result in greater amount of the total evaporated
mass, due to wider boiling area ( from r =1 to r,, ). The total evaporated

mass is also presented in Figure 4.9, for r,, = 3 and 4. It is shown that in
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Table IV-1: Mass discrepancy and mass evaporated for r, = 2 and in-
finitely-high bund

Time Gk =0.01 Gx = 0.05 G =0.10

(t) | Maiser Moevap | Maiser Mevap | Maiser Mevap
0.60 | -0.220 0.0006 | 0.123 0.0031 | 0.112 0.0096
0.80 | -0.253 0.0006 | -0.031 0.0033 | -0.093 0.0105
1.00 | -0.296 0.0006 |-0.368 0.0035 | -0.528 0.0119
1.20 | -0.266 0.0006 | -0.745 0.0036 | -1.218 0.0147
1.40 | -0.549 0.0006 | -0.161 0.0036 | -0.481 0.0193
1.50 | -0.497 0.0006 | -0.491 0.0036 | -1.012 0.0224
1.60 | -0.421 0.0006 | -0.840 0.0036 | 0.089 0.0260
1.70 | -0.338 0.0006 | -0.213 0.0037 | -0.517 0.0301
1.80 | -0.444 0.0006 | -0.593 0.0037 | -1.143 0.0349
1.90 | -0.355 0.0006 | -0.970 0.0037 | -0.056 0.0403
2.00 | -0.276 0.0006 | -0.376 0.0037 | -0.719 0.0463
2.10 | -0.399 0.0006 | -0.764 0.0038 | -1.393 0.0529
2.20 |-0.319 0.0006 | -1.160 0.0038 | -0.394 0.0601
2.30 | -0.245 0.0006 | -0.625 0.0039 | -1.104 0.0681
2.40 | -0.366 0.0006 | -1.089 0.0040 | -0.215 0.0767
2.50 | -0.266 0.0006 | -0.609 0.0042 | -0.956 0.0860
2.60 | -0.374 0.0006 | -1.164 0.0050 | -0.233 0.0960
2.70 | -0.251 0.0006 | -0.822 0.0061 | -1.001 0.1070
2.80 | -0.349 0.0006 | -1.632 0.0071 | -0.423 0.1180
2.90 |-0.206 0.0006 | -1.372 0.0082 | -1.208 0.1310
3.00 | -0.296 0.0006 | -0.999 0.0098 | -0.739 0.1440
3.10 | -0.157 0.0006 | -1.400 0.0118 | -0.313 0.1570
3.20 | -0.241 0.0006 | -0.919 0.0143 | 0.041 0.1710
3.30 | -0.300 0.0006 | -0.742 0.0173 | 0.013 0.1850
3.40 | -0.266 0.0006 | -0.044 0.0230 | -0.175 0.1990
3.50 | -0.285 0.0006 | -0.255 0.0301 | -0.284 0.2130
3.60 | -0.263 0.0006 | -0.425 0.0373 | -0.405 0.2290
3.70 | -0.255 0.0006 | -0.494 0.0449 | -0.439 0.2440
3.80 | -0.250 0.0006 | -0.507 0.0524 | -0.428 0.2590
3.90 | -0.245 0.0006 | -0.496 0.0599 | -0.470 0.2740
4.00 | -0.246 0.0006 | -0.515 0.0675 | -0.457 0.2890
4.10 | -0.242 0.0006 | -0.521 0.0751 | -0.394 0.3040
4.20 | -0.242 0.0006 | -0.505 0.0827 | -0.230 0.3190
4.30 | -0.239 0.0006 | -0.479 0.0902 | -0.092 0.3350
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Figure 4.9: Mass evaporated for r,, = 3 and 4
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the later period of the shock motion, for r,, = 3 with Gy = 0.10 and for

r, = 4 with G > 0.05, the total evaporated mass is greater than 1 %.

4.4.3 Bunds of Unlimited Height
4.4.3.1 Shock Profiles

The shock profiles are presented in several figures, for several bund distances
and G = 0.01, 0.05 and 0.10. Figures 4.10-A to C illustrate the shock
profile for r,, = 2 ; results for other bund distances are given in Appendix E.

The shock motion description is in general similar to that of non-boiling
liquid shock flow. The liquid rapidly piles up at the bund in the early
stage of shock formation, but the shock itself propagates slowly. The shock
propagation velocity U, gradually rises, and the shock moves towards the
centre of column until it eventually converges at the centre of column.
The shock level quickly reaches a maximum height at the early stage, and
then gradually decreases. During the propagation, the height at the shock
front is initially lower than that behind it, but the height at the shock
front will be higher than the height of the shock flow behind it when the
shock approaches the centre of column. The shock profile illustration also
shows that a higher value of G results in a thicker shock flow, due to a
higher vapour concentration in the flow. This is similar to unconfined flow
described in Chapter 3.

As already mentioned in Chapter 2, when the shock height reaches its
maximum, the downstream velocity U, is equal to zero and (?9_r = 0. The
same is true in the case of cryogenic shock flow, as shown in Figure 4.11.
This figure illustrates the liquid level at the shock front h, and the bund
h,, as a function of time, together with downstream velocity U,. It is

shown that at U, = 0, both h, and h,, are still at their maximum values.
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Figure 4.11: The shock conditions when the shock level reaches a maximum
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Of particular significance are the shock profiles at the bund and around
r = 1, which are different from those in non-boiling liquid. The liquid height
at the bund increases sharply for r, = 3 with Gy = 0.01 and r,, < 2 with
Gy < 0.05, or generally for a small value of Gy, as shown in Figure 4.10 and
Appendix E. Such a sharp increase of liquid height at the bund is caused
by a high density gradient at the bund, and this will be described in the
next section. When the shock flow passes through r = 1, the downstream
density will gradually increase, due to vapour release and no further vapour
production in the region r < 1. This will affect the flow profile, which is
pronounced at Gx = 0.10. Figure 4.10-C shows that the flow profile swells
in the region around r = 1. Such a swelling profile can also indirectly
indicate how far vapour is carried away by the shock flow, from r = 1. This

phenomenon will be described later.

4.4.3.2 Density Profiles

From the density profiles, the two-phase layer profiles and the vapour-
release position ( and hence the extent of the vapour-release region in the
shock flow ) can be known. In this study, the density of vapour-liquid
mixture in the two-phase layer and in the vapour-release region of the shock
flow is assumed to be equal to p,,,;,, as in the case of unconfined flow in
Chapter 3.

Because the shock flow ( downstream ) density depends on the surge
flow ( upstream ) density, both density profiles are presented together. The
density profiles are illustrated as function of the position r at various time
levels. The upstream density curve ranges from r = 1 to the shock position
r,, and the downstream density curve ranges from r, to the bund position

Dyss
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Due to very short range of of position r for r,, < 1.5, the density profiles
are not illustrated, because the figure is crowded with curves and hence be-
comes messy. The density profiles for r,, = 2 are illustrated in Figure 4.12,
and some of their corresponding two-phase layer profiles are illustrated in
Figure 4.13. The illustration of upstream and dwonstream densitiy profiles
is given in Figure 4.14. In this figure, the upstream density profiles are
presented separately from the downstream one, to avoid crowded figure.
Because the downstream density for r,, = 3 and Gy > 0.05, as well as for
r, = 4 and Gy > 0.01, quickly reaches the minimum shock density p,,.;,,
the density profiles for these conditions are not presented. Even for r,, = 4
and Gg = 0.10, both upstream and downstream densities are uniform at
their minimum values.

It can be concluded that for r, = 3 and Gy > 0.05, the vapour-release
region quickly dominates the shock flow, and hence the total mass evapo-
rated is also high, as already described in Section 4.2.2. For r, < 2, the
vapour-release position r,, in the shock flow depends on the value of Gy.
For a higher value of Gy, the vapour-release position r,, will be closer to
the shock position r,. It is shown in Figure 4.12 that for Gx = 0.10, the
vapour-release region also quickly dominates the shock flow.

According to the Shallow Water theory, when a flow element crosses the
shock interface, its shape will change into tall but slim. As a result, the
two-phase layer profile at the shock interface is also affected. Figure 4.13
shows that at the shock interface, the two-phase layer thickness increases
suddenly, which forms a step shape.

As described in previous section, for a small value of Gy, the liquid
height at the bund rises sharply, due to a high density gradient. This

phenomenon is clearly shown in Figures 4.12 and 4.13 at Gy = 0.01, in
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which the downstream density at r, falls sharply into g, ; and on the
other hand, the liquid height rises sharply. Such a phenomenon can be
described by using the governing equation (3.3.15) :

In the case of infinitely-high bunds, the velocity U, at the bund is always
DU
zero all time, and this makes Dt equal to zero as well. Equation (3.3.15)

becomes :
Ooh oh 0o
'a—r =0 or Q—a—r = ha

This means that a sharp decrease in the density profile always corresponds
to a sharp increase in the height profile. Hence for small value of Gy, when
the density falls sharply at the bund, the height profile will increase sharply
at the bund.

Of particular aspect is the downstream density curve shown in Fig-
ure 4.14, which is like an oscillating wave. As already mentioned, the
downstream density depends on the upstream density. This oscillating
wave-shape curve can be described by the trend of the upstream density
curve. Figure 4.15 illustrates the trend of the upstream density profile for
several time levels ( t; to t4 ), as a function of position, fromr = 1tor,. It
is shown that, from t; to t,, the density at the shock position r, increases
from g4y to g4,. The density then declines after ta, or gy > 043 > 044
This upstream density behaviour in turn affects the downstream density
behaviour, which follows the same pattern of an increase followed by a de-
crease. This makes the downstream density curves also have an oscillating
wave-shape.

Figure 4.14 also shows that the downstream density curve gradually flat-
tens off to the minimum shock density g,,.;,, which starts from the shock

position r,, not from the bund. This is caused by the assumption made
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in Section 4.2.2, in which g, = g,,,;, Whenever p; < g,,,.;,. Because in the
later stages of the shock motion, the upstream density at the shock interface
gradually decreases, as illustrated in Figure 4.15, and this upstream density
will finally be less than p,,.;,., the corresponding downstream density will

consequently be equal to p,,,;,-

4.4.3.3 Liquid Level, Hydrostatic and Impact Pressures at a Bund

The liquid height or level at the bund is presented in Figures 4.16 as a
function of time, and is also compared with the non-boiling liquid level.
The maximum level for a specific r,, is illustrated in Figure 4.17. Although
the result of the calculation depends on the value of minimum shock flow
density 0,.,i., Figure 4.17 can be used as a basis for recommending the
appropriate bund height for a cryogenic liquid storage tank. Figures 4.16
and 4.17 show that the level of a cryogenic liquid at the bund is obviously
higher than that of a non-boiling liquid. This means that a cryogenic liquid
storage tank requires a higher vertical bund than non-boiling liquid storage

tank. Figure 4.16 also shows that the curves for cryogenic and non-boiling
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liquids have the same trend, and that they reach the maximum level at the
same time.

As shown in Figures 4.16 and 4.17, there is a variation in h,, which
depends on the value of Gx. However, such variation is small compared
with the difference between the cryogenic and non-boiling liquid levels. It
is shown that the trend of the h,, variation for r,, < 2 is different from that
for r,, = 4, as can be seen in Figure 4.17 . For r,, < 2, h,, for Gx = 0.01
is higher than h, for Gy = 0.10, but for r, = 4, h,, for Gy = 0.01 is
less than that for Gy = 0.10. This may be caused by the accuracy of the
interpolation in the numerical calculation. The liquid level at the bund has
essentially the same trend as for unconfined flow, i.e. a higher value of Gy
results in a higher liquid level. As described in the Density Profiles section,
the downstream density profiles for r,, = 4 are uniform at g,,,;,, regardless
of the value of Gx. Hence, the density gradient —g—f at the bund is zero,
which makes the shock level relatively uniform. As a result, interpolation
of p and C in the bund and its surroundings can be carried out accurately.
On the other hand, for r, < 2 and Gy < 0.05, the density gradient is
high and the liquid level profile at the bund rises sharply, as illustrated in
Figure 4.18. Because of this drastic change in density and height close to
the bund, their numerical interpolation is likely to be less accurate, which
can lead to a spurious higher value of h,, at the next time step. A smaller
Gy gives a greater density gradient, and this may result in a still higher
value of h,,. Apart from this, the variation in Gy only has little effect on
the liquid level at bund.

