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ABSTRACT

Tﬁe propagation of weak shock ;avgs through a horizontal

stratified two-phase system has béFn investigated both theoretically aqs

. experimentally to demonstrate the various facets of its intera;tion with
the phases, fuel bundles and flow network branches. Two typés of shock
tubes are used: a lucite shocktﬁube is utilized in monitoring the.
mechanism at the interface of the phases by high speed photégraphy and
the other one is an aluminum shock tube of 101.6 mm inne} diameter with
flow network branches is ysed in investigating the shock waye behaviour

inside a pressure tube during blow-down and loss of,coolant accidents.

'This disSertation can be.divided in, to three broad éatego}ies.

First, the inclusiop of éhe interfacial r;ughness factor in the analysis

of the shock wave propagation through a two-phase system inside a
pressure tube weakens &hﬁ strerigth of the shéck waves, because of the
energy loss due to frictiénal resistance at the inter}ace. The interface
is subjected to a combined effect #f the waveS»propagating both in the
ga# and 1liquid phases of the system. High speed photography of the,

* interface is considered to estimate the parameters pertaining to the
genergtion of the ripples at the ‘interface and the coupling of this
.parameter to a quasi-steédy energy balance for the system can provide
the value; of the magnitude of the overpressures in the system.

Sééondly. the interaction _of weak shock waves with three
different types oflquel bundles used in CANDU reactors is presented.

bepending on the percentage of - the £low area available, different fuel

bundles produce different magnitudes of the _overpressure. For the

»
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transmitted waves, the choking is markedly observed even for moderate

) v ’

range of the shock waves. Presence of liquid phase enhances the

strengths of overpressure for the reflected and‘}f¥énsmittéﬂfc:5ves.

Insidé the fuel bundles, the shock waves cause unusual vibrational
effects which may:be detrimental to the life of the fuel elements.

Around‘:he network, the two—ph‘a's.é propagation vel-ocity is
observed to be same as the gas phase prapagation velocity. Though. tap
and distilled water exhibit varjations in the maximum overpressures, the
time averaged magnitude under lhese two systems aéree very well every-
where in the network branches. The Jertical pressire profiles in the
tap water has aisper§ive and high oscillatory natére whereas in the
distilled water the rise dimoverpressure is dispersive, but smooth in

. !

.nature. In distilled water, the pre-pulses moving under a free surface

travel at the speed of sound in water and for those in f&é‘water. this

-
velocity is influenced by the presence.of air bubbles ig;;he tube walls. -
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CHAPTER 1

INTRODUCTION

o

1.1 Problem Definition

-
The interaction of both J;ock waves and pressure waves (weak

shock waves) occur In many industrial plants where the instantanecus
release of chemical or mechanical energy genera:és high speed shock
waves and a change in the fluid properties of the system is brought
about by the excursion of these'waves. Besides industrial sectors, the
shock waves have tremendously wide variety of their generation, such as
from the high energy bomb explosion down to the exhaust sf the internal
combustion engines. Similarly, the strengths of the shock waves also
vary from high hyéersonic to the near sonic types of flows. In the study
of the shock waves, the compressibility of the medium into which these
waves are propagating, 1s of primary importance for the é;termination
and tﬁe analysis of the aftermath of the wave propagatiqn. Although
shock waves can occur in solid, liquid and gase;us substances, it 1is the
gas phase medium, which 1is held respons:ble for the phyéicai-chang;s in

many modern industrial syatems:

The complibations‘ associated with the shock wave propagation

through a two-phase gas-liquid‘ system have called for the thorough

\.

"
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investigation and understanding of the problem from the perspectives of
the nuclear reactor safety analysis. 1In nuclear reactors, particularly

in CANDU-type reactors, where the horizontal pressure tubes comprise the
main part of Ithe Pr;mry Heat Trapsport {PHT) system, the coolant fiows
through these pressure tubes under pressure to remove thg heat from the
fuel elemepts. In the event of Loss of Coolant Accldents (LOCA) the
préssufé wavés may be genefated in the system and the propagation  ¢f
these pressure waves through éhe fuel bundles, different pipe connect-
ions and_ocher sophigticated fibw measuring deviceé may induce a lot of
complicgted effects inside the pressure t;bes. Once -the coolant from
the pressure tubesv_has~ bééﬁl drained off, then part of the hot fuel
bundles is exposed':o the hof steam. At that timg, the Emergency Core
Cooling (ECC) water (or fluid) céﬁing in contact with the hot steam or

fuels, generates pressure waves in the pressure tubes. These pressure

waves propagating thfough the fuel bundles produce unstable pressure

‘fluctuations that may dause the dislodgement of the fuel elements from

the bundle assembly. The extent of the vibrational effects are the
measure in the design for the durability of the fuel bundles under fast

-

transient conditions, ‘,’

1 4

Referring the works fof Borisov et al (1965) and Sutradhar et al
(1983), the ptopégatién of the shock waves in stratified two-cémponent
fluid flow systems 1s observed to generate high degree of instability at
the in:erface.'Thé.enErgy imparted to the wavy interface by the high
energy gas flow behind the pressure waves causes the flow regime of the

system to changé‘drastically [Sutradhar et al (1983)]¢ The shock waves

" through the heavier phase propagating at a faster speed suffer multiple



reflections from the surface as well as from the solid boundary at the
bottém. This mechanlism induces perturbations at the smooth interface
producing low amplitude ripples spread over the interface. The presence
of incompressible liquid phase tends to enhance the shock wave strengt_hs
due to the reduction of the compréssible phase of the system. The n;;;
linear increase in the sgtrengths of the shock waves with the increase
in the 1liquid level will produce satronger shock waves upon their
reflections from the fuel ‘bundles or any other flow monitoring objects
stationed inslde the pressure tubes [Sutradhar and Chang (1985b)]. The
&§<ails of these effects are attempted for the investigation in this

work, and are categorically mentioﬁed in the next section.

1.2 Organisation of the Thesis

In Chapter 1, the  basic shock wave dynamics are discussed in
detail. These classical results are important for the compressibility
effects of the flulds under consideration. In two-phase stratified

horizontal flows, the compressibility of the gas phase plays a very

important role as compared to that of the liquid phase. Ia a stratified

system, the propagation speed of a pressure or shock wave is controlled’

by the compressible parameters of tlie gas phase. The equations for the

particle velocities induced by a shock in both the gas and liquid phases

are also provided in this chapter,

~ -
&

In Chapter 2, the literature review pertaining to the work in

this thesis is presented. This includes the works done in the branched

pipe.systens in the single phase as well as in the two~gsase systems..

N
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Bgch symmetric and asymmetric 'TEE' cases are congldered. ln. both the
cases, the emphasis 18 put on the experimental apalysis than the theore-
tical evaluation for the pressure rise around the bra_ncﬁed systems. The
works of many researchers have shown that in the .case of shock propag-"
ation through the junctions, the multi-dimensional flow phenomena near
the junctions render the theoretical/_evaluation‘ an incomplete piece of
work. The literature review relating the two—phase phenomena 1s also
discussed in Cypter 2 where a thorough estimation of the ta‘rly works as
well as the present day works have been reviewed. The latest works of
Morioka and Matsul (1975} -and Stone (1982) are also discussed here. The
approach followed in this work is diffepent from.that of the abéve
authors. In this work the interfacial phenomena are emphasized‘rather
than the mathematical analysis of the wave propagation. The energy
shared by tl-'ne gas and the liquid phases and that lost aﬁ the interface
due to the frictional effects i thé baaié for the mathematical model in
estimating the magnitudes of the over;;ressurea in the system. The
turbulence generated by the shock waves moving through ag two—-phase -
system has been observed by Borisov et al (1965) aﬁd this turbulence is
apparently held responsible for the flow regime change in the sys.t:em.

The experimental wmethod and__‘rel‘ated topics, such as the dt.lt.a
acquisition, facility, methods, etc. are d_iscu.ssed in Chnpl:ep 3. The
use o/ffthe APPLE-ITe micro-computér in the process of data acquisition
ahd :/anal'ysis‘ ‘has also been discussed. The . tube distensibllity, if
admi;able, will affect the magnitude of the  overpressure dﬁveloped in

the phases under consideration. The effect of distensibility in the

pressure tube 1s also discussed in this. chapter,

o)
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The theoretical and the experimental works pertaining to the
estimation of the interfacial friction parameter and pre-pulses through
the 1liquid phase ’are presented in Chapter 4. The phase and group
velocities are estimated for a wave propagating through a 1iquid bounded
by 4 free and a solid surface. The distribution of the ripples at the
interface is also confirmed using a high speed photograp;y in a lucite
duct. The overpressure in the gas and the liquid phases are theoretic-—
ally estimated’ and compared with the experimental results obtained ﬁaing
the deaerated water for different 1iquid levels inside the pressure
tube. The. pressure profiles from the experimental observations in the
lucite shock tube are also presented in this section for many different

conditions of the experimental observdtions.

. In Chapter 5, the shock wave interactions with the fuel bundles

of different porosities in both single (gas) and two-phase systems are
illustrated.— Inside the fuel bundles, the pressuré traces show oscil-

latory behaviour with the sharp peaks at various liquid levels. A model

is developed to estimate the strengths of the reflected and transmitted .

shock waves for weak incident shock waves in a single (gas) phase
'aystem. The presence of the liquid ingide 'ﬂﬁe pressure tube also
increases the strengths of the reflected shock'wgves for different fuel

bundles.

. In Chapter 6, the shock wave propagation through ﬁhe branched
pipe having single (gaaj and two-phase systems 1s discussed from the
experimental poinf of view. The enhancement of the pressure peaks due

to the presence of the air bubbles in the ordinary tap water also shown

vy

e



experimentally., In the last chapter, the conclusions and the scope of
the future works in the analysis and application of the shock waves in

. . . "

nuclear reactor safety systems have been discussed. Finally, the

references and the appendices are also provided to complete the work in

this thesis. , P

1.3 Shock Wave Dynamics

1.3.1 Steady—~State Shock Waves

",

The £fluid comprgss%bility, which is a measure of the fractional
change in volume of  the fluid element per unit change in the préssure
has extensive application in modern high speed fluid dynamics. Compres-
sible flow 1is routinely defined as ‘variable density flow' [Anderson
(1982)]; this 1is in contrast to the incompressibie flow, where the
density 1s assumed to be constant throughout the flow. The decrease in
speciEigryolume, dv for an infinitesimal increase in pressure, dp 1is
related by a p;rameter, called the compresﬁibility of the fluid, K and

it is defined as

1 dv 1
K viap o

slz

(1.1)

.

LN
where the fluid density, p is the inverse of specific volume, v.

s

The -Eluid compressibility is associated with the rise in

1
' _—-l//~ttqgsrature of the fluid. The isothermal compressibility is estimated ‘-\“\\\‘ﬂ,w/

N
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at constant temperature and the 1Beyropic compré;;sibility is calculated
under adlabatic condition -neglecting the effects of viscosity and
diffusion mechanisms. A measure of the compressibility of a fluid
pfoiides the information about the speed of sound wave in the medium
under isentropic condition. In general, the speed of sound is specified

as

at = (1.2)

In the case of a flowing fluid, the speea of sound 1s a sign-
"ificant measure of the effects-of compressibility. The dimensionless
parameter, Mach number M i3 a measure of the ratio of the speed of fluid
to the local épeed of s;undxin the medium i.e. M = u/a. So the speed of
sound of a fiuid depends on two propertiés of th; fluid - one is the
compressibility and other is the inertia, characwerized by the specific
density. The compressibility of fluid is also dependent on the temper—
ature of the fluid. For gaaes,'the adiabatic compressibi&i;y decreases
with the increase in temperature, however, all liquids, "including water,
become less compresaible' the more they are comp;essed. The bzpic
properfies of air and water ‘under normal conditions are ‘provided ~n

Table 1.1 below.

Table 1.1 Properties of Air and Water

1
-

Adlr Water
Compresaibility (Sq.m/N) 1.0E-05 - 5.0E-10
Density (Kg/Cu.m)a 1.21 1000.0

Speed of Sound (m/sec) 340.0 T - 1450,0



Shock wave ls a natural process In a supersonic (Mach number
greater than unity) flow system and it offers an unique sclution to the
perplexing problems having to do with the proé%kation of disturbances in
the flow. A shock wave 1s a discontinuity of very thin region (thick-
ness 1is usualiy of the order of few molecular mean free paths, typically
one-tenth of a micro-metre for air at standard conditions). To
establish a shock wave in a flow, the flow velocity relative to the
laboratory conditions must be supersonic and depending on the downstream
conditions, a shock wave will be established 1in the flow. For a
stationary shock wave, the total temperature remains unchanged and the
other properties such as pressure and-density'are‘observed“to increase
downstream of the shock. After the shock Wave, the vélocity decreases
and the flow becomes subsonic behiﬁd it. The standard relations, which
are useful in the treatment of éhe shock wave may be available .from the
stan&ard‘books on Gas Dynamics, for example, Llepmann and Roshko (1957),.

