
•

•

•

EXPLOSIVE BOILING OF A DEPRESSURIZED
VOLATILE LIQUID

Thesis by

Riccardo Barbone

Department of Mechanical Engineering

McGiU University
Montreal, Quebec, Canada

Submitted August 1994

A Thesis Submitted ta the Faculty of Graduate Studies
and Research in partial fulfillment of the requirements

for the degree of Master in Engineering

© Barbone 1994



1+1 National Llbrary
of Canada

Bibliothèque nationale
du Canada

AcqUiSitions and Direction des acquisitions el
Blbllographlc Services Branc~1 des serlices bibliographiques

395 Wellington Streel
Otl<JWiI, Onl;trrO
K1AON4

395, rue Wellington
Ollawa (Onlarlo)
KIAON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

L'auteur a accordé une licence
irrévocable et nol'! exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme qua ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-19695-X

Canada



•

•

•

Dcdiclllcd 10 II/Y parmls (///(/ sis/crs

ii



•

•

•

Abstract

The explosive boiling Ihal occurs when a volatile liquid is suddenly ventec! 10 the

almosphere has been investigated experimentally. Refrigerant 22 is used as the test Iiquid

and is depressurized l'rom an initial slale of equilibrium usir:g a bursting foil diaphragm.

The competition between the raIes of venting and vapor generation ean lead to substantial

repressurization within the vesse!. The inOuenee of vent area, quantity of liquid, inilial

pressure and pre-nueleation on the explosive boiling eharacteristics has been studied in a

260 ml Teflon-coated vessel as weil as in a 75 ml glass tube. The amount of

repressurization is found 10 be proportional to the pressure drop which determines the

degree of superheat allained by lhe liquid. The time for repressurization is typically an

order of magnitude larger lhan the time for the pressure drop. The repressurization in both

vessels reaches a maximum value at an initial saturation vapor pressure of = 2 MPa. The

ltependenee of the repressurization on inilial pressure observed experimentally is found to

be consistent with the predictions of a semi-empirieal correlation based on homogeneous

nucleation theory. High-speed photography shows thatthe mode of boiling is dependent

on the initial vapor pressure and the surfaee condition of the vessel walls. Heterogeneous

boiling l'rom the walls dominates in the Teflon-eoated steel vesse!. For initial vapor

pressures less than = 1 MP,l, an evaporation wave propagates at = 0.15 mIs l'rom the free

surface throughout the length of the glass tube. For higher initial vapor pressures the

boiling mode in the glass tube beeomes predominantly heterogeneous. Pre-nucleation with

C02 within the refrigerant increases the boiling response by promoting heterogeneous

boiling.
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Resumé

L'ébullition explosive qui suit une depressuriz'llion rapide d'un liquide "olalile i\ élé étudiée

expérimentalement sur une une petite échelle. Le Freon 22 est employée comme liquide de

base et est depressurisé d'un état d'équilibre initiale en employanls un mécanisme qui perec

un diaphragme. La compétition cntre le taux d'échappemenl de vapeur ct le l.IUX de

génération de vapeur peux mener i\ une repressurization du contenant. L'inlluence de la

surfaee du diaphragme, la quantité de liquide,la pression de vapeur initiale ct ie pureté du

liquide sur les caractéristique de l'ébullition on été étudiée dans un contentant de 260 ml,

recouvert a l'intérieur d'une couche de Teflon, et dans un tuhe en verre de 75 ml. Le degré

de repressurization est proportionnel au degré de dépressuriz'ltion. La dépressurization

détermine le degré de réchauffement atteint par le liquide. Le temps de repressuriz'llion est

typiquement dix fois plus longs que le temps de dépressurization. La repressuriz.alion dans

les deux contenants atteint un maximum a une pression de v'lpeur d'approx. 2 Ml'a. La

dépendance de la repressurization sur la pression de vapeur initial est consistunte avec une

eorrélation basée sur la théorie de nucleation homogène. A l'aide d'appareil de

photographie à haute vitc~:;(;, on aperçoit que le mode d'ébullition est relié a les conditions

de la surfaee de l'intérieur du contenant et a la pression de vapeur initial. Le contenant de

Teflon est dominé par l'ébullition hétérogène provenanl des paroises du contenant. l'our

des pressions initiales de vapeur inférieur a approx. 1 MPa, une vague d'evaporation ce

propage à une vitesse approx. O.15m/s à travers le tube de verre. Pour des pressions,

supérieur le mode d'ébullition devient hétérogèneuse. L'introduetion de dioxide de

carbon,sous forme de gas, au Freon augmente le degré d'ébullition hététogène.
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1 Introduction

This thesis investigates the influence of thermodynamic and physieal p:lramcters on the

explosive boiling response of a rapidly depressurizcd volatile Iiquid. A volatile prcssllrized

Iiquid will boil explosively if the equilibrium conditions arc suddenly removed, :lS in the

case of rapid depressurization. The boiling response is eh:lrtlcterized throllgh the degree

:lnd rates of depressurization and repressuriz:ltion and is dependent on the thermodyn:lmic

state of the Iiquid and physieal eonstraints of the vessel geometry.

The conditions which determine whether a vessel containing pressure liquefied gas (LPG)

will undergo a totalloss of eontainment, or simply release its contents in the form of a jet,

are not weil understood. Undoubtedly the type of scenario that will unfold, in the case of

an accident in the transportation of LPG in tanker cars, is of serious eoneern to regulatory

and emergency response authorities. Due to the destructive nature and expense associated

with medium and large-scale tests investigating the BLEVE (Boiling Liquid Expanding

Vapor Explosion) problem, it has been difficult thus far to elearly establish the influence of

different parameters on the rapid boiling processes. Medium scale lests by Birk ct. aIl 1l,

involving liquid propane in automotive tanks, have ilIustrated that the tank wall strength

and initial pressure inside the tank play a key role in determining the boiling response and

violence associated with the phenomenon, i.e., whether or not a BLEVE will occur. The

pressure-time history within the tank afler rupture is dependent in :1 complex way on the

geometry, boundary conditions and initial thermodynamie state of the f1uid. Using small­

scale experiments, it is possible to carry out a systematic parametric investigation (as

compared to larger scales), over a relatively well-controlled range of the variables.

1.1 Motivation

The sudden depressurization of a liquefied gas can lead to disastrous consequences. The

explosive boiling that follows can lead to very rapid repressurizations and ultimately a

BLEVE. The underlying phenomenon in a BLEVE is the rapid boiling of a pressure

liquefied gas (LPG) contained in a tank following a sudden pressure drop, i.e., loss of

equilibrium vapor pressure. The depressurization of a tank containing a volatile liquid ean

oceur either intentionally (e.g., through the operation of a pressure relief valve), or

accidentally through a Joss of containment, (e.g., due to metal fatigue caused by an extemal

heat source). The Iiquid remaining in the vessel can flash into vapor and the subsequent
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rapid pressure build-up may then lead to a violent rupture of the tank. Any exhausting

liquid-vapor jets may also propel the tank for considerable distances. In the case of a

combustible Iiquid, a violent dispersion of the tank contents can lead to an unconfined

vapor cloud explosion. Such accidents have caused extensive damage in the past[2l and are

of concem to industries and regulatory agencies involved with the transportation and

slorage of pressure liqueFied gases.

Explosive boiling of a superhealed liquid can also be observed in many natural phenomena.

A volatile Iiquid coming into contact with a hotter Iiquid will result in very rapid heat

transfer and phase change leading to a violent production of volatile vapor. Foundries

often have severe incidents involving the explosive boiling of coolin~ water which has

accidentally come into contact with molten meta!. Not only does this produce great

pressure shocks due to the rapid vaporization but also allows for the dispersal of molten

metal which eventually causes Fire damage. Volcanic eruptions, where suppressed molten

magma is suddenly released duc tu rapid depressurization results in superheated magma

which is expelled in a great physical explosion. In this case, contact between subsurface

water and the magma may lead to a phreatomagmatic explosion or the rapid exsolution of

dissolved gases in the magma may drive the explosion. The rapid superheating of liquids,

either by sudden depressllrization or heating as in the case of a physical vapor explosion

have been studied extensively in the past using small S( ~Ie experiments in an attempt to

study the phenomenon under controlled conditions.

Rapid evaporation, when prodllced in a controlled manner has many interesting and

practical applications. Spray drying is used to evaporate the volatile constituent of foods in

order to produce powdered products. Another use is cooling and flash injection, where

fuel can be superheated and finely atomized through a rapid evaporation process. Ink jet

printer technology also utilizes rapid evaporation of the ink to form a liquid jet.

1.2 Previous Work

Past experimental work on BLEVE-related phenomena has ranged from prototypical scale

tests involving railway and automotive tanks containing pressure-Iiquefied gases to small­

scale studies investigating the fundamental dynamics of the boiling of a depressurized

liquid. For example, Birk et al.l l ,3] have studied the explosion of automotive propane

tanks subjected to a pool Fire. They observed that the most violent explosions were

obtained when the pressure within the tank at rupture was above a threshold value.

2
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However, the difficulty of obtaining reliable and reprodueible measurements of the

pressure history within the tank at large seale, precluded obtaining detailed fundamental

information on the dynamie boiling behavior of the Iiquid inside. On the olher hand,

detailed photographie studies of the boiling of depressurized Iiquids ut small scales have

been earried out by Hill and Sturtevantl41and Chaves et aUSI. They observed and

investigated the details of the two-phase evaporation wave that propagated into a

superheated Iiquid within a vertical glass tube. However, in both cuses the vcnting nUe

was large and no repressurization was observed within the tube.

The rapid depressurization of hot saturated water in a pipe has been studied extensively due

to its relevance to nuclear reactor safety, although in this case Iittle repressurization is

observed[6,7l. Very Iittle repressurization was observed due to the initially low water

temperature. For this case Alamgir and Lienhard[6] have developed a semi-empirical model

based on homogeneous nucleation theory to predict the pressure undershoot. In studies on

the rapid venting of refrigerant tanks, Friedel and Purpsl8) and Hervieul91have studied the

blowdown of refrigerant and propane tanks, respectively. Their work concentrated on the

two-phase venting behavior with the aim of modeling the phenomenon to aid the design of

pressure relief systems. Their tanks were vented using fast-opening valves, which resulted

in rates of depressurization typically two orders of magnitude smaller than the rates

obtained in the present study.

Ogiso et al.! 101 have also performed experiments with pressurized H20 and have observed

water hammer effects as weil as the impact of Iiquid fragments (droplets) against the inner

surface of the vessel walls and pressure transducer sensing clements. They also concluded

that there exists a Iimiting ratio of venting area to Iiquid-vapor free surface area for

explosive boiling to occur. Below a ratio of 1/16 no overpressures were observed.

Although sorne qualitative trends have been established, previous studies have not

undertaken a systematic parametric investigation of the effects of the various parameters on

the explosive boiling process oecurring within a small vesse!.

3
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].3 Objectives

The objective of the present study is to investigate the dynamics of the boiling of a rapidly

depressurized volatile liquid within a rigid walled vessel, using high-speed photography

and fa~t-response pressure instrumentation. In particular, we concentrate on determining

how the rate and amount of repressurization that occurs within the vessel following rapid

venting, depends on initial and boundary conditions. The underlying objective throughout

the study is to determine the conditions that yield the maximum repressurization within a

vesse!.

The state of the liquid is controlled through the initial vapor pressure (PiJ so that saturation

conditions exist prior to diaphragm rupture. The use of small scale experiments permits a

uniform temperature distribution throughoutthe pressurized liquid and a relatively well­

controlled variation of the parameters that may affect the repressurization within the vesse!.

Such parameters varied include the liquid fill volume, the vent area and the degree of pre­

nucleation of the liquid (as determined by the wall surface condition). Refrigerant-22 (R­

22) is used a~ the testliquid since it exhibits thermodynamic properties similar to propane,

yet is not flammable.

1.4 Outline

The concepts of superheat, nucleation and bubble growth are introduced and discussed in

Chapter 2. A description of the various components of the experimental facility and

experimental procedure is found in Chapter 3. ]n Chapter 4, the experimental results are

presented in three sections. First the general features of the boiling are discussed, followed

by the results of scoping trials and the parametric investigation. Chapter 4 alsC' discusses

the results of a semi-empirical model and thermodynamic model and their corrdation with

experimental data. Chapter 5 summarizes the results, concludes the present work and

proposes possible directions for further work.

4
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2 Theoretical Considerations

2.1 Superheat of a Liquid

In the present study we are interested in the proccss of explosive boiling initiated by a

sudden pressure drop. A sudden isentropic drop of pressure from an initial state of

equilibrium, i.e., where Iiquid and vapor phases are in equilibrium Olt Pi = P,I'tII and Ti =
TsQI, will result in a reduction of the pressure below the saturation pressure al the initial

temperature. To re-establish the equilibrium vapor pressure the liquid will necessarily boil.

A sudden drop in pressure, such as in an intentional or uccidental rupture of u vessel will

bring the Iiquid to a superheated state. The degree of superheut is delïned as the umount by

which the state of the Iiquid has surpassed the saturation state. The degree of superheut is

normally expressed as the difference between the temperature following depressurizution,

Tf and the saturation temperature at the pressure of the depressurized state, Ts(/( and is

given by

[ 1]

The proeess 1-2, shown in Fig. 2.1 along with the saturation curve and spinodal curve.

follows the most Iikely thermodynamic path taken by a liquid following a sudden loss of

pressure. The thermodynamic state of the liquid follows an isentropic expansion from Pi,

initially as saturation, to a Iïnal pressure of Pl For the initial temperature range of interest

the isentropie depressurization is weil approximated by un isothermal expansion, i.e., Ti '"

Tf·

The decrease in system pressure below its initial saturation pressure will cause the Iiquid­

vapor equilibrium to be disrupted and thereby induee boiling to regenerate the pressure and

re-establish equilibrium. The degree of superheat is therefore a measure of the thermal

energy available for evaporation, i.e., the greater the superheat the more boil ing energy

available. The thermal energy available for a given superheat is given by equation [2]

where Cp is the Iiquid specifie heat and IJT is the degree of superheat as delïned in equation

1.

•
[2]
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Figure 2.1 - Saturation and spinodal curves for refrigerant 22

Using the available thermal energy it is possible to define a non-dimensional degree of

superhcal. The Jakob number is the ratio of available thermal energy duc to a superheat of

t1T to the required energy for complete boiling to occur, i.e.,

ti/l
Ja=-

L
[3]

•

whcre L is the latent heat of vaporization. The Jakob number represents the fraction of

liquid that can be converted to vapor atthe expanded pressure PI due to the thermal energy

available for a given superheat of t1T. The Iiquid specifie heat and laient heat of

vaporization both vary with temperature and are normally taken at the initial Iiquid

temperature Ti.

2.2 Thermodynamic Constraints

The amount of superheat attainable for a given substance is finite and Iimited by

thcrmodynamic and physical constraints. The thermodynamic Iimit of superheat is the

greatest degree of superheat possible before the Iiquid flashes to vapor, i.e., the lowest

depressurization that a Iiquid can withstand before undergoing an explosive phase change.

Figure 2.2 shows the pressure-molar volume relationship for refrigerant 22. The saturation

6



• dome is bound by the stable sub-cooled Iiquid on the left and stable superhcated vapor on

the righl. Within the dome is a two-phase mixture of sUlurated liquid and saturated vapor.

Using the van der Waals equation of state, isothermallines for refrigerant 22 can bc drmvll

over the saturation dome as shown in Fig. 2.2.