Figures 4.16 are also used to estimate the hydrostatic pressure at the
bund, as a function of time. Figures 4.19-A to D show a dimensionless

hydrostatic pressure at the base of the bund. In this case, the dimensionless
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hydrostatic pressure P,, is given by :

w hw
P, = gp_z%;)—z— = o, h,, (4.4.5)

These figures also compare the hydrostatic pressure of cryogenic and non-
boiling liquids. It is shown that for r, = 1.5, the hydrostatic pressure
of both cryogenic and non-boiling liquids is effectively equivalent, but for
r, = 4, the hydrostatic pressure of cryogenic liquid is less than that of non-
boiling liquid. The mass loss due to vapour release may cause a reduction
of hydrostatic pressure. As described in Section 4.4.2, greater r,, will result
in a greater total mass evaporated, which will also reduce the total kinetic
and potential energies. This in turn will reduce the hydrostatic pressure at
the wall.

The dimensionless impact pressure P; when the front of the surge flow

strikes the bund wall is estimated by using :

p ron Uzran
Pi = J_;thy;fz_—t = erontU?‘ront (4'4’6)

Because the front velocity U s,on: is always less than 2 and the density gy,
is equal to g,,;,, the impact pressure P; is lower than that of non-boiling

liquid flow. Table IV-2 presents the impact pressure for several values of
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r,, and Gy. It is shown that the P; of cryogenic liquids is only around 1.1,

whatever the value of Gy.

Table IV-2: Dimensionless impact pressure P; for various Gy and r,,

Bund Distance ( r,, )
Gy | 1.5 2 3 4
0.01 | 1.18 | 1.13 | 1.09 | 1.07
0.05 | 1.14 | 1.09 | 1.07 | 1.08
0.10 | 1.12 | 1.08 | 1.09 | 1.11

4.4.4 Bunds of Limited Height
4.4.4.1 Overflow

The total amount of overflow M,,; is calculated numerically from the equa-
tion :

te
M,.; = 2rr., /t 0, Uuh, dt (4.4.7)

where t; and t, are the times at which the overflow starts and ends, respec-
tively. The velocity at the bund U, is given by equation (2.4.9) or (2.5.6),
depending on the shock condition. The results are presented in Figures 4.20
to 4.22. In order to make the figures clearer, the overflow at each value of
Gy (i.e. 0.01,0.05 and 0.10 ) is presented separately, in Figures 4.20-A to C.
All these figures are incorporated into Figure 4.22 in order to compare with
the results for non-boiling liquid overflow. Figure 4.21 shows the overflow
as a function of bund distance r,,, where the bund height corresponds to
an impounding area equivalent to the storage tank capacity.

All figures show that the total amount of overflow M,,; increases with
an increase in Gyx. Because an increase in Gy raises the liquid level at
the bund, as described previously, the overflow velocity given by equa-

tions (2.4.9) and (2.5.6) also rises, which makes the amount of overflow

202



(I
(S
[

~N ©© W
e &8 S

o
(-~

Total overflow ( % )
L= wn
(=] [~

(2]
()

llllIllllllllllIllllllllllllillllllllllllllllllll

N
S

[N
[

S

TI]"|111711IIIIITIIIIII‘Illlllll-l‘ll

.00 .10 .20 .30 .40 .50 . b0 .10
Bund height ( hy )

Figure 4.20-A: Total overflow for various hy and r,, for Gy = 0.01

[EN
~N ©o© wu o
e 8 e o

o
()

N W S
e &8 o

[REN
S

Total overflow ( % )
(&3]
(=]
l_l_lllllllli_lJ_lllllllIlllllllllllll_l]llllLlllIllll

T 1 T T I 1 T T T ] T 1 T T l T 1 T I T T T ] ] 1 T T T 1 1 1 1 1 I 1 T

.00 .10 .20 .30 .40 .50 . b0 .70
Bund height ( h, )

Figure 4.20-B: Total overflow for various hy and r,, for Gy = 0.05

203



100
30
8@
70
60
50
40
30

Total overflow ( % )

20
i@

e|l|ll|lllY]lllllllllllllllﬂillllllllll

.00 .18 .20 .30 . 40 .50 .60 .70
Bund height ( hy )

Figure 4.20-C: Total overflow for various hg and r,, for Gy = 0.10

1080

w
S

=
_—
—

(o]
(]

-
S

Gy =0:10
—— Gy =0.05
—— Gy =0.01

o
[-~]

-+- Kleyn

EN
S

—a— Non-boiling

Total overflow ( % )

N
(=]

[N
(]

lllllllllllllllllllllllllllllIjllllllllllllllllll

lllll‘llvllllllllllll|l||rlll'I!II

1.00 1.50 2.00 2.58 3.00 3.50 4.00 4.50
Bund distance ( r,, )

Figure 4.21: Total overflow for hy corresponding to equivalent volume of
tank capacity

204



Ax) Jo sonjea SNOWERA 10j UOSIIRdUIOd MOPISAO [BI0], (g F 2anSLg

( Py ) yySrey pung

L°0 q°0 G°0 be £'0 ¢'0 T°'0 0
_ 1 1 1 _ { GO o B | h L1 1 1 — 41 — 1 W | _ I Ly IO e | — | IS I I —
IO,
&, Tt B SuIIoq-UON —~—-~—
S : o o
+/ 010 9]
G005 1D =

100 =19

Q=" —ts
N”S.H —o—

AO..HHS.H =

'}
07
8l
0g
%
oy 2.
(o]
3
s o
2
89 —~
N
8L —
g8
86

aar

205



increase as well. Figure 4.21 shows that the increase of M,,; is relatively
small for r,, = 4. This may be caused by the mass loss due to evaporation.
It was already shown in Section 4.5.1 that significant evaporation occurs
for r, > 3. The total evaporated mass at the end of overflow for r,, = 4

and Gg = 0.10 is around 5 % .

4.4.4.2 Jet Projection Distance

The maximum distance from the bund position to the place where the over-
flowing liquid hits the ground outside the bund is estimated from equations
(2.5.7) and (2.5.8). As mentioned before, because Shallow Water theory
does not explicitly account for vertical acceleration and hence vertical velo-
city, the vertical velocity at the bund is approximated by using equation

(22110 ¢

(b, t4at —hyt)
At

Vo &

The projection distance is presented in Figures 4.23 and 4.24 as a function
of bund height h,;. Comparison with non-boiling liquid results are given in
Figures 4.24-A to D. All these figure are based on (Hy/Ry) = 1.

The jet projection distance is obviously higher for a cryogenic liquid
overflow than that for a non-boiling liquid. Figures 4.24 show that AR,
is influenced by Gy for a bund height h; < 0.30. Unfortunately, the data
for hy < 0.30 is scattered, and the fitted curve is not as good as that
for overflow of a non-boiling liquid. This is most likely to be caused by
the numerical calculation technique used. The maximum jet projection
distance at hy < 0.30 occurs shortly after the shock is formed, when the
shock position r, is still very close to the bund and the time increment is
still refined. It seems that, in that period, the numerical calculation results

in ripples in h,. This in turn affects the vertical velocity v,, estimated
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from equation (2.2.11), and also influences the jet projection distance AR,,.
Consequently, the data produced is scattered. Nevertheless, Figures 4.24
show that a greater value of Gy tends to give a larger projection distance.
It seems that at large values of Gy, the rate of change of h,, ( with time )

is high or v,, is high, which increases the jet projection distance.

4.4.5 Summary

This section summarizes the description of the two-phase shock motion
according to the Shallow Water theory, which is related to the two-phase
layer profiles in the upstream and the downstream flow. The illustration of
the shock motion, which are shown in Figures 4.25 to 4.27, are mainly based
on the case of infinitely-high bunds. The sequence of the shock profiles at
several time levels ( from ¢; to ¢4 ), together with the profiles of the two-
phase layer and the vapour-release region, are illustrated in Figures 4.25
and 4.26. The illustration starts from the instant at which the moving
front of the surge flow collides with the bund at time ¢;. The dotted area
in Figures 4.25 and 4.26 indicates the vapour-liquid mixture in the surge
and the shock flow, i.e. the two-phase layer and the vapour-release region.

Because the front region of the surge flow is always under the vapour-
release regime, in the early stage of the shock formation, the shock flow
is also under the vapour-release regime, as shown in Figures 4.25 and 4.26
at time ¢,. As the shock moves towards the axis of the column, the shock
eventually swallows the density-change region of the surge flow. It is already
described in Section 4.2 that the shock flow will have the density-change
region. Based on the principle of the Shallow Water theory, the flow element
becomes tall but slim as it crosses the shock interface. As a result, the
thickness of the two-phase layer at the shock interface increases sharply,

which forms a step-shape. The vapour-release position r,, in the shock
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flow depends on the magnitude of Gx. At this stage, the shock flow region
is divided into the density-change and the vapour-release regions.

The shape of the boundary line that shows the thickness of the two-
phase layer will change, when the shock flow enters the region r < Ry.
Because boiling at the base does not occur in the region r < Ry, no addi-
tional vapour is produced, when the flow element crosses r = Ry; mean-
while, the vapour previously contained in the element still moves upward
due to buoyancy, which will be released later on ( hence the density will
increase ), as the vapour reaches the free surface. This process causes the
shape of the boundary line that shows the two-phase layer profile in the
shock flow becomes curly, as illustrated in Figures 4.25 and 4.26 at time 4.
The change in the two-phase layer profile when the shock has crossed R,
is also illustrated in Figure 4.27, which shows a sequence of the motion of
flow elements 1 and 2. Element 1 initially comes from the upstream flow
in region r < Ry, which does not contain vapour, and element 2 contains
vapour ( i.e. two-phase layer ).

Figures 4.25 to 4.27 only show qualitative description of the two-phase
layer thickness and of the vapour-release position, where the two-phase
layer thickness and the vapour-release position depend on the value of Gy
and of the minimum shock flow density p,min. The parameter Gy, which is
given in equation (3.4.6), was mentioned in Sections 3.4.2 and 3.5.1. This
parameter essentially depends on the boiling rate m ( vapour production
rate ) at the ground surface and the initial height of the liquid column, and

this can be described as:

i Gk~(%)\/ng
0 0

Hence, higher boiling rate and smaller column gives greater value of Gy,

and vice versa.
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It is concluded that greater values of Gx and of bund distance r,
results in greater domination of the vapour-release regime, and conse-
quently, higher loss of mass evaporated at the free surface. For r, > 3
and Gy > 0.05, domination of the vapour-release regime is pronounced in
the later stages of the shock motion.

In the case of liquid height h,, for infinitely-high bunds, h,, is effectively
independent on Gy. For a small value of Gy, especially for r,, < 2 and
Gy £ 0.05, the height profile at the bund shows that h,, increases sharply,
due to a high density gradient. |

When the shock flow passes through » = Ry, the shock flow density will
decrease, due to vapour release and no further vapour production in the re-
gion 7 < Ry. This will in turn affect the shock profile, which is pronounced
at Gx = 0.10. Because greater value of Gy indicates higher vapour con-
centration in the flow, and hence higher flow profile, the decrease in vapour
concentration ( due to vapour release ) will result in the decrease in the flow
height. This phenomenon is shown in Figure 4.10-C and in Appendix-E,
where the flow height in region r < R, gradually decreases.