Shapiro (1953) etc.

In Figure 1.1, the fluid conditions upstream and downstream of a
shock wave are represented using the suffixes O and 1 geepeciively. A
measure of the overpressure p, is important from the experiTental-point
of”view as well as for the theoretical evaluation of the shock strength

in terms of Mach number as follows.
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where y 1s the ratio of the specific heats of the fluid under consider-
/ ' '

atlion, and HO is the upstream Mach number.

-
-
L}

Since the shock waves are the discontinuities of infinitely thin
region and there 1s a significant change 1in the velocity across the
shnck ware, then a dissipative mechanism lmust be present.-within the
shock wave~structure. Hence, in flowing through a shock wave, a fluid
particle passes from ong state of equilibrium to another state of
equilibrivm.. The available energy-after a shock wave 1s less than that
before the shock-wave and therefore, 1n the absence of.any heat transfer
to the surrodndingq, an Increase 1in the entropy mnét OCCUr. ,Referring
the work of Liepmenn and &oshko'(1957), it is noticed that acrose a

shock wave, the entropy increases as the cube of the strength of the

shock wave. The ratio . ) -

oo . . L (1.4)

! . SN .
is often used to define&;;e strength of the shock wave. This ratio may ,

.
.
. | I

also be expressed in terms of the Mach number as follows

PL " Pg _

1+7 (M 1) | ' _ (1.5)

Po

P
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If the shock strength is less than 0.5 [Lighthill (1978)], the
shock wave ip this case is termed as the weak shock wave and under such
circumstances, the entropy change across the shock waves are neglig-
ible. The total temperat?re across a stationary shock wave does not
change, however, the shock wave is a non-isentropic process and this
total- pressﬁre loss, if required, can be obtained in terms of the

upstream Mach number of the flow.

1.3.2 Shock Waves in Water-like Substances

The behaviour of the shock wa?e in water—iike substances 1is very
different than that in the ideal gases and this situation is extensively
dealt by Seeger and Polachek (195F) in their works. The modé of changes
in the properties of a rgeal gas undergoing a polytropic pfocess is
different from that of the water—like substances. In general, a gas
undergoing such a séecialized set of changes, however, aoes not fulfill
‘the_geﬁeral reqﬁiremenés for a water-like substance., A weak shock wave
when 1nteracting with a water-like substance, exhibits both
qualitatively and quantitatively different behaviour from those in ideal
gases undergoing polytropic changes. , The analysis forwarded by Seeger
and Polachek (1951) indicates that most shock waves are comparatively
weak after intefactiﬁg with any water-like substance i.e. the'changes in
the overpressure and the enCropy due to the shack wave are negligibly
small- This statement can also be realized due to the fact of very low
compressibility of the water as shown in Figure 1.2. The material or .
the particle velocity, which is a’ function of the overpressure, "has

negligible change under this condition.
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1.3.3 Unsteady Shock Waves

The basic mechanism about a stationary shock wave, fixed 1in
space, 1a already discussed in thé-previous section of this chapter.
However, when the wave 1s described as a_physical disturbance in the
flow, it propagates by the molecular collisions. Thus a shock wave has
definite speed of propagation and this speed is usually higher than the
speed of sound (supersonic) in the medium. 1In contrast tolthe steady

flow, the unsteady flow 1s assoclated with the changes of variables with

.

respect to space and time, that is, the flow parameters can be specified-

as p = p(z,t), u = u(z,t) aud‘so on. The unsteady one-dimensional wave
motion usually is studied ;ﬁ the shock tubeo, as sketched in Figure 1,3.
This {s simply a tube whicu is divided \by a diaphragm into two chambers
of . high (driver) and low .(driven) presqures, Once the diaphragm is
broken suddenly, thus releaeipg high energy in a very short time, a
shock or compression wave 1s set off iIn the system, which uoves in the
low pressure chamber, and siuulteneouely, an expansion wave system

starts moving in the opposite direction in the high pressure chamber.

For a small pressure difference, the shock wave equations are

approximated by. the acoustic wave theory. The shock wave moving into

the quiescent Eas induces a mass motion, also called the fluid or

particle veloeity behind it in the direction of the motion of the wave,

.

Referring Liepmann and Roahko (1957) and Lighthill (1978), it is found

that the particle velocity is a function of the excess pressure produced
in the system. 1In the absence of any heat transfe:, the equationa of -

- mass and momentum for one~dimensional unsteady flows,are,

. "

- E
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ap

T Ve(pu) = 0 \ (1.6)
D
05% + va- 0 - | (1.7)

where p, u and p are the fluid density, velocity 'and pressure respect-
ively; and t and 2z are the time and space coordinates. The solution of
these equations suggest that the speed of propagation, w of the acoustic

wave with respect to the laboratory coordinates can be specified as
_a 4 XL
w = a, + 5 u | (1.8)

and here a, 1s the sonic veloclty in the undisturbed fluid and u, as
mentioned earlier, ;s the particle velocity inducfd by the shock wave in
the <direction of the wave propagation. Mos; of the shock wave
properties can be correlated to the magnitude -of the - overpréssure
generated by‘the'shock wave and in view of the present'ﬁ;y approach,
these relations ar; extensively used. in all the filelds of shock wave
résearch. The particle velocity in region (1) of the unsteady motion in

Figure 1.3 1is given as N -

. P 2/y 1/2
e G iy ey @] | '(1,9) :

The wave speed in terms of the overpressure is

vy [ py - D]Y? | (1.10)



Fig.1.3: Motion in a Shock Tube [Liepmann and Roshko (1957)].
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The changes in the other properties of the flutd undergoing a

compression due to the shock wave wmay be found in the work of Liepmann
and Roshko {1957),- Shapiro (1953), and many other standard text books on
Gas Dynamics. In a compressible flow, the change in the density due to

the shock wave propagation as a function of pressure ratio is given as

"D +\‘r—1) (p /pa)

The fundamental difference between a steady and an unsteady wave
motion is that the s:agnation properties across the shock waves in these

two cases are not sgame. In the unsteady wave motion, the dynamic

pressure term of the quiescent gas has no contribution in the determin-

ation of the atagnation properties for the gas phase into which the wave
is propagating. Similarly, the magnitudes of the total pressures across
the shock waves in both the cases have different magnitudes: Unsteady
wave motion when considered in an incompressible fluid, which behaves
more or less like a golid medium, the speed of sound in such a fluid has
‘a very high value due to the low compressibility of the medium. The
wave formmtion and its subsequént propagation is linear and as such the
inducei mass motion is imsignificant. From Equationél(l.ﬁ).and'(1.5),
neglecting the products of 55311 quantities, the linearized equations of

mass and momentum for an incompressiblé medium are

*

=, o N\ (1.12)

i
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Assuming an irrotational potential flow and for small flow
velocities, the wave motion induces a very gradual change of the fluid
properties, then as per Lighthill (1978), from the above continuit)} and
momentum equationél it can be shown that the magnitude of the induced

‘overpressure due to the wave propagation may begstated as follows

p—po-po aou (1014)

where p 18 the pressure due to the wave motion, Po is the density at a

7 .
reference pressure py, 2 is the speed of sound and u is the correspond-

ing particle ve locity.



CHAPTER 2

4 LITERATURE SURVEY

2.1  Single-phase Straight and Branched Pipes K

Shock- ;:avee, ag discussed in the previous chapter,.e‘lre the sur-
faces of discontinuity, across which the states of the'fl;:ids change
. abruptly; however, there 1is a flow.. o‘f‘ fluid. matter through the.se sur-
faces of discontinuity'. Shock waves in sin_gle' phase compressible _medi‘z;_
have .the_ origin in co'nnp.ttion to the high speed flows, e‘luc'h as 1n t.:he‘
fields -of.aerodyn_amics'arid ballisti'cs. engineering. 'Nume'roua bo;)ks and'
papers are published on the theory and applications of the shock waves
in these are.pt; of modern technology. The magnitudes of the changes of
the fluid pro-pe‘rties can now be _evglﬁated unquestionably using the clas-—
sicalmélatio‘r}s -.presented in any of the ls":and‘ard books of gAs dynamics
[Liepnm-nn and 'Roshko {1957) and Shapiro (1953)]s" It seems redur;dant to
write more words in elabora’cing‘.the basic principles of shock wave

dynaﬁics working with any compréssihcle nedium.
.

The study of shock waves 1in branched system i§ useful in the
analysis of the propagation of blast w&s' in mine tunnels, in the
exhaust pipes of reciprocat-ing_engines'. and the structural failure of

. - ’

7 .

the .pressure vessels. . However, the work done uyntil now regarding the
- 1

.
—_
A

-
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shock wave propagation In branchd;i 'duct system under single phase flow
conditions is very limited. The ._work is carried out in branched pipes
with 'T' ghape, e shape and a.i\de branches having different angular
orientations with respect to the main pipe assembly. In all the cases,
both subsonic and supersonic flow behind the shock waves have to be
. considered, and this 1s algo indicated by Hammitt and Carpente_r (1964).
The situation is depicted in Figure 2.1 where the conditions of incident
shocl; wave; interaction of the shock wave with the junction producing
subsonic and supersonic flow velocities behind the shock waves are
respectively presented. For a subsonic flow velocity, =a shock wave
reflecting from the open end generates a"system of expansion waves that
move upstream of the shock tube and thus influencing the flow properties
ipitiated by the principal incident wave - while at the same time, nt
locations 2 and 1 (Figure 2,1) two weak shock waves of different
strengths start moving downstream‘of r.hé Junction. The theoretical
solution at the junction itself 1g very _complicar.ed and poses a problem
involving equations having three-dimensional parameters, - Alghnugh many
researchers are contented in visualizing the flow \\Rat»ternaround the
Junction using somé-optiéall techni'ques, however,_ to estinmte the
‘atrength of the shock waves in the branches a quasi-steady flow pheno-?
menon a few diameters downstream of the junction is considered by them
with suitable loss coefficients of the junction. As pe* Hammitt; and
Carpenter (1964) the pressure 1osaes at the junction are estimated. from
the steady incompressible flows, which for at least subgonic’ flow ranges'
agree well with the experimental resull:.s. In this respect, Deckker and

Male (1967a,1967b) in their works followed the hydraulic - analogy in

order to estimte the losses in the _‘]u)uqn usiag an incompressible

~
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flow condition. The losses calculated in this way are then coupled to
the conservative equations. However, the results obtained 'by Deckker
and Male do not agree satiefactorily with the experimental results -

. even in some cases the. regsults showed an opposite trend (Figure 2.2)
” <

than those predicted by the theory of the authors, The a.uthors

concluded that in the study of the flow around a junction, the best way

to estimate the losses 1s to resort to am experimental procedure rather

than to follow any theoretical eévaluation. Algo whe_n the flow behind
L

the shock wave 1s supersonlc, the degree of disagreement found to ber ™~

P

quite remarkable than that in the subsonic cases,
! .

The failure of any theoretical analyeie ne'ar th'e‘junction of an
asymmetric 'T' may be realized due to the complexity of the waves at the
" junction (Figure 2 3)s" 1t 1s observed that the shock wave approaching
lthe junct.ion from left to right enrl a_fter incident, the wave ’a b e is
about .to_mo've in the side anrl min branches. Another expaneion wave is
genera“ted . at " the junction anci observed td move in the upgtream
_direction. Next, ‘as the waves move further into the branches, a bow
shock wave k 1l'\m is generated at the corner of the junction, eimultan—

eously another expansion wave is reflected from che wall of the main

- duct. Finally & finite shock wave 18 observed to be moving in the main

brench and in the upstream direction of the junction. The pressure

meaeured‘ very near :the Junction does not provide any clear cut
indication about the strength of the shock wave and as seen from the
flow w.suali.":-ation system, an attempt in the theoretic‘al evaluation may
prove a futilewexerciee. ‘An_otherv idea of using the‘ concept of stag-

nation pressure loss at the Junction is also forwarded by Deckker and

.
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Male (1967b), but theimeasurement of the stagnetion pressure using any
probe inside the shock tube may create some disturbanches in the flow
8tream. Also the method using the value of static preseure may not be
accurate for the stronger shock waves interacting with the junction. pn
the other hand, for rarefaction wave, the .work of Male et al (1969)

shows better agreement between the predicted and experimental resultg,
For rarefaction waveg however the system 1s assumed to, be reversible
adiabatic and the losses 1in the Junction may be estimated from the

hypothesis of an incompressible flow around the Junction.