6

Figure 2.2 - Saturation dome with van der Waals Isolhcrmal for T =300 K
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Outside the saturation dome the isothermal Iines fix the state of the refrigerant for a given

pressure and temperature. Within the dome the isothermallines display the 'van der Waals'

loops shown in Fig. 2.3, where regions band c are non-physical, since the pressure cannot

rise with an increase in volume at constant temperature. The non-physical regions, band

C, are characterized by the condition (JPIJV)T:::O, i.e., the point of innection where the

min-max occurs. The locus of points charaelerized by the condition passing through the

points 1 and 2 defines the spinodal curve.

(JPlJV)T =0 , (4)

•

The spinodal curve and the saturation dome form the boundary for metastable regions a
and d. In these regions a Iiquid can be superheated and a vapor supersaturated without a

phase change occurring, even though the states lie within the two phase dome.

7
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Figure 2.3 - Isothermal line within the saturation dome obtained from the van der Waals
equation of state for T =300 K

The degree to which a liquid. or vapor can be superheated or supersaturated is limited by

the spinodal curve. The spinodal curve is a thermodynamic limit beyond which a liquid

cannot remain in a liquid state and as a consequence flashes explosively into vapor upon

crossing the spinodal curve. The phenomena associated with this explosive phase change

is known as a homogeneous superheat explosion and is expected to be the worst case

scenario from the point of view of violence of boiling. The same can be said of vapor

which can he only subcooled up to the spinodal curve. where upon crossing this metastable

boundary condenses explosively.

Reidllll proposed that a vapor explosion wouId occur following vessel failure if the de­

pressurization brought the liquid to the superheat limit followed by homogeneous

nuc\cation of the bulk of the liquid. This implies a cutoff pressure or temperature

(corresponding to the superheatlimit at atmospheric pressure) below which a homogeneous

explosion would not occur. This relatively simple criterion for an explosion must be

modified to account for additional complexities. such as the presence of impurities or pre­

existing bubbles within the liquid bulk. For example, if bubbles or other nucleation sites

arc present within the liquid prior to depressurization, the threshold for boiling to begin is

lowcred. limiting the amount of depressurization \hat can he attained.

8
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•

Much experimental work has focused on meœmring the expcrimentallimits of supcrheal for

various substancesl12J in an allempt to verify how close the expcrimcntallimits correspond

to the theoreticallimits a~ predicted by eqn'Ilion 4.

2.3 Energy Requireml!nts for Bubble Growth and Nuclcation

Although the thermodynamic limit of superheal, based on the condition (i)PIJV)r = 0,

yields a limiting value of superheat, il does not however give insight on the mechanism of

the explosive boiling that occurs once the limit is reached. A second approach to the

explosive boiling of a super heated liquid is the kil/ctic limit of superheal. The basis of the

kinetic limit of superheat deals with the actual growth of a vapor nuclei. Thermal

fluctuations wilhin a metastabJe liquid cause localmolecular seale density variations which

produce microscopie vapor nuclei. In response to the surrounding liquid conditions the

nuclei will either grow or collapse. The growth of the vapor nuclei will depcnd primarily

on the degree of superheat , i.e., how far lhe liquid state has penetraled into the metastable

region before any boiling occurs.

Suppose we consider the mechanical equilibrium of a spherical vapor nuclei in a liquid al a

constant temperature Ti and pressure Pi. For a bubble to exist the vapor pressure inside

the bubble must be greater than the surrounding liquid pressure. The amount by which the

internai pressure must exceed the external pressure is exactly the energy required to hold

the vapor bubble together. Where the surface tension force balances the internai pressure

force.
2a

Pg = Po +--;;;-., [5)

•

where " is the critical nucleus radius. Pg the pressure inside the bubble and Po the pressure

of the surrounding liquid. Note that the pressure surrounding the bubble is the pressure at

the depressurized state. Le.• Pt= Po. Nuclei are normally suppressed in a compressed

liquid and do not grow due to strong surface tension forces. When a liquid is suddenly

depressurized and brought to a superheated metastable state there exists internai vapor

overpressure inside the nuclei to promote its growth. Ali of the nuclei that nave a radius of

,* or greater will grow. Smaller nuclei will not grow. The process of vapor formation in

the metastable liquid is referred to as homogeneous nucleation. Homogeneous nucleation

9



• therefore originates within the bulk of the liquid at the Iiquid-vapor interface of each

microscopic nuclei of raùius ~ ,*.

The rate at which a new phase forms depends on the free energy of an initial, very small

critical mass, i.c., nuclei, of the new phase. The rate of phase transition is proportional to

the exponential of the free energy of the nuclei being formed, i.e.,

-ile/>

RaIe oc exp kT [6]

•

•

where L'J(/>, the free energy of nucleus formation depends not only on the free energy to

form the bulk of the nucleus of the new phase, but also on the surface energy of this vapor

nucleus. kT is the mean kinetic energy of the Iiquid molecules with k as the Boltzmann

constant and T as the temperature. Given a sufficiently long time interval, any Iiquid

should evaporate at the boiling point, if heat is added to the system. In practice, however

in the absence of pre-existing nucleation sites, considerable superheat is required before

even small amounts of boiling occurs. An increasc in superheating beyond this, will result

in very mpid evapomtion. L'J(/>, therefore increases greatly as the temperature increases.

In a superheated Iiquid, small vapor nuclei of molecular size will be formed by random

density fluctuationsl 131. These vapor nuclei, containing only a few molecules, are known

as embryos. In a small embryo, the interface and the bulk are of comparable energies and

the surface free energy of the embryo must be added to the free energy of evaporation of

the material in the bulk of the embryo since the molecules at the surface of th.: embryo

possess an additional free energy. If the embryo is large enough, the bulk term in the free

energy of its formation will be equal to the surface energy term, and the embryo will be in

stable equilibrium. il is then called a nucleus. On this nucleus more molecules of liquid

may evaporate. The bigger the nucleus grows the more stable it becomes. and the

interfacialterm bccoming relatively less important[ 131.

The free energy of formation of an embryo is found as follows. Consider that in a

superheated liquid a small spherical vapor cavity, of radius, has been formed. The total

free energy of formation of this embryo may be expressed as a balance of the surface

tension, 4nr2cr and the free energy necessary for evaporation, ~1t',3(Pg - Po)' i.e.,

ID



• ,MI> = SlIiface free ellergy (~femhryo - Fre,' ('//t'rgy III "1'''1'0''11(' hulk of('mhn'o. hencc .1</>
, ,

becomes

[7J

The process of evaporation will occur spontaneously if Ihe free energy .1</> is deereased. or

Ihe temperature decreased beyond a certain critical value. th'lt is Ihe rmio .1</>lkT. If \VI'

plot L1</> as a function of r for a constant tempcrature of 53°C and 'Issume that Pi - Pf=

2x 106 Pa with 0=0.00414 Pa'm wc scc from Fig. 2.4. that <lt low v<llucs of,. the free

cnergy is positivc. For largcr cmbryos. howevcr. the ratio of volume to surface 'Ire'l

increases. and L1</> reaches a maximum. dccreascs. and becomcs ncg<ltive for very I<lrge

embryos. Clearly. L1</> is decreased with

•
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Figure 2.4 - Free energy necessary for bubblc growth

further growth after the embryo has reached a radius of r·. and an cmbryo of this critical

size, which will continue to grow in the superheated liquid. is a spontancously formed

nucleus. Ali nuclei of size r ~ r· will continue to grow indetinilely. retaining the liquid

molecules that strike it; even a single nucleus will eventually lead to evaporation of a

superheated Iiquid. The laller process, however, would be very slow and. in practicc,

numbers of nuclei of the order > 107 must ~ formed per cm3 per second for evaporation to

proceed at a measurable rate.
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• Since the critical radius of nucleus is that at which L1c,P reaches a maximum, it may be

calculated from the condition ()(L1c,P)/iJr =O. From Equation 7 the equilibrium condition

()(L1c,P)/dr gives,

[8]

[9]

From r· we may obtain L1c,P., the free energy of formation of an embryo just large enough

to grow,

[10]

•
Il is important to note that Pg is the actual pressure within the critical size vapor nuclei and

is not the saturation vapor pressure Pi for a given temperature Ti. The difference between

the pressure within the vapor bubble and the pressure outside the bubble, i.e., Pg - Po, can

be found in terms of the initial saturated !iquid pressure, Pi and the pressure at the

depressurized state, Pf =Po.

[11]

With a knowledge of L1c,P. , the rate of nucleation, J, can now be found using Equation 6.

The nucleation rate, or frequency, J, has the units of nuclei m·3 s'l and is simply the

number of nuclei formed in a cubic meter within a second. The nucleation frequency is
commonly represented asl 12]

[12]

1

where No is the number density of a single activated molecule, kf is the molecular

evaporation mte and ris a factor used to account for the possibility that nuclei larger than r·
will decay. Assuming that requals unity introduces !ittle error in predicting J.[l2] From

classical homogenous nucleation theory[14] the product rk, can be expressed as

rk, '" 20'1mn where mis the molecular mass.

12



• 2.4 Heterogeneous Nucleation and Physical Constraints

Homogenous nucleation occurs only under the most ideal of conditions and is orten

overshadowed by heterogeneous nucleation. Foreign bodies and container surfaces

provide a source of nuclei to act as centers for vapor formation. This method of nuclei

formation, from pre-existing nuclei is called heterogeneous nucleation. In contrast to

homogeneous nucleation, where the nuclei are formed within the bulk of the liquid

heterogeneous nucleation arises from nuclei originating from pre-existing nuclei. Sources

of pre-existing nuclei are dissolved gases and vapor trapped in microscopic cracks and

scratches on the container surfaces. The presence of these extra liquid-vapor interfaces

reduce the superheat required to maintain a bubble of radius r* in an unstable equilibrium.

The energy of formation, Le., Llc:P, of an equilibrium vapor embryo formed from a

heterogeneous source is reduced by a factor f Davies[13] has shown thatf varies as a

function of the contact angle ebetween the surface and the liquid. If a liquid completely

wets the surface (8=0·) no superheat is required for nucleation to occur since the energy of

formation is zero. Usually most surfaces will wet the liquid and ewill range between O·

and 180· wherefranges from 1 to O. The relationship between the contact angle and the
value of the heterogeneous correction factorfhas the forrn[15]• f =±(2+2cose+cosesin2 e). [13]

The required energy to forrn a nuclei from a heterogeneous source is therefore obtained as

Llc:P' =f( e)Llc:P, [14]

•

where Llc:P is the required work to form a nuclei from a homogenous source and f is the

correction factor for the contact angle e. The rate of heterogeneous nucleation should also

be proportional to the surface density of the number of molecules in the liquid and not to

the volume density, No. Therefore the factor No is replaced by the number of molecules

per unit surface area, N0 213•

2.5 Growth of a Superheated Vapor Bubble

Having addressed the issues of superheat and the criteria for growth of a bubble in a

superheated liquid, as weil as the rate of nucleation we now tum our attention to the details

of a single bubble growing in a superheated liquid.

13



• The growth of a vapor bubble, emerging from a nuclei of critical size r ~ r* is distinguished

by three modes of growth. The first mode, dominated by surface tension, occurs very

early and has a negligible influence on the later modes and is therefore neglected. The two

later modes are due to the fact that an initially superheated spherical bubble will eventually

lose its superheat due to evaporation as it grows. The initial hydrodynamic mode occurs as

a consequence of the initially high pressure within the bubble and results in the Rayleigh

solution where the bubble grows at a constant velocity and R(t) - t. The second mode of

growth occurs due to heat diffusion across the bubble surface and reduces the velocity of
the bubble according to R(t) _ t1/2 .

The Rayleigh bubble growth equation[16l for a non-viscous incompressible liquid is

obtained from the conservation laws of mechanical energy and mass. The energy balance

between the kinetic energy of motion and the pressure work done gives,

From the continuity equation for an incompressible liquid, the volume flow rate through the

surface of an arbitrary spherical cavity with evaporation occurring at the boundary.•
R 100J4n'r2Ll.P(t)dr = '2J4n'r2pv2dr
R" R

[15]

[16]

The term in brackets on the left hand side of equation 16 is added to account for radial

convection on the bubble growth and is of importance only at high pressures[17l. The

radial velocity is now found as,

•

e=(I-~)
P/iq

v(r,t) = e(~r il

R
2 Jr2Ll.P(t)dr = e2

p/iqR3il2

R"

14
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[18]
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• Substituting into the energy balance equation [15] we obtain an integral relation [19] which
is then differentiated with respect to time by taking Ra / aR of the left side and dividing by

2R2RPliqe2. This gives the Rayleigh equation of motion for a bubble, with E= 1.

+~(R3R2)=RR+~R2= ~p [20]
2R R dt 2 e Pliq

In the case of a constant pressure difference, i.e., tiP = constant and assuming thatthcrc is

no acceleration term, the energy balance equation gives an exact relation for the radial

velocity,

{ }
Yz

R(t) = 2~. (1_(R,,)3)
3e Pl,q R

[21 ]

For the asymptotic solution, where R/R,,-7oo, we see thatthe radius increascs Iinearly with

time as,

The above solution of the Rayleigh equation is valid for both expansions, tiP >0 and

implosions, tiP < O. During the initial growth of the vapor bubble, the bubble pressure

rapidly decays to the ambient pressure as the bubble expands. Therefore the inertial bubble

growth regime only occurs at very early times (-1 ps)

•
(

2ÂP )Y2
R(t)- 2 t

3e Pliq
[22]

The second mode of bubble growth is controlled by heat diffusion, where evaporation

occurs at the Iiquid-vapor interface and heat is supplied by the superheated Iiquid by

conduction through a thermal boundary layer. The heat flux per unit area based on a simple

heat-diffusion model for the asymptotic growth of a uniformly superheated vapor bubble is

!2 t.1Tq='A=kd"=aL, [23]

•
where !2 is the heat flux density, A the surface area, k the Iiquid thermal conductivity, d

the thickness of the thermal conduction layer at the bubble wall, t.1T the superheat, a the

evaporation rate per unit area and L the specifie enthalpy of vaporization. The surface area

of a spherical vapor bubble is 4rrR2
• The evaporation rate can be wrilten as a = PvapR

and using equation [23] the heat flux becomes
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• . (aT)q=PvapRL=k -a .
r r=R

[24]

ln the ca~e of transient heat conduction for a homogeneous semi-infinite body with a phase

change, the thickness of the thermal boundary layer is defined as equation [25]. By

substituting equation [25] into the heat flux relation, [24] we obtain the bubble growth

equation

( )

112
d = rrkl

PliqCp

dT ( )1/2R(I) - 2-- PliqCpkl .
PvapL

[25]

[26]

•

•

The initial bubble radius, R(O) has been neglected since the condition RlRo"":'oo holds for

the second mode of bubble growth. We also note that the second mode of bubble growth

is characteristic of diffusion as it follows R(I) - 11/2 rather than the constant velocity

growth as given by the Rayleigh mode, where R(I) - 1.

2.6 Optimum Conditions for Most Explosive Phase Change

Having defined the concepts of superheat, nucleation and bubble growth, we are now in a

position to investigate the optimum conditions for which the superheat, nucleation rates and

bubble growth rates yield the most explosive boiling.