The minimum density in the surge flow and in the shock flow affect the
two-phase layer thickness, as shown in equation (3.3.17). This also affect
the vapour-release position, which indicates the extent of the vapour-release
region. Lower value of the minimum density results in thinner two-phase

layer and smaller vapour-release region.
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Figure 4.25: Illustration of two-phase shock flow according to the Shallow
Water theory

213



gz 9ISy £q weArd uoryerjsny[r Supuodsariod YT, ‘93 a8

uorjisod ases[ai-inodep

\
\
uoryisod yooyg

fe et e el

"

214



element

Figure 4.27: Qualitative illustration of profile change of two-phase layer in
region 7 < Ry
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CHAPTER 5
CONCLUSIONS

5.1 Introduction

This last chapter summarizes the conclusions of all previous chapters, com-
prising non-boiling and cryogenic liquids flows. Before doing so, the as-
sumptions made to derive the model, together with limitations and appli-
cability of the model, are reviewed. Assessment of the model is given before

suggestions for further work, which is presented at the end of this chapter.

5.2 Summary of Assumptions and the Model
Description

In this theoretical work, the assumptions made to derive the governing

equations for cases of both non-boiling and cryogenic liquids flows are:

1. The CTF results in a radial dispersive surge flow, which can be con-

sidered as an axisymmetric flow problem.
2. The flow is inviscid in both unconfined and confined cases.

3. The storage tank is squat; vertical acceleration may be neglected,

compared with horizontal acceleration.

4. Ground resistance is neglected, i.e. the ground surface may be smooth

or frictionless.
5. The bund is vertical, with a circular shape and concentric to the tank.

Points 1) and 5) represent the scope of investigation in this theoretical

work. The asymmetric flow problem, such as liquid release through a gap
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or hole in a tank shell, and the interaction of the surge flow with square
bunds are not easily analysed by mathematical methods. The solution
of both problems would need extensive mathematical and computational
efforts, and a physical model is more likely to produce realistic results than
theoretical ones.

Points 2) and 3) are obviously valid for almost all vertical storage tanks.
The surge flows resulting from the failure of such tanks have very high
Reynolds numbers ( greater than 10* ), meaning that the inviscid flow
assumption is acceptable. Brighton.and Webber (1986) described that the
early stages of flow from the collapse of a liquid column are controlled by
a balance of gravity and inertia forces. The assumption that the tank is
squat implies that the height-diameter ratio of the storage tank is not more
than 1, which is commonly encountered in industrial and terminal storage
tanks.

These two assumptions lead to the introduction of Shallow Water Equa-
tions and to the application of Shallow Water theory to describe the CTF
phenomenon. According to Shallow Water theory, once the liquid column
has collapsed and resulted in a radial dispersive surge flow, the propaga-
tion velocity of the surge front on the frictionless ground surface is equal to
21/gH,. In this case, the surge front has a zero thickness. For non-boiling
liquid flow, the ground surface resistance may be not negligible, hence the
propagation velocity of the surge front is in reality less than 2/gH,. As
this work is concerned only with flow within the bunded area, the error
incurred from neglecting the ground resistance on such flow is still accept-
able, as argued by Greenspan and Young (1978). For cryogenic liquid flows,
this assumption is evenmore justified, since a vapour layer formed at the

ground surface will reduce the ground resistance appreciably.
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As pointed out in the Introduction chapter, this study considers CTF as
a collapse of a liquid column under its own weight, i.e. only concerned with
liquid releases from atmospheric tanks. In the case of cryogenic liquid flow,
this implies that the liquid is released at its boiling temperature. Hence,
the model used in this study should not be applied to describe cryogenic
release from pressurized storage tanks, in which the tank pressure would
affect the rate of liquid release and flashing would also contribute to the
liquid evaporation.

For both unconfined and confined flow of cryogenic liquids, the model
accounts for the boiling rate of cryogenic liquid spills on land, which is very
high in the early stages of spills. Besides horizontal velocity U and liquid
height h, the average density p of the liquid-vapour mixture along h is also
considered as a dependent variable.

The model considers that the surge flow of cryogenic liquids contains
vapour, in the form of a two-phase layer. This two-phase layer, which is
the essential aspect of the model, flows parallel to the bulk flow, beneath
the liquid layer. The two-phase layer thickness is zero at r = Ry ( i.e. at
the initial radius of the column ) and increases gradually along the flow.
In the region near the moving front, vapour is released at the free surface
and escapes into the air. The position at which vapour begins to escape
at the free surface is called the vapour-release position ( r,, ). As in the
non-boiling flow case, the moving front is considered to have zero thickness.

Thus the model divides the region of unconfined flow into 3 regions :
¢ the non-boiling region (0 < r < Ry), where no boiling occurs.

e the density-change region (Ry < 7 < r,,), where the two-phase layer

is formed but vapour does not yet reach the free surface.
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e the vapour-release region (r,, < r < ry), where vapour is formed at

the base and simultaneously released at the surface.

The extent of the two-phase layer essentially depends on: the boiling rate,
the horizontal flow velocity, dimension of column ( Hy and R, ), physical
properties of vapour and liquid, and the vapour motion in the flow. As
the shock flow is formed from the surge flow, its region is also divided into:
density-change and vapour-release regions, but the region boundaries and
some details change.

Each region, in unconfined and confined flow, has a set of governing
equations. The governing equations for the density-change region use di-
mensionless parameter Gy ( defined in equation (3.4.6) ). This parameter
is a function of the boiling rate, the physical properties of liquid and the
column dimension ( i.e. Hy and Ry ). The magnitude of the parameter Gy,
which represents the ratio of superficial velocity of vapour and horizontal
flow velocity, indicates the intensity of boiling rate effect upon the flow.
Dimensionless parameter Ky ( for the surge flow ) and Ky ( for the shock
flow ) are used in the governing equations for the vapour-release region.
Both parameters are related to the parameter Gy in equation (3.4.37).
Summary of the theoretical description of the cryogenic liquid shock flow is

given in Section 4.4.5 and its illustration is shown in Figures 4.26 to 4.27.

5.3 Discussion of Results

5.3.1 Non-boiling Liquid Flow

In this work, the accuracy and consistency of the numerical calculation re-
sults was checked by comparing the mass ( volume ) and energy content
of the flow calculated at every time level with the initial ( theoretical )

mass and energy content of the liquid column. This method, which was
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apparently not applied in previous work, is based on mass and energy con-
servation.

In the case of unconfined flow, if the differences between the calculated
and the initial masses and energy contents ( i.e. V.,, and E.,, ) are less
than 1 %, the numerical calculation results are considered to be consistent
with mass and energy conservations, for within the accuracy of the calcu-
lation method, there is no mass loss ( i.e. no evaporation ) and no energy
loss ( frictionless flow ) during the process. In the case of confined flow,
some energy is lost at the shock and overflow takes place if the bund is
low. Checking the accuracy and consistency of the results in confined flow
includes calculation of the total energy loss at the shock and the amount
of the overflowing liquid. For infinitely high bunds, i.e. no overflow, the
calculated energy loss E,,,, at the shock must agree well ( within 1% ac-
curacy ) with the discrepancy between the calculated and initial energy
contents FEg,er, and so must the calculated mass inside the bund with the
initial ( theoretical ) mass. If overflow occurs, the calculated amount of
the overflowing liquid also agrees well with the discrepancy between the
calculated and initial masses.

The results of this work, in unconfined and confined flow, showed the

consistency with mass and energy conservation, where :

o the differences between the calculated and initial masses and energy
contents ( V., and Ee,, ) in unconfined flow are less than 1%, and

hence agree,

o the calculated energy loss E,,,, at the shock agrees very well ( i.e.
within 1% ) with the discrepancy between the calculated and initial

energy contents Eg,.., and

e the calculated amount of the overflowing liquid agrees very well ( i.e.
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within 1% ) with the discrepancy between the calculated and initial

masses.

By the time the shock converges at the axis, the system has lost a con-
siderable amount of its energy. With little energy remaining available, the
subsequent flow ( i.e. reflection of the shock from the axis and sloshing )
is weaker than the surge flow, hence the interaction of sloshing flow with
the bund is less important than that of the surge flow. Based on this
consideration, such sloshing flow is regarded as irrelevant in this study.

Comparison with Trbojevic and Slater’s results ( the MAC method )
showed that the Shallow Water theory can describe the flow resulting from
CTF as well as the MAC method. Furthermore, the solution of SWEs
by the Method of Characteristics is much simpler than the MAC method.
Comparison with Sharifi’s experimental results ( the flow profile in un-
confined flow and the liquid motion at the bund ) showed that the flow
profile given by this theoretical work has the same trend as that obtained
by Sharifi. She observed that the propagation velocity of the surge front is
1.41/gH,, which is different from that predicted by this theoretical study.
This difference has already been discussed in the previous section ( i.e. the
ground surface is assumed to be smooth and frictionless ). The Shallow
Water theory description of the motion of the column collapse only dif-
fers significantly from reality in the early stages of the column collapse,
but agrees well after that, as was shown in the comparison of Martin and
Moyce’s (1952) data with the results of this study.

The amount of overflowing liquid predicted in this work roughly agrees
with the experimental results of Greenspan and Johansson (1981) and of
Sharifi (1987). In this case, Greenspan and Young’s (1978) theoretical

approximation of the overflow rate ( equation (2.2.3) ) needs further ex-
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amination, as it tends to overestimate the amount of overflowing liquid for
very low bunds and to under estimate that for high bunds. Further expe-
rimental results on the overflow are also needed, to re-examine the existing
theoretical and experimental results.

It was shown that Kleyn underestimated the amount of overflow, as also
confirmed by Sharifi. However, Kleyn’s estimate on the maximum liquid
level at the bund is exactly equal to that of this work. Jet projection
distances estimated in this work are higher than those estimated by Kleyn.
There is unfortunately no experimental data on jet projection distance, so

this theoretical estimate cannot be compared with reality.

5.3.2 Cryogenic Liquid Flow

In the case of cryogenic liquid flow, the density of vapour-liquid phase is one
of the important dependent variables to be calculated. From the density
profiles, the two-phase layer thickness can be determined if the vapour
concentration in the two-phase layer is known. In this case, the vapour
concentration in the two-phase layer depends on the vapour motion in the
flow, which is influenced by buoyancy, turbulence and acceleration of the
flow resulting from the collapse of a liquid column. Vapour moves upward
due to buoyancy, where turbulence may slow down the upward motion of
vapour ( i.e. in balance with buoyancy ) and may break up vapour into
bubbles. Unfortunately, no reliable theoretical or experimental work is
available that can be used to determine precisely the vapour motion, and
hence the accurate estimate of the vapour concentration in the two-phase
layer is not yet known.

To give description of the two-phase layer in unconfined flow, the results
presented in Chapter 3 are based on the maximum estimated vapour void

fraction in the two-phase layer ¢, = 0.7. This vapour void fraction cor-
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responds to the minimum ( dimensionless ) density p,,;, = 0.3035, and is
assumed to be constant throughout the two-phase layer and the vapour-
release region in unconfined flow. The results presented in Chapter 4 are
based on the maximum vapour void fraction €, = 0.3, which corresponds
to the minimum ( dimensionless ) density g,,;, = 0.7015.

Of particular interest is the governing momentum equation for the
density-change region, which depends on the vertical position z. Having
investigated the influence of z, as described in Appendix F, it is concluded
that for the case of unconfined flow, cryogenic liquid flow does not apprecia-
bly depend on z. In the case of confined flow, the estimate for the required
bund height depends significantly on the value of z for bund distancer,, < 2,
but less so for r,, > 3. In this case, neglecting the vertical position from the
governing momentum equation gives the highest estimate for the required
bund height. Safety considerations in bund design have to consider the
conservative, worst case, i.e. choose the highest estimate for the required
bund height. Hence, this work has neglected the vertical position z from
the governing momentum equation for the density-change region, both for
unconfined and confined flows, which as a maximum overestimates bund
height requirement by approximately 20% ( see Figure 1 in Appendix F ).

As in the case of non-boiling liquid flow, the accuracy and consistency of
the numerical calculation results were also checked by using mass conserva-
tion. This includes the calculation of the amount of evaporated mass caused
by vapour release at the top surface. Once again, the results are considered
to be consistent with mass conservation if the difference between the mass
discrepancy Mg;s.r ( 1.€. the calculated total mass at any time level less the
initial mass ) and the calculated evaporated mass M,,,, is less than 1%.