*

The re-orientation of 'T' junction 1i.e. to allow the shock wave
to move along the perpendicular legs of the 'T! creates a similgr type
of problem in the evaluation of overpressure in the legs of the tube.
The work of Wu and Ostrowski (1976) where the flow visualization
technique is used to enelyze the shock wave behaviour around a 90-degree
turn, shows the complicatione asgoclated with the theoretical treatment
" of the wave Propagating through a bend. As shown in Figure 2.4, the
multiple reflections of the compression waves at the junction generate a.
Iserieg of waves travelling upstream and other gide branches of the tube,
Summarizing the work of Wu and Ostrowski it can be stated that the
essential “features of the flow are: (1) diffraction of the incident
wave, (2) formation® of a vortex in the gide branch, (3) reflection'of
‘incident -and .diffracteo' waves influenced by_ the reflection and

.

diffraction processes. The diffraction and formation of vortex
‘aasociated with the ~shock interaction at a corner are extensively
studied by Skews (1967a 196#b). The strength of the transmitted‘shock

wave {n the side branch, according to the "york of Sloan and Nettleton

]
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(1971), could vary considerably with the distance travelled by the shock

wave. n i

2.2 Two Phase Straight and Branched Pipes

The very early work done in measuring the speed of sound in
two-phagse flow 1s due to Mailock in 1910 where the quthdr evaluated the
sonic speed in a liquid containing gas bubbles. Tangren et al (1949)
mentioned the works of Ackeret (1930),Iﬂeinrich (1942), Charyk (1943)
andewicky (1944) in.connection with the measuremeng\ﬁf the velocity of
sound in a gas-1liquid mixture. The work of Tangren et al countains
;aluable information of the propagation speed in gas~liquid mixture.

» .

The speed of sound in a homogeneous mixture is given by [Tangren et al

(1949)]

a® = (Tp/o) Lu/Cl+y)] [(+s)/61% T RT

where -
r= (bcp+cf)/(ucv+cf) ; 6 = upf/pg

p 1s the pressure , Pe aqd PS are the fluid and gaé mass densities
respeqtively,.cfs are the specific heats. Campbell>and Pitcher (1958)
‘also inferred similar results using a vertical shock tube experiment
with a digphragm and alr—water mixture. The sonic-speed in this case is

atated as
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a® = (a/0)111= p/(141) o] BENCRY

where p is [the mixture density, p ia the ratic of the mass of gas to the
nmass of fluid. It is also shown that the variation in pressure differ—
ence across the diaphragm of the shock tube has no significﬁnt effect on

the propagation speed of the wave through the mixture.

Subsequent researchers‘sucﬂ\as Isbin et al (1957), Levy (1965),
Moody (1965), Henry (1966), D'Arcy (1971), Dejong and Firey (1968),
Henry and Fauske (1971}, Mori et al (1975) and Evans et al (1970) have
done exteﬁgive work about the sound wave propagation through two-phase
hﬁmogeneoua as well as'separated mixtures. Though most of the work was
directed towards the liquig conta;ning gas bubbles and liquid containing
dust particles, only a few have directed their attention to the case of
separaced flow systems. When bocﬁ compression as well as expansion

waves pass through a homogeneous steamwater mixture, Dejong et al

(1968) noticed. that for rarefaction wave, the energy transfer processes

occur prior to or within the wave and consequent vapour condensation or
liquid evaporation takes place at least partially (Figure 2.55:
However, in- case of compression waves the energy transfer procesaes and
subsequent condensation of evapuration do not take place until the wave
has cravelled a large distance. Dejong could not succeed in predict;ng
the critical flow rate at other working pressures than the experimental

‘pressure. Henry (1970) deduced some important analytical solution Ffor

N

the sound speed in a homogeneous model as follows :

la

a,m,.

HT - :10035 + 1-671 a ] . (2.3)

(Y

L

o4,
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A

where a is the sound speed in twoiphase model, a

op i1s the sound speed .

HT
in homogeneous 1isothermal model and a 1is the void fraction. This
equation 1s compared with the results of earlier researchers and found
to agree to a reasonable accuracy (Figure 2.6). Moody (1969) tried to
deveiop a flow model where the vapor phase was at the .centre'of the
\"‘“\\ liquid phase - a slip factor was defined as th_e ratio of the velocity of
vapour to the velocity of liquid. A separated flow model was also tried
with the inclusion Of\% the slip factor. 1In Moody's work for separated
flow model, it is noted that an adiabatic model with uniform liquid and
vapour properties everywhere in the gystem 1s assumed. An unequal gas
and liquid \felocity has been assumed in the_ analysis. The dynamic
property K {s found to be related to the thermodynamic properties such

as enthalpy, mass fraction etc. Considering the momentum and energy

conservations across the pressure pulse for an isentropic case, the

. -

following relationships for critical flow and sonic velocity for a-
separated two-phase model may be presented. The critical flow rate

[Moody (1969)}

G2, = (gl [u3/'xzvg + =’ /a-0%v] ¢ (2.4)
and the sonic velocitj ié
al = (g/k) la vy + (1m0) v)] o (2.5)

where the adiabatic compressibility is defined as

¥
kg = [(a1)/v}] (2 v)/2p) = (alv ) (3v /2p) L (2.8)
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In the above equations a, i, vg and v, are the vold fraction,
' mass fraction, specific volume of gas and specific volume of liquid
respectively. Also for a separated flow model the derivative of dynamic
property K with respect to pressure p 1s not equal to zero; whereas in
case of a homogeneous model K=1, and the derivative of dynamic propercy
with respect to pressure p is equal to zero. For ‘steam-water flow model
the abbve analysis shows that the critical flow rates are lowest for
homogeneous phase pattern. Both the homogeneous and separated models
are found to converge at the mass fraction of unity andl toward the
crit;cal pressure of 3200 psi. The velocity i'atio. does not strongly
affect the c:ll}icicai— flow rate of the separated flow system. In contrast,
the sonic velocity strongly dep'ends on phase pattern. It is found to
decrease with pressure in homogeneous pattern - however, in separated
vmodel it. is affected by velocity ratio at 1;)w qualfties.“ The discussion
of Fauske._ and Grolmes 1in -Hoody's‘ paper (i969) 1s also presented in
Figure 2.7. ﬁ'Afcy also followed the single phase thgory to eva;luate the
pressure pulse and arrived at simllar results for gseparated flow model.
‘It' 1s found that there are different modes of propagation of distu_rb-
ances at low and high void fractious.

It; fecent ye'ars‘. the wotkg of Mgrioka and Matsul (1975), ‘Mntsui
(1975), Stone (1983) and-Sutradhar et al (1983) show that the shock
waves propagate one-dimensionally, but the transvgr.se structure of the
w.:ave differs in gas a'nd,l:l.guﬂd phases and c_t_langes during thé course of
propagation. Morioka and Matsul (1975) have \;Srked on the propagation of
pressure waves through a stratified air-water system in a constant area

‘rectangular duct where they 'used the complicated Laplace-Fourier trans—

-
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form technique to solve the linearized two dimensional unsteady
equations to show the dispersion structuye of the wave in the liquid
phase. It has been successfully shqwn by the authors tha‘t\ the weak
pressure waves in this system are d_ispersive, possessir;g multiple modes
which depend on the deﬁsitiea, thicknesses and the sound speeds of the
phases. It is also suggestéd by them that a disturbance propagating
through a separated gas—liquid system ‘mgy consist infinite number of
modes. Morioka and Matsui (1975) started with the following non-

dimensional set of equations for each phase.

] ‘3 © 3 ».

3t (pk)‘ tiz (Dkuk) + 5‘-; (pkvk) 0 | (2.7)

] ’ 3. 3 1 3 ’ .

at (uk) t W3z (uk) + Ye3y (uk) - YP APy Az (pk) (2.8)
L]

N 1

. 2
- — — 2.9
Yo 4P) 3Y (g (29

22
(p,) =Y Py 8 —(Py) .10)
k » 8o 1P 7 \/

where k represented either gas oT 1iquid phase, p, is8 the ratio of

? 3
(vk) t U3z (vk) * vkay (vk) .

ar
(ad

ol

liquid to gas densities, a, 1is the ratio of sound speeds in liquid to
gas phases, u and v are the horizontal and vertical components of the
velocity and p is the pressure in the phases.‘ Equation 2.10, which is

the equation oI state for either of the phases.' has been linearized in



the actual analytical derivation by Morioka and Matsul. Considering a

disturbance of the form

P " P (y) exp [1 & zwt)] (2.11)

-

the above set of equations is solved to obtain the following dispersion

relation.

A tanh () + (A, /) tanh [(i-h) a,) =0 (2.12)

where

lz'xz"wz ;li=x2-m2/ai (2.13)

Here, A 1s the wave length, ¥ 1s the wave number and w 1s the
frequency anq h is’ehe liquid depth. |

]
TheL_Q;f/ssure distributions along the upper and lower wall_s of

- © the duct are expressed as follows

« sin (z ) cos (w )QL

2 n
Pg,y=h En,,—fo T @Ag) cos (V) X (2.14)
X . _2-} sin (zx ) cos (tmn) '_C_‘X. (2.15)
Ply=(h-1) "% 7 4, F G A,) cosh [(1-h) A,] X

i
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2(1-h) A,
F v, ay) =~ 2‘v22[1+51h[2(l—h)xl—
voo+oa n STk
2 .2
3y Ay 2hv
[1+ ] (2.16)
vZ + ai AE gin{2 hv)

where I /I,IJ/ L

via o | (2417)

and W is real function of x provided from the dispersion Equation
2.12.
. " \

Morioka and Matsui (19753) have emphasized on the generation of
SO}itons due to the wave propagation in a séparatea stratified system;
however, Matsui. -(1975), working with the similar sefup has not mentioned
about the soliton in an alr-water ;fstem. The experiﬁental_obs;rvations,
such as high speed photography show that tye changes in the interface is
a very slow process as c’:ompared to thg spégd-of .propagation of the
pressu;e wave. Kl;; tﬁ; magnitude of the overpressure measured experi-
ﬁéﬁfally in the gas and liquid phases are very close to each other and
the 'variation is well uithin.;he experimental\error. Though Matsul
(1975) has worked experimentally on the similar ‘system, he did not
specify any difference in the ovefpfessurea of the phases.h However, two

. '

separate expressions (Equations 2.14 and 2.15) are provided by Matsul

for the theoretical analysis of the overpressures in the gas and liquid



phases based on the analytical technique of Morioka and Matsui (19757,
The overpressures calculated by Matsul using this approach have shown

agreement qualitatively with the experimental observations.

Stone (1983) and Duffey et al (1983) have also undertaken works

gsimilar to those of Morloka and Matsul (1975) and Matsui (1975) where

"the authors have accentuated on the ‘theoretical invegtigation of the

propagation of weak pressure waves in a stratified air-water system.

Stqne, in his review, stated that many of the assumptions leading t#vthe & °

theoretical work of Morioka and Matsul .(1975) have not been observed to:
be valid. The vertical velocity in phase with the [‘xreasure, as ass\_.tmed
by Morioka and Matsui, has not been satisfied beneath the shock wave.
According to Stone, t:het vertical compongnt of the velocity can reagh a
high magnitude and this 1s in ucontraat te' the assumptions made by

Morioka and Matsui. Stone also tried to show, at least analytically,

that five different classes of waves may be present 1n a two-phase

.stratified system through which a pressure wave 1s allowed to propagate.

L2

The yropagat'ion in water is concluded t;) be dominated by a Kleiin-Gordon
type of eguation. The second type of wave 1s the small amplitude
pressure wav‘e' {more appropriately{' the pre-pulse) travelling along the
liquid‘ phase at a speed faster/ than the main pressure wave. An
impulsive pressure applied on ’the water near a vertical wall EMy
generate two types of wave travelling/ in the liquid p_hase. - The last
kind of wave is the shock wave propagating in the gas phase. The pho;:o--_
graphs of the experfmental set—up of “Stone (1983) give the impression .
that his long shock ‘tube wmight not hgve been firmly secu‘red on  any

0 ‘
perﬁ:anent or heavy structure in order to reduce the effect of vibration
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induced by the {mpingement of the pressure wave. Also the.shock tube
used in-his experiment is a dodtinuous on'c and this might t::ansmit long-
itudifal ;.raves along the walls of the tubes. These longitudinal waves
will obviously inf‘luenée the observed wave phenomena 1in the system.
Stone adopted the lipearized mowentum equa'tions togethef with the two-
g.lﬁensional continuity equation steady with shock véa\:res to find the
solution of a f'inité amplitude pressure wave. :Time solution of these

equations 1s obtained 1In terms of the density variation across a

pre;xsure wave as a- function of shock speed, liquid depth , sound speed

in 1liquid and the wave number. Stone has provided experimenta].-daté.'