The maximum possible degree of superheat is associated with a drop in pressure from

saturation conditions to the lowest possible state. The lowest possible state is bound by the

atmospheric pressure line and the spinodal curve. The maximum possible superheat is

shown below in Fig. 2.5 as a function of initialliquid temperature of R-22. We note that

the maximum possible degree of superheat, also denoted as the superheat limit, for a given

initial saturated liquid temperature increases until a maximum is reached at 53"C. The

superheat limit occurs at the temperature for which the spinodalline intersects the ambient

pressure line, in our case atmospheric pressure. Therefore the superheat limit can be

achieved if the pressure is dropped to the spinodal curve from an initialliquid temperature

16



• of at least 53"C. Since the violence of the boiling is characterized by the degree of

superheat, we would expect a greater boiling response near this temperature. For initial

liquid temperature below 53"C a sudden depressurization to atmospheric pressure would

not permit the state of the liquid to reach the spinodal limit and homogeneous bubble

nucleation would not occur; thus the boiling will be induced solely heterogeneously, .md
the boiling process, although still explosive, will be considerably slower.
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Figure 2.5 - Maximum Degree of Superheat as a function of initial temperature

•

During the course of the sudden depressurization of a liquefied gas in a steel container the

increasing liquid superheat will be halted by heterogeneous boiling from pre-existing liquid

vapor interfaces. This has the effect of reducing the degree of superheat below its

maximum, as predicted by the thermodynamic superheat limit. The superheat, or pressure

drop, that a realliquid can experience before it changes state, will depend on Ihe boundary

conditions of the vessel (wall conditions, vent area, geometry), the properties of the liquid

and the initial conditions, Le., temperature. In the case of a system prone 10 heterogeneous

nucleation, where the wall conditions are such that they trap vapor or the liquid contains

gaseous impurities, the actual degree of superheat will be lower than the maximum degree

of superheat shown in Fig. 2.5. Although the magnitude of the superheat as a function of

initia! liquid temperature wiIJ vary according to the specifies of the particular system the

general features should remain the same, Le., the superheat should increase as a function of

temperature and reach a maximum before starting to decrease. The influence of liquid fill
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• volume, vent area and degree of pre-nucleation of the liquid (as determined by the wall

surface condition) on the magnitude of superheat, as measured by the pressure drop, and

the initial temperature at which the maximum superheat occurs will also be discussed in

Chapter 4 using the experimental data obtained from both vessels.

For explosive boiling to occur the system must not only be subjected to a superheat

condition but must also he able to generate nuclei which are capable of further growth. The

nucleation rate J, was derived in section 2.3 and was found to be
J = rkjNOexp(-Â'l>lkT). Ali things being equalthe temperature T, is the most dominant

parameter in the nucleation rate relation. The value for No is 3.7x 1035 which is the

generally accepted value for the number density of typicalliquids[ 18]. The typical behavior

of the nuclcation rate as a function of initial liquid temperature following a sudden

deprcssurization to atmospheric pressure, as given by Fig. 2.5. is shown below (Fig. 2.6.)
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Figure 2.6 - Variation of Nucleation Rate with Temperature

We see that the rate of nucleation remains negligibly low until the temperature reaches close

to the limit of superheat at atmospheric pressure, Le., T=53'C.

•
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• 3 Experimental Details

3.1 General Description of Experimental Facility

The rapid depressurization facility used in the present investigation consists of several

components and is shown schematically in Fig. 3.1. Two lest vessels were used in the

present study and are both shown in Fig. 3.2. Both vessels contain a variublc area orilïce

sealed with a brass foil which is ruptured using a pneumatically-driven plunger. The

vessels are equipped with ports for the delivery of the test Iiquid and the measurement of

pressure and temperature.
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Figure 3.1 - Rapid Depressurization Facility

Introduction of the test Iiquid (R-22) into the test section from a reservoir is accomplished

through a central plumbing control panel and ports on the vessel itself. Static

measurements of the vapor pressure within the test volume during the filling process and
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•

•

prior to diaphragm rupture is monitored by analog pressure gauges (0-10 psi; 0-900 psi)

mounted on the panel. Through various valves located on the panel it is also possible to

pressurize the test volume from a compressed air cylinder, operate the pneumatically driven

plunger, provide venting, and evacuate the vessel and dump tank volume via an Edward's

370 W (1/2 H.P.) vacuum pump. Pressure transducers, mounted at one or more of the

access ports of the vessel, are used for transient pressure measurements of the rapid

depressurization and boiling processes following diaphragm rupture. The temperature of

the test Iiquid was monitored through the use of specially designed thermocouple mounts

fitting through one of the access ports.

A 0.13 m3 "dump tank" directly above the test vessel is used to capture the products of

evaporation, i.e., a two phase jet, and the ruptured diaphragm fragments. To eliminate

contamination of the laboratory and minimize the risks associated with volatile explosive

vapors, the venting products are f1ushed with nitrogen.

3.2 Experimental Vessels

The first vessel consists of a rectangular steel block with a vertical slot (2 cm wide x 19 cm

high x 7.5 cm deep), forming a test section with a volume of 260 ml. To allow for the

visual observation of the boiling process glass windows (2 cm thick) are mounted on either

side of the slot, with o-ring seals. The vessel is sealed on the top via a diaphragm cap

which compresses a diaphragm-foil assembly against the vent hole of the vessel. The

interior of the steel vessel is coated with a layer of Teflon to protect the walls against

corrosion and 10 minimize effects of wall nucleation.

The second vessel used in this study is comprised of a 75 ml glass test tube (2.5 cm dia.,

15.2 cm long) placed within a 500 ml cylindrical tube. The glass test tube is surrounded by

glycerin to reduce diffraction effects and increase the rate of heat transfer from a heat

exchanger tube located within the glycerin. G1ycerin was chosen because of its high

boiling point and is viscous enough to prevent sloshing during the rapid depressurization.

The cylindrical tube is comprised of two windows which provide visual access to the

whole length of the glass test tube. As in the 260 ml vessel the interior wall of the 500 ml

cylindrical tube is coated with Teflon to protect against corrosion and the vent hole is sealed

via a diaphragm cap.
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Figure 3.2 - Cross-section of Teflon coated 260 ml Steel Vessel (Ieft) and 75 ml Glass
Test Tube assembly (right)

•
3.3 Heating/Cooling System

The temperature of the liquid is controlled by f10wing (cold/hot) water through the

labyrinth-like slots which are machined into the exterior walls of the 260 ml vessel. This

process essentially coolslheats the walls of the 260 ml vessel which are in direct contact

with the testliquid. A Cole-Parmer model #2-MD-HC, 30 W (1/25 horse power) magnetic

drive pump. connected to the vessel walls via 12.7 mm Tygon tubing, is used to ~ecirculate

the water. Prior to introducing the test liquid (R-22), the vessel walls are cooled to below

10'C by water from an ice-filled reservoir. ensuring that the R-22 inside the vessel is at a

lower equilibrium pressure than that in the supply tank (corresponding to a room

temperature of approximately 2S'C). Once the desired liquid fill volume has been reached,

hot water from a heated reservoir is then recirculated through the vessel walls and the

temperature is monitored by an Omega CN370 controller. To ensure heating uniformity, as

weil as to reduce premature non equilibrium boiling, the temperature of the liquid was

increased gradually. With the assumption of equilibrium, the liquid temperature can then

be inferred from the vapor pressure reading on the panel.

•
The liquid temperature was also monitored using thermocouples located on the outside of

the 260 ml vessel and the 7S ml glass test tube. These thermocouples were calibrated to

determine the temperature of the liquid inside the testliquid. The calibration of the 260 ml
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• vessel consisted of placing one thermocouple within the testliquid and one on the outside

wall of the vesse!. Il was found that, due to the graduai increase in temperature of the test

liquid and the high heat capacity of the steel vessel, once the testliquid was atthe proper

temperature the difference between the thermocouple readings of the temperature of the

Iiquid and the extemal wall of the vessel was within 2"C.

•

Similar to the 260 ml vessel the temperature of the test Iiquid in the 75 ml test tube is

controlled by nowing water from a hot temperature reservoir through a single pass heat

exchanger loop located within the glycerin. The calibration in this case consisted of

simultaneously monitoring the temperature of five thermocouples as a function of time.

Figure 3.3 shows the location of the five thermocouples which record the temperature of

the water in the test tube, the water in the vessel (surrounding the testtube),the inside wall

of the vessel, the outside wall of the vessel and the incoming water. For a range of

recirculation now rates and initial temperatures it was found that the temperature at

locations T4 and T5 differed by less than rc after 10 minutes. After a recirculation time of

20 minutes, thermocouples T2-T6 had reached steady-state conditions and were ail within

3"C. The time required to heat the Iiquid within the vessel is between 20-40 minutes with

the present system and thus for ail subsequent trials only one thermocouple (at position T6)

was used to monitor the temperature. The 260 ml vessel had a thermocouple located at

position T2.

Figure 3.3 -Schematic of75 ml Glass Test tube assembly showing location of transducers

Liquid surrounding test tube

Liquid inside test tube

Tl : Initial recirculating hot water
T2 : Outside surface of vessel wall
T3 : Inside surface of vesselwall
T4 : Inside test tube position 1
T5 : Inside test tube position 2
T6 : Inside Iiquid surrounding tube

1 1

,----
:~:.
..~~:

T4.....
:.:.'

T6:::.
:~:.

T5"
:.:..
:.::
..........

1 1

U U
Tl--e

Hpin ~Oout

T2---~

•
22



•

•

•

Prior to intr':ictucing the test liquid within the test tube. the glycerin surrounding the test

tube was pre-heated to the desired test temperature. The test liquid (R-22) wus then filled

inlo a small stainless steel cylinder and heuted to the desired temperuture through u constant

temperature bath. This process rapidly und uniformly heats the R-22. Once the glycerin

and the R-22 were at the same temperuture. the R-22 wus injected within the gluss test tube

through u port via high pressure air. To properly introduce the test liquid within the test

tube a special attachment was machined in Delrin. shown below in Fig. 3.4. The

attachments consists of an annular groove in which the test tube sits. un angled filling spout

and a transducer port. The Delrin uttachment sits within the vessel ulong with unother

Delrin attachment to hold the bottom end of test tube.

~ ~Transducer Fill Une
location~

~ Spout

" ;'Insert for lip of glass tube

Figure 3.4 - Special Test Liquid Delivery Attachment

3.4 Diaphragm Rupture System

The diaphragm rupture system consists of a pneumatically driven plunger (75 mm stroke

length). activated by a solenoid valve supplying air at 1 MPu (150 psi), as shown in Fig.

3.5. It takes approximately 80 ms between the time the solenoid valve is activuted and the

time for the leading edge of the plunger to reach the diaphragm.

The tip of the plunger eonsists of a erossed spear-like blade, as iIIustrated in Fig. 3.6u.

Other plunger blades, sueh as a cross were considered, also shown in Fig. 3.6a, but the

spear configuration proved to be the one which offered the least obstruction to the now and

the c1eanest rupture and thus was used almost exclusively. The entire rupture assembly is

located within the dump tank and is mounted on a f1ange, attuehed by bolts to the

diaphragm cap resting on the top end of the test vesse!.
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The diaphragm assembly consists of a brass foil, sandwiched between two aluminum

disks, shown schematically in Fig. 3.6b. O-rings and elevated rims provide a seal between

the vapor pressure within the vessel (Iower end) and the outside. The area of rupture is

controlled by varying the size of the bore in the aluminum dises. The thickness of the brass

foil is chosen to be the minimum value such that: (a) the diaphragm assembly. including

the particular foil can withstand a one-hour stress deformation period at the desired test

pressure. and (b) to allow for a complete rupture. meaning that the rupture hole is free of

any brass debris, indicating a rapid burst. As a result of the large range of initial pressures

tested. 0.7-3.6 MPa (100-525 psi); the foil thickness was varied in the range of 25-100 J.1m

(1/1000"- 4/1000").
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3.5 Diagnostics

Fast response (lJ.ls nominal risetime) piezoelectric transducers (PCB 113A24) are used for

dynamic pressure measurements of the boiling process. The signal is amplified via an

amplifying element attached to the transducer which is powered by a PCB4808 power unit

and then recorded by a LeCroy 9314M digital oscilloscope (100 MHz maximum sampling

rate with 10,000 points per channel). The oscilloscope is triggered by the sudden pressure

drop associated with the diaphmgm rupture. Since the piezoelectric crystal will respond not

only to pressure changes but also to temperature and wall loadings, the transducer is

mounted within a Delrin casing as shown in Fig. 3.7. This providcs thermal insulation and

shielding of the transducer body l'rom the vessel walls. In addition, to minimize the

influence of rapid cooling of the Iiquid on the transducer during the boiling process

following diaphragm rupture, a thin layer of silicone is applied to the surface of the sensing

element. To obtain the best dynamic representation of the actual pressure-time history, DC

coupling was used. This had the effect of increasing the discharge time of the transducer

(time where the output signal of the piezoelectric crystal goes to zero). For most of the

experiments the transducer was mounted as shown in Fig. 3.7. In the case of the second

vesselthe pressure transducer was located just atthe lip of the gl;L~s test tube.

In sorne trials a second transducer was installed on the 260 ml vessel, located 170 mm

below the transducer in the vapor space, so as to monitor the pressure in the liquid a~ weil.

In trials with two transducers, it was possible to deduce expansion wave speeds along the

length of the vessel, al'ter diaphragm rupture.
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Figure 3.7 - Pressure Transducer Mounting through Vessel Wall

The pressure .nsducers were calibrated regularly with an "in-house" calibration facility.

This essentially consisted of mounting the transducer on a small reservoir, sealed by a self­

bursting foil diaphragm, and increasing the pressure slowly untilthe diaphragm ruptured.

By monitoring the static pressure just prior to diaphragm rupture using an analog gauge and

recording the pressure drop to ambient conditions on an oscilloscope, it was possible to

deduce the calibration of the transducer.

3.6 High-Speed Photography

Using a 16 mm Hycam 41·0004 high·speed camera we were able to obtain insight into the

rapid boiling processes through high-speed cinematography. Back Iighting was provided

by two 1000 walltungsten flood lamps. In order to uniformly distribute the Iight within

the test section a glass diffuser was placed between the test section and the flood lamps,

(see to Fig. 3.S.) The test section was filmed at both close-up and far field positions using

200 and 500 ASA Kodak motion picture film. The Hycam camera can achieve framing

rates between 100-10000 frames per second (fps). Framing rates used for the present

study were in the range between 15OO-SOOO fps. The feasible framing rate is determined

by the acceleration rate of the camera to the steady·state operating speed, the length of film

on the reel and the duration of the event being filmed. Only 30.5 m (100ft) film lengths

were used in the present study. For most tests, this allowed a maximum framing rate of

5000 fps, giving a test time for recording the event of approximately 350 ms. The

exposure time for each frame was found by taking the reciprocal of the framing rate and

dividing it by 2.5 The camera was equipped with an external triggering capability which
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sent a signal at a pre-set film length. This signal was used to trigger the solenoid valve,
driving the pneumatically operated plunger.

1000 Watt
Flood Lamps

Windows

\ A
-----~-~------

\
Diffusing Glass

Hycam 41-0004

Figure 3.8 - Photographie Setup

In the experiments involving the second vessel with the glass test tube the diffusing glass

was inserted within the glycerin between the test tube and the glass window.

3.7 Experimental Parameters

Liquefied refrigerant-22 (CHCIF2) was used in the present experiments as a simulant for

propane (an important pressure-Iiquefied fuel for heating and transportation) because it has

very similar thermodynamic properties (saturation curve, critical conditions), yet is not

flammable. The pressure-temperature representation of the saturation curves, as weil as the

properties of R-22 and propane, are shown in Fig. 3.9 and Table 3.1, respectively.