For the overflow case, the mass discrepancy My;,., includes the amount of
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the overflowing liquid. The results of this work, both in unconfined and
confined flow cases, showed their consistency with mass conservation.

The results of both unconfined and confined flow of cryogenic liquids
were only compared with those of non-boiling liquid, as no other theoretical
and experimental results are available to date. This comparison can at
least show how far the cryogenic liquids flow behaviour differs from the
non-boiling liquid one.

The values of Gy in the investigation of unconfined flow ranges from
0.005 to 0.5, with the span of dimensionless time t from 0 to 2.5. It is shown
that within the time span of investigation, the flow profile for unconfined
flow of cryogenic liquids with Gy < 0.01 is similar to that for non-boiling
liquid. In this case, the two-phase layer is much thinner than the liquid
layer, hence its effect on the flow profile is insignificant. For Gx = 0.5,
the flow is dominated by the two-phase layer, where the vapour-release
region effectively covers the flow area from the point close to r = Ry to
the front position r;. This is regarded as an extreme condition of cryogenic
liquids release, which is likely to occur from the collapse of a small column of
cryogenic liquids with very high boiling rate. At this condition, the amount
of evaporated mass due to vapour release at the free surface is relatively
high, around 5% at ( dimensionless ) time t = 2.5.

Within the range of Gi values and of time, the dimensionless velocity of the
moving front is around 1.70-1.83; it is higher for small values of Gy, i.e. the
velocity is 1.83 for for Gy = 0.005. It appears that the magnitude of Gy
has little effect on the front velocity. On the other hand, the vapour-release
position r,, strongly depends on the value of Gg. Larger values of Gy
cause r,, to move closer to r = Ry, which indicates that the vapour-release

regime dominates the surge flow.
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Shock flow results ( i.e. in the confined flow case ) indicated that the
shock flow of cryogenic liquids behaves differently from that of non-boiling
liquid. The results showed that the liquid height of the cryogenic liquid
shock flow at infinitely-high bunds is generally higher than that of the non-
boiling liquid shock flow and depends slightly on the value of Gg. This
means that the elementary requirements for complete containment of a
cryogenic liquid release must differ from that of a non-boiling liquid release,
or the bund height for cryogenic liquid storage tanks must be higher than
that for non-boiling liquid.

As expected theoretically, greater bund distance r,, and Gy increases the
importance of the vapour-release regime for both the surge and shock flows,
which in turn increases the amount of mass evaporated. For r,, > 3R, and
Gyg > 0.05, the domination of the vapour-release regime is pronounced and
the amount of evaporated mass is relatively high.

Other aspects of cryogenic liquid shock flow ( the amount of the overflowing
liquid and the jet projection distance ) are also higher than those of the
non-boiling liquid shock flow. The amount of the overflowing liquid and the
Jet projection distance depend on the value of Gy, where higher value of
Gy gives larger amount of the overflowing liquid and larger jet projection
distance.

It is concluded that the cryogenic liquids flow resulting from CTF and its
interaction with the bund cannot generally be estimated by the model used
in non-boiling liquid flow case, although the prediction of this theoretical
study for cryogenic liquids depend on the uncertain values of maximum
vapour concentration in the surge flow and in the shock flow, which are not

yet known and need further investigation.
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5.4 Assessment of the Model

The theoretical description of unconfined and confined flows given by this
application of Shallow Water theory may differ from the realty in some
aspects.

As observed experimentally ( Martin and Moyce, 1952; Sharifi, 1987 ),
for the case of unconfined flow, all parts of the column top move down si-
multaneously since the beginning of the column collapse. According to the
Shallow Water theory, the process of the column collapse starts from outer
element of the column ( 7 = Ry ) and gradually moves towards the column
axis ( r = 0 ). Hence, the column top does not collapse simultaneously.
This different description occurs until the liquid height at the axis, as cal-
culated by Shallow Water theory, begins to collapse at t = (Ro//gHp). As
discussed previously, the Shallow Water theory description of the motion
of the column collapse only differs from experiment in the early stages of
the column collapse, but agrees well after that, as shown in the compari-
son with Martin and Moyce’s (1952) experimental data. Furthermore, the
length of the period over which this different description occurs is relatively
short, compared with the whole time span of interest of this study.

In the early stage of shock formation, i.e. when the shock interface is close
to the bund, vertical motion dominates the shock flow. Shallow Water
theory considers that the shock is formed by horizontal arrangement of
flow elements, and that in the shock, the height of flow elements changes
instantaneously. However, the length of the period at which vertical motion
dominates the shock flow is relatively short compared with the whole period
of the shock motion ( from its formation until it converges at the axis of
the column ). Hence, within the whole time span of interest of this study,

both different descriptions are acceptable.
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In the case of the cryogenic liquid shock flow, the description of the two-

phase layer based on Shallow Water theory, which is illustrated in Figures
4.25 and 4.26, may differ from the reality in some further aspects. In all
confined flow cases, when the shock position is not far from the bund wall,
the incoming liquid from the upstream penetrates the shock interface and
may reach the bund wall, which causes flow reversal ( flow backward )
in the upper part of the shock flow. Due to such circulation flow in the
shock, the vapour carried by the reversed flow in the upper part of the
shock flow may be released throughout the free surface of the shock flow.
As described before, the Shallow Water theory only considers horizontal
velocity, and hence cannot describe such flow reversal in the shock flow.
However, this theoretical study considers that there is a vapour-release
region, where vapour is released at the free surface, although the extent of
the vapour-release region depends on the magnitude of Gi. In this case,
quantitative experimental data both for vapour void fraction and for the
whole phenomenon is apparently needed, to compare with this theoretical
estimate.
The other aspect is that according to this theoretical description, the two-
phase layer thickness rises abruptly at the shock interface. This is likely to
differ from the reality, in which the two-phase layer thickness may change
gradually. In this case, it is difficult to estimate the extent of the region
where gradual change of the two-phase layer thickness takes place. However,
when the shock position is far from the bund, the extent of such a region is
more likely to be small, compared with the whole region of the shock flow,
which this theoretical study is interested in.

In conclusion, the Shallow Water theory used in this study can generally

describe the cryogenic liquid releases from CTF, although further investi-
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gation of the aspect of vapour motion in the surge flow and in the shock

flow is needed.

5.5 Suggestions For Further Work

As mentioned previously, further theoretical and experimental investiga-
tions are still needed, which can precisely describe the nature of the two-
phase, unconfined and confined flow. In the case of theoretical investigation
on cryogenic liquid flow resulting from the CTF, improvement of the the-
oretical description of the flow may be made by considering the following
aspects :

1). The nature of the two-phase, unconfined and confined flow.

The validity of the description given by the model proposed in this study
depends partly on the nature of the two-phase layer in the surge flow and
of the two-phase shock flow. This study only gives general description of
both two-phase flows, where the maximum vapour void fraction is taken to
be equal to 0.7 for the surge flow and 0.3 for the shock flow. The vapour
concentration in both the surge flow and the shock flow will either be better
estimated by considering turbulence, buoyancy and acceleration of the flow,
or by experimentation. This will hopefully give more realistic description
of the cryogenic liquid flow resulting from the CTF.

2). Modelling with two-space variables r and z ( horizontal and
vertical ).

As described before, the Shallow Water theory only considers r as inde-
pendent space variable, where vertical motion is represented by the change
of liquid height, and vertical acceleration is considered to be negligible. Al-
though this model is generally satisfactory for the description of the CTF,

a model based on r and z is expected to give better description, as it would
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account for vertical acceleration. Taking vertical acceleration into account

may address the following problems :

1. The column collapse motion description in the early stage, where the
experimental observation differs from that given by the Shallow Water

theory.

2. The hydrodynamic pressure at the bund and overflow for low bunds
in the early stages of shock formation, where the liquid height rises
rapidly while the shock itself propagates very slowly. In this case,
Shallow Water theory can only estimate the hydrostatic pressure,
which is likely to be less than the hydrodynamic pressure in the early

stages of shock formation.

3. The shock motion againts an inclined bund surface, which cannot be

easily solved by the Shallow Water theory.

4. Circulation motion in the shock flow when it is close the the bund
wall, which determines the nature of the two-phase cryogenic liquid

shock flow.

3). Refined Estimation of Overflow Rate

Although the amount of overflow estimated by equations (2.4.9) and (2.5.6)
agrees roughly with experimental results, the trend of the overflow predic-
tion at extreme bund conditions ( very low and very high ) seems to differ
from experimental result. As pointed out in 2) above, accounting for verti-
cal acceleration may help to solve this problem, and may give more realistic

estimates of the jet projection distance.
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APPENDIX A
NEWTON - RAPHSON METHOD

If there are a set of n equations :

B3 (2 2oy tany®l) =00k, ;

(21,82 n s sZn) = 0

BTy 2a, 5ot @nl) = 0 )
and they are independent of each other, their roots z; to z, can be deter-
mined. If F} to F,, are linear equations, they are easily solved by using any
matrix solution, such as the Gaussian elimination method. For non-linear
equations, such as some equations in this study, they are difficult to solve
directly.

The Newton-Raphson method is one of several methods that can be used
to solve such non-linear equations. This method is based on linearization
of (non-linear) equations. The following gives the principle of the Newton-
Raphson method.

By Taylor expansion, Fi(zi,2Zs,...,2,) = 0 is expanded around point

Plz1p, 80Py 0385 p)
E=Fp + [giA:c1+giAx2+...
+gprba], +0((A2F) =0 (A1)
Az, = zy—21p ,
DN R it e 2
A, = Bp=—Tup

In order to linearize it, equation (A.1) is truncated from the second order

term of RHS. Expansion and truncation of F} to F, results in:
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OF OF;
—I‘Ai'?l =B @A-’Bz ol AL —-lAIUn = —-Fp

6$1 6%2 azn '
OF, OF. OF.
—A s i —2A e —F.
o T, + G Azg+---+ T z 2,P
OF, OF, OF,
A i ceep TP Ag, = —F, A2
(9231 T + ax2 A(Uz + + azn z % ( )
This can be written in a matrix form :

8F, & 8

g? "g—g gz? Az, Fip

] B 5o | | Az2 _| Fop

; : : :

5% g_f: g_ff Az, F.p

or in simpler form :
J(x).Ax = F(x)

Ax = J(x)"LF(x) (A.3)

Equation (A.3) is the principle of Az; calculation, which is also used in
the Newton-Raphson iteration method. In the iteration, Az; is equal to
(z**' — z™), where m is the iteration step number. Equation (A.3) is in
fact equal to :

x™ = x™ — J(x™)"LR(x™) (A.4)

m+1

The iteration is continuously performed until x is essentially equal to

x™, or alternatively F(x) = 0. The following is the procedure of iteration :

1. Toinitialize the iteration (m = 1), take arbitrary values of x™, namely

x! = (21,22,...,2,) .

2. Calculate F; and gfji at point x™.

3. Calculate x™*! by using equation (A.4). If|F(x™*')| < € (very small

m+1

number), point x is regarded as one root of the equations, and

the iteration is stopped.

236



4. If criterion in step 3 is not satisfied, then x™ = x™*! and step 2

onwards is repeated, until the criterion is satisfied.

The partial derivative 3 * sometimes cannot be easily evaluated ana-

8F;
i
lytically. In this case, such a partial derivative is better approximated

numerically, by using :

6E (-Flilz,'-i-8zj ¥ Elzj)
62:_.,' 52)j

where dz; is very small ( relative to z;).
If there are only two equations, such as F(z,y) and G(z,y), equation

(A.3) can be simplified. Rewriting equation (A.2) :

OF OF

il == Ag=—F

e Az + By Ay 0
oG oG

—%Az + a—yAy = -—Go y

9, oF| /[2FaG _orac]
|0z Oy Oy Oz |

[0F 6G  OF 3G
sy=+|ngl -0y | [ |55~ 5 .
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APPENDIX B

NORMALISATION OF TIME REFERENCE

1. Trbojevic and Slater’s Work

In this work ( Trbojevic and Slater, 1989 ), the freeze frames are presented
at time : 1.5,2.,2.5,3. and 4 (seconds). Here, at time just after zero, the
column still stands, and the front edge may not move yet. Yet the SWE’s
theory implies that the front edge suddenly moves with a dimensionless
velocity 2 as soon as the column collapses. Hence, the time references are
different from each other, and comparison cannot be based on absolute zero
time.