~
without sufficlently analysing these data. Like Morioka and Matsul

N

(1975), he also tried to look for solitong, though theoretically,

without undertaking any effort to visualiZe the Ynterface using ‘any high
»,

-

speed photographic technique. Though it is n clear wheéther a weak
pressure wave will produce any solitary wave or not, however, the ranges

of pressure waves selected by'Stone, would not produce any solitary

* .

waves in an air-water system, as observed -by the high speed photc;graphic

. - w
technique Jin/ this report. In other words, Stone has not {aid any
T ) ' -

[ Y
. 3
attention in'order to look- experimentally. into the meghanisms present at

-

It:he interfa’ce; Stone's work contains numerical analysis of the type of

" problem discussed #n this york, however, the lack.of proper apalysis of

the experimental data does not conclude the appropriatenesg of the

. ] '
theoretical analysis ‘provided by Stone.

In the case of horizontal stratified gas-liquid system, the

experimental observationg "done in rectangular tubes by Borisov et al

Ao

. A ) "
(1965), Matsul (1975) and Sutradhar et al (‘1{3) show that the slip in
‘ .

o

.
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velocity introduced between the phases by the prophgggion of the shock
waves creates perturbations in the liquid surface which are then carried
to the gas phase .as small droplets. This phenomenon induces a flow
regime transition from the stratified smooth to the wavy droplet flow

condition.

2.3 Shock Wave Interaction with CANDU-Fuel Bundles

- 1

As & ‘Eirst approximation the ‘fuel bundle assemgly may be
considered as an analogus system of a sudden contraction of the flow
area. The work of Trengrouse and Soliman (1966) reéardinﬁ the pressu;e
wave in a sudden area change 1s worth mentioning here. The authors.used
the acoustic theory, the adiébacic theory and finally ehe isentropic
theory to estimate the reflected and transmitted wave stréngths for
different area changesf However'the.predictions are very good for Qeak
pressure'aaves in the subs;n;c range, but fs the strengths of the shock
waves increase, the difference between th; theoretical and experimental
values becomes more -and more significant. This is shown in Figure 2.8
and Figure 2.9 for feflected and transmitted waves through a sudden are#
contraction. Also, for a smalllfrea and str&ng incident - wave, the
transmitted wave may suffer the condition of choking during its passage
through the co;;racted area. The frictional effect,- aggravéting the
choking in the case of subsonic range may.also.have to be taken into
account in the system., In puré adiabatfé or %sentropic Flow, the qfépev

-

to include the frictional effect may not be adequate. The effect of

choking has a non~linear characteristic on the flow phenomenon, hence.
[ ' .
when choking occurs in straight constrictions, the variation of the

-
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pressure 1is no lénger a linear one. Davies and Dwyer' (1964) presented a
theory for the pressure pulse in the exhaust systems of reciprocating
engines .based on -the assumptions of one—-dimensional, quasi—steady,-
igentropic flow. The experimental results for the expansion waves
generated by a pressure pulse of 7.3 psi (gauge) have found to agree

with the theoretical results.

On the other hand, the interaction of wéak shock waves with thé
permeable materials in connection with the sound attenuation devices 1is
gaining conasiderable attention in recent years. Compressible flow
4 through porous material has been studled by Emanuel and Jones (1967) ‘and
Beavers and Sparrow (1971) where the authors aimed at the estimation of
Mach numbers at different locations 1inside the porous materials. The
reflection of the weak ahéck waves has been investigated by Beavers and
Matta ¢1972). where the problem 15 formulated in connection with- the

B

shock speed upstrgah-of the ﬁbrous material to evaluate the strengths of
the reflected shock waves. The £flow through th;. fibrous p;rous
materials with negligible inertla of the fluid has been extensively
discussed by Collins (1961) and Schreagger (1957). Recently, Yoshida et

al (1980) have formulated a theory in order to estimate the strengths of
4

the waves through a porous material with single phase flow. The ‘problem
has been formulated’by,conaidering the fact that the porous medium haé a
cértain.rebistance for the reflected and’ the ;ransmitted waves generated
by an incident shock wave. The relations for the physical quantities
across the shock waves are.coﬁsidered using the laws of conservation of
mass, momentum and energy based on the principle of Gas Dynamics for

each of the incident, reflected and trangmitted waves about the porous

“~
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medium. The reststance term pertaining to each type of the porous
materials has only been included in the momentum equation for the trans-
mirtted shock wave. For a very long porous material, where a transmi.tted
wave may considerably attenuate during its course of propagation, in
that case the reflected wave will not be ‘influenced by the length of thé
poro[xs medium. This statement may be realized because of the fact ‘that:
the strength of a reflected wave will depend on the net solid area
available to the incident shock wave. Also, the condition for .choking,
which might occur in a long constricted paasaée due to a gtrong shock
wave, has not been mentioned in the work, The theoretical proposition
forwarded by Yoshida et al (1980) has been found to be incomplete from
the computational point of view. Fo.r eleven physical quantities, only
ten equati.ona are.specified. However, a footnote at the beginning of
t.he paper inditl:ates _the fact that the proposed theory agrees qual-
' 1t;ative1y with the experimental results and that further experiments are

intended for the completeness of ‘the theory.

' Ini the pres‘ence of a two-phase stratified flow in a horizontal
pipe, the shock wave interaction with the porous material presents a
more difficult theoretical analysis. The extent of the 1nfdm_tion
‘available in this connection from the literature review is v%ry\l_.imitgd.
Though the volume of liquid preseat in # gtratified system in é duct may
not change the strength of the shc.:ck wave very drasr.ically,- however, the
expected moderate change 1n the wave strength needs to be‘ car;efully

predicted for the durability of the fuel ‘bundles used in 8 CANDU

reacto_r. f



CHAPTER 3
EXPERIMENTAL SET-UPS

3.1 Facility

3. 1.1 Rectangular Lucite Duct

/

e
+

The aim of thisﬂ set up 18 to 1investigate the interfaclal
behaviour of a two—phase stratified flow system during the passage of
pressure waves over a smooth liquld surface. The pressure waves are set
in the gas phase by bursting mylar diaphragms and these pressure waves
are allowed to move through the two-phase stratified system: The basic
structure of the lucite duct is shown in Figure 3.1: The liquid level
could be varied to any suitable level fmax'imugn up to 70.0 mz'n)' and
measured by using a steel ruler attached to the body of thel duct. The
duct is ingorporated with the fa@cility of replacing the liquid interface
by suitably arranged plexiglass plates inside the ducl:" 80 as to obseljve‘
the effect of the area reduction of the gas phase on the wave propag-
ation in single (gas) phase system. .

The lucite duct is 140.0 mm X 163.0 mn and- 1.50 meter long. The
side walls are buiI'Lt using 19;0 o thick plexiglass plates. The_'high
pressure chamber ,wh{ch is separated fr;m the low’ pressure chamber by ‘a

wylar diaphragm, is used to. pressul:ize with air to a pressure 6f about

43
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Fig.3.1: Rec'tangular lucite shock tube.
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170.0 Kpa(abs) and the diaphragm is burst wusing a hypodermic nqedle
placed 1inside the driven chamber. The pressure transducers can be
placed at two'locations A and B and the transverse préssure profiles aré
monitored by positioniné the transducers at six vertical positioqglas
shown 1in Figure 3.1. Also the block containing the transducers can be
moved vertically up and down to adjust the transd;cer positionsrln tran-
verse direction. The flow regime near the interface is recorded using a
high speed movie camera with a frame speed of 1600 frames/sec. The
enlarged prints of the selected exposures of the film are obtained for
analysis aqd' investigation of the surface waves produced due to the

passage of the pressure waves through the phases.

3.1.2 Aluminum Pressure Tube

In order to studf the CANDU pressure tube scenario in the event
of loss of coolant accldents (LOCA),'n 101.6 mn internal diaméter; 6.35
om thick aluminum pipe 1s used in dssigning a l.5 meter 1ohg shock tube
as shown 1in Eigure 3.2. To eliminate the propagation of elastic waves
through the wall of the tube, the shock tube is made up with two flange
couglings interconnected using rubberrgaskeﬁs. ‘Also the mou#tingS‘of

the shock tube are provided with rubber paddings in order to alleviate

the vibrational effects on the gas—liquigd interface inside the tube.

A high pressure chamber of about 254.0 mm long and of the same
cross-sectional area as of the pressure tube is attached at one-end of

the prggsure tube so as to facilitate the loading and bursting of the_

myiar diaphragms for the generation of shock.waves. The other end of

' -

‘k\\\___r-'

e
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the shock tube may elther be kept closed by an aluminum plate or be
connected to network systems for the éu;pose of experimental investig-
ation. The high pressure or driving chamber has a slide mounting with a
screw drive in order to make the loading of the diaphragm more tractable
each time of the operation. Thé pressure tube or the driven chamber is
maintained under the atmospheric conditions in all the cases of the
e¥periment and the driving chamber 1is _pressurized by supplying
compressed ai? at room temperature. The mylar diaphragms may be burst
at desired pre;;uree by ;ricking it with a suitable hypodermic needle v
locaééd near the junction of the two chambers. To level the whole set
ip, the ultrasonic liquid level meaquriﬁg technique, discussed later, is
used. The 1iquid_level is. measured usiﬁg two uechan%cal liquid wmeters
one at the centre and other at the far end of the tube. The precise
measurement of the liquid leve} is important for the accuracy-in the
measurements of the overpressuf§:\3h~the phases. The liquid level meter
at the centre of the thpe uses the principle of the U-tube manometer,
and tﬁat connected at the'far énd of the tube utilizes the technique of.
direct viewing. The pressure waves in the gas and liquid‘ phases ‘are
intercepted using plezotype pressure transducers {discussed latef) at
different locations C and D of the pressure tube, shown in Figure 3.2,
Alsb to ;onstruct the tran;verse pressure profiles, attachments are

provided to arrange the pressure transducers radially in a‘semicircular

fashion from top to bottom at a definite angular position.
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Fig.3.2: ‘Aluminum pressure tube.
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J.1.3 Branched Pipes
/ .

A welded 'TEE' section as shown in Flgure 3.3 made out of the

same sBize of aluminum pipe can be connected at the far end of the
pressure tube through a flange coupling and rubber gaskets.‘ Similar to
the case of the stralght tube, the levelling of the branched plpe 1s
dopé using the ultrasonic technique. In order to ascertain the liquid
level inside each leg of the branched pipe, two direct viewing type
liquid level meters are attached to either side of the branched pipe.
The 'TEE' section is used ' to investigate the pressure wave behaviour
upstream and downstream of the 'TEE' junction with different liquid
levels inside the whole sysfem. ‘Ihe pressure wave propagation for at
least two cases, symmetric 'TEE' and asymmetric '"[EE' may Se studied
with re-crientations of the brancﬁrd pipe connections to the pressure
tube. The branched pipe has the faciiity of recording the pressures at
different locations downstream of the point of initiation of the pres-
;ﬁre wave and these locations are marked as E, F, G and H for symmetric
'TEE' branch and K, L, M, N, P and Q for the gaymm;tric 'TEE' branch
system. Each location has aﬁapters arranged radially for the p;rpose of
the investigation of the transverse pressure profiles at each location

of the pressure tube assembly.

Jul4. Pressure Tube with Fuel Bundle —

Different CANDU fuel bundles'may be inserted \nside the,pressuré

tube and the incident pressure waves .of different ‘strengths may be

-

allowed to. interact with the fuel bundles in order 'to detect the
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strengths of the reflected and transmitted waves ur.lder single and two
phase conditions. Three fuel bundles, l8-element, 2B-element and 37-
element may be positioned near the far end of the straight Bhodk tube.
Two small screws each about 3.2 mm in diameter are used to. f-ix the
bundie inside the pressure tube. The p-'re‘saure transducers are
posi‘ti‘oned' upstream and downstream of the bundles as shown In Figure
3.4, Also the pressures midway of the fuel bundles may be measured in a
gimilar way. The high_}?reasﬁre chamber 1s supplied with pressure
ranging from 190 Kpa to 300 Kpa(abs) in’ order to oktain diffetem.:

strengths of the incident pressure waves while the liquid 1level 1is

varied from 0.0 to 50.0 wm.