Refrigerant-22 was also chosen because it is the only refrigerant permitted by the Montreal

Accord on the control of Fluorocarbons. The Montreal Accord set forth guidelines

restricting the usage of refrigerants and assessed that R-22 was the least Ozone-damaging

and would be the last of the Freons to be eliminated by 1996. Important thermodynamic
properties of R-22 as a function of temperaturel19,201 can be found in Appendix A.
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In studying the explosive boiling of R-22, different parameters were varied, including:

initial pressure, liquid fill fraction, vent area after diaphragm rupture, wall surface

conditions of the vessel, and to a lesser degree, the level of pre-nucleation. The initial

Table 3.1 - Comoarison of thermodvnamic orooerties 0 Refril!erant 22 and Prooane

Unit Refri l!erant 22 Prooane

O'lemical Formula - CHCIF2 C~H8

Chemical Name - Dinuorochlororncthanc Prooane

Molecular Weil!ht kl!llŒ-mol 86.48 44.09

Boilinl! Point @ 1atm K 232.41 231.25

Vaoor Pressure @ 25'C MPa 1.039 0.9478

Critical Temnerature K 369.17 369.82

Critical Pressure MPa 4.9776 4.2362

Critical Densitv kl!lm3 524.77 197.38

Soecific Heat Vaoor @ 25'C J/kl!-K 863 nia

Soecific Heat Liouid @ 25'C J/kl!-K 1236 nia

Latent Heat of Vanorization @25'C kJ/kl!-K 180.6 335.18

Surface Tension @ 25'C N/mx103 7.95 nia

Prooerties obtained from reference # [19,20)

•

•
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• thennodynamic state of the Iiquid at diaphragm rupture is detennined by the initial pressure,

since the fluid is maintained at saturation conditions through heating. The vent area is

expected to have a strong influence on the rate of depressurization, which affects the mte of

vapor generation due 10 boiling. The Iiquid lill fraction is delined as the ratio of Iiquid

volume to the total volume of the vessel, and was varied for a range of initial pressures.
The range of parameters are summarized in Table 3.1.

ETab e 3.2 - Ranl!e of xpeflmental Parameters
PARAMETER RANGE
Initial Vapor Pressure 0.8 - 3.6 MPa
Orifice Area 12.5 - 280 mm2
Liquid Fill Volume 24 - 90%
Pre-nucleation C02
Surface of Wall Teflon, Glass

•

•

The degree of pre-nucleation, either within the Iiquid itself using dissolved gases or

particulates, or at the vessel walls in contact with the Iiquid, controls the number of Iiquid­

vapor interfaces (or nuclei) avaiJable for boiling. Solid surfaces generally promote

heterogeneous boiling which n:quires far less thermal energy (superheat) than

homogeneous boiling for the growth of microscopie vapor nuclei. Homogeneous boiling

through the growth of microscopie vapor nuclei manifests itself as violent boiling

throughout the bulk of the Iiquid, Heterogeneous boiling Iimits the degree of supcrheat that

ean be aehieved during depressurization. In theory the best interface for suppressing

heterogeneous nucleation is another Iiquid, in essence a contact angle of O·, as though no

interface is present. Although surrounding the refrigerant with another liquid was not

feasible, several different wall surfaces were considered in an attempt to reduee

heterogeneous nucleation. The steel vessel walls were lirst eoated with Teflon. This

reduced the heterogeneous nucleation slightly and served more as a protective coating to

prevent rusting. Another alternative that was tested wa~ Polyacrylamide gel. Although it

does not reaet with R-22, it proved to be difficult to work with and impractical to attach

onto the vessel walls. A small glass cuvette, made from panes of glass attached together

along the edges, was also used and significantly reduced the number of surface

heterogeneous nucleation sites. Due to the method of construction of the gla~s cuvette,

nucleation still occurred aIong the corners of the glass pane edges. A Iimited number of

tests were also conducted using R-22, pre-nucleated with C02 gas and are documented in

section 4.3.2. The C02 was dissoIved into the refrigerant by pressurizing it for 48 hours at

pressures ranging l'rom 1-2 MPa.

29



• 4 Experimental Results and Discussion

Scoping trials were performed with the 260 ml vessel in the initial phase of this study to

elucidate the general features associated with the explosive boiling, within the context of the

current experimental facility. A further objective was to identify the appropriate

experimental parameters that were to be varied and their range. High-spced cinematography

and transient pressure measurements were taken to record the boiling response of the

rapidly depressurized Iiquid. Pressure measurements constitute the principal diagnostic

means in the parametric study and as such, it was deemed important to first assess the

effect of a variation in the location of the pressure transducer within the test volume on the

pressure transient mea~ured. The insight gained from these scoping trials was implemented

and a series of tests was carried out to determine the qualitative dependence of the

rcpressurization, that occurs when the pressurized Iiquid refrigerant is suddenly vented, on

initial and boundary conditions. Parameters which were varied include: vent area, relative

proportion of Iiquid to vapor volume, initial thermodynamic state of the Iiquid, and surface

conditions of the vessel walls. The effect of different parameters on the explosive boiling

is obviously coupled and thus only one parameter was varied between trials, while the

• others were kept constant.

4.1 General Features of Explosive Boiling

4.1.1 Typical Pressure Trace

•

The influence of the volatile Iiquid, R-22 on the pressure history within the 260 ml test

vessel, following sudden depressurization, is iIlustrated by the pressure-time profile

displayed in Fig. 4.1. Initial conditions correspond to a saturated pressure of lA MPa and

Iiquid fill volume of 90%. For reference purposes. the lower pressure trace shows the

pressure history in the vessel measured rlear the orifice when the vessel is filled with

ambient temperature water, instead of R-22, under identical conditions of liquid fill volume

and vent area, and pressurized with air to an initial pressure of lA MPa prior to venting.

ln the Air-H20 system, the pressure drops rapidly to near ambient pressure and the

presence of the water does not significantly influence the venting process, as indicated by

the plateau in Fig. 4.1. The water serves as a means of reducing the vapor space and due

to the low vapor pressure of the water at room temperature, does not boil. In sharp
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• contrast, when saturated R-22 at the saille initial pressure and Iiquid lïll volume is vcntcd, a

sudden boiling response is triggered within the vesse!.

1.7

0.34 - Air/ H,O -
'--v...,.-voJ"""'-~- '-'--__......::.,r .........

Figure 4.1 - Characteristic pressure history for venting of R-22 and pressurized watcr
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•
The character of the subsequent rapid boiling is a funetion of the le'lel of superheat

achieved by the initial depressurization and will generally cause a transient repressurization

within the vesse!. In the present tests, the level of repressurization was not observed to

signifieantly exceed the initial pressure. This is consistent with the findings of Hiscoke and

Birk[21] and Birk and Cunninghaml31 . Furthermore, this repressurization is short Iived as

the mass of boiling refrigerant within the vessel is being continuously vented, causing the

pressure to drop once again at later times (t > 40 ms) eventually reach atmospheric

pressure. Note also that the initial relatively slow rate of depressurization for R-22, relative

to air, is a consequence of the relatively large molecular weight of the refrigerant. The

pressure drop and rise, denoted as ÔPdrop and ÔP'isc, respectively, are defined with

referenee to the pressure trace in Fig. 4.1.

•
4.1.2 Relationship between Pressure Drop and Rise

The degree of explosive boiling, i.e., the rate of vaporization of the Iiquid, is driven by the

amount of superheat experienced by the Iiquid. By varying the initial vapor pressure, it is

possible to subject the Iiquid, upon sudden depressurization, to various degrees of

31



• superheal. The degree of superheat is directly related to the amount of pressure drop,

lherefore qualilatively the superheat and pressure drop below saturation can be used

inlerchangeably to describe the pot-::ntial of the Iiquid to boil explosively.

One of the most noticeable characterislic features of the explosive boiling is the rclationship

between the repressurization and depressurization as shown in Fig. 4.2. Figure 4.2

contains data from three sels of expcriments. Two were performed with the 260 ml vessel,

each with a fixed orifice diameter of 19 mm and fill volume of 65% and 90% respectively.

The third set of data corresponds to tests performed in the 75 ml glass test tube with a

orifice diameter of 9.5 mm and a fill volume of 90%.

For ail three sels of data there exisls a strong correlation between the degree of superheat

attained by the liquid and the corresponding amount of repressurization. Although, due to

geomelrical and volume differences in the tests perforrned in the 75 ml glass test tube and

the 260 ml vessel, the magnitude of the repressurization for a given depressurization are

different, as shown in Fig. 4.2. However, both vessels yielded results exhibiting the same

qualitative behavior.
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Figure 4.2 - Relationship between pressure rise and pressure drop
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• 4.2 Scoping trails

4.2.1 Location of Transducer

As the main diagnostic. the pressure transducer should be positioned so that the measured

pressure properly reflects the response of any explosive boiling within the vesse!. ln order

to assess any differences in the pressure history within the vapor and liquid space, pressure

transducers were mounted at different locations within the vesse!. Two pressure

transducers were mounted at adjacent ports on the vessel. 17 cm apart (see Fig. 3.2). At a

Iiquid fill volume of 90%, the top transducer was initially entirely exposed to the vapor

space. while the lower one was in contact with the Iiquid. A test was conducted using

ambienttemperature water as the liquid, pressurized to 1.08 MPa with air vapor. Figure

4.3a shows that there is practically no difference, in both the magnitude and rate of

depressurization, measured by the top (vapor) and botlom (water)
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Figure 4.3a - H20 1Air trialwith vent in vapor space

transducers, following puncture of the diaphragm. To examine the boiling response of the

volatile Iiquid at different locations, the water was replaced by R-22 at 90% Iiquid fill

volume and a saturation pressure of 1.25 MPa. Figure 4.3b shows that the general

features, as measured by the transducers in both the vapor and Iiquid space arc very

similar. The lime delay in the onset of the pressure drop between the two traces

corresponds to an expansion wave speed of = 370 mis, which is consistent with the sound
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• speed in liquid R-22. The rates of depressurization and repressurization measured in the

liquid correspond closely to those in the vapo" space and the magnitude of the

repressurization is practically the same in both cases. The evident difference between the

two signais is in the magnitude of the pressure drop. The pressure undershoot is larger in

the vapor space (top) compared to that in the liquid (bollom), where a plateau in the

pressurc appears to be reached between 1-5 ms. This is most likely due to the location of

the transducer in the vapor spacc being much closer to the vent area and thus more sensitive

to any pressure drop. Heterogeneous boiling taking place along the vessel walls within the

relatively confined liquid can increase the local pressure measured atthe bollom transducer

location and prevent as large a pressure drop, as measured in the vapor space near the vent,

from materializing. In fact it is likely that heterogeneous boiling will preferentially occur

around the plug lhat houses the lower transducer. It appears lhat the location of the

transducer in the vapor space (near the vent area) is a more sensitive indicator of the

pressure transient and thus beller characterizes the boiling response of the liquid and

subsequent repressurization in the vesseI.
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Figure 4.3b - R22 trial with vent in vapor space

•
4,2.2 Location of Rupture Hole

The next set of experiments within the scoping trials deal with the effect of location of the

vent area, Le., whether the vent is punctured in the liquid or vapor space. These tests were

performed using a 200 ml aluminum vesseI. By rotating the vessel 180' and rupturing a

diaphragm in the liquid space it waS possible to examine the effect of the transducer
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• location on the pressure measuremenl. Since the occurrence of a BLEVE is dependent on

the boiling response within the vessel, it is of interest to qualitatively examine the

differences in the pressure profile obtained l'rom ruptures in the liquid and vapor spaee.

Although our smaH·scale tests do not detenlline if a certain set of conditions and parameters

will lead to a BLEVE, qualitative information on the effect of experiment:ll and

thermodynamic parameters on repressurization is important in assessing the potential for

explosive boiling, which may contribute to the devclopment of a BLEVE.

•

Two pressure transducers were used, one located in the vapor spaee, as shown in the small

caption in Fig. 4.4a, and one located in the liquid space. When pressurized water at 2.0

MPa is suddenly vented through a hole in the liquid space, Fig. 4.4a shows that the

pressure history reeorded in the different regions of the vessel, Le., liquid and vapor, are

very similar. If R·22 is used instead of pressurized water atthe same initial pressure and

liquid fill volume, a somewhat different pressure transient is recorded in the vapor and

Iiquid regions, as shown in Fig. 4.4b. Although the rate and overall magnitude of

depressurization appear to be the same at differentloeations within the vessel, therc is Iinle

repressurization observed by the transdueer in the Iiquid, loeated near the rupture hole,

since the vent is loeated beneath the Iiquid. Heterogeneous boiling taking place within the

vessel atthe liquid·vapor interface causes a pressurization in the vapor spaee mueh sooner

than any repressurization atthe location of the transducer in the Iiquid.
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Figure 4.4a· H201 Air trial with vent in liquid space•
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Due to the compressibility of the vapor, the vapor space experiences large pressure

fluctuations and thus provides a more representative history of the transient pressure field

within the vessel, irrespective of whether the rupture takes place in the liquid or vapor

space.
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Figure 4.4b - R22 trial with vent in Iiquid space
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4.2.3 Orientation of Pressure Transducer

Next the orientation of the transducer with respect to the two-phase venting flow, and its

effect on the pressure measurement, was examined. The test section was mounted

horizontally, with the windows facing vertically. The upper window was replaced with a

plate that contained the venting hole in the center. Transducers were mounted on the top

(vapor) part of the vessel, at either side of the vent, in an orientation facing the Iiquid

surface directly. Upon sudden depressurization, the free Iiquid surface broke up into Iiquid

fragments which were swept towards the vent hole, effectively stripping away a portion of

the Iiquid rcfrigerant before it had time to participate in the boiling. Hiscoke and Birk[21)

have observed that the mass of Iiquid remaining in the vesse! aCter the experiment is much

lower than what is expected based on a theoretical isenthalpic expansion of the vapor.

Therefore a certain percentage of the Iiquid i', lost through the two phase venting. Since the

transducers are direct!y facing the Iiquid surface, the stripped Iiquid fragments may directly

impact the transducer surface. If this occurs, large pressure spikes would be superimposed
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• on the pressure profile due to the sudden depressurizution. Figure 4.5a shows that large

pressure spikes are indeed reeorded as the R-22 is vented following diaphragm rupture,

demonstrating the effect of the collision of liquid drop lets with the pressure tmnsduccr.

The duration of these spikes ranges from 0.1-0.2 ms, .IS illustmted in the magnified
segment of Fig. 4.5a, shown in Fig. 4.5b.

•

~co
Cl.
~
~

0.5i!!
:s
'"'"i!!

Cl.
0

-0.5
-10 o 10 20

Time [ms]

Puncturc

TOP~

~

30 40

Figure 4.5a - Pressure trace of liquid impaettrial

1 l-
e;'
Cl.

6
i!! 0.5
:s
'"'"J:

0

1.5 ,
1 1 1 1

Puncturc

TOP~

~
-

•
-0.5

5 6 7 8
Time [ms]

9 10

Figure 4.5b - Pressure trace of liquid impact trial

37



•

•

•

Similar results have also been reported by Ogiso et aU 10) who used a long vertically­

mounted tube filled with compressed heated water with pressure transducers mounted

along the length and at both ends of the tube. Vpon sudden depressurization from a vent

near the top, the transducers located at the top end measured very large and rapid pressure

impulses. These impulses were attributed to the impact of liquid droplets colliding against

the pressure transducer sensing element. When the sensing element was shielded from

direct impact it proved to completely 'filter' out the pressure spikes. Large amplitude

pressure spikes, superimposed on the depressurization trace following tank rupture, have

also been observed by Venart ~'ld Sollows(22). Although other mechanisms have been

proposed by these authors (the BLECBE model) to account for the reported spikes, it is

interesting to note that the average spike duration is similar to that in the present

observations (Fig. 4.5b). It seems that particular attention must be paid to both the location

and orientation of transducers with respect to any oncoming f10w during the rapid venting,

in order to avoid distortions in the pressure signal and any possible misinterpretation of the

abnormally large amplitudes that can sometimes he measured. Consequently, in the present

study, pressure transducers were mounted with their face parallelto any two-phase f10w

during the rapid venting process as shown in Fig. 3.2.