Although there is no explicit statement about the time reference and

dimensionless time, they can be approximated by the following way :
e The tank diameter =30 m ( Ry = 15 m ).
e Initial liquid height Hy = 10.5 m — Cp = v/gHp = 10.15 m/s .
¢ Bund diameter = 76.6 m or r,, = 2.55.

e Front velocity (when reaching the bund) = 14.6 m/s . This is assumed

constant along its motion. In dimensionless,U ¢,,n; = 1.44.

o The front arrives at the bund at 2 seconds ( Frame 3 ). This must
be equivalent to dimensionless time t = (r, — 1)/Uy,on:. Hence,

t =(2.55—-1)/1.44 =1.076 , or 2 seconds = 1.08 .

Based on this time reference, other frame times correspond to dimensionless

time t :
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Original time: 1.5 2. 2.5 3. 4.
Equivalent t:  0.80 1.08 1.35 1.61 2.15

In Figure 1.4 ( Chapter 1), t is rounded into the multiplication of t = 0.05.

2. Martin and Moyce’s Work

The copy of their results ( Martin and Moyce, 1952 ) are enclosed in this
Appendix. The following explains some of their notation, with the equiva-

lent notation of this study.

Z = the position of moving front, dimensionless,
H = column crest/top height, dimensionless,
T = dimensionless time,
T = dimensionless time , equal to T'/n,
n? = ratio of initial column height to radius (= Ho/Ry),
@ = initial column width (= Ry).
15—
10—
5_

O'ﬂ'\| | T 1 1 | 1 | | |
4 8

2 6 10
T
Ficure 3. Rectangular sections.
nlz(ey + o X A a
A 1 1 2 2 4
(in.) 2} 4} 1} 2} 13

Note. In the case of n? = 4, Z/2 is plotted against 77/2.

239



TABLE 6. MOTION OF TOP OF COLUMN. RECTANGULAR SECTION, PLANE SYMMETRY

0-11
0-06

7=t{gla)=T}n

nZ=1sa= n?=2, a=2%in. n*=4, a=1}in.
mean mean mean
0 0 0 0 0 0 0 0 0
— — — — 0-56 0-56 0-61 065 0-63
0-85 0-75 0-80 0-76 0-79 0-77 0-87 0-93 0-90
— — — — 0-96 0-93 1-11 117 1-14
1-31 1-28 1-29 1-05 1-11 1-08 1-30 1-30 1-30
= e — — 1-33 1-28 1-43 1-48 1-46
1-74 1-74 1-74 1-44 1-47 1-46 1-61 1-67 1-64
— — — — 1-68 1-66 1-76 1-85 1-81
2-16 2-14 2-15 1-81 1-86 1-84 1-98 1-98 1-98
— — —_ — 2-00 2-00 207 2-19 2-13
2-58 2-55 2-57 2-18 2-23 2-21 2-32 2-32 2-32
— — - — 2-49 2-45 2-50 2-46 2-48
3-08 3-08 3-08 2-65 275 2-70 2-69 2-69 2-69
= — — — 3-08 3-06 2-87 2-87 2-87
4-36 4-17 4-27 341 347 344 3-11 315 3-13
— — — — 4-09 4-20 346 3-37 342
6-09 6-48 6-29 5-20 5-30 525 3-80 4-07 3-94
= — — — 7-40 7-40 574 5-00 5-37
0-16 0-2

Tmotion began at or before 7= 0-2

1-0

al 0-5

Thickness of section 2} in. in all cases.

* 7=0 taken as the time when heater current was applied.

1 As indicated by change in appearance of fluid meniscus in reservoir.

>o X+

Irhl\':»—‘ 3,

a (in.)

2%
2%
13
2

} rectangular section
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Figure 3 shows the relation between the front edge position and time.
Martin and Moyce estimated the front velocity Uy,ons = 1.62 — 1.71 based
on this graph. This figure indicates that the curves do not start at point
(T=0,Z=1), as commonly encountered in the experimental result. To
compare with the SWE’s theory, the front position correlation is normalised
to:

Z —1=Ujronst (B.5)

Here, by extrapolating with a straight-line in Figure 3 into Z = 1 , the

correction for T' can be approximated by inspection.

n? a,nch Ty(approx.)
1 2.25 0.70
2 2.25 1.40
4 1.125 2.80

Their interpretation of the column top motion is presented in Table 6
and Figure 6. To compare with the theory appropriately, this study re-
interpreted Table 6. The time 7 used in this table was converted into t, by

using the relation :

t=nr-Tp (B.6)

as a result from equation (B.1). Table B-1 lists the complete calculation,

which was then plotted into Figure 1.9 ( Chapter 1).

3. Sharifi’s Work

Figures 5.8.1 and 5.8.5 are only two copies of numerous graphs presented
by Sharifi ( 1987 ). Both illustrate the flow profile. Definition of some
dimensionless variables she used are different from those of this study. The

following are some of her definitions :

e Time T =t,/g9/H, ,
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Table B-1: Interpretation of Martin and Moyce’s data

nt=1 n? =2 n:=4
H T t T t T t

094 | - - 1056 -0.6 |0.63 -1.54
0.89 | 0.80 0.10|0.77 -0.31|0.90 -1.

0.83 - - 0.93 -0.08 |1.14 -0.52
0.78 11.29 059 |1.08 0.13 [1.30 -0.2
0.72 - - 1.28 0.40 | 1.46 0.12
067 |1.74 1.04|146 0.66 [1.64 0.48
0.61 - - 1.66 0.95 | 1.81 0.82
0.56 | 2.15 1.45|1.84 1.20 |1.98 1.16
0.50 - - 2.0 1.43 |2.13 1.46
0.44 | 2.57 1.87|2.21 1.73 |2.32 1.84
0.39 - - 245 2.06 | 248 2.16
0.33 | 3.08 2.38 | 2.70 2.42 | 2.69 2.58
0.28 - - 3.06 293 287 2.94
0.22 | 4.27 3.57 (3.44 3.46 | 3.13 3.46
017 - - | 420 4.54 |3.42 4.04
0.11 | 6.29 5.59 | 5.25 6.02 | 3.94 5.08
0.06 - - 740 9.07 | 5.37 7.94

e Distance X (or Z or R ) = (distance z)/H, ,
o The initial height to radius ratio = H/A ,
e D — A = the distance of front position from the initial position.
Sharifi correlated the front position to time in the form of :
D-A=14T-1) (B.7)

This equation implies that the dimensionless front velocity is 1.4 and the
“time-lag” is 1 ( = zero time T ). To compare with the SWE’s theory,

equation (B.3) is converted into :

AT‘f_ATf Ro
gl b e A Y
A’I‘f Ho
— =14(—)(T -1).
R = LT -1)



Here, the corrected dimensionless time t = (%)(T —1). The distance X

( Z and R ) needs to be corrected as well :

H
Xcorrcctcd == XShariﬁ(E?)-

As an example, for H/A = 2, T = 2 is equivalent to t = 2. But for
H/A=1,T = 3 is equivalent to t = 2.

243



H/R=1.0
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FIGURE 5.8.1 pimensionless Height profiles ( Hy vs. X ) for runs measured at 6 =0°.
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o
o —o's" T . R L 30 3.5
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FIGURE 5.8.5 Dimensionless Height profiles ( H, vs. Z) for runs measured at 6 = 90°.

244



APPENDIX C

The contents of this Appendix are :
Tables :

e C-1: Mass error, energy discrepancy and loss for r,, = 2

e C-2: Mass error, energy discrepancy and loss for r,, = 3

e C-3: Mass error, energy discrepancy and loss for r,, = 4
Figures :

e C-1: The shock profiles for r,, = 2

e (C-2: The shock profiles for r,, = 4

e C-3: Hydrostatic pressure at the base P, and total load at the bund
F,forr,=1.5

e C-4: Hydrostatic pressure at the base P, and total load at the bund
F,forr,=3

e C-5: Hydrostatic pressure at the base P, and total load at the bund
F, forr, =4

e C-6: Maximum jet projection distance for Hy/Ry = 0.5
e C-7: Maximum jet projection distance for Hy/Ry = 1.5

e C-8: Maximum jet projection distance for Hy/Ry = 2
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Table C-1: Mass error, energy discrepancy and loss for r,, =2

Lime(t) | "Vereor Eaiss ~ Etoes
0.60 -0.04 -0.34 0.27
0.70 -0.09 -2.22 2.09
0.80 -0.12 -5.26 5.07
0.90 -0.15 -8.89 8.67
1.00 -0.18 -12.82 12.58
1.10 -0.09 -16.70 16.61
1.20 -0.05 -20.63 20.58
1.30 -0.10 -24.52 24.42
1.40 -0.15 -28.24 28.08
1.50 -0.18 -31.76 31.55
1.60 -0.22 -35.08 34.83
1.70 -0.20 -38.16 37.92
1.80 -0.19 -41.04 40.81
1.90 -0.18 -43.73 43.51
2.00 -0.17 -46.23 46.01
2.10 -0.16 -48.54 48.33
2.20 -0.15 -50.65 50.45
2.30 -0.15 -52.58 52.39
2.40 -0.14 -54.32 54.13
2.50 -0.14 -55.87 55.68
2.60 -0.14 -57.22 57.03
2.70 -0.14 -58.39 58.21
2.80 -0.13 -59.41 59.24
2.90 -0.12 -60.30 60.13
3.00 -0.10 -61.08 60.91
3.20 -0.11 -62.38 62.21
3.40 -0.10 -63.39 63.23
3.60 -0.08 -64.19 64.02
3.80 -0.05 -64.81 64.65
4.00 -0.04 -65.29 65.13
4.20 -0.01 -65.67 65.51
4.40 0.00 -65.95 65.79
4.60 0.01 -66.08 65.98
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Table C-2: Mass error, energy discrepancy and loss for r,, = 3

Tlme(t) Verror Ediac-r -Elou
1.10 0.05 0.10 0.11
1.20 0.15 -0.38 0.70
1.30 0.17 -1.63 1.97
1.40 0.17 -3.57 3.90
1.50 0.16 -6.02 6.34
1.60 0.14 -8.91 9.20
1.70 0.11 -12.17 12.43
1.80 0.08 -15.67 15.90
1.90 0.04 -19.32 19.51
2.00 0.00 -23.01 23.16
2.20 -0.14 -30.39 30.42
2.40 -0.10 -37.46 37.50
2.60 -0.14 -44.03 44.05
2.80 -0.16 -49.97 49.97
3.00 -0.13 -55.25 55.26
3.20 -0.13 -59.89 59.91
3.40 -0.17 -63.92 63.91
3.60 -0.17 -67.25 67.25
3.80 -0.07 -69.92 69.97
4.00 -0.11 -72.15 72.18
4.20 -0.10 -73.94 73.98
4.40 -0.10 -75.40 75.44
4.60 -0.10 -76.61 76.65
4.80 -0.09 -77.61 T77.65
5.00 -0.08 -78.45 78.49
5.50 -0.08 -79.99 80.03
6.00 -0.07 -80.99 81.02
6.50 -0.08 -81.66 81.69
7.00 -0.08 -82.11 82.13
7.50 -0.09 -82.40 82.41
8.00 -0.10 -82.59 82.59
8.10 -0.10 -82.61 82.61
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Table C-3: Mass error, energy discrepancy and loss for r,, = 4