3.1.5 Check For Tube Distensibility -

- - h -

Due to the bursting og a ﬁylar diaphragm, whici_\ separates the
high pressure driving chamb"e‘;; from the low pressure cﬁamber,.a é\dden
pressure energy 1s released near the ent.rﬁ'nce of the low pressure
chamber. If the magnitude of the impulsive pressure is comparable to
the Hoop stress developed in the tube w;:ll, then the effect of the tube
distensibility will be felt on the propagation of , the .pressure wave.
Ob;;:uslz the effect will be predominant: in a thin walled tube than in
a tube with thicker wall.

T~

If d is the inner diaseter of -a"' fhin walled tube /;:i:h w

thickness s, the force pier?l unit axial length acting inside the tube‘dl'xe

to the overpressure (pressure behind a shock wave), 12} is the preduct

'of Py and d and this in turn generates a i!oop's stress along the

LY
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clrcumference of the tube having the following magnitude.

~

Stress in the tube wall 1s

p,d
— . (3.1)

~ ~ - ‘
Using the bulk modulus of elasticity E for the tube material (here

commerclal Alﬁminum), the wall strain is calculatgd as follows.

Strain in the wall is equal to - N

Py (3.2)
/ZBE 4 | .

As for the circular tube, the total elongation of the circumference is
: equa%,:p

frpld2 .
ToE : . (3.3)

The maximim pressure used. for th; expe;imental purposes 1s about 180.0
KPa(gauge) andﬂ\this produces a sghock wdve q{ incident presaur; of
appraximately 90.0 KPa(gauge); the diameter of the tube is 0.1016 meter,
thickness s*“is equal to 0.00635 meter and the value of E is 71.0 Giga-

- Pascal for the commercial Aluminum, rthen the maximum wall elongation of

6.0 micro~meter is produced by a pressure of 180.0 KPa(g&uge). -

e

>



To understand the effect of thé tube distensibility on the pro-
pagation of pressure waves, the continuity and momentum equations are
’

considered here. Following- the work of Lighthill (1978), the equations

gre written as
3(pA)/at NpAu)/az -0 ‘ (3.4)
du du
p(" /3t + u" faz) = - 3p, /3z (3.5)

Considering a negligible eﬁtropy change across the pressure

waves considered here, the above equations may be linearized as follows -

3(pA) /3t + pOAD'aufaz -0 (3.6)

36 - - %, /32 . ' (3.7)

9

Evaluating the second order partial derivatives with respect to time and
"space from the above equations and equating them, the equation of the

wave propagation is obtained as

32pl/az2 -4 aZ(pA)/a:Z : ' (3.85

%

Here po and A0 are estimated from

p = olp) ] ' (3.9)
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A= ACp)) - (3.10)

for Py = 0 *and Equation 3.8 is transformed as

— T T (3.11)

3z a 3t s
where the velocity a 1is defined as

) S d(pA) s

a2 A, [dpr ]pl =0 (3_'12)

¢
The value of the wave speed a will be affected by the tube

distensibility, the above equation may be written as \

-\,
P -[lﬂ"_,,ii'\_] =K +D \\(3 13)
7~ dp,  KNdplp =0 v
Pga . 1 151

where K 18 the ‘compressibility of the fluid and D is the disten-

sibility of the tube.:
The compressibility effect 1s attributed mainly due to the presence of
the gas phase in a two-phase system, and the value of the compres—

aibility is

—) . T(3.18)
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but for the presence of the liquid-phase, a mean density of 1000.0
Kg/cu.m. may be used in estimating the compressibility value K, Seo
with 8=340.0 m/seé in alr and a mean density of 1000.0 Kg/cu.m., the
compressibility 1s obtained as K = B.65 nano-s8q.m/N. If the tube 1is
filled. completely with water, then for a=1450 m/sec, the_compressibiiity

X=0.5] nano-sq.m/N 1is obtained.

The diametrial strain is calculated‘gs

pd
‘ ZeE _ (3.15)
/
and the relative increase in_the area of the tube
2
A—AO pld pld
—”‘0 - [1 + rrd 1 = E (3.16)
f
The distensibility "D 1s calculated as
. : N
A—-
1 d
D ™ (pl) SE N ; (3.%7)
“ &

e

For the aluminum preaau}nJ tube considered here, the value of the

distensibility D is 0.224 nano-sq.m/N.

The compressibility value for the tube completely filled with:

liquid 1is comparable to the distensibility value calcilated above. But

3

"7.- .

+/
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in a stratified system,‘ the presence of the gas—phase lncreases the
compressiblility effect more compared to the distensibility effect of the
tube. Hence the distensibility effect of the tube may safely be
discarded in the analysis of, the propagation of the pressure waves

considered in this work. .

, ~
A\
3.2 Instrumentation
3.2.1 Pressure Transducers y

.

[

Piezoelectric pressure transducers (Figure 3.3) of Sundstrand
Data Corporation, Model 211BS are used in the experimental measureme-nc's
of the strengths of the sho::"k waves. The quartz pressure transducers
work on the .princlple that when certain crystals are stressed they
produce a surface potentia.l difference in appropriate direction. In
Sundstrand trénsducerg, the stack of qu‘arl:z plates are- arranged inter-
leaving by gold e.lecr.rodes and when the .crystals are subjected to
dynamic pressure loading, the charges produced by the individual quartz
plate are summed ‘up to produce an appropriate charge output. A
predetermined pre—lo;:d is .applied to the quartz plates so as to enable
the transducers to be used in detecting the pressures below atmospheric-
condition. The signal output from the transducer has a high impedance
electrostal‘.ié charge which may be fed to an oscilloscope or a transient
memory to register th@ signal in the. desired form.- An integral
converter ,is mounted wi'thdn c!bg transducer which cancels the effect of
acceleration of the quartz plates for a very rapid pressu;e jump. The

transducers produce a linear voltage output with an 1mpeda‘nce of less
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than 100 Ohms. The transducer characteristics are summarized in Table
3.1. The t:ransdu-cer includes a stainless steel casing with a co—axial
electrical connector at one end, and’at t:h: other end, a astainless steel
diaphragm covers the cavity containing the sensing element., The body of
the tranaducer contains necessary construction features so as to mount
_the :ra?sducer flushed with the wall of the duct. Whgn any load 1is
‘applied, 1t produces a proportionate charge output which negative
with respect to a‘pos'itive pressure appﬁed at the diaphragm of the
transducer. Signal modulation due to the Vresonances is electrically
attenuated by a standard filter (3 db at 150 KHz) connected to the

7
pressure transducer. Three transducers are used for the purpose of the

expe::imenl:.. All the three are tested for the reproducibility and found
to have similar characteristics 1in general, The calibration chart
supplied by the manufacturer fo.r: the individual tranaducer 1;3 used in
transforming the output voltage ﬁf the transducer to the recorded
pressure of the transducer. ' To mount the tfansducers on the shock tul;e,
special adapters as per the instructions of the manufacturer are used
taking intor consideration the ‘cémcentricity of the holes made in- the
adapters. l:or the lucite tube, a sliding adapter is mde, which ali.ous
one to record the pressures at 6.(.311) transverse positions. Also the
adapt‘ers are separated from the main testing structure ‘using rubb.er
lgaskcta and silicon grease. Ext_reue care is exercised while flush
mounting the tfatm_du;:ers so that the edgé of the tranasducer diaphragm

is provided with the specified clearance for the ‘purpose of

reproducibility., "¢/

> .



Table 3.1 Transducer Characterlstics

PARAMETERS N
a) Performance
Pressure Range

QOver Pressure

Maximum Pressure
without damage

Sensitivity (+2%)
Resolution

‘Linearity (bést fit
straight line)

Resonant Frequency
Rise Time (10-90%)

Low Frequency Response
(-5 point)

High Frequency Response

(+5% point) \

.

b) Electrical' )
Minimum Cutput Current

Polarity Pressure
increase

Bias Voltage N
Qutput Impedance

¢) Mechanical

Weight

Case Diaphragm

). Power Supply

onastant Current Source
Sup Voltage, -(No Load)

Source Impedance

59

VALUE

100 psi (689.47 Kpa)
150 psi (1.03 Mpa)

500 psi (3.45 Mpa)

59 mv/psi
0.001 psi{rms)

1%

250 KHz
2 micro-second

0.005 Hz

' 50 KHz

2 mA

Negative

11 £ 3 Volts

100 Ohms

7.0 gms

Stainless Steel o

\

4

133

lmA
20-30 v(D.C)

250 Kilo-Ohms

A\
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3.2.2 Ultrasonic Technique

L

Ultrasonic technique 1s used for the measurement of the liquid
depth inside the circular pressure tube with the two-phase system and
aubsequent levelling of the pressure tube. Pulse echo technique, similar
to the principle of aonaf is used where the sound pulse 1is sent through
the gas-liquid or Hall—liquid- interfade and the pulse 1s received by the

- .
same transducer as it travels back.‘om the interface. The transit time
of the puls'e gives a measure of the distance of the interface from the
transducer face. A am;nd (usually iq the MHz range) emitting transducer
is used in contact with the tube wall and one part of the sound pulse
discharged from the transdycer 18 reflected ac. the tube wall—l:l.quid'
-surface and recieved by the transducer. The remaining part of the pulse
is transmitted through the 1liquid in the tube and this sound is
reflected from the liquid-gas 1nt:efface as a result of the mismatch of
the impedances at the interface and this part eof the sound 1s also
received by l:ﬁe. transducer, The transit time of the pulse is' conv:erted
to the distance between the interfaces once the sound speeds "in the
material of the tube wall, the liquid and gas are known. The uitranonic
pulse 1is generated by a Panametrics Ultrasonic Analyzer (Model 50524 UA)
and di'séharged from a 1.0 MHz, 1.0 inch dianel:er Panametrics Contact
Traasducer (Part nunt;er V102). The signal generated and receivad‘by ;:he
transduc;:: is stored in a Kawasaki MR~50E transient memory @ 530 nano-

second sampling rate equi))ed with a Kawasaki TMC-300 high speed

averager.

N
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in ordgr to level the pressure tube, the l;.ube 1s filled with

water approximatély to a height of 30.0 mm. This 1liquid level 1s
checked at five different places along the tube by placing the
transducer in contact with the wall at the bottom of the tube. The
tube 18 levelled accordingly 1if there is f;:\‘y discrepancy among the
readings at those five. places and also the 'TEE' section is levelled
using the same technique. Moreover, the levelling is checked period-
ically to ensure the correct 1liquid depth all along the tube length.
he data are then, compared displaying on a TEKTRONIX-468 digital oscil-

loscope. This provides with an accuracy in the measurement of the -

liquid level up to one percentage (plus-minus) of the actual liquil.d

level inside the duct. \\\3‘

3.2.3 High-Speed Photography

-

# A HYCAM-II 16 mm hlgh speed rtotating prism camera {(Redlake
Corporation, CA, U.5.A.) is used to monitor the events occurring at the

gas~liquid interface when a pressure wave is allowed to traverse through

the phases, The camera employs the continuous film flow principle of

-

Nera%n with its operating range from 20 to 11 »000 full format (16 mm)

frames per second. The rotation of the prism assembly actuates a speed
sensor to provide the necessary speed regulation input to the electronic B J
speed control dgvice. The electronic speed control having solid state
cirt{ltry provides a speed control within 13X ;ccuracy over the HYCAM-II.
operating raange, The number of meters of the film available since the
start of the camera is counted electron:lcal.ly to match the sectings of

the‘direct‘reading digital switch. The servo brake of the camera 1is

~

- . _
-

.



used to maintain the corrgct film tension during the entire 'operation of
‘the camera. The lens used for this photography is a TELE-XENAR 1:2.8/75
(Schneider, Germany) _lens. The t').q')e of lens used is'sui.table to achieve
the close up etudy of the inter@nce ‘phenomena. The 1intensity of the
light required for the particular type of film, 1its speed, frame speed,
exposure timd’ and diaphragm opt.m:lng 1s agsured using an X-L meter
(Photographic Analysis Ltd.). l'Iually a black and white Eagstman 4-X
negai}_.ve (DI& 27,7224) 30.‘5 meter long film 18 used. In order to
visualize the surface perturbations, a»film speed of 1600 frames per
second 18 used ‘with the optimum combina_cic;n of the available facilities,
Once the film 1s completely exposed, it. is developed by tghe mnu&f:turer
of the film and the enlarged prints for few selecl;.ed exposures are

obtained for the purpose of analysis.