4.3 Parametric Investigation

A parametric study was carried outto examine the influence of vent area, liquid fill volume,

initial pressure and surface material of the vesse! wall, on the explosive boiling of a

suddenly depressurized vessel cOlltdining pressure Iiquefied R-22. This was accomplished

by varying one parameter at a time and measuring the rate and magnitude of

depressurization and repressurization following the sudden rupture of a diaphragm.

4.3.1 Explosive Boiling in 260 ml Vessel

4.3.1.1 Area of Rupture

The vent area influences the venting rate which in tum delermines lhe degree of superheal

that can be reached upon sudden depressurization. Due to the vent area constriction and the

vapor generation from the boiling liquid within the vessel, lhere exists a competilion

between the vapor venling and generation rates as demonslrated by the pressure-lime

profile measured (see Fig 4.1) wilhin the vesse!.
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• To isolate the influence of the orifice area. the liquid fill volume was hcld constant at 90%

and the orifice diameter was varied. Figure 4.6 shows the superposition of seveml

pressure traces each with a different orifice area. For purposes of comparison. the

pressure traces were normalized with their corresponding initial pressure. Expcriments by

Friedel and Purpsl81 using a 107 liter vessel and different vent meas show similar

qualitative trends, indicating that although the present test vessel is 400 times sl1mller in

volume. it qualitatively reproduces the phenomena observed at larger scales. Figure 4.6

further shows that the asymptotic value of repressurization of the vesscl for large times,

Le., t > 30 ms, is similar in each case and therefore not a strong function of orifice areu.

0.1

0

-0.1

-0.2 " ~ ",-,.' ..' -,'- ,."",
'\', .

c.;- . . ,':.
...... -0.3Po 71.25

"

<:1
-0.4

'.• -0.5 -'.....
125

-0.6 285

-0.7
0 10 20 30 40 50

Time [ms)

Figure 4.6 - Superposition of pressure transient for orifice trials

An examination of Fig. 4.7 c1early shows thatthe amount of pressure drop increases with

increasing orifice area. A larger vent area permits a greater rate of depressurization. which

allows the pressure to drop lower. The repressurization is also related to the vent area, as a

greater pressure drop will invariably lead to greater superheat which increases the boiling

potential of the liquid and is characterized by an increase in repressurization.

•
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Figure 4.7 - Influence of area on degree of depressurization and repressurization
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The largest vent area, corresponding to the 285 mm2 orifice area, is characterized by the

highest rate of depressurization and repressurization. Note that the pressure drop shown in

Fig. 4.7 is norrnalized with the initial pressure. For the largest vent area, corresponding to

the 285 mm2 orifice area, the pressure can drop to 60% of the initial pressure, whereas the

14.50 mm2 orifice area provides a drop of less than 20% of the initial pressure. The

maximum achievable drop in pressure would correspond to reaching atmospheric pressure.

In an attempt to identify the rate of depressurization which would most reproducibly

represent the characteristic rate of pressure drop and rise, as experienced by the liquid

refrigerant after the sudden rupture of the diaphragm, several rates were defined. Figure

4.8 shows a typical pressure trace for a depressurization experiment. Upon sudden rupture
of the diaphragm the pressure falls at ils greatest rate, represented by (L\P / I.\t),.

The rate of pressure drop then typically decreases to (L\P / I.\th, until the pressure decay is
haIted and the pressure begins to recover at a rate of (L\P 1I.\th. Using the rates of

depressurization, (L\P 1I.\t), and (L\P 1&h, it is possible to obtain a weighted average of

the rate of pressure drop. From the percentage of the total pressure drop, L\Plolal that each

rate covers, the weighting factors (Wj. where ;=1,2) multiplied by the corresponding rate,

an averdge weighted rate of depressurization can he obtained:
(L\P 1I.\t}avg = W, (L\P 1&)1 +W2 (L\P 1/.\th
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• WI = (M, 1M toral ) ; w2 = (M2 1M wral )

Mroral =MI +M 2

w,+w2=1

Figure 4.8 - Definition of rates of depressurization and repressurization•
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Figure 4.9 - Influence of area on rate of depressurization and repressurization
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• By plotting the different results for these rates versus the parameter varied, it was found

that the depressurization rate which was most reproducible was the maximum rate of

depressurization, (M1~t)I' For this reason, in ail subsequent figures, the rate of

depressurization refers to the maximum rate given bj' (M1~t)l' The rate of

repressurization was defined as the maximum slope on the pressure-time trace for a

significant level of initial pressure rise. The influence of orifice area on the rates of

pressure drop and rise are shown in Fig. 4.9. As can be expected, the rates of pressure

drop and rise both increase with increasing vent area.

4.3.1.2 Liquid Fill Volume

The next parameter varied was the Iiquid fill volume. Keeping the orifice area constant at a

diameter of 19 mm and the initial pressure at 3.15 MPa (450 psi), the Iiquid fill volume was

varied from 24% to 90%. The Iiquid fill volume defines the percentage of !iquid that

occupies the total vessel volume of 260 ml. Figure 4.11 shows a superposition of several

pressure traces, corresponding to different liquid fill volumes, at the same initial pressure

and orifice area.

90% Liquid Fill

0.1

• 0

-0.1

-0.2
~-
'- -0.3
~

-004

-0.5

-0.6

-0.7
0 20 40

Time [ms)

24%

60 80

•

Figure 4.11 - Superposition of pressure transient for Iiquid fill trials

The effect of the Iiquid fill volume on the explosive repressurization delay time, Le., the

time at which the repressurization has reached its maximum, can he seen in Fig. 4.11. The

greater the Iiquid fill volume the earlier the maximum repressurization occurs. For

exarnple, the 90% Iiquid fill volume test has a repressurizalion delay lime of 10 ms whereas

the 24% Iiquid fill volume tests yields a repressurization time of70 ms.
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• Figures 4.12 and 4.13 show, respectively, the effect of fil1 volume on the degree and rate

of depressurization and repressurization. A greater liquid fil1 volume, signifying a smal1er

vapor spaee, inereases both the degree and rate of repressurization. The reason for this is

that a greater liquid fill volume implies that a larger quantity of liquid is available for

boiling, thus enhancing the amount of vapor generatcd within a relatively smal1er initial

vapor spaee and inereasing the repressurization. On the other hand the degree and rate of

depressurization, which is a strong function of vent area and initial pressure, does not

exhibit as strong a depcndenee on the liquid fill volume. Inereasing the liquid fil1 volume,

deereases the quantity of vapor above the liquid and
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Figure 4.12 - Influence of liquid fill volume on degree of repressurization and
depressurization

•
43



0.4

0.35
~

0.3 ~g
0.25 ".~

'"3
0.2 ~

0.15 ~
§-

0.1 '"~

0.05

• (tl.P/tl.t) drop max
1 1 1 1

•• -•c- •• -
-e:

- -

• -

- -

• -
>

• (tl.P/tl.t)'ise maxo. 1 1 1 1o 0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Liquid Fill Volume

Figure 4.13 - Influence of liquid fill volume on rate of pressure drop and rise

2.5•

•
causes an increase in the venting rate. This has the effect of increasing the rate of

production of vapor as evidenced through the repressurization. Although the quantity of

Iiquid present will influence the amount of vapor generated, it does not influence the rate of

vapor production. Il is the increased rate of depressurization, which is a consequence of

the increased Iiquid fill volume (decreased vapor space), that increases the ability of the

Iiquid to explosively vaporize. Figure 4.13 also shows the difference in the magnitude of

the rates of depressurization and repressurization. The rates of repressurization are

typically an order of magnitude smaller than the rates of depressurization.

•

4.3.1.3 Initial Pressure

The objective of the next series of tests was to determine the role of the initial

thermodynamic state of the Iiquid on the repressurization following the sudden rupture of

the diaphragm. These tests were carried out with fill volumes of 65% and 90% with the 19

mm diameter orifice. Careful monitoring of the state of the R-22 ensured that saturation

conditions existed immediately prior to depressurization. Figure 4.14 shows the

repressurization within the vessel as a function of the initial pressure for both Iiquid fill

volumes. For the 65% fiJI case, the repressurization increased with initial pressure to a

maximum for a pressure between 2 and 2.5 MPa (290-360 psi), then began to decrease.

The 90% Iiquid fill case also shows a similar behavior although the scatler in the results is

larger. The increase in scatltr may be due to the relatively small amount of vapor that is
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initially present, such that small variations in the Iiquid fili volume will generate significant

variations in the subsequent venting and repressurization rates, as shown in Fig. 4.12.
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0 90% Fill

• 65% Fill 0

~
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0
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0 •
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Figure 4.14· Degree of repressurization as a function of initial pressure within steel
vesse!. A second order polynomial fitthrough the data illustrates the
observed trend.

Figure 4.15 shows the saturation and spinodal curves for R-22 which bound the metastable

region. Path 1-2 corresponds to an isentropic expansion from a pressure oF 2.06 MPa (and

a saturation temperature of 53'C) to atmospheric pressure which yields the greatest possible

degree of superheat at atmospheric pressure. Th" state oF the Iiquid Following

depressurization for both the 65% and 90% liquid fili volume trials is also shown in Fig.

4.15. Although no homogeneous boiling was observed, the locus oF data points indicates

that there is a limit of superheat that is deterrnined by heterogeneous boiling. Even though

the degree of superheat altained will depend on the geometry of the vessel as weil as the

surface properties of the vessel walls, it is interesting to note thatthe maximum degree oF

superheat is altained at a liquid temperature that is similar to that predicted by homogeneous

nucleation theory.

The factthat several points at the highest initial temperatures appear slightly to the right oF

the spinodal curve indicates that in these trials the Iiquid temperature was not uniForrn and

in fact the average temperature of the liquid was at a value lower than the saturation

temperature corresponding to the initial pressure.
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Figure 4.15 - Locus of thermodynamic end states following pressure drop showing the
heterogeneous limit of superheat for the 260 ml test vessel.

If the magnitude of repressurization in Fig. 4.14 is normalized with initial pressure we

obtain Fig. 4.16 which shows trends similar to those observed by Hiscoke and Birk[2I].

The vessel (721 ml volume) used by Hiscoke and Birk is comprised ofthick walls, a fast

opening clamp and was oriented horizontally. Il is interesting to note that the basic features

of the explosive boiling response remain the same regardless of scale, orifice size and test

liquid (they used propane instead of R-22).
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We also note that the magnitude of repressurization never exceeds the magnitude of

depressurization. Although there were no overpressures measured exceeding the initial

pressure, one should not underestimate the potentially dangerous and destructive nature of

the repressurization process. The explosive boiling, which is caused by the sudden

rupture, or in an accident scenario by a sudden loss of containment, will repressurize the

contents of the already weakened vessel, and may lead to complete vessel failure.

Therefore it is not only the absolute level of repressurization but also the rate of

repressurization that is important since the stress exerted due to the sudden repressurization

may be sufficient to cause the crack from the initial rupture to grow and ultimately destroy

the vessel.
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Figure 4.16 - Influence of initial pressure on normalized repressurization
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Figure 4.17 - Influence of initial pressure on repressurization for a given depressurization

•
Figure 4.17 shows another way to visualize the data. The ratio of the magnitude of

repressurization and magnitude of depressurization gives an indication as to how much

repressurization is obtained for a given magnitude of depressurization. By plotting the ratio

ilPrise/ilPdrop versus the initial pressure, we observe that the ability of the liquid to

repressurize for a given degree of depressurization diminishes as the initial pressure
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• increases. This indicates that although the magnitude of repressurization is lower at lower

initial pressures the relative ability of the Iiquid to repressurize is higher at lower initial

pressures as compared to higher initial pressures. This perhaps indicates that more of the

Iiquid participates in the boiling process at lower initial pressures. Since the degree of two­

phase venting increases with increasing initial pressure a greater fraction of the Iiquid is

expelled through the two-phase venting and there is less available for boiling within the

vesse!.

The influence of the initial pressure on the rates of depressurization and repressurization are

shown in Fig. 4.18 and Fig. 4.19, respecti\'r1y. Both of the rates increase as the initial

pressure is increased. It should be noted that the dependence of the rates on the initial

pressure differs from that exhibited by the magnitudes (refer to Fig. 4.14). Figures 4.18

and 4.19 indicate that there is no apparent maximum value reached at any level of initial

pressure and very little difference can be discemed in the rates for the 65% and 90% liquid

fill volumes.
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Figure 4.18 - Influence of initial pressure on rate of depressurization

The rates of repressurization are typically an order of magnitude slower than the rates of

depressurization. The level of pressure drop and rise are dependent on the rate of

depressurization and repressurization, respectively. A more rapid depressurization process

will invariably lead to a greater pressure drop. Thus the level of repressurization within the

vessel is not only dependent on the rate (âP/ât)risc max but also linked to the initial
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depressurization rate (dPli.\t)drop max. Any factor innuencing (tl.P/tl.t)drup max will thercfore

have an effect on the prcssurization level reached duc 10 explosive boiling.
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Figure 4.19 - Innuenee of initial pressure on rate of repressurization

4.3.1.4 Mode of Nucleation

The effect of the surface condition of the vessel walls on the explosive boiling phenomena

was investigated using high-speed photography taken with a Hycam 16 mm movie camera.

A knowledge of the mode of boiling not only compliments pressure measurements but also

gives a more complete understanding of the explosive boiling process.

When the diaphragm seal of the vessel is suddenly ruptured and expansion waves

propagate into the Iiquid, the Iiquid suddenly beeomes superheated and shortly after begins

to boil. The sudden depressurization brings the Iiquid to a non equilibrium state. Pre­

existing vapor or gas bubbles, trapped in the cracks located at the vessel walls, or gases

dissolved in the liquid itself, serve as nucleation sites. When the bulk of the liquid is not

pre-nucleated, boiling preferentially occurs at Iiquid-vapor interfaces, such as the free

surface interface and on pre-existing nucleation sites. The initial boiling in the present

study is dominated by heterogeneous nucleation on the Tenon-coated side walls of the 260

ml vessel and at the free liquid-vapor surface.

Figure 4.20 shows a simplified sketch of the development of the boiling wave within the

260 ml vessel, as deduced from high-speed film records of similar trials. Following

diaphragm rupture at the top (middle sketch), the boiling front is initiated on the inside
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• walls and moves inward, displacing the centralliquid region vertically. The Iiquid-vapor

free surface of the Iiquid also begins to break up, as a two-phase vaporized front

propagates downward from the interface.

Vapor

~.If
Interface

Liquid
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Figure 4.20 - Schematic of heterogeneous boiling from walls of 260 ml vessel

A sequence of high-speed photographs shown in Fig. 4.21 iIIustrates the boiling process

that occurs within the vesse!. Heterogeneous nucleation on the Teflon-coated walls

dominates and the boiling propagates from the side walls towards the center of the vesse! as

a wave front with an average speed of the order of 1 rn/s. The two-phase mixture appears

as dark regions since the back Iighting is diffracted and does not reach the film. Since there

are no bubbles within the bulk of the Iiquid and the glass windows offer very few

nucleation sites, heterogeneous boiling dominates at the side walls.

Heterogeneous boiling takes place as a result of trapped gases along the surface of the

vessel walls and also due to the fact that it requires less energy to grow a vapor bubble on a

surface than within the Iiquid itselt'. Figure 4.22 shows a close up view of a trial similar to

the one in Fig 4.2). One can readily observe the rapid vapor generation at the walls.