Time(t) Vcrror Edi:cr Elou
1.70 0:1718 0:.01/1 0.22
1.80 0.16 -0.59 0.81
1.90 0.14 -1.64 1.83
2.00 0.12 -3.09 3.25
2.10 0.10 -4.90 5.03
2.20 0.09 -7.04 T7.15
2.30 0.06 -9.52 9.60
2.40 0.04 -12.28 12.34
2.50 0.02 -15.25 15.28
2.60 0.00 -18.34 18.36
2.70 -0.03 -21.53 21.53
2.80 -0.07 -24.80 24.76
2.90 -0.12 -28.10 28.02
3.00 -0.17 -31.39 31.28
3.20 -0.30 -37.85 37.65
3.40 -0.35 -43.96 43.74
3.60 -0.34 -49.68 49.46
3.80 -0.35 -54.95 54.73
4.00 -0.35 -59.72 59.50
4.20 -0.36 -63.96 63.74
4.40 -0.37 -67.67 67.44
4.60 -0.36 -70.83 70.61
4.80 -0.36 -73.50 173.28
5.00 -0.35 -75.75 75.54
5.50 -0.35 -79.94 79.73
6.00 -0.35 -82.73 82.52
6.50 -0.45 -84.65 84.42
7.00 -0.44 -85.98 85.75
7.50 -0.44 -86.93 86.69
8.00 -0.44 -87.60 87.36
8.50 -0.45 -88.10 87.86
9.00 -0.47 -88.48 88.22
9.50 -0.49 -88.75 88.50
10.00 | -0.50 -88.97 88.70
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APPENDIX D

D.1 Boiling Rate of Cryogenic Liquid Spills
on Land/Soil

This study is concerned only with the early stages of a cryogenic liquid
spill, that is from the start of the collapse of the liquid column until the
convergence of the shock at the axis. The dimensionless time length of this
period is around 10 or less. For a bund distance of r,, = 4, the shock of
non-boiling liquid reaches ( and converges at ) the axis at t = 11.5. For a
storage tank with a diameter of 20 m and a height of 10 m, this period is
equal to 11.5 seconds. A

It was initially assumed that the ground ( soil ) was impervious. For
cryogenics liquid with a very low boiling point ( Ty << Tumbient ), the liquid
boils on the soil in film boiling mode. Regarding the ground surface as flat
and horizontal, the film boiling coefficient can be calculated by using the
Berenson correlation ( 1961 ) for film boiling over a horizontal surface( in

pool boiling ):

k3R 0.25
hy = 0.425 | —> faPv9(P1 — pv)

uo(AT) /o /g(pr — o)
with k, = thermal conductivity of vapour layer,

p1,p» = density of liquid and vapour, respectively,
hs, = latent heat of vaporization,
i, = vapour viscosity,

o = surface tension.

Based on this equation, the film boiling coeffient h;, for liquid methane

is 0.14 kW/m?°C. If the ground surface temperature is assumed to be
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constant along the early stage of spill ( the early period ), the heat flux
from the ground will be around 26 kW /m?, or the boiling rate of methane
on soil is around 0.05 kg/m?s. This estimate is much lower than the actual
boiling rate of methane evaluated experimentally. Research on LNG spills
on land ( Drake et al. ,1974; Drake and Reid, 1975; Reid and Wang, 1978 )
has shown that the boiling rate of LNG at the early stage of spill is in the
order of 1 kg/m?s. Hence, using simple film boiling theory is not satisfactory

to approximate the boiling rate of cryogenic liquid spills on land.

D.1.1 The Nature of Cryogenic Liquid Boiling on Soil

Numerous experiments on crygenic liquid spills on land have been carried
out. Most of them are concerned with LNG spills ( Drake et al. ,1974;
Drake and Reid, 1975; Reid and Wang, 1978 ). It is observed that the
spills proceed with vigorous boiling and a high boiling rate at the early pe-
riod, after which the boiling rate gradually decreases. The initial period at
which vigorous boiling occurs lasts from 10 seconds to one minute. Reseach-
ers agree that the high boiling rate at this initial period is caused by soil
cracking and percolation, which is observed in the experiments. The soil
cracking and percolation enhance the contact area between soil and cryo-
genic liquid. Furthermore, Drake and Reid have shown that their sample of
compacted soil, used to investigate and measure the boiling rate of LNG,
was riddled with small holes at the end of observation. Liquid apparently
percolates/penetrates the soil to a depth of 1.2-1.8 cm.

All researchers have modelled the heat transfer from the ground as an
unsteady quasi one-dimensional heat conduction, with the ground regarded
as a semi infinite solid. The basic equation is :

T _ 10T

57 = a ol L
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with z being the depth of soil ( from the ground surface ). They generally
considered that the ground surface temperature changes rapidly to become
equal to the crygenic liquid boiling temperature, as the spill occurs. By

using this model, the heat flux from the ground surface is given by :

ke,\* AT
o (&) (.2)

T t0'5

or the boiling rate can be expressed by using :

m= 2 = 0% (D.3)
h.fg

phey ) * AT
™ hfg
Drake et al. considered the effects of film boiling and ice formation

with F = (

( from the moisture in the soil ). Drake and Reid evaluated the constant
F in equation (D.3) from the experimental results. They showed that the
value of F' determined experimentally is two to three times that calcu-
lated from the data of soil from reference ( Carslaw and Jaeger, 1959 ).
Researchers pointed out that the moisture content increases the effective
thermal conductivity of soil, and the heat released by the freezing process
may also contribute to the high value of F'. Briefly, F' depends on the na-
ture of soil. For engineering purposes, Reid and Wang have suggested that
F is about 0.4 - 0.6 kg/m?s%®.

The boiling rate prediction from equation (D.3) implicitly ignored the
early stage of spill ( i.e. vigorous boiling ), because this period is short
compared with the whole time of span of interest of the investigation, which
is of the order of several minutes. If equation (D.3) is used to estimate the
boiling rate m at ¢t = 0, m is infinite. On the other hand, at time ¢ = 10
seconds, with F' = 0.5 kg/m?s%%, m is 0.16 kg/m?s. Shaw and Briscoe
( 1978 ) predict the LNG boiling rate at 1 second after spill to be 0.7

kg/m?s.
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D.1.2 Boiling in a Porous Bed

Many researchers have been investigating the phenomenon of boiling in a
porous bed/layer. Here, Dhir and Catton’s work (1982) is considered to be
most relevant to this study. Their experiment aims to simulate cooling of
a bed of fuel debris resulting from a nuclear reactor accident. Because the
debris generates heat, it must be cooled.

Dhir and Catton investigated the effects of particle size and the depth of a
bed ( shallow and deep ). In their experiment, heat is generated in a bed
of metal particles by using a inductive microwave generator. Boiling occurs
in the bed, where liquid flows down through the capillary conduites of
the porous bed and the vapour produced flows up countercurrently. Dhir
and Catton suggested that this countercurrent flow through the porous
bed controls the boiling rate, rather than heat transfer. When the vapour
production is high enough, liquid cannot reach the lower part of the bed.
This condition is defined as dryout, which is analogous to a maximum
critical condition in pool boiling. Dhir and Catton observed that in dryout
condition, the vapour produced in a small particle bed ( particle diameter
d, < 1 mm ) flows through channels. These channels are free from particles.
Furthermore, the particles in the top layer fluidize. In a deep bed ( bed
depth/particle diameter ratio much greater than 10 ), the vapour channels
extend only part-way towards the bottom of the bed, while in a shallow
bed, the channels are well formed throughout the depth of the bed. This
is illustrated in Figure D-1. Dhir and Catton gave a correlation for the

dryout heat flux in a deep bed of small particles:

Lo _ 0, KAPTOM (D.4)
qc

with g4, = dryout heat flux ( per cross sectional area ),

g. = Zuber’s correlation for critical heat flux in boiling,
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VAPOR OUTFLOW

4~ COOLANT
INFLOW

Figure D-1: Boiling phenomenon in a small particle bed ( Dhir and Catton,
1982 )

C; = dimensionless constant ( determined experimentally ),

equal to 7.5 x 1074,
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e = 2
3 (1—¢€) .
 (o/lg(pr — p))>°
AL 0.25
n pito? '
i {m‘*g(pz — pv)"‘}

where d, is the average particle diameter and € is the void fraction of the

porous bed. The Zuber critical heat flux g. is given by ( Zuber, 1958 ):

™
g = ﬂ\/P_uhfg[dg(Pz —p,)]%%

Based on the Dhir and Catton’s description, boiling of cryogenic liquid
spills on soil is considered as a boiling phenomenon in a deep bed of small
particles, where the soil bed is a source of heat, and cryogenic liquid pene-
trates into the soil ( percolation ). As described earlier, the soil is riddled
with small holes, which proves that the vapour produced forms channels in
the soil bed, and the boiling rate is high in the early stages of a spill. All
these aspects confirm that dryout occurs in the early stages of cryogenic
liquid spills on soil.

For LNG ( represented by methane ), with a soil particle diameter d,
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of 1 mm and void fraction € of 0.47, the dryout heat flux calculated from
equation (D.4) is 277 kW /m?, which corresponds to a boiling rate of 0.54
kg/m?s. This is close to the boiling rate in the early stages of LNG spills
of the experiment described previously ( Drake and Reid, Reid and Wang,
Shaw and Briscoe ). Checking the heat available in the top soil layer also
supports this prediction. As observed in the experiment, the top soil layer
thickness ( the depth of liquid penetration ) is about 0.5 inch ( 1.25 c¢cm ).
The bulk density and heat capacity of the soil are 2500 kg/m® and 0.836
kJ /kg°C, respectively. If the soil layer is to be cooled until its temperature

equals to the LNG boiling temperature ( -161°C ), the available heat is :

Q = (0.0125m®/m?)(2500kg/m?)(0.836 kJ /kg°C)(161 + 25)°C
= 4859 kJ/m?

This amount of heat is enough to supply heat of boiling in dryout condition
along the early period of spill ( around 10 seconds ). Furthermore, as the
temperature of the top soil layer approaches the LNG temperature, heat
will be supplied by soil beneath the top layer.

In conclusion, this study employs Dhir and Catton’s dryout correlation
( equation (D.4) ) to estimate the boiling rate at the early stages of cryo-
genic liquid spills on land. This also implies that the boiling rate is constant
during this phase, as is justified, since the available heat is enough to sup-
ply the heat of boiling in dryout condition. The other liquified energy gas
which is commonly stored in a large atmospheric tank is LPG. In general,
propane is the main component. With its boiling temperature of —42°C,
the available heat in the top soil layer is 1750 kJ /m?. The dryout heat flux
Q4o is 230 kW /m?, corresponding to a boiling rate of 0.54 kg/m?s. Although
this rate is lower than that of LNG, it still can be assumed that the boiling
rate is constant along the early period of spill, especially since the heat is

also supplied from the deep part of the soil.
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D.2 Stratified Flow Model

Derivation of the governing equations for the stratified flow model is equiv-
alent to those for non-boiling liquid flow described in Chapter 1. Equations
of continuity and of motion are applied to each phase/layer. Essential sym-

bols used in the stratified flow model are shown in Figure D-2.

G

j4] hz = Uz liquid
Pv hv —_— U-u vapour

Figure D-2: The stratified flow model

Upper-layer: liquid.
The equation of continuity is integrated along the height of liquid layer

h; :
187‘U+@ S
r Or Ozuat’
T Bithe
/1 }—m—Udz+/l dv = 0
A, r Or hy
h; OrU,
_T.i arl+vlhl+hv_v|hv = 0

For this preliminary investigation, the vaporization at the top surface ( i.e.

liquid-air ) is neglected. As described in Chapter 1, the boundary condition
Dh,

at the top surface is v|n,4n, = D As there is a vaporization at the liquid-
vapour interface, the boundary condition at this interface is v|p, = o
!

where m is the rate of mass vaporization ( per unit area ). The above
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equation becomes :

Dh
Dt

6Uz thz_ m
B G (D.5)

Ny 9

Derivation from equations of motion is given by :

e z component :
Dv _ 9p
# Dt 08z Pig
Vertical acceleration is neglected ( 2 << |g| ). Integration along z
results in :

p—po=—pig(z — (i +hy)) ,

and the r derivative is then given by :

op _ [0k O,
ar " ar " or
e 7 component :
DU, __dp
Di T Tor

0 g
Substitution of B_p from the above equation results in :
T

(D.6)

%_‘_ %_{_ah" =0
Dt or or|

Equations (D.5) and (D.6) are the governing equations of upper-layer.
Lower-layer: vapour.