3.3 Methodology

3.3.1 Data Acquisition and Analysias

The output from the piezo-type pressure transducers are storeq
in Transient gemories (Kawasaki BElectronic, Japan, T ilolO; spccific—.
at:l{ons provided in Table 3.2) at suitable sampling rate in order to
obcain ‘the optimum reésolution of the pressure proﬂles. The usuali
sampling rate adopced is 5 micro-sec\ond per sample totalling 5 milli—
second durat:ion for intercepting a pressure profile having 1024 data

points. 'I.'he sensitivity gauge of the transient memory allows one to

control the output anplttude of the transducers- thie 1s in turn is
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useful in monitoring the pressure profiles .in an oscillo_acopg. A cfigger
transducer (Columbia Research Laboratories, Model P-200-1) with an
appropriate charge amplifi'er {Columblia Research Laboratories., Model
4103) connected in series with the trigger transducer is used to trigger
the transient memory. When using a charge amplifier for the trigger
transducer; the magnitude oézﬁ parameter belng. measured 1s calculated
by dividing the transducer sensitivity (33,2 pcmb/psi) expressed 1in
pico—coloumbs into thv; output voltage exprfzssed in'milli:‘rol\ts.fot an
amplifier gain of 1. Also for the selection of ;ielayed or advanced‘
trigger system, the trigger timing can be adjusted as a percentage of
total traverse time. The sche'matiC'of the data acquisition system is

—

depicted in Figure 3.6.

‘The'dqca stored in the transient memor.y‘ can be visualized in an
oscilloscope, or recorded using a chart re.co;:dér. or stored in computer
disc. For the majority of the acquired data,computer storage is
preferred for the ease of subsequent analysis of the recorded data, The
computer program (BASIC) for acquiring and storing the data on the discs
1s provided in Appendix A. An APPLE-Ile micro—-computer 18 used for the
ator;ge of the data. The pteuure'\ at two different points ﬁgng the
pressure tube can be monitored simltaneoualy; The data are transferred
from the transient memories through a home made \elecc'ronic interface

which can handle two channels at a time. Once the data acquisition 'is

" ' complete for one particular type of experiment, the data are printed

using an appropriate program (Appendix A) and a printer. The printéd

data are checked and the start of the incident and reflected wave
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TRIGGER bd PRESSURE

TRANSDUCER TRANSDUCERS
‘CHARGE
AMP.
TRANSIENT ~ | TRANSIENT
MEMORY 1_ .| MEMORY 2 .

“ | INTERFACE 1 —\ ‘— INTERFACE 2

PLOTTER APPLE lle pisk 1 |
- COMPUTER
. o ‘
- PRINTER DISK 2
\"1

Fig.3.6: Schematic of data acquisition system.

<

Vb



timings are marked on the printed data plot as a percentage of the total
time a_)f the “f’v:ﬁ-‘i propaga_tion.;. The data 'ape‘ analyzed for the maximum

-, -

pressure’}, average pressure in both gas and  liquid phases, "using BASIC

¢

computer pr)ogramﬁ as -preeente'd/ 1‘n Appendix A.
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Table 3.2 Specifications for Translent Memory, ™ 14}0‘

Parametcr

a) Storage

Memory Capacity
Maximum Sa;pling Speed
Storage Eleménts
(b)gPoltage Axis

Inut Channel.

" Maximum Input Voltage

Maximum Linearity Error
(¢) Time Axis

Internal Clock ——

Frequency Characteristics

(d} Writing
Trigger Mode
Coupling

&

{e) Reading .
Analog Output

External Clock . -
Digital output

.Value

8 bits x 102&(@des
\
| wicro-second/word

MOS IC Cells

Single
100 Vv (rms)

+£1% Full Scale

1 micro-second/word to
100 milli-second/word

de to 300 KHz 3 db

.

Internal, Extefnal

‘Ac, DC
»

+5 V of full scale

100 Ohms single ended\/
Up to i MHz i
8 bits binary code

e
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CHAPTER 4

EVALUATION *OF PHASIC OVERPRESSURE

‘4.1 Introduction

' This-chapter contains the theoretical and experimental evalu—
ation of the magnitudes of the overpressures developed in both the gas
and liquid phases during the passage of a shock wave through a two—phase
srratified system in the afhminum pressure tube. The 1iquid_phase, with
its higher propagation speed of eound than that 1in the gas phase,
promotes.the generatlon and subsequént propagation of small amplitude
pulges moving ahead of ,the main ahock wave. The roughness of the inter-
fece due~to these pre-pulses is estipated both theoretically and expefi-
mentally (high spegd photography) to Eind the roughness parameter to be
used in the calculatiqﬁ of the interfacial friction factor. A separated
flow model, after suiteble ansumption, is used to “weampute the strengths
of the incident shock waves for various diaphragy pressure ratios with
negligible effect of the liquid phase. The presence of the liquid phase
reduces the compressible area of the system, which in effeet enhances

‘
the ecreogths of the shock waves for the same diaphragm pressure ratio.
Once the strengths Jf the shock waves in the gas (single) phase ere
known, a qﬂeai-steady analysis is adopted to balance the energy expenses
" 4in the phases as weli as that in the interface to estimate the magnitude
& I 7

-

-
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of the overpressure in the .phases. The theoretfical predictions are then
_coﬁpared with the experimental results- obtained for the varioﬁs
strengths of the shock waves 1in conjunction with different 1iquid
inventories in the ﬁressure tube.

\.

4.2° Interfacial Phenomena (Lucite Duct)

o

4.2,1 Theoretical Background

In order to énalyze .the perturbations at the interface in the

casg'of the lucite tube, a short pulse of finite duration of about’ 0.7
m—seconds 18 used. The pulse or the shock wave, afﬁer impinging on the

. I%quid phase produces a*;roup of small pre-pulses, which, due to the
larger sonic speed 1in-the liquid, travels ahead of the main sﬁ;ck wave,

The main shock wave, in the case of the stratified two-phage system

travels at the speed of sound in the gas phase. The pre-pulsges here,
L)

may be classified ;3 the wave moving under a free surface, Stone (1982)
has extensivziy studied the generation and the subseﬁuen: propagation of
these pre-pulses under a free surface, however, Stone has ngt mentioned
.any experimental observation of the interfacial phenomenon !i.ng any
kind of sophisticated high speed actiom. The -theoretical Approach for

. .
~the analysis of the interface is similar to that of Stone, except that

the interface behaviour 1s. given more practical attention than compared

. .

.to the work of Stone.

Fourier analysis of the finite short pulse shows that the
. frequency spectrum of the pulse may be presented as [Redubgd {1960)]

-



w - Amr"/rp (h.1)

1y

Cr

where Tp is the duration of the pulse, w is the frequency and n -{L,Z,

3,0000.. for different mode of propagation. In the present experimental
set up, the length of the driving chamber is set to be about 24.0 to
25.0 cm. long and using the velocity of sound in air at the normal

temperature, the duration, Tpequal to 0.7 m-seconds, is calculated. The

time period t and the wave length A of any \.aave may be specified respec-

tively by
T = 2x/w and A = ar (4.2)
4 - P
Here, a, may be assumed to be the velocity of sound of alr at

atmospheric conditions. The values of the differeat parameters for

_n=1,2, 3 and 4 are presented in rm.u/l../x. i

Table 4.1 Wave Characteristics

n Frequency Period Wave—length’
(rad/sec) (m—-sec) (o)

1 1. 80E+04 ) . 0.35 iZ0.0

2 3. 60B+04 0.18 62.0 .

3 J. 40E+Q4 0.12 41.0

4 7. 208406 0.09 31.5°

. / .
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9.2 kPa

0.93 ms

30 mm
ABOVE
INTERFACE

5 mm
ABOVE
INTERFACE

L

a5

Fig. 4.1: Typical pressure waveforms at location A of
lucite tube. iy )
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From Table 4.1 it is observed that the period of the wave propa-

gating through the two-phase system should not be greater than 0.35
m-seconds and the corresponding wave length be less than 120.0 mm. From

the pressure pulse obtained in the "'e'x;;erimenc‘ (higure 4.1), it is
noticed that the time period 1is uel\l below the 0.35 wm-seconds limit.
Moreover, as the pulse in the gas phasé’ moves over the liquid phase, the
pulse spectrum 1s.mod1f1ed du.e to the pre-pulses moving throdgﬁ.the
liquid phase. The interface at the ti,m;: of the passage of a shock wave
is tr}us believed to be un-der: the combined influences of the pulse moving

tirough the liquid -phase and reflecting from the free surface.

The(\mve generation and its subseguent propegation in fluid
bounded by a solid and a free surface gré analyzed using the potential

function. For a two-dimensional system (Figure 4.2) the wave equation

Ey be written as .
2 2 2 o : ‘
3¢ ,9¢ 13 ¢ (4.3)
ayz azz az 3:2 )

Referring Tolstoy and Clay ‘(4966), the above equation may be

solved with suitable boundary and initial conditions to obtain the

following solution '

L
S . &
b = A cosl(s + D) Tyl exp [Lwex2)] | (4.4)

where x is the wave number and the other parameters are shown in Figure
a.

o

4.2, 'ﬁrlng the process of 't‘é evaluatior® of above equation, the

»

»

S
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Fig. 4.2: Liquid phase bounded by a free and a solid
) surface. ‘
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sine terms are discarded, as at y=0.0, the sine terms automatically

vanish., The value of x in Equation 4.4 is expressed as * !

X = (/) - () wm)? (4.5)

and the frequency w is

: ' 1/2
o= ta [+ (arp)? &) (4.6)
Following the work of Redwood (1960), the group velocity 1is
calculated as ' : /
dw 2 1.2 ,%.241/2
S "Iy " tax/[x" + (n+3) &) ] - 4.7)
Hence in order to have the group veldcity real,
-
A . ) . .
'\_/’ \ .
w>a (m?) x/h i J -~ (4.8)
then for n=0,
-
f > a/(4h) o (4.9)
- ".
or, the time perfod t < 4h/a o ' (4.10)
A ‘
‘ i .“. - ) . :
. - L AP

In case of the lu&¥te duct, the exp'efinhtﬁ are conductdd w:.l‘th a’

liquid level, h=60.0 mm and for \fater,.‘the speed of sound, a=1440.0
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m/sec; then for n=0, the time period T 18 found to be less than 0.l17
m-gecond and the frequency, £ > 6.0E+03 cycles/second. Equation 4.4
represc;nta the wave travelling along the Z-direction, however, the speed
of propagation 1is not the speed of sound Vin the liquid. This 1is also
clear from th; diupergion relation of Equation 4,5. If the term under
the square root is negative, then the value of the wave number x attains
an imaginary magnitude and the strength o the mode varies exponentially
with the distance along the tube. Thé plane wave mode is always
believed ‘to travel for (n+l1/2)=0, however, for the propagltio;i of higher
nodes; the frequency must 'be greater than .the. minimu; of 6.0E+03
cycles/second. Usually, when_the wave length is greater than twice the
height of the liquidvdepth, only the plane wav;s propagate, all other
modes can ust propagate — this is-the "Cut-0f£” ﬁrequenc}.

The pulse analyzed by Foufier method also observed to have o
equal to 3.6E+04 rad/second for n=2. As the wave in the liquidiis being
generated by the pulse impinging on the liquid aurface; the frequency -

-
w of the gas phase pulse tends to disperae towards the higher modes of
propagation. With the increase of the liquid depth h, the mo#
frequency decreases and approaches the normal mode of propagation.
N . ) 0 .

- the gas moves over the liquid surface at high speed, the
liquid in contact with the gas phate aé%;in;.cgrtain velocity (less than
:he gas phase velocity) ln the direction of the gas flow. The pulse in
the gas phase contains disturbances having frequency calculated by

P

Fourier analysis. Considering the 2nd ordet mode of the gas phaae pulse,
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the frequency, w of 3.6E+04 rad/second and the time period, t of 0.18

w-second are obtained.

If in the limit, the liquid surface has the same velocity as of
the induced gas phase velocity i.e. 60.0 m/second (approximately)
generated by a shock wave of strength 65.0 KPa(g), then the wave length
of the ripples should be equal to velocity times the time period 1.e,
10.8 mm. Also for the normal mode of the gas phase velocity, t is equal
to 0.35 msecond and in that case, the 11qluid surface may have velocity
lower than that of the gas phase. For higher mode of wave p"'ropagat‘:i.can,
the wave length of the ripples at the interface should be smaller in
magnitude. The experimental va;I.ue of the wave length of the ripples is
observed to be 8.0 mm-to 11.0 mm. .