By varying the surface conditions of the vesse) walls. while keeping ail the remaining

parameters constant, it is possible to observe the tendency for a surface to promote or

hinder heterogeneous boiling. Figure 4.23 shows the instantaneous velocity of the two­

phase "wave front" for three different surfaces, as measured (from photographie records)

by the rate of displacement of the advancing wave within the Iiquid from both sides.
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Figure 4.21 - Sequence of high-speed pholographs showing helerogcneous boiling of R­
22 l'rom the Tetlon-coaled walls in the 260 ml vesscl (Pi = 1.03 MPa)

[n the interpretation of these results one must note that the photographic records provide an

integratcd vicw of the boiling front ovcr the chunnel thickness. This muy introduce some

error in the wuve speed that is deduced since the advancing boiling wuve muy not be

uniform across the chunnel.

The velocities reported in Fig. 4.23 should thus be considered only in u relutive context. In

any case, the l'ale of boiling, which is manifested through the speed of the two-phuse wuve

front, is dependent on the degree of superheat attained by the Iiquid. The ubility of u

surface to suppress heterogeneous boiling will allow the pressure to drop to u lower vulue

before any boiling occurs. A higher pressure drop within the liquid will increase Ihe levcl

of achieved superheat and thus increuse the rate of boiling. From Fig 4.23 it is clear Ihal

the glass Iined vessel is the most effective in suppressing heterogcncous hoiling, ,LS it yields

the grcalest boiling wave speed. These results imply that increasing the Icvcl of

heterogeneous boiling should cause a reduction in the severity of explosive boiling.
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• Figure 4.22 - Sequenee of high-speed photographs showing heterogeneous boiling of R­
22 from the Teflon-coated walls in the 260 ml vessel (Pi = 1.43 MPa)
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Figure 4.23 - Instantaneous velocity of leading edge of two phasc. hctcrogcncous,
boiling wave.

4.3.2 Explosive Boiling in 75 ml Glass Tube

In an attempt to reduce the effects of heterogeneous wall boiling a second vessel was used.

The next series of trials was performed in a 75 ml glass tube (25 mm inner diameter) using

a 9.5 mm diameter orifice and 90% liquid fill volume.

4.3.2.1 Initial Pressure

Figure 4.24 shows the degree of repressurization as a function of the initial pressure for the

experiments in the glass tube. Despite the fact that two modes of boiling were observed

(evaporation wave and heterogeneous wall boiling). the repressurization reaches a

maximum near an initial pressure of 2 MPa, similar to that observed earlier with the steel

vessel. This indicates that although two geometrically different vessels were used, with

different wall conditions and vent areas, the maximum pressure recovery is largely a

function of the initial R-22 vapor pressure (or temperature), Le., the initial thermodynamic

state of the Iiquid.
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Degree of repressurization as a function of initial pressure within glass
tube. A second order polynomial fit through the data iIlustrates the
observed trend.

4.3.2.2 Mode of Nucleation

• Two modes of boiling were observed which depended on the initial temperature of the

Iiquid. For initial R-22 temperatures less than 25'C (corresponding to a saturation vapor

pressure of 1.03 MPa) the boiling occurred as an evaporation wave moving from the free
surface of the Iiquid vertically downwards. Figure 4.25 shows an enlarged view of the

Iiquid-vapor interface in the early stages following depressurization. After the diaphragm is

ruptured, the vapor above the Iiquid condenses, signaling the passage of an expansion
wave, and 7.33 ms later the surface of the Iiquid erupts violently into a two-phase flow

consisting of vapor and fine droplets moving vertically at high speed. Initial perturbations
of the top surface by the expansion waves and Iiquid stripping produce local vapor nuclei,

which are essentially 'embryos' that supply the necessary Iiquid-vapor interfaces required
for boiling of the R-22 to occur. Additional vapor nuclei are continuously generated ahead

of the two phase wave, allowing for a sustained propagation. In essence, the wave
preconditions the Iiquid ahead of it in the form of Iiquid-vapor interfaces serving as the

"fuel" for the boiling wave propagation. A detailed discussion of the mechanism of
propagation of the evaporation wave can he found in HiII1231.

•
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Figure 4.25 - Breakup of free surface of liquid R-22 contained within a glass tube
following depressurization (Pi = 1.20 MPa)

Figures 4.26 and 4.27 show the average displacement versus time and a schematie of the

propagation of the evaporation wavefront within the glass tube, illustrating the random

variations in the shape and velocity of the evaporation wave that occur for two trials with

the same initial conditions. In both cases the wave initially propagates rapidly downwards

from the free surface in a highly asymmetric manner. The wavefront becomes relatively

more planai' after a short time (denoted a on Fig. 4.26) which corresponds to a decrease in

the average wavefront velocity. After about 300 ms the wavefront asymmetry begins to

become more pronounced, and the velocity increases beyond the point denoted c in the

figures.

Figure 4.28 shows single frames from a Hycam film of the propagation of an evaporatioll

wave in the liquid R-22 for an initial vapor pressure of 1.03 MPa. Note that the initial

rapid depressurization is sufficient to eause a nucleation site to grow on the right side of the

tube wall ahead of the wave front. The vapor bubble growth and pressure buildup within
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•
the vessel cause the evaporation wave to virtually stop propagating until the subsequent
pressure drop within the vessel reinitiates the wave propagation.
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Figure - 4.26 (above) Evaporation wave
displacemenl versus time (Pi = 1.03 MPa)
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For initial R-22 temperatures above about 2S'C (corresponding to an initial vapor pressure

greater than about 1MPa). the superheat attained by the Iiquid following depressurization is
sufficient to induce heterogeneous nucleation on the tube walls. This is iIIustrated in Fig.

4.29 which shows a sequence of photographs for the boiling of R-22 with an initial

pressure of 2.24 MPa (corresponding to an initial saturation temperature of 60·C). The

growth of the nucleation sites along the length of the tube forces the remaining Iiquid out

the orifice and prevents the propagation of an evaporation wave within the tube. Due to the

large increase in Iiquid-vapor interface area. the liquid R-22 is partially vaporized and

expelled from the tube in a time about an order of magnitude faster than when the boiling

occurs via an evaporation wavc.

The glass test tube thus has a finite ability to suppress heterogeneous boiling since minute

scratches and pits on the glass surface will eventually serve as nucleation sites for boiling to
occur. At oost the glass surface can suppress local heterogeneous nucleation for a Iimited

period of time and for low superheats. since at higher superheats the ability to suppress
heterogeneous wall boiling decreases.
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t (ms) =0.00 12.00 25.33 40.00 70.00 90.00 120.00 146.67

186.67 220.00 247.33 306.67 373.33 433.33 480.00 530.00

• Figure 4.28 - Sequence of high-speed photographs showing the propagation of
evaporation wave throughoutlength of glass tube. (Pi =1.03 MPa)
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• t (ms) = 0.00

",1

6.67

;~

11.33 14.00 15.33

. ,

i

19.33

22.67 24.00 26.00 30.00 34.00 40.67

• Figure 4.29 - Sequence of high-speed photographs showing the h~terogeneous boiling of
R-22 within a glass tube. (Pi = 2.24 MPa)
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4.3.2.3 Pre-Nucleation Experiments

In order to stimulate the participation of the bulk of the liquid in Ihe boiling. as I\'ollll! he

expected in a homogeneous boiling scenario. C02 gas was dissolved in Ihe liqllid

refrigerant by exposing it to an overpressure of \-2 MPa for 48 hours. The intent was 10

precondition the liquid so that upon sudden depressurizution. the COl wou Id exsolute. i.t' ..

come out of solution. throughout the Iiquid refrigerant. The inerease in liquid-vapor

interfacial surface area would promote boiling around cuch growing COl bubble.

Figures 4.30 and 4.31 show usequence of high speed photographs of Ihe explosive boiling

of R-22 dissolved with und without C02. respeetively. und contuincd within u gluss lest

tube. AI f'irst glunce bOlh sets of photogruphs essentiully i1lustrute Ihe sUllle generallype of

behuvior. [t appeurs that upon sudden depressurization. sOllle boiling lukes pluce ul locul

pits und scrutches on the gluss surfuce. However. compuring the time ut which Ihe boiling

starts in the two experiments, it is evident that boiling uppears Illuch soone!' in Ihe R-22

dissolved with C02. Le.• at 1.5 ms compared to 8 ms for R-22 withoul uny dissolved

C02.

free Ilquid surface

Figure 4.30 - Sequence of high-speed photographs showing the heterogeneous boiling of
R-22 without C02 within the glass tube. (Pi = 1.20 MPa)•

t (ms) = 0.00 2.00 5.33 8.00 13.33 22.00 29.33
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Figure 4.31 - Sequence of high-speed photographs showing the hetcrogeneous boiling of
R-22+C02 within the glass tube. (Pi =1.38 MPa)

•

•

free liquld surface

t (ms) = 0.00 1.50 2.50 3.00 5.00 6.50

0.4 1 1 1 1

• IC2 00.35 0 R22+C02 0 0 -

0.3 c-
D

0 -

0:,- 0.25 ::. • • -:
-. •" 0.2 •~ -'c • •c... ••<1 0.15 •1:- • -

• •0.1 f- -
• •0.05 • -•

0 W~ 1 1 1 1 1 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

• 6Pdrop 1Pi

Figure 4.32 - Effecl of dissolving C02 in refrigerant 22 on the boiling response.
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Although the C02 was primarily used in an allempt to promote homogenous boiling

throughoutthe Iiquid, the experiments performed within the glass test tube reveal that it

only increases the likelihood of heterogeneous boiling. Based on Iimited photographie data

it seems as though the C02 does not exsolute fast enough for it to promote homogenous
boiling, but nevertheless has an effect on the boiling response.

Figure 4.32 shows the normalized repressurization as a function of deprcssurization for

experiments with and without C02 dissolved in the refrigerant. For the Iimited number of

experiments with dissolved C02 we can see that, as demonstrated by the high speed

photographs, the C02 increases the boiling response of the boiling refrigerant.

4.4 Other Experiments

The data presented in section 4.3 were obtained under strict control of initial and boundary

conditions. Appendix B contains additional experimental data corresponding to the

complete set of experiments performed with the 260 ml vessel, including the initial stages

of the investigation. For the earlier data obtained during the scoping trials, the experimental

conditions, apparatus and procedure were continuously being changed and improved and

consequently in view of the delicate nature of the experimental procedure (preservation of

saturation conditions prior to diaphragm rupture), they were excluded From the main data

presented in the previous section. Nevertheless, by comparison, Figs. 4.2, 4.14 and 4.15

with the corresponding figures in Appendix B, comprising ail of the data, one observes

that the same general trends can be found. An apparent difference is in the increase in

scaller that is exhibited, which in retrospect is not surprising in view of the larger pool of

data. Tables containing the raw data of ail experiments included in this report are found in

Appendix C.

4.5 Semi-Empirical Madel for Pressure Undershoot

A method for correlating the amount of pressure undershoot that occurs when saturated

water is suddenly depressurized has been developed by Alamgir and Lienhard[6] (a similar

correlation has also been used by Bartakl7]). Although the correlation was originally

applied to experiments with very rapid depressurization, it is of interest to apply it to the

results of the present investigation to test its applicability.
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• Based on c1assical homogeneous nucleation theoryl14l, the critical work !1C/J, necessary to

create a bubble capable of further growth, i.e., the "potential barrier" for nucleation to

occuris

[27]

where !1P = Pi - Pf' cr is the surface tension and v is the ~pecific volume. The
probability that a molecule has the critical work is e(-lJ.~/kT) with the ratio !1C/J / kT

defined as the (1ibbs number Gb, where k is the Boltzmann's constant and T the

temperature. The critical work required for hererogelleol/s nuc!eation is !1c'P' = 1· !1c'P,

where1< 1 is an arbitrary heterogeneous factor. The magnitude of depressurization, LiP ,

that is necessary to produce the critical work necessary for heterogeneous nucleation to

occur is obtained from equation 27 as,

•
!1P=

161rc?(%b)

3k1l1- ~~r
1/2

[28]

•

Since experimentally the pressure drop depends on the initial pressure (or temperature) and
mte of depressurization, the ratio Gb / 1 is assumed to be a product of two functions 1(T)

and g(dP/dt). The functions 1 and g were correlated using experimental data, i.e., Ti,

.1Pdrop. dPldr, and equation 28 and were shown to have the final form, f(T) = J.3xlO·5

(Tffc)J2 and g(dPldt) =(1 + 33.09 (dPldt)J·27). The experimental data for the pressure drop

in the 260 ml ve3sel at 90% liquid fill and the theoretical pressure drop, as given by equation.

28, are shown in Fig. 4.33.

The correlation shows the dependence of the magnitude of depressurization on the initial

Iiquid temperature for a given rate of depressurization and exhibits the general features of the

experimental data. In particular, the correlation predicts that the pressure undershoot reaches

a maximum for a certain initial temperature.
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Figure 4.33 - Correlation for pressure undershoot as a function of initialtemperalure and
rate of pressure drop. Two curves shown bound the rates of depressurization
observed experimentally.•

•
Figure 4.34 - Comparison of pressure undershoot prcdicted by the correlation, using the

average rate of depressurization of 1285.1 MPals, with experiment:!1 values.

Since experimentally the repressurization was found to be Iinep r ly proportional to the

pressure undershoot (Fig. 4.2), the maximum observed for the repressurization (see Fig.
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4.14) is consistent with the correlation predictions. The experimental data are

approximated by the correlation with a mean relative error of 13.7% (Fig. 4.34).

4.6 Thermodynamic Modeling

The explosive boiling occurring in a sudden depressurized vessel can be broken down into

two main contributing factors; the venting of the two phase mixture and the generation of

vapor due to boiling. The competition between the rate of venting and rate of vapor

g':!1eration will deterrnine the pressure history of the explosive boiling process.

By incOri'Jrating both of these effects into a model, the repressurization within the vesse!

can be examined as a function of the various physical and thermodynamic parameters.

Such a model can then be used to investigate the influence of scale and to consolidate the

existing experimental data. This section describes sorne of the preliminary modeling efforts

performed and discusses sorne of the key issues that shou!d be addressed in future

modeling attempts.

4.6.1 Venting Model

The first step in modeling the explosive boiling scenario is to model the venting of the

vapor. The model assumes that a given volume of single-phase gas expands isentropically

through a given vent area. The rate of mass loss through the vent is a function of the

pressure ratio across the vent orifice and depends on whether the flow is choked or not.

By using a discrete time step approach the mass flow rate is used to determine how much

vapor has left for a given time step. The pressure within the vessel is then deterrnined from

the quantity of vapor remaining. Details of the source code can be found in Appendix D.

The venting model was validated by comparison with experiments by varying initial

pressure and vent ùrea. The characteristic feature of interest in the venting mode( was the

rate of pressure drop. Figure 4.35 shows the superposition of experimental pressure traces

and those obtained from the venting model for similar initial conditions. In both cases we

observe that the venting model reproduces the rate of pressure drop of the experimentaI

pressure trace. The model assumes that the gas is expandeo to atmospheric conditions and

thus once the pressure within the vessel has dropped to atmospheric pressure no further

venting occurs. The experimental traces in Fig. 4.35 show that the pressure does not

64



• asymptote to atmospheric pressure indicating that there may have been a slight error in the

transducer calibration. Nevertheless the model seems to properly cxhibit the mtc of
pressure drop.

1.5

Figure 4.35 - Superposition of Experimental and Yenting model Pressure Traces

--- Experimcntal
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50
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I
1
1 ...."'..._- -------- -.'