The method of derivation is the same as that for upper-layer. The
governing equations of lower-layer or vapour layer are given by :

Dh, al; . U, m

= 4 D.7

Dt ol a0 +p,, (B:F)
DU, pi1 Oh;  Oh,

[P L i3 D.8

Dt g {pv or or ] 0 (D-8)

These two sets of governing equations ( equations (D.5) to (D.8) ) are

solved by using the Method of Characteristics ( see Abbott, 1966 ). By
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substitution of C; = 1/gh; and C, = /gh, into the governing equations,

four slopes of characteristic lines are given by :

T 2—02 an 2—02 _Porcr=0
l dt l v dt v pvl L)

The solution of this equation depends on ff. Because £ is clearly greater
than 1, some slopes of the characteristic lines are imaginair ( see Abbott
and Torbe, 1963 ). This means that the governing equations, which are
of hyperbolic partial differential equations, are unsolvable. Such imaginair
characteristic lines is typical of the behaviour of an elliptic partial differ-
ential equation, where a discontinuity at the initial/boundary condition is
not propagated.

The governing equations can be solved, if the vapour-layer thickness is
much smaller than the liquid-layer height ( h, << h; ). Equations (D.5) to
(D.8) are then modified into :

e Upper-layer (liquid) :
Dh; ou, mU, m

= —— D.
Dt +h13r+ P pi (2
DU, Ohy
ﬁ—+g§ = 0 (D.10)

o Lower-layer (vapour) :

Dh oUu, h,U. m
v v v v P hidod] D'11
Dt Ry or i r +p,, ( )
DU, p1 Ohy
i QTSP U D.
Dt ‘qpu or 0 (riz)

It is clear that equations (D.9) and (D.10) can be solved independently
from equations (D.11) and (D.12). For a preliminary investigation, equa-
tions (D.9) to (D.12) are solved to describe the nature of the flow of liquid
methane resulting from a CTF. The radii of of the tanks or columns to be

investigated are 10 m and 10 cm, with the initial liquid height equal to the
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column radius. The rate of methane vaporization is taken to be constant,
m = 0.5kg/m’s. An example of the results is shown in Table D-1 and
Figure D-3. The results show that the velocity of both liquid and vapour
layers as well as the height of liquid-layer are not effectively influenced by
the size of the column, as represented in Figure D-3 and Table D-1. On the
other hand, the vapour-layer thickness depends on the size of the column,

as shown in Table D-1.
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Figure D-3: Velocity of liquid and vapour layers at several dimensionless
times
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Table D-1: The thickness of liquid and vapour layers

For Ho= Ry =10 m

Time Position ( r )

(¢) | 10 131 12 1.3 . 1.4 15
Liquid-layer ( h; )

0.20 | 0.4185 0.2285 0.0982 0.0230

0.30 | 0.4067 0.2727 0.1668 0.0887 0.0370 0.0080

0.40 | 0.3939 0.2914 0.2057 0.1358 0.0816 0.0428

0.50 | 0.3812 0.2983 0.2272 0.1668 0.1164 0.0759

0.60 | 0.3685 0.2995 0.2390 0.1864 0.1411 0.1027

0.70 | 0.3557 0.2972 0.2450 0.1988 0.1581 0.1228
Vapour-layer ( h, )

0.20 0.0 0.0005 0.0008 0.0010

0.30 0.0 0.0005 0.0009 0.0011 0.0014 0.0016

0.40 0.0 0.0006 0.0010 0.0013 0.0015 0.0018

0.50 0.0 0.0007 0.0011 0.0014 0.0017 0.0019

0.60 0.0 0.0007 0.0012 0.0015 0.0018 0.0021

0.70 0.0 0.0008 0.0013 0.0016 0.0020 0.0022

For Hy = Ry = 10 cm

Time Position ( r )

(¢)| 1.0 11 1.2 1.3 14 15
Liquid-layer ( h; )

0.20 | 0.4186 0.2285 0.0980 0.0213

0.30 | 0.4067 0.2727 0.1666 0.0887 0.0366 0.0061

0.40 | 0.3939 0.2913 0.2056 0.1356 0.0816 0.0428

0.50 | 0.3812 0.2982 0.2270 - 0.1666 0.1161 0.0756

0.60 | 0.3685 0.2994 0.2388 0.1861 0.1409 0.1024

0.70 | 0.3557 0.2970 0.2448 0.1985 0.1578 0.1224
Vapour-layer ( h, )

0.20 0.0 0.0046 0.0075 0.0100

0.30 0.0 0.0054 0.0087 0.0113 0.0137 0.0171

0.40 0.0 0.0061 0.0098 0.0127 0.0152 0.0175

0.50 0.0 0.0067 0.0108 0.0139 0.0167 0.0192

0.60 0.0 0.0073 0.0117 0.0152 0.0181 0.0208

0.70 0.0 0.0078 0.0126 0.0163 0.0195 0.0223
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D.3 Additional Results

The description of flow resulting from CTF of LNG container with a height
of 0.1 m, 1 m and 10 m are presented in this appendix. For (Ho/Ro) = 1,.
these correspond to the values of Gy of 0.3, 0.096 and 0.03, respectively.
Although the results presented in Chapter 3 is based on the vapour void
fraction €, = 0.7 ( in the two-phase layer ), other values of vapour void
fraction ( 0.5 and 0.7 ) are also used in the calculation, which are presented
in this Appendix. This results may be usefull for the next investigation or

future work.
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Vapour void fraction = 0.5
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Figure D.5: Flow profile for Hy = Ry = 10 cm.
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APPENDIX E

This appendix contains:

Tables :

e E-1: Mass discrepancy and mass evaporated for r,, = 1.5 and infinitely-

high bund

e E-2: Mass discrepancy and mass evaporated for r,, = 3 and infinitely-

high bund

e E-3: Mass discrepancy and mass evaporated for r,, = 4 and infinitely-

high bund
e E-4: Total amount of overflow for r,, = 4, Gx = 0.05 and hy; = 0.0625
Figures :

e E-1: The shock profiles for r,, = 1.5 and Gy = 0.01
e E-2: The shock profiles for r,, = 1.5 and Gy = 0.05
e E-3: The shock profiles for r, = 1.5 and Gx = 0.10
e E-4: The shock profiles for r,, = 3 and Gy = 0.01

e E-5: The shock profiles for r, = 3 and Gx = 0.05

e E-6: The shock profiles for r, = 3 and Gy = 0.10

e E-7: The shock profiles for r, =4 and Gyx = 0.01

e E-8: The shock profiles for r,, = 4 and Gy = 0.05

e E-9: The shock profiles for r, =4 and Gy = 0.10
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Table E-1: Mass discrepancy and mass evaporated for r,, = 1.5 and in-
finitely-high bund

Time Gx =0.01 Gy =0.05 Gy =0.10

( t) Mdiscr Mcvap Mdiscr Mcvap Mdiscr Mevap
0.30 |-0.117 0.0003 | -0.023 0.0010 | 0.028 0.0037
0.40 |-0.223 0.0003 | -0.034 0.0010 | -0.040 0.0037
0.50 |-0.313 0.0003 | -0.032 0.0010 | -0.209 0.0038
0.60 | -0.369 0.0003 | 0.025 0.0010 | -0.401 0.0038
0.70 | -0.447 0.0003 | 0.081 0.0010 | -0.617 0.0038
0.80 | -0.551 0.0003 | -0.455 0.0010 | 0.262 0.0038
0.90 |-0.721 0.0003 | -0.331 0.0010 | -0.085 0.0038
1.00 |-0.695 0.0003 | -0.145 0.0010 | -0.479 0.0039
1.10 | -0.576 0.0003 | -0.329 0.0010 | -0.056 0.0039
1.20 | -0.564 0.0003 | -0.075 0.0011 | -0.488 0.0039
1.30 |-0.497 0.0003 | 0.117 0.0011 | -0.817 0.0039
1.40 | -0.524 0.0003 | -0.058 0.0011 | -0.465 0.0040
1.50 | -0.489 0.0003 | 0.068 0.0011 | -0.671 0.0040
1.60 | -0.522 0.0003 | -0.056 0.0011 | -0.447 0.0041
1.70 | -0.498 0.0003 | 0.015 0.0011 | -0.542 0.0041
1.80 | -0.495 0.0003 | 0.011 0.0011 | -0.548 0.0041
1.90 | -0.482 0.0003 | 0.058 0.0011 | -0.630 0.0042
2.00 | -0.465 0.0003 | 0.089 0.0011 | -0.695 0.0043
2.10 | -0.457 0.0003 | 0.091 0.0011 | -0.674 0.0045
2.20 | -0.448 0.0003 | 0.082 0.0011 | -0.649 0.0047
2.30 | -0.437 0.0003 | 0.126 0.0011 | -0.704 0.0057
2.40 |-0.433 0.0003 | 0.106 0.0011 | -0.633 0.0073
2.50 | -0.430 0.0003 | 0.083 0.0011 | -0.662 0.0089
2.60 | -0.435 0.0003 | -0.031 0.0011 | -0.457 0.0110
2.70 | -0.439 0.0003 | -0.113 0.0011 | -0.163 0.0140
2.80 | -0.449 0.0003 | -0.209 0.0011 | -0.759 0.0180
2.90 | -0.453 0.0003 | -0.277 0.0012 | -0.932 0.0243
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Table E-2: Mass discrepancy and mass evaporated for r, = 3 and in-
finitely-high bund

Time Gk = 0.01 Gk = 0.05 Gk =.0.10

( t) Mdiscr Mevap Mdiacr Mcvap Mdiacr Meuap
1.30 | -0.151 0.0022 | -0.042 0.0256 | -0.068 0.076
1.50 |-0.108 0.0023 | -0.080 0.0275 | -0.132 0.093
1.70 |-0.143 0.0023 | -0.115 0.0285 | -0.122 0.104
1.90 |-0.224 0.0023 | -0.148 0.0301 | -0.166 0.109
2.10 | -0.335 0.0023 | -0.166 0.0325 | -0.159 0.113
2.30 |-0.482 0.0023 | -0.108 0.0359 | -0.119 0.120
2.50 | -0.447 0.0023 | -0.092 0.0403 | -0.105 0.129
2.70 | -0.363 0.0023 | -0.108 0.0460 | 0.087 0.141
2.90 |-0.359 0.0023 | -0.157 0.0529 | -0.195 0.154
3.10 | -0.257 0.0023 | -0.066 0.0611 | 0.022 0.171
3.30 | -0.287 0.0023 | -0.250 0.0709 | -0.309 0.191
3.50 |-0.131 0.0024 | 0.078 0.0823 | -0.110 0.214
3.70 |-0.133 0.0024 | -0.058 0.0954 | -0.122 0.259
3.90 | -0.140 0.0024 | -0.365 0.1100 | -0.224 0.323
4.10 | -0.145 0.0024 | -0.296 0.1270 | -0.105 0.392
4.30 | -0.137 0.0024 | -0.252 0.1460 | 0.000 0.465
4.50 |-0.179 0.0024 | -0.218 0.1670 | -0.076 0.539
4.70 |-0.193 0.0026 | -0.171 0.1960 | -0.135 0.614
4.90 |-0.141 0.0029 | -0.158 0.2290 | -0.151 0.690
5.10 | -0.100 0.0032 | -0.174 0.2640 | -0.087 0.765
5.30 | -0.072 0.0038 | -0.219 0.3000 | 0.029 0.841
5.50 | 0.003 0.0046 | -0.275 0.3370 | -0.358 0.917
5.70 | 0.085 0.0057 | -0.163 0.3730 | -0.203 0.993
5.90 |-0.257 0.0074 | 0.053 0.4110 | -0.201 1.070
6.10 |-0.058 0.0147 | -0.043 0.4490 | -0.328 1.150
6.30 | 0.158 0.0219 | -0.231 0.4870 | -0.784 1.230
6.50 | -0.137 0.0284 | -0.173 0.5270 | -0.982 1.310
6.70 | -0.051 0.0355 | -0.055 0.5710 | -0.834 1.400
6.90 | 0.002 0.0435 | -0.111 0.6160 | -0.877 1.490
7.10 |-0.030 0.0494 | -0.061 0.6610 | -0.888 1.580
7.30 | -0.057 0.0579 | -0.111 0.7060 | -0.919 1.660
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Table E-3: Mass discrepancy and mass evaporated for r,, = 4 and in-
finitely-high bund