\
\

The turbulent gas flow behind a shock wave _that 1is moving
through a two—phase system generates a vortex. sheet near the interf'ace
separating the phases. The induced motion ln‘.c"he phases makes the situ-

ation analogus to the classical case of Kelyin-Helmholtz .problem that

deals with the stability of a‘\vortex sheet separating the two fluids of

different densities wmoving in the same direction. A surface initially

plane 1is disturbed by the propagation of pre-pulses alon

phase which 18 below the wavy surfa
™

P and moves at a mean of uy where as the gas phase, which 1s on
top ofy the heavier liquid, has density pg and moving at a mean speed of

u_.
g

4.
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A plane disturbance with real wave number y can pe specified
with the following equation
7 \

= exp [ix (z-Ct)] “(4.11)

If C ig real, the wave will travel along she Z-direction with velociry

C, but if ¢ 1g imaginary, then the surface wil} be unstable, Referring
f

Chandrashekar (1961), the Kelvin-Helmholtz instability p)oblem may be

solved to obtain the value of C as follows

i -~
pu. + pu (p, = p )
C = [_iLJL___.l_£] + L__l____ﬁ_.& -
: b§‘+ P \ pg + L X

P p 2

1/
—L81 (ug'-ul)z]

2 (4.12)
(og + pl)

»,
For the typical values of u8 - 60_.0 m/second, Y; = 1.0 n/second

fdfl?ained using the linear wave equations for the liquid phase) and A=
120.0 ma (from Table 4.1, corre;po’nding‘to the, normal mode), the value

of C is found to, contain a real and an imaginary ‘parts, This indi_cates
. L] .

42,1 Interfacial Roughnes§
. . N ) ]

. ‘ -
When a gas flows\ over a liquid dontaining waves or smali tipples
at the surface, 1in that cagey the resistance to the gas flow \ia larger

than the case vhere the fnterface is mintained-smoth. In caleulating

"\

k/\l . oo /R s
N . . . : ‘ ) .
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the friction factor and the associated drag, it 1s convenient. to
estimate the surface r,oughness due to the presence of the ripples on the
liquid surface. The worl;'.s of Ursell (1956), Ellison (1957), Ellis and
Gay (1959), Lilleleht and Hanratty (1961), and Cohen and Hanratty (1968)
show the fact that the resistance to the gas flow over a liquid 1is
{ncreased due to the presence of the sprface roughness at the 1nterf‘a<;e.
For the case of shock wave propagating in a two-phase atratified aystem,
. the induced gas flow behind the shock wave encounters a stronger resist-
ance due tg tt.le presence of the interfacial roughness. The interface
roughness is considered. to be generated by the pre—pulses.mving, and
undergoingr multiple reflections from the .'solid and free surface, ahead
of the principal shock wave. \

-

For the case of aluminum ( pressure tu%he pre-pulses are

observed to be very prominent and |the magnitude ‘of the overpressure
generated by thege pre-pulsles is obtained from the experimental observa-
tion. The particle velocity u is calculellted using Equation 1.14 o

Chapter i. Hens.e the liquid is induced by a velocity of magnitude/u in

all direction from the point of impingemeént of the shock wave./Now as -

di_sc. ssefl earlier, 1if _imly plane waves propagate, then the a“
grodp velocity may be calcilated from the equa;ionafsuppiied e'. '
this ;chap:ar. The difference in the velocities of the pra-x;ulae and ‘the
main shock wave prt;vides t:he-valﬁe of the lpad velocity of the pre-pilse
_at a point before a shock wave interacts with the pertur-b.al:ion at the
1n.t_erface generated by the pre-pulse.. F'rbm ﬁlge experimental,dau.‘ the
:i;le for the shock to t\zhe first pre-pulse i_:s estimated. The distance

covered by the pre-pulses-before the arrival of the ?a:l.n shock wave 1s
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tr

L J

calculated using the values of the time period and the veloclity of the

pre-pdlses in ‘the liquid phase. After that, the time for the main shock

wave Lo reach that point 1s calculated using thﬁ strength of the partif

cular shock wave under consideration. During this time gap the rise of’

.
the liquid interface is calculated.

In this way a typlcal valie of the

gurface roughness of about 0.0026 mm 1s estimated. Then Colebrook's

equation (Murdock- (1978)}] for turbule

facial friction factor.

e/D

2.51
--21logy (37 T —

:q —
|

i
\\‘ .

// ‘Reynolds number, Re obtaiued for th

at flows is used to find the inter-

r

*
1 (4.13)

-

RevE,

N

"%

e range of shock waves conlidered

here, is found to be &. OE+05 to 7.0E+05. The variation ts $é to the

fact that the hydraulic diameter of the gas phase variea with the liquid

level™in a circular pipe as well as the gas phase velocity is a function

of the incident shock wave.

<

4.,2.3 Exgerimantal Results

(a) Basic Waveforms
\.

-

i,

In thif sectlon, the propégation of pressure waves in a, two—

phasé system with 60.0 mm of water

eforms observed in the liquid

in the lucite duct is considered.

phase, genergled by a shock wave are

ghown in|"Figure 4.3. The results are -very reproaﬁhible as shown by

/

. . - N T
superimposing the pressure traces from two separate experimentq in this

-

N



INTERFACE

N

5 mm >
BELOW

s

WAVEFORM-B

—_—— - —

15 mm
BELOW
INTERFACE

35 mm
BELOW
INTERFACE

Fig. 4.3: Pressure waveforms at various depths in liquid phase;

. INTER.E‘ACEJ/\J.

79

REFLECTION

Two—phase system with 60 mm liquid level.
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figure (top and bottom ti?ces). From other experimental data, it 1is
observed that, in the gas phase,.general trend‘of the propagation of
preasurel;nves in the single (gas) and ;;o-phase cases 1is quite simllar
to each other. As will be shown later in this section, however, there
appear some differences in the magnitude of the overpressure between
these cases. On the'other hand, for the waves propagating in the liquid
phase, several interesting features can be not;ced (Figu;e 4.,3). In a
certain range of depth (15 to 35 mm) downward from the interface, the
waveforms seem to be somewhat rounded off or relatively smooth compared
with those observed in the gas phase. In other words, a smail—amplituhe

high frequency perturbation, which is superimposed on the waves in the

gas phase, is considered to attenuate appreciably in the liquid‘phase.

The most interesting feature of the waves in the liquid phase is the

formation of the pre~pulse, Although the results are not shown, the
reflected waves in the liquid phasé from the end wall, placed far from
the éiaphragm, are found :oﬂhave negiigible influence con the‘prEfpulse
structure. The.;éflected waves in the liquid phase are considered to
retufn from the far end wall much faster than the waves in the gas
phase. This effect was checked by using some blocks to cha;ge the end
wall position in the 1liquid phase. As can be seen in Figure 4.3, the
pre-pulse has the following features:
S )
(1 pre—ﬁﬁise amplitude 18 enhanced dﬁring the propagation

between locations A and B; 7

(2) pre~pulse appears more remarkably near the rigid bottom surface than

near the gas-liquid interface;

(3) most pre-pulses observed to have a crest {or compression front) and
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-a trough (or expansion E.ronl:). The trough  always precedes the main
shock wave;
{4) at a far .distance‘from the interface, pre—pulse ‘exhibits somewhat
perturbed structure as c;mpared to that near the interface.

&

% Also as the wave propagates, its transverse shape 1is a;so
observedlto be changing in time. The transverse distribution 1is plotted
at each time step. In Figure 4.5, the disgribution of the transverse
overpressure at various time steps, as shown in Figure 4.4 is presented.
As shown in Figure 4.5, 1n "the air phase, thendistribution. -o_f, over—.
pressure scarcely chan.ge its shape over the time steps ‘considered,
while, 1in r.:‘he liquid phase the distribution fiuctuates considérablj at
almost every‘ time step compared with that in _the gas phase. This fact
suggests that, the varlous waves which travel repeatedly across the
liquid phase Kﬁavea I;:{eﬁ-lectedﬂ from the interface and bottom surface) may
-play an important role in constructing the basic wave st-ructure. For
the purpose of comparison, the results of the single p!\asle (air only)
case ;re superimposed in Figure 4.5. As shown in this figure, the
distribution of the overpressure in the single phase case hardly changes
its shape. :rhis trend is quite similar to that of the two-phase case.
® However, the) magnitude of the overpressure shows some differences

between the single (gas) and two-phase cases.,

{(b) Flow Regime Transition ) e

High speed photography of the lucite dict demonstrates the

- change of the flow regime from- the smooth stratified to the wavy

s

o . e
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tg is incident shock wave time.

Definition of time steps;
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Fig. 4.5: Transverse distribution of overpressures at location A’

of ducite tube for various time steps.
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ot
stratified flow due to' the passage of the shock wave of strength'62.0 to
65.0 KPa (gauge). through the phases. The photography 1s donegusing a
HYCAM-11 (mentioned earlier in Chapter 3) high speed movie camera @ 1600
frames pet second. Few selected shots are enlarged after the whole film
is processed and dev;aloped. The photoplate k(aj. shows the stratified
emooth Interface just at the start of the shock wave. In photoplate E(b)'
the interface .i.s obsFrved to become roughened app\ro.ximately after 10 to
20 m-'seconds from the time of the start of the shock wave. A Tuler is

placed inside the lucite duct to facilitate the measurement of the wave

length of the ripples directly from the photo-plates. The wave length of

~the ripples as estimated from the photographs 1s found to be 1in the,

range of 8.0 to 10.0 mm. The analysis of the high speed photegraphy

-reveals two distinct mechanisms, qualitatively may be discussed in the

iights of Kelvin-Helmholtz instability where the vortex sheet generated

_____ \ i .
surface highly unstable. For the situation as in this experiment, a

critical speed of 60.0 cm/second of the gas relative to the 1liquid is
sufficient to make the surface unstable. The photoplates 4(c) ‘and_4(d)

show the gradual changes occurring-at the interface. The_ second mecha-

- -

) ' : aX) /
“nism 18 related to the generation of surface waves of longer wave

‘lengths at the interface. The high speed gas induces a .mass motion of

the liquid' layer.adjacent to tge interface in the direction of the
propagation of the shock wave. The gradient of the velocity at the .

interface sustained by the dé’nsities of ‘the fluids play an important

- {

. |
role in this type of problems (Figure 4.6). But the presence of the end
- J
wall at the downstream end ef the shock tube, makes the shock wave as

well as the 1liquid strip to reflect in the opposite direction. The

/



Photoplate 4(c)
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Fig. 4.6: Shock-induced velocities in gas and 1liquid phases
! ina tyq—phase horizontal stratified system.
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Photoplate 4(e)
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Photoplate 4(f) ' TN
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collision of two wave traine moving in the opposite directions near the
interface is pressumed to generate waves of longer wave length. This
phenomenon 1s shown 1in photopiates 4(e) and 4(f). The time of occur-
rence of this phenomenon is ve:'y much delayed compared to the duration
of the shock wave propagation through the phases; this is of the order

of 60.0 mseconds and up. The seguence of the mechanisms at the inter—

face 1s summarized in Figure 4.7,

4.3 ° Estimationgof Overpressure In Phases

4,3.1. Two-Fluid Modelling for Stratified Flow

If J and p are the efflux and source of any quar}tity' ] r_espectively,
then the total accumulation of ¢ in time dt is the sum of the net efflux
J through a small area ds and thé .generation within the“control volume
element dv. Using the definition of Reynolds tramnsport .theorem and
Gauss. theoren, :he generalized local ingtantaneous conservation equatior

for any phase k can be written as

3 —_— T -
3 (okOk) + Ve (pkfkvk) == Yo Jk + pkq‘k (4.14)

Here ?k and P are the velocity vector and the density of the phase k.
. The use of Liebnitz rule and Gauss theorem provides the . generalized
volume averaged one-dimensional congervation equation in the following ‘

form



93

INCIDENT RE;&%ETED ‘

WAVE -
: TYPICAL

WAVE FORM

3.0

10.0 msec ————4

, |
\ 1
3 1
\ !
! l
| .
i |
‘ |
! |
\ |
1 1

t =0 10 - 20 msec | 20 - 40 msec
. j ,
STRATIFIED " STRATIFIEQ ' STRATIFIED WAVY-
- SMOOTH WAVY DROPLET FLOW
————————
AL

Lo - 60 hsec 60 -~ 80. msec

LARGE AMPLITUDE WAVY FLOW
WAVY TFLOW {NO DRQPLETS)

] |
' |
|

1 |
1 |
1 l
1 |
|

1 ]
! |
, |

Fig. 4.7: Pressure waveform and observed~flow regime
transition in lucite shock tube.
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2 <o # >+ a <n (pov +T)>-
2t %k P %k 3z "k~ "o TPk T Tk
1 . — 1 —
o <o >=-7 (mk¢k+n.Jk)dA—-‘;Afknk_Jde (4.15)

where A 18 the surface area and

&
Following the work .of Ishii (i976) and Banerjee and Chan (1980)

the terms in the above equation may be replace“d with suitable variables
such as stress tengsor, external, force vector, internal energy, body’
heating, heat flux etc. to obtain the conservation equations of mass,

momentum and energy as follows

g—tmk<'pk>+g—zmk<pkuk>-—<u'nk>i (4.16)
. .