0
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•
For the ease of venting of a pressure liquefied gas the pressure drop beyond an initialliquid

temperature of 53·C is limited by the spinodal curve and therefore cannot drop to

atmospheric pressur". For the modelto exhibit this behavior the pressure within the vessel

should be couple with the boiling. The coupling mechanism will depend on the

assumptions made about the boiling and will be discussed in section 4.6.3.

4.6.2 BubbIe Growth

•

The next stage is to model the generation of vapor. In light of the fact that the goal of the

final model is to determine the conditions which produce the most violent boiling, the

boiling within the liquid should be assumed to be of a homogeneous nature. This avoids

the problem of modeling the stochastic nature of heterogeneous boiling. By "seeding" the

bulk of the liquid with a fixed quantity ofcritically sized nuclei and allowing these nuclei to

grow through heat diffusion, it is possible to simulate the effects of homogeneous boiling.

Allernalively, il can be assumed that no nuclei are present until the depressurization is

sufficient that the spinodal is reached. At this point, a large number of nuclei can be
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• assumed to form uniformly throughout the bulk of the liquid. The number of nuc1ei can be

prescribed as a parameter.

The nuc1ei that are formed (or are assumed to pre-exist) grow with a growth rate limited by

thermal diffusion according to equation 26. As the bubbles grow they consume the

surrounding liquid (through vaporization) and occupy more space within the bulk of the

liquid. The growing bubbles compress the abo'le vapor space, as shown in Fig. 4.36. If

the rate of bubble growth occurs at a fa...ler rate than the exhausting vapor the vapor space

will experience an increase in pressure.

Figure 4.36 - Schematic of Bubble Growth and Effect on Vapor Space•

Vapor Space

• ••••. ..
Time=t

Liquid

Bubble
. -.•.~.

Time=t+~t

•

The bubbles will stop growing when the thermal boundary layer surrounding adjacent

bubbles touch and when there no longer exists any Iiquid or vapor space above the Iiquid.

4.6.3 Coupled Venting and Bubble Growth

With the assumption of diffusion-Iimited bubble growth. the difference in pressure between

the bubble and the surrounding liquid is minimal. However, as the pressure in the vapor

space above the bubbly Iiquid grows, the pressure rise will retard the bubble growth. If a

significant pressure gradient exists between the bubble and the surrounding liquid. the

bubble growth will be influenced by inertial effects as described by the Rayleigh bubble

growth (equation 22) as described earlier. In addition, the increase in system pressure will

lower the effective superheat of the Iiquid. which lowers the driving force behind the

boiling and hence the rate of vaporization. With both of these effects. the bubble growth

will then be coupled to the repressurization within the vessel and the maximum

repressurization altained will be Iimited. As the scale of the vessel increases, wave

prc.,agation effects will begin to play a role since the pressurization of the vapor space may
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take sorne time (due to the low sound speed in a bubbly liquid) to be communicllted to the

rest of the bubbly Iiquid. For rapid changes in the vessel pressure, non-equilibrium

vaporization effects may also play a role. Correctly accounting for the coupling bctween

the vessel pressure rise and the bubble growth is necessary for deterrnining the maximum

degree of pressurization that is allained.

In practiee. the spinodal is not allained and the pressure drop is limited by heterogencous

boiling on the walls of the vessel or from impurities within the bulk of the liquid or on the

surface. In this case, a mechanistic description of the nucleation phenomena is more

complex due to the stochastic nature of the boiling.
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5 Conclusions

The explosive boiling response of suddenly depressurized refrigerant 22 has been

investigated experimentally in a small-scale steel vessel and a glass tube. In both cases,

rapid boiling caused a repressurization within the vessels which was Iinearly dependent on

the pressure undershoot or the degree of superheat attained by the Iiquid. The degree of

repressurization reached a maximum value in both vessels at an initial pressure of about 2

MPa, regardless of the mode of boiling, vessel geometry or Iiquid fill volume.

The dependence of the repressurization on initial pressure observed experimentally was

consistent with the predictions of a semi-empirical correlation based on :.omogeneous

nucleation theory.

The orifice area was found to play an important role in that it controls the venting process,

Le., the rate and level of depressurization, and consequently the degree of superheat

attained by the liquid. Experiments demonstrated that larger rates and levels of

repressurization were measured for increasing vent areas, suggesting that large venting

rates of tank cars containing LPG may be detrimentaJ. Results also showed that the

repressurization process was similarly enhanced with increasing Iiquid fill volume, Le.,

decreasing initial vapor present. In this case depressurization occurred more rapidly and

more Iiquid was available for boiling. The relative ability of the Iiquid to repressurize was

found to be greater at lower initial pressures than for higher initial pressures.

The mode of nucleation observed depended primarily on the degree of superheat attained by

the liquid as weil as the surface characteri~lics of the vessel. For the steel vessel,

heterogeneous boiling from the walls dominated. In the glass tube a self-sustained

::vaporation wave propagated from the free surface into the Iiquid for initial pressures at and

below 1MPa. For an initial pressure of 1MPa, after an initial startup phase lasting about

100 ms, the evaporation wave attained an average velocity between 5 and 20 cm/s. Since

the wave vclocity is relatively slow, fluctuations of the pressure in the vessel downstream

of the wave due to the competition between the rates of vaporization and venting can

influence the propagation of the wave. Deviations of the wavefront from a planar shape

corresponded to an increase in the average propagation velocity and may be caused by

spatial variations in the Iiquid temperature.
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For large initial pressures, the boiling in the present experiments was dominated by wall

boiling so that the ratio of surface area/liquid volume played an important role in the rate of

vapor generation. Therefore the present results cannot be scaled in a quantitative manner

easily to larger scale cylindrical or spherical vessels, where boiling on the walls will be

relatively less important compared to boiling within the bulk of the liquid. Nevertheless,

the trend observed in the present tests, in particular that the violence of the boiling increases

with initial pressure or temperature up to a maximum corresponding approximately to the

superheat Iimit temperature at atmospheric pressure (- 53'C), is expected to be reproduced

in larger scale tests.

Pre-nucleation of the Iiquid refrigerant with COz increased the boiling response for a given

pressure drop. Based on photographie observation, the dissolved COz increased the

Iikelihood of heterogeneous nucleation and the rate at which the liquid is vaporized.

Due to the nature of the present small seale experiments, heterogeneous boiling dominated

in aIl but a few situations. The nature of the heterogeneous boiling poses limitations on the

level of .implicity that a model can have. In order to obtain a more complete understanding

of the explosive boiling scenario occurring at larger scales more experimenls with different

geometry and aspect ratios are needed. Also, at larger scales heterogeneous boiling may

not participate as much as in the present study and hence the occurrence of local

homogeneous boiling (close to the vent hole) may be possible. The large scale expcriments

permit more f1exibility in the assumptions chosen for a simple thermodynamic model as

heterogeneous boiling may not be a contributing factor.
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Appendix A

This Appendix contains relevantthermodynamic properties of refrigerant 22 as a ïunetion

of temperature. The data for the properties were obtained from references [19,20) and a

function was obtained for each of the thermodynamic propertics by curve filling the data

points. The functions were used throughoutthis thesis when the variation of properties as

a function of temperature was required.
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Figure A.2 - Gaseous Specifie Volume for R22 versus Temperature
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Figure A.4 - Latent Heat of vaporization for R22 versus Temperature
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Appendix B

This Appcndix eontains the figures that go with section 4.4. They inelude preliminary
experimental data along with the main data for the steel vesse!.
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Appendix C

Appendix C contains thc expcrimental data in tabular form. The experimcnlal dala is

divided into 9 tables.
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Table C.I - Variation of Area Data (Steel Vessel)

OrifICe Dimension Om"" Anla (mm"2) Pi [psil dPdrop dPrise 6PdtoplPi dPtise/Pi (4Pdrop!41) (dPdl0pldl)/Pi (dPrise/41) 1 (4P,jseJ4t)IPi

o 3/B-ciam 71.255 2.7579 0.78242 0.36997 0.28370 0.13415 1.0756 0.39000 0.249591 0.090500

1 0.25" X 0.25" 40.320 2.2408 0.58000 0.19526 0.25884 0.087138 0.94899 0.42351 0.012411 1 0.005S3!l5

2 D.TS-XC.1Se 14.520 1.0342 0.19781 0.19127 0.65155 0.63000 0.015513 1 0.015000

3 0.15" X0.15" 14.520 1.7237 0.13555 0.078640 0.098250 0.057000 0.021891 0.012700

4 lJ"rciam 126.60 2.0684 1.1514 0.53090 0.55660 0.25660 0.85219 0.41200 0.10549 0.051000

5 112" ""'" 126.00 2.0684 1.1032 0.34474 0.53300 0.16700 0.47367 0.22900 0.13238 0.064000

6 314-(jam 285.00 2.2753 1.2824 0.78600 0.S6000 0.34500 >.4835 0.65200 0.30716 0.13500

7 314-ciam 285.00 2.2753 1.5582 0.77221 0.68000 0.33900 2.04n 0.90000 0.38452 0.16900

8 318° ""'" 71.255 2.4132 0.75842 0.17237 0.31400 0.072000 0.70706 0.29300 0.13514 0.0S6000
9 314-ciam 285.00 1.9650 1.1032 0.68948 0.60000 0.35000 1.6290 0.82900 0.30281 0.15400

10 3/4" ""'" 285.00 2.0684 1.2656 0.76752 0.61100 0.37000 2.0712 1.0013 0.37232 0.18000

11 .Y4-ciam 285.00 0.82737 0.46815 0.19926 0.56500 0.24000 0.11583 0.14000 0.10687 0.12917

12 O.44-XO.44- 125.00 0.79290 0.42892 0.26503 0.54000 0.33400 0.20684 0.26087 0.016823 0.021217

Table C.2 - Variation ofFilI Volumes Data (Steel Vessel)

Fili Volume p; IPso] 4Pdrop 4Prise 4PdroplP; 4Prise/Pi (4P/41)drop (b.P/AI)rise

0 0.24000 300.00 168.60 50.520 0.56200 0.16840 1.8457 0.010687
1 0.50000 300.00 159.23 80.130 O.530n 0.26710 1.9305 0.10894
2 0.70000 300.00 169.73 96.470 0.56577 0.32151 2.1387 0.21581

3 0.90000 300.00 183.56 111.32 0.61187 0.37107 2.0712 0:37232

~
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Table C.3 - Variation of initial Pressure (65% Fill Volume, Steel Vessel, Magnitude Data)

PI Jt.IP.] ~~ {UPa]' .&P_ [,",Pa} .1Pl'lMI.!Pc:rcQ :P~ 1 4PnWPI 1 Pa!~ [.....] 1 T.,~ IC] 1 Tez Pl (C] 1 .1T~1 ICI C;l.L [uq T Ja"OtlNo (CruTIlJ

0 a &61&l ' 052441, O~17S 091BSA : O6OMS: Q,S5lI91 033131 ! -s 6602. 18064 i 23n. o006J9bl : 015180

1 137;(1 095167 , 071747 0.74923 : 0694Ui 052OJO: 0.&2135 ; .'4090 i 35.7101 37119 1 Ooon576 ' o281'i5

2 l~l: 11079 ' 0760161 i 06~16; 0..." 040026 i 0.78818 : 151181 .g 023 : 3J 005 o"""'"'" 030511, 2.'32 : 1 16,2.; 0e2796 i 071229 ' 0.&8168 . 030&3101 125081 31.1931 593671 2751. i 00107171 029553

• 2e9~ , '.01061 ! o].&m' 1 1,8852 i .. ne 1 5'.saS : lB 768' 0.0131111 1 024756, 28751 " I.Omi 0.76156 i o705J.& 1 0375591 026492 i 1.19531 '6.704 :. 67.2091 20506 1 \1013(61) 020782

• 251661 1.1859 : o 7J66A : 0.621161 0.7123 ! 029271 1 1.3307 ! 34U71 61200 ; 26932 ! 0011162: 0'00'"
7 2E200 1 12655 ) 076022 1 060071 i 0483Cl3 ! 0.290161 1.35451 3U83 1 62.919 : 27.996 ! 00116018 : 032&10, 3,10251 1,022. 1 0690921 0675n 0329531 0222&9 i 2.08021 52.9nl 70"', 17921 : 0014&161 om.n
• 3.3oUO ) '.0213 i 0517t1! 0,50J361 0.30700 1 015500 2.3166 57599 '''8se i t72SSI : 0016796 ! o~

'" 3"~ 1,1790 1 060250; 0.51111 : 033700 : 0,11000 1 2.31661 57.599 j n."331 1983A : o 018A861 03666'

Table CA - Variation of initial Pressure (90% Fill Volume, Steel Vessel, Magnitude Data)

PI l'-'Pa] 4f'clrop lMPall APnse IMPa) 1 APnHlo1P(lrop 1 .1Pl:lroj)IPl 1 APriMlPl Pal APdrop IMPa) Tai APdrop [C) 1 T a: Pile) AT~I ICI 1 CpIL 11~ 1 Jakob No. [Cp.lT/l)
0 2.1)21 0,783731 0.•\M57 j 0.6310S 1 0324771 0,2OoI9S 1 1.629ot 1 426161 59.367 1 l'i,751 00107171 :..I~

1 0.19290 1 0.42885 J 0.2&C16 1 0.611361 0.54081 0,33391 0,.... ..2000 15.310 19.600 r 0.0062210 0.1'193

2 3,0130 t 1.1110 1 061327 ! 0,602181 0.37011 0.22346 1.8961 "9,023 69....., 204231 0.013978 ~,~, 3.10261 1.10A9 0.68051 0.61591 0,35611 021933 1.9978 51.2"9 70.898 19649 i 0014&16 0.28n8

• 2,6200 i 1.08571 0,66295 0.610611 0"1"39 0.25303 1.5343 40.103 62.919 22.8nl 0.011648 0.26647, 2.4821 i 1.06811 063935 0.59826) 0,430S6 0.25758 1.4134 36.717 60.595 238181 0.011009 O.m88

• 2.1021 1.2197 0.18669 0.614761 0.•7347 029101 1.4231 36.... 64.311 21.375, 0.012071 1 o."""
7 2.4821 1,0857 068058 0.62685 , 0.43142 0.21419 1.:'964 36.Z"l2 60.595 24,3731 0,011009 o2tlll3J

I-~
3,3"0 1.0119 0""'1 062205 0.32056 0.19940 2.2120 56.161 74.858 18,098 0016796 0.303!l6

• 2!m2 1.1997 0.7A.463 0,62069 0.<0000 0.2"828 1.7995 ..6&04 69223 22.419 0013881 0,31119

10 349~1 1.1190 050250 0.5111f 0.33100 0.17000 2.3168 57.599 n.4J3 19.834 0,018486 0.38085
11 3.6197 1..... 1.0135 0.65625 0.42660 028000 2.0153 52.816 7Sl.&19 26.743 0,020125 0.S3820

12 1.1375 1.0258 0,64109 0.82495 0.5OO!l!l 0.48755 0.11064 11.888 "5.319 33.431 0.0085948 0.28733

" 2""'" 1.1417 0.90163 0.18912 1 0.55196 0.43590 0.92672 20562 52.134 32.112 0.00!M924 0.3053ll

" '.3790 0,18187 ! 0.64969 0,83095 0.56100 0.41115 0.59709 ..- 35.110 28.801 0.OOn576 0.22342

00
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Table C.S - Varialion of initial Pressure (90% Fill Volume, Preliminary Experimenls)

PI [upa) 1 APorop {loIPa) 1 4P,... 1MP8) 4P,,",4P~ 1~ 1 APnWPJ P al~ lJolPa) TaI~ lCJ TMPiICJ 4T ICI 1 ~ l'nq .JItoCl No. lep.,.Till
0 1.1"~! 1.1151 1 0"",,", 0.613201 0.63726 J 0.39017 0.63"75 0 .... ..... 37.0261 0.0086251 O.3la,)5