Time G =0.01 Gx = 0.05 Gg =0.10

( t) Mdiacr Mcuap Mdiacr Mcvap Mdiacr Mcvap
1.90 | -0.087 0.0084 | 0.043 0.099 |-0.052 0.273
2.30 |-0.202 0.0087 | -0.114 0.134 | -0.464 0.408
2.70 | -0.514 0.0094 | -0.520 0.151 | -0.927 0.535
3.10 |-0.472 0.0108 | -0.437 0.159 | -1.060 0.666
3.50 |-0.497 0.0267 | -0.669 0.170 | -1.652 0.827
3.90 | -0.139 0.0587 | -0.454 0.187 | -1.796 1.080
4.30 | 0.066 0.0694 | -0.472 0.213 | -1.991 1.360
4.70 | 0.078 0.0754 | -0.669 0.320 | -2.192 1.650
4.90 | 0.159 0.0789 | -0.659 0.388 | -2.235 1.790
5.10 | -0.116 0.0829 | -0.760 0.458 | -2.314 1.940
5.50 |-0.166 0.0922 | -0.822 0.601 | -2.298 2.230
5.90 | -0.198 0.1030 | -0.905 0.745 | -2.491 2.520
6.10 | -0.193 0.1100 | -0.963 0.818 | -2.738 2.670
6.30 |-0.177 0.1170 | -1.003 0.891 | -3.025 2.820
6.50 |-0.273 0.1240 | -1.033 0.964 | -3.310 2.970
6.70 | -0.265 0.1320 | -0.922 1.040 | -3.436 3.120
6.90 | -0.253 0.1400 | -0.938 1.110 | -3.666 3.260
7.10 | -0.237 0.1490 | -0.962 1.180 | -3.883 3.410
7.30 | -0.220 0.1580 | -1.007 1.260 | -4.083 3.560
7.50 | -0.191 0.1680 | -1.109 1.330 |-4.262 3.710
7.70 | -0.169 0.1800 | -1.236 1.400 | -4.458 3.860
7.90 |-0.152 0.1930 | -1.380 1.480 | -4.683 4.010
8.10 | -0.137 0.2070 | -1.522 1.550 | -4.890 4.150
8.30 | -0.126 0.2200 | -1.640 1.630 | -5.076 4.300
8.50 | -0.121 0.2340 | -1.746 1.700 | -5.249 4.450
8.70 | -0.120 0.2480 | -1.871 1.770 | -5.411 4.600
8.90 | -0.127 0.2620 | -1.996 1.850 | -5.565 4.750
9.10 | -0.139 0.2770 | -2.092 1.920 | -5.715 4.890
9.30 | -0.157 0.2910 | -2.163 2.000 | -6.035 5.040
9.50 | -0.181 0.3050 | -2.216 2.070 |-6.145 5.190
9.70 | -0.217 0.3200 | -2.265 2.140 | -6.255 5.340
9.90 | 0.008 0.3340 | -2.510 2.220 | -6.335 5.490
10.10 | -0.043 0.3490 | -2.472 2.290 | -6.599 5.600
10.30 | -0.068 0.3640 | -2.609 2.330 | -6.702 5.610
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Table E-4: Total amount of overflow for r,, = 4, Gx = 0.05 and hy; = 0.0625

Time Mdiacr Movl Mcvap
3.30 | -27.61 | 27.56 0.155
3.40 |-30.30 | 30.27 0.155
3.50 |-32.99 | 32.97 0.155
3.60 |-35.66 | 35.65 0.155
3.70 |-38.33 | 38.29 0.155
3.80 | -40.92 | 40.83 0.155
3.90 |-43.44 | 43.33 0.156
4.00 | -45.93 | 45.79 0.158
4.10 | -48.33 | 48.16 0.162
4.20 | -50.65 | 50.44 0.168
4.30 | -52.88 | 52.62 0.177
4.40 | -55.09 | 54.69 0.194
4.50 | -57.12 | 56.65 0.220
4.60 |-59.03 | 58.50 0.251
4.70 | -60.81 | 60.25 0.284
4.80 | -62.48 | 61.89 0.318
4.90 | -64.06 | 63.43 0.352
5.00 | -65.54 | 64.88 0.387
5.10 | -66.93 | 66.24 0.422
5.20 | -68.24 | 67.52 0.457
5.30 |-69.47 | 68.72 0.493
5.40 | -70.64 | 69.85 0.529
5.50 [-71.74|70.92 0.565
5.60 |-72.78 | 71.93 0.601
5.70 | -73.76 | 72.88 0.636
5.80 | -74.68 | 73.78 0.672
5.90 | -75.58 | 74.63 0.709
6.00 |-76.42 | 75.44 0.745
6.20 | -77.95 | 76.93 0.818
6.40 | -79.33 | 78.28 0.891
6.50 | -79.96 | 78.91 0.928
6.60 | -80.56 | 79.51 0.964
6.80 | -81.68 | 80.62 1.037
7.00 | -82.71 | 81.64 1.110
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APPENDIX F

The Effect of Vertical Position in Density-change
Region on Unconfined and Confined Flows

Although Shallow Water theory essentially only considers horizontal
motion, the corresponding density change in cryogenic liquid flow still in-
troduces a vertical position 2. Integration of -giz) = —pg along z to h results
in:

p—pn=pg(h—2)

which is also given by equation (3.3.13). The horizontal momentum equa-

tion p%[:; = —-g—g then becomes:
DU  0Oph Op
Dt = T or +gz¢9r (1)

Equation (1) shows that the horizontal acceleration2Z still depends on z.
As the current work is based on Shallow Water theory, which only considers
a horizontal motion, the value of z has to be somewhere between z = 0 and
2=l

As %0—:1- and —g—ﬁ are negative, the acceleration %ttl will decrease when

z increases. To investigate the influence of z, two values of z are chosen:

z=0and z = 3h (i.e. average height ). For z = 0, equation (1) becomes:

DU Oph
R @)
and for z = %h, it becomes:
DU_ ook, 1,0 %

3t—=—g or -2_g or
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The governing equations for the density-change region are:

Dh  phorU Dp

A A i 4

th+r or +th s &)
1.Dp Kb
oot AN ) 5
p Dt h (5)

together with equation (2) or (3). The dimensionless forms of the governing

equations are:

2DC+CBU=_UC__(_3_2§

Dt Or r o Dt
1Do Gk
oDt  C?
with

2=0 DU ,.9C_ Co
o Dt or  p Or
gt eI O il
e Dt or  2p0r

Both cases ( z =0 and z = 1k ) are solved numerically for unconfined and

confined flows ( with bunds of unlimited height ).

Unconfined Flow Case

In Table-I, results are given for Gx=0.01 and 0.10. Although acceleration
for z = 0 is essentially greater than that for z = %h, the results for z = 0
do not differ much from those for z = 1h, as shown for both cases; the
differences between the vapour-release position r,, and the front position
ry are less than 2%. Note also that for both cases, the mass discrepancy
( i.e. total mass calculated — total initial mass ) is less than 1%, which
means that both results are essentially consistent with mass conservation.

From this it may be concluded that the predictions of the model for
unconfined cryogenic liquid flow, which is based on Shallow Water theory,
do not significantly depend on vertical position z, and therefore g@- can

or

be omitted from equation (1).
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Confined Flow Case with Bunds of Unlimited
Height

The most important result for bunds of unlimited height is the value of the
maximum liquid height h,, .., at the bund, as for a given bund distance
Iy, this gives an indication of the bund height required to prevent overspill.
The results calculated for z = 0 and z = 1h are illustrated in Figure 1.
Unlike the case of unconfined flow, this one shows a dependency on the
value of z. Figure 1 shows that values of hy 4, for 2 = 0 are higher than
for z = 1h. As already described, the acceleration for z = 0 is higher
than that for z = 1h, consequently hy, ., for z = 0 is higher as well.
However, Figure 1 also shows that, as maybe expected when the bund
is relatively far removed from the original tank position, the difference
between h,, ., values for both cases is relatively small. For r,, > 3, the
front region of unconfined flow is dominated by the vapour-release regime.
Hence, when the shock height at the bund reaches its maximum, the shock
flow is effectively dominated by the vapour-release regime, which governing
equation is the same for both cases. The difference is only pronounced for
r, < 2. In this case, the vapour-release region at the bund is so narrow that
the density-change region dominates the shock flow. Hence, the value of z
still affects hy, mq. for r,, < 2, which is caused by a relatively high density

gradient 2 near the bund when the shock height reaches its maximum

or
(ie Hymds®

The conservative and safest approach is always to consider the worst
case, i.e. to consider the highest estimate for the required bund height.
Hence, although hy, ;.. values depend on the value of z, in view of safety
and bund design considerations, this work only considers z = 0, which gives

highest hy mq, values.
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Table -I: Results for z = 0 and z = 1A in equation (1)
Vapour-release position r,,

2=10 Z=1.h
Time | Gx =0.01 Gy =0.10 | G, =0.01 Gk =0.10
0.20 1.302 1.305 1.302 1.305
0.40 1.707 1.737 1.707 1.723
0.60 1.960 1.915 1.950 1.908
0.80 2.424 2.148 2.397 2.131
1.00 2.734 2.351 2.722 2.333
1.10 2.881 2.443 2.865 2.424
1.20 3.032 2.529 3.022 2.511
1.30 3.191 2.611 3.167 2.596
1.40 3.321 2.694 3.309 2.671
1.50 3.462 2.762 3.443 2.727
1.60 3.605 2.817 3.589 2.795
1.70 3.734 2.886 3.718 2.846
1.80 3.873 2.925 3.851 2.896
1.90 4.004 2.983 3.988 2.932
2.00 4.123 3.007 4111 2.980
Front position ry
z=10 z=12h
Time | Gy =0.01 Gx =0.10 | Gk =0.01 Gy =0.10
0.20 1.394 1.382 1.394 1.382
0.40 1.772 1.737 1771 1.737
0.60 2.141 2.085 2.140 2.081
0.80 2.505 2.430 2.502 2.421
1.00 2.866 2.775 2.861 2.760
1.10 3.045 2.947 3.039 2.930
1.20 3:223 3.121 3.217 3.100
1.30 3.401 3.294 3.393 3.269
1.40 3.579 3.467 3.569 3.439
1.50 3.756 3.641 3.745 3.607
1.60 3.933 3.814 3.920 3.777
1.70 4.110 3.988 4.095 3.946
1.80 4.286 4.162 4.270 4.116
1.90 4.462 4.337 4.444 4.286
2.00 4.638 4.510 4.618 4.456
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APPENDIX G
COMPUTER PROGRAMS

Computer programs for non-boiling and cryogenic liquids cases are pre-

sented in the microfiche enclosed in this thesis. There are three separate

prograims:

e program OVERFW is for non-boiling liquids; unconfined and confined

flows,
o program FLOCRY is for unconfined flow of cryogenic liquids,
e program CONCRY is for confined flow of cryogenic liquids.

Program FLOCRY is in fact identical to the first part of program CONCRY.
If only unconfined flow of cryogenic liquids is to be investigated, FLOCRY
is more efficient than CONCRY, as program FLOCRY needs much less
computer memory than program CONCRY. Symbols used in all programs
are described in a separate text file, called SYMBOL. It is suggested to
read SYMBOL before using the programs.

All programs are written in Fortran and do not need any NAG Library.
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