1 2.21SJ 1.4253 0.70917 0.49797 o...... 0.31195 ose... ".... 58.822 3022' 0.0'0'84 030017

2 1.0342 0.73297 0605791 0.82649 0.70B72 0.58575 0.31)124 -7.50&&4 24.511 n ... 0.0058768 0220&5

· 1.702B 0.97371 0.58161 0.59731 J 0.5&317 O.32UC O.8Um ,.362 ..... 30280 0.0087311 026438

• 22753 1.5'''9 0.785351 0.51842 0 ..... 0.34517 0.7603lI 13.078 58.822 ...... 0.010184 0.43<34, 2.2753 12632 0.600051 0.•7503 0.55518 0.2ll373 1.0121 23.717 58.822 :n... o.OtO'84 0.33713

0 2.2753 ,...... O.7D2i9 , O....1n3 0.68778 O.3OB07 O.71lXJt Il.817 ..822 4UUS 0.010184 Q.45n,

~
2.20B31 1.4gos 0.87554 Q.4S324 0.67555 0.30518 0.71584 12.100 55.400 43_ O.0C»03St7 0.4.3128

0 2.4'32 1.2454 0.52837 0.42425 O.SI6l)g 0..2H195 1.1878 29.tlM 9.367 30.203 0.010717 0.32"35

• 1.3238 1.0501 0.50433 0.55643 O.79:!28 0.44'''0 027365 -9.0103 34'" 4:!.... 0.0076264 O.32S0&8
10 1,3190 1.0784 0.61789 0.51295 0.78207 o...... 0.30051 -7.SlU7 35.710 4320' O.oonS78 0.33588
11 lB203 1.0326 0.66021 0.63939 0.637N 0.<&0747 0.58768 ..." 42.31'8 35.895 0.00831&3 020<152
12 t.tt271 1.2284 060052 0.56943 0.67235 0.38285 o...... ...... 47."9 40.489 O.OO88H14 0.35<l87

13 1.3790 "384 0.6057i1 0.53212 0.82559 O.QgJl 02.... -10.1'87 35710 ...507 0.oon576 0.3607B,. 1.7430 1.2828 0.67&g3 O.52no O,7J5SMI 0.38837 0.46019 0.49602 45.453 ".957 nOOB6063 0.38700.. 2 .... 1.4220 0.71161 050043 0.68748 0.3«03 0.64642 SU095 52.734 43... 0.0Q9.I924 0.4t410

1. 1.8271 1.1201 0.72370 0.6(610 0.61306 0.30600 0.7ll609 11.733 47....9 35.717 0.0088184 0.31406

" 1.os.A9 O.866n o...... 0.6(659 0.82166 0.53128 0.18813 -13.680 25.2.5 38.92' 0.00693J7 028900

" 1..... 0.97001 0.64207 .::1.66188 0.60645 0.40140 O.6295t 0.3620 .'.84' :n470 0._ 0.27681.. 1.1252 072936 0.55319 0,75846 0.6(819 0.4IH62 0,39586 -2.6196 27.678 30.357 0.00712.1 021627
20 2.4132 1.2593 1.0427 0.82802 0.52184 0.43200 1.1539 28.642 59.367 30.725 0.Ot0717 0.329211

~
2.757i1 1.5665 0.73237 0.~751 0.56801 028555 1.19'. 20.882 65.287 ,.... 0.Ot2371 0.43799.,' 2.4132 1.4690 1.04&1 0.71213 0.6087" 0.43352 0.51«'2 21217 59.367 38.150 0.Ot0717 0-40087

23 2.757i1 D.Sl8180 o....... 0.•1345 0.35509 0.16855 t.n6t 48.2.9 ...." 19.038 0.01237t 023'51

2' 2.757V 1.8950 O.&fSI6 044599 0.68713 0.305A5 0.86287 18.104 85287 .7.184 0.Ot237' 0.58369
2. 2.4132 1.B505 0.82951 0.44826 0.76583 0.34374 0.56267 5.3405 59.367 54.027 0.010717 0.57003
2B 0.82737 0.46815 0.19953 0.42622 0.56583 0.24117 0.35922 ".5385 UI.700 21236 O.OO63On 0.13395
27 2..... !.l'BOO 0.76752 0,70547 052sge 0.37107 0.lil8047 22.... 52.734 30.168 0.0Q9.IV24 028637

C'l
00
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Table C.6 - Variation of initial Pressure (65% Fill Volume, Steel Vessel, Rate Data)

PliMPal IAPdIOfll'Al)1 IMP"'",,) W_' 14Pdropl4l)2 IUP"'msl Weight2 IAPdfoplAl)avg I,,",Pa/msl (4Prll6I'41) tMPlI1ms)

0 2.2408 O.i4aJ9 0.70000 0.015168 0.30000 0.6$701 0.012411

1 ,.- 2.1367 0.52000 O.l54'~ o....... 0.77'28 0.2158', ,.- l.b789 0.37000 0006460 0.63000 O.63S4S O.l()8g4

3 OS2I.i: 0.11583 0.30000 0,076532 0.70000 0088322 0.10687

• 0.&6184 0.40403 0.45000 O.DW974 0.55000 0.2364' 0.038128

• 1.37go 1.0108 0.31000 0.13031 0.63000 0.45574
~~• 1.8961 1.1225 0.43000 0.16065 23.300 0.57433 0.16547

7 2.4821 1.0363 0.63000 0.'51857 0.37000 0.73015 O.2102SJ

• 2.4132 1..... 053000 0.1"6'7 0.•7000 0.80358 0.'4212

• 2.8751 1.0515 0.58000 0.12204 0.42000 0.6&121 022150

10 2.5166 1.01152 0.55000 0.12411 0.45000 O.652SIJ 0.13790

11 '.6200 1.0648 0.53000 0.'4065 0.47000 0.63018 0.17030

12 3.1026 1.t54V 0.57000 a.Giton 0.43000 0.69775 0.2$511

.3 3.3&40 1.0ne 0.68000 \iOQ7906 0.32000 0.76118 0.1330<1.. 3.4956 1.22551 1.0000 0.0000 0.0000 1.2250 0.27518

Table C.7 - Variation of initial Pressure (90% Fill Volume, Steel Vessel, Rate Data)

1 Pi (MP.ll 14PdroplAl)1 IMP....msl WeigNl (4P1StopI4112 (MPMniI Weight 2 (4PcltocJ141)avg IMPe/ms) l&Pnw&) (MPaImIJ

0 2.7V24 1 5.1866 0.50000 0.30475 0.4'000 3.tgov 0.41506
1 2.4'32 3.7625 050000 0.33&16 0.4'000 '.:1580 0,...., 2.4132 0.71843 0.45000 0.17237 055000 0.41782 0.16547
3 2.7924 '.346S 050000 0.1V4t3 0.50000 0.77083 0.18478

• 2.7S7i , 1.07S6 0.86000 0.037232 0.13600 0.(lg7i06 0240511

• 2.0684 ' 2.0712 0.70000 0.328111 0.30000 1.55411 0.37232

• 070200 00206114 0.16000 0,062742 0.84000 0.0558411 0.OUS823
7 3.0130 1.0184 0.87000 0.13790 0.13000 0.00300 0.111928

• 3.1026 1..... 0 ..... 0.062742 0.11000 0.0776ll 0.1as

• '.6200 O.II72&S 0.67100 022091 0.32000 0.72lIOII 0.17788
10 2.7027 1._ O.6llOOO 02S511 0.31000 0.82481 0.24821
li 2.482' 0,113217 0.705Oll 0.17237 0...... 0.7Il8Oll onooo
12 35853 2.1650 r 0.60000 0.88322 0.40000 1.6547 0.1t305
13 33440 1.406S 0.66000 0.81&34 0.33000 1.10117 0.101195.. ,- 1.5637 0.64QCO :.2_ 0.34000 1.123& 022753.. 3.447. 1..... o3000ll Ui678 0.61000 1.1l3ll1 022063,. 3.6197 1.4.2.S 1.0000 00000 0.0000 1.4245 02ll2OO
17 1.3ml 127.2 0.33000 0.28200 0.07000 O...... 0.1l1'236
1. 1.73751 0.3764S 0.50000 0.151196 0.•'000 0.211751 0.11652

" 2.06841 '2569 065000 0.111133 0.35000 O...... 0.31&17

• •
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Table C.8 • Variation of initial Pressure (90% Fill Volume. Ghlss Test Tube)

Pi tMPaJ M' drop IMPe) 6P risolMPal ~Prisel.\Pdrop .1Pdrop/PI .\Priso/Pi

0 1.0313 0.69236 0.21190 0.30606 0.67133 O,20~41

1 1.0313 0.71216 0.23153 0.32526 0.69053 0,22460--_ ....

2 1.7189 1.1780 0.32280 027403 0.68532 0.18780

3 2.0626 1.3084 0.39052 0.29848 0.63433 0.18933

4 1.6845 1.0403 0.28808 0.27693 0.61155 0.17102____ .

5 2.2689 1.3242 0.36990 0.27934 0.58364 0.,6303

6 2.6470 1.2307 0.19939 0.16201 0.46494 0.075325---
7 2.6470 1.0726 0.13820 0.12885 0.40519 0.052208._--- --------
8 2.2345 1.1853 0.27722 023387 0.53046 0.12406

9 2.8533 1.0004 0.10726 0.10722 0.35060 0037590

10 2.9221 1.1688 0.24614 0.21059 OOסס0.4 0.084235
-- --_._,--

11 1.8907 1.5470 0.50644 0.32.38 0.81818 0.26785

12 0.75630 0.61759 0.12062 0.19531 0.81659 0.15949

13 1.3751 0.84437 0.16525 0.19571 0.61405 0,,2018
-------- ----- ---

14 1.4782 1.0554 0.21109 020000 0.71400 0.'4280

15 1.2926 0.90467 0.33171 0.36667 0.69989 0.25663

Table C.9 • Variation of initial Pressure (90% Fill Volume, Glass Test Tube+C02)

Pi IMPel &P drop IMPe) &P riselMPe) APrtso/.o.Pdrop .6PdroplPi APrtso/Pi

0 1.5470 1.0313 0.53835 0.52200 0.66687 0.34~~

1 1.6157 0.90824 0.58510 0.64421 0.58213 0.36213

2 0.89381 0.58510 0.26952 0.46063 0.65462 0.30154
3 0.96256 0.46203 0.27722 OOסס0.8 0.48000 0.28800
4 1.8907 1.4507 0.67998 0.46872 0.76727 0.35964
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Appendix 0

This Appendix contains the source code for the venting model used in section 4.6. The
program was written in FORTRAN and uses the Reynolds Thermodynamic Subroutines
PROP and SAT obtained from referencc [19]
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C************************************************************
C This program computes the venting Gf a tank of Freon vapor
C Rupture hole is in the vapor phase
C The program assumes no boiling of the Freon
C Isentropic process
C Riccardo Barbone (1993)
C************************************************************

PROGRAM TANKVENT
IMPLICIT REAL*8 (A-H.O-Z)
INTEGER N
REAL*8 VENTLOS. CD. A. K. MASS 1
REAL*8 VOLUME. T. DT.B
REAL*8 Pl. Pa.PCC. VI. Tl. U. H. S
COMMONNENT/CD. A. K. Pa
DATA R.TC.VC.PC/96.1467.369.l7.1.9056E-3,4.978D6/

C************************************************************
C ********** INITIAL DATA INPUT
C**************~*********************************************

WRITE(*.*)
WRITE(*.*)' VENTING CODE FOR RUPTURE IN VAPOR FREON PHASE'
WRITE(*,*)' Riccardo Barbone (1993)'
WRITE(*,*) '------------------------------'
WRITE(*.*)
WRITE(*.*) , Enter the following dma : '
WRITE(*.*)
WRITE(*.*)' - Gaseous Volume of the Tank .. (mL) : '
ACCEPT *, VOLUME
WRITE(*.*)' - Diameter of the Vent ........ (mm) : '
ACCEPT *. Diam
WRITE(* .*)' - Coefficient Diseharge (0.< Cd < 1.) : '
ACCEPT *. CD
WRITE(*,*)' - Tank Temperature (OC) : '
ACCEPT *. TI
WRITE(*.*)' - Ambient Pressure (atm) : '

ACCEPT *,Pa
WRITE(*.*)· - Tmax (msec) : '

ACCEPT *. Tmax
c************************************************************
C ***** INITIALIZATION OF PARAMETERS
C****************~*******************************************

TI =TI + 273.15
Pa = Pa * l.Ol3ES
Volume = Volumelle6
T =0.
N =0
A = «Diam/2ooo)**2)*3.14159
MASSI =0
K =1.327
B =0.0
Tmax = Tmaxll 000

c************************************************************
C ***** INITIAL PRESSURE
c************************************************************

CALL SAT(T1,PI,DPDT,I)
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c************************************************************
C ••••• INITIAL TRIAL DENSITY FOR IDEAL GAS LAAW
c************************************************************

VI = (R'TI )/PI
CALL PROP( TI, PI, VI, U, H, S, 2)

C**********************************~****************** *******

C ••••• INITIAL MASS IN THE TANK
c************************************************************

MASS 1= VOLUMEIV 1
TO=TI
PO=PI
VO=VI

C******************************~*****************************

C ••••• THE TIME STEP IS 1% OF THE TIME REQUIRED TO VENT
c************************************************************

CALL VENTFLOW( VENTLOS, PI, VI,B)
VENTLOSI = VENTLOS
DT = MASS 1/« 1oo)~VENTLOS)
TDPoints = TmaxlDT
Write (',') 'Total data points =',TDpoints
Write (',') 'Do you want 10 change Tmax?'
Write (',') '1 = YES'
Write (',') '2 = NO'
read (* ,') ans
if(ans.eq.l) then

WRITE(',')' - Tmax (msec) : '
ACCEPT " Tmax
Tmax = Tmaxll 000
cndif

c************************************************************
C •••*. MAIN PROGRAM
C************************************************************

WRITE(',*) , Calculation in Progress, .. .'
T=T-DT

100T=T+DT
WRITE(6,') T,PI/I.DI3E5
CALL VENTFLOW( VENTLOS, PI, VI,B)
MASS 1= MASS I-DT'VENTLOS
VI = VOLUME 1MASS 1
PI = PO'«VON 1)**K)
IF (PI.LT.Pa) Then PI = Pa
IF (T.LT.Tmax) GOTO 100

110 write (',') 'ventloss',ventlos
END

c************************************************************
C •••** VENTING MASS RATE SUBROUTINE
C***********t************************************************

SURROUTINE VENTFLOW( G, PI, VI,B)
REAL*8 G, PI, VI, CD, A, K, Pa
REAL*8 PCC, W
COMMONIVENT/CD, A, K, Pa

C CRITICAL PRESSURE
PCC = Pa • «K + 1.) 12.) .* (K 1 (K - 1.))
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IF (PI.EQ.Pa) THEN
G=O.O
GOTO~33

ENDIF
IF (PI.LT.PCC) THEN

C SUB-CRITICAL FLOW
B = O.

W=Pa/PI
G = A * CD .. SQRT( 2." PI 1 VI" KI (K - 1.) ..

+ (W"" (2.1 K) - W"" «K+I.)/K)))
ELSE

C CRITICAL FLOW
B = 1.

G = A" CD" SQRT(PI 1VI .. K"
+ (2.1(K + 1.)) .. «K + 1.) 1 (K - 1.) ) )
ENDIF

333 END
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