: " 2 ‘3
T L R riL A RS A"
I — s 3
-.Euk<nz-'rz>-npki 3z (“k)

. o . >/ . —
A T T R YRR N N

z

Tz) > | ‘ : (4.17)
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3 2 )
3t % < (B > g < Bue 2t

'

2| 2
22 % S %k 7 Tz % P %
a‘ — -_— .
T R ORI T LR A

- %.L (% E + nk' (4 * PV, - EL' v)] da
1 \

R

- %‘{ ) nk.qk dA (4.18)

lew - '

In the above - equations, the subscripts 1 and w respectively
refer the conditions . pertaining to the interface and wall -of the

v

system.

" The equations derived here have the'vdiume averaged form for the
locai,instantaneous properties. The equations have the volume averaged
products of the fluid properties Quch as density, pressure, temperature,
velocity etc. For the purpose of the computation, these products of the
averages have to be made products of the averages of the fluids. A fluid
property may be wrictten as. a sum of the low ﬁrequency compounent and a -
high frequency component. Following the work of Sha et al (1983), it cam
be assumed that. depending on tﬂe noise level acquired in the system, the
high frequency term may be neglected or retained. The procedure of the
time averaging after the volume averaging leads to the complete set of

. equations of the mass, momentum and emergy for a system. If there 1s no
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fluctu;ation of kthe- variables with the time, the area or volume averaged
products become the s»?.mple' pm’cts of the averages of the properties.
As shown by Sha et ;1 (1983),‘,_for low fx;equency components which are
usually assoclated with Ehe bl'ow down or wave propagation caées, the
time-volume averages &o not reduce any generality:of t:.he equations and
the forms of the equations remain same after lthe time-volume averaging.
Though for general solution we ha#e;‘-."-to ‘s.olve the differentigl igtegral
edgbations, these can be simplified to. the partia.]: differential. equations
with the guitable constitutive equations for mass, momentum and -energy
flows across the interfaces and the boundary wa'lis. -AThe'.averaging
operators are cumulatféz in nature. The averages of the prc:ductq in the

conservative equations are separated as the products of the averages of

the dependent variables.

L

4
- i,
it

Once the complete set of the equations for a gene.ral mlti—-c,_
- phase flow system has been developed, fheae '_e'quations can.' now be.
‘modified in order to make them suitable for the situations under comsid-
'Fratién here. In the perspective.of studying the shock wave prlopagatiou
in a horizontal stfacified system, the mathematical equations desc;.ribing
the system can be made more simple and thus éasiqg the- process - of
computation sind making the,“analyl:icall t.reaéht a tractable proposition.
It is useful to derive the completé_ two-fluid model and reduce it t:o‘
simplified form with ;uicable agsumptions pertaining to the physical
situation of the system. 'I'hg intuitive ideas about the“ physical process
may call’ for the elimination of several secondary parameters without

diverging too much from the reality. For example, in the 'p’r:oblem

. considered here, the system is an adiabatic one, hence the terms related

v
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to\heat transfer and enthalpy have to be dropped from the enecgy equa-

tion. In general, the following assumptions can be enforced on the

system under considerat;on.

(a} No interfacial mass transfer; '

(b) no heat transfer from or to the system;

(e) void fraction does not change with time or space during the wave
7 motion; _

(d) only inng;facial friction, f1 an? gas side wall frlction, fw are

considered; A
(e) hydroé}atic pressures induced:- by the volume of the gas ‘and the

liquid are negligible; and

(f) no gravity or body force on the system.

With these assumptions, the volume averaged system of equations

for any phése can be presented as-fdllows A

©? : 3 ' ‘ :
3% <po>+ 3;'( {pu) > = 0 ‘ ¢4.19)
- 7
3 LR S -- 5 y
N TN (gu) > ¥z Cput >t 3z <P . < (1)> i (4.20) .
a—-((pE))+L<(puE))+L<(u))-0 (4.21)
at 9z : 9z P *

Substituting the continuity equation (Equation 4.19) 1in the
momentum equation, the momentum equation for any phase in general, is

slmplified as
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<p>[-?'—-ié~%-2+<u)-§<a—:>]-—a—gzp—>"(('r)> (4.22)

xo form the energy equation in a wmore pliable conditiom, the

- . following thermodynamic relation for the’:hergy is used
-2
E=e+u’/2 . ) (4.23)

Now using Maxwell's relations from the thermodynamic properties

[Zemansky (1968)) andzthe velocity of sound, the energy equation can be

written as

a 2 3<u>_ _ 2 39y ooms T |
T<p>ral <>t 2" GR), < uD) (4.24)

!
Again, the derivative of the density with redpect to the
enthalpy can be used to reduce the energy equation to be used for the
LN
estimation of the shock wave propagation in a system. .Tﬁh final form of

the equations of mass, momentum and energy are reduced to the following

forms

‘3 .3 -

3t *'az (pu) = 0 (4.25)
~, e _

Bu, dw l3p_ _ - '

at tu az + p 3z T/p (4.26)
3, %,

. 3t +u s T YP e uT . (4.27)
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where v Ils the ratio of the specific heats of the medium under consi-

deratiqn.

4,.3.2 Theoretical Estimation of Phasic Overpressure

.

The wave propagation- in an incompressible iiquid does not
produce a 3hbstantial compressibility effect, and hence in particular to
water used-in this work, this effect may be negiecteé for all practical
purposes.,. The above gquationa are only applied to the gas phase keeping
in mind that the values bgtzihed here will be coupled in the numer;cal
evaluation of the overpressuré in thg ;hasea. During the passage of the
shock wave through tﬁe pﬁa;eé, the energy 1s spent in both the phases as
well as at the interface. The interfacial energy may be approxi;afed by

"the evaluation and Apfoper use of tﬁe 1nterfacial frictional energy
dissipation. However, the frictionai force in the above equatious hainl;
has two components: (1) ome due to the interface and (2) the other due
to the wall friction on the gas Ehaae. The interface frictidn has
preddm:lnant effect due to :ﬂ perturhat;ons on the interface caused by .
éhe pre-pulses present in the system, The interfacial frict}on term per

unit volume 1s’asaumed as . .
P o= O.S‘fi'pg u | ug T Yy lIDh (4.28)

In the above equation fi,is'the interfacial friction factor,

‘pg is the gas pﬁase density, ug is the gas phase £low velocity and

-



J ‘d
uy is the liquid phase induced velocity. For the case of weak shock’
walvea, ug > U and hence in many cases, the liquid velgcity may safely
be neglected, The interfacial friction factor, f, is catrilated from
the knowledge of the pre-pulses and discussed in the previous sectiom...
) - .

The gas phase wall frictional loss is accommodated by using an
appropriate friction formula for high speed flows inside a smooth pipe.

Referring the .work of Rudinger (1955), the friction factor, fw can be

eatimted from the following equation .
' ¢ . .

= 2.0 log), (Re /) - 0.8 : - " (4429)

|D—‘
n
&l

The Reyn91da nuamber, Re usually is. very highlfor: the’ problems
;associaI:ed with the compregsible flows, and t;eqce the effect of the
frictional losses for many practical applications may be.lgnored in the
analysis of the compressible flow phenomena. The computational values
show very negligible change in the pressure drop due tor the wall

‘friction. The fricticgal losses are inserted into the -conservation
- » . . . .

.equations, presented above, with a suitable friction force expressiom
similar to Equat‘:!.on 4,28. This assumPtion may be justified becauqe the
shqck wave propagation through a smooth stratified system, the propag-
ation _of shock wave can be analyzed by using a. single phase conservation

equations and then modified by a quasi-steady energy balance between thé

-

phases. Either in single (gas) phase or in two-phase situations, the )

shock waves are préduced using ‘the same diaphragm pressure ratio; hence

@

Y
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‘the energy input remains constant fop a certain condition of the high
pressure chamber. At-first, it 1is assumed that the shock wave ig propa-
gating Lin the gas phase only witho;t any frictien, .The' shock wave’
strength under this céndition is estimated after aolv;ng the set of
conservation equations (Equations 4,25 tolk.27f. The estimated shock
strengths obtained with different df:;hragm pressure ratios are used in
the quagi-steady analysis for the overpéesaure with di{fgrgnt liquia

— ) .
levels,

; For a single phaselshdck tube experiment (Figure 4.8), the rate
of work done 138 the product of the overpréssgre and the'particlé velo-
city. Hence, the total rate of work done on the gas behind the shock

. A '

wave is

~pu A . : (4.30)

o
T

Here pl is the pressure rise due to the shock wave, u ia the

particle velocity induced by the sﬁock wave and A is the cross sectional

¥ -

area of the pipe. The gas in front of the shock wave has no iqduceif-

motion, heance the work done on the stationary gas 1s zero. Once the
~ T

liquid 1is introduced iﬁside the pipe, the gas phase area is reduced. -
A

-

Due to this reduction iy the gas phase area, the pressure as weil as the
particle velocity of that phase will increase so as to re-distribute the
total energy lmposéd on the gas phase. In the(éreseuce of the two-phase
"system, the total energy is shared by the jLases as well as fy the
interface. The ;hock wave propagation in a two-phase system is shown in

Figure 4.9. 1If subscripts g and l‘denoté the conditions pertaining to

-~
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the gas and liquid phases, then the total rate of work done on the gas

phase 1s : )

- A 4,31)
Pg g g ¢

+

Similarly, the total rate of work done on the liguid phase is

-
Py Al . (4.32)
The total input energy or rate of work done 1s the same either
in the presence or absence of the liquid phase, it can then be written

that

4

Pg Ug Ag'+ P,y A = ppu A . ) (4.33)

<
In the above equation, the frictional effect either due to the

wall or due to the interface 1s not #nclﬁded. The interface, uﬁich
exhibits the phenomenon of the flow regime cﬁzﬁge, generates sufficignt
. roughness so as to weaken the strength of the shock wave during its
course of.pfoﬁagation through the phases. For a circular pipe, the
S _ .
width of the 1aterface increases with the increase of the liquid level
inside the pipe up to a m;ximum value equal to the diameter of the pipe
for 502 void fraction. 'Dénoting»the diameter of the pipé Sy d and the
liquid level bf_b, the 1ntexfacéj;idth Ci may be obtained from the
standard relgéién of geometrical configuratibn [Pranklin (1978)] as

follows
- .

. | | | ’ -‘> | o “); . L\.

~
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¢, = 2 /[h (d=n)] . O (4.34)

From Figure 4,10, the value of the perimeter in contact with the

l1iquid phase may be obtained as
S; = d [(#/180) * {Arc cos (1-2n/d)}] ' (4.35)

Once Ci, h,d, and the 1iquid phase parameters are known, then -
again from the geometrical considerations, the gas phase cross sectional
area is obtained as a funetion of the above parameters. Here, the

-

hydraulic diaméter 1s defined as
D =44/ .o ' . (4.36
h g’ g : )

where Eg‘is the gas phase perimeger. The plot of Ci and Dh versus the
liquid level, h/d is presented in Pigure 4.11. The contribution of the
interfacial friction varies directly with the increase in the liquid
level (up to the 50% void fraction, for circular pipes). Now defining a

parameter for this proportionality as

B = Ci/Dh__ . (4.37)
the total friction force Up to a distance L from the commencement of the

shock wave can be writtén as

F=2gf [0.5 Py ug] ug = ullth] AL (4.38)

4w
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The two-phase energy balance is written as

pgugAg+pl uy A1+Fug-p1uA (4.39)

and assuming that the magnitudes of the overpressure in the gas and
liquid phases are same and is equal to L the final equation for the
phasic overpressure can be forwarded {Sutradhar and Chang (1985a)] as

N

P [a ug + (l-a) 'u.1] + F ug‘- P, u (4.40)

The pi‘easure P .for the single phase is obtained using the mass,
momentum and enefgy Equations 4.25 to 4,27. Once P is known, the
single phase . particle velocity u is calculated from Equation 1.9 (in
Chapter 1). The gas phase particle velocity ug is estimat:ed from the
assumed value of p,r . The value of uy is obtained from Equation 1.14 of

Chapter 1 for the liqu:ld phase particle veloc:l.ty._

"4.3.3  Computation

‘Toﬁsolve tﬁe equations involving the pher;omenon of unsl:ead); wave
" propagation, the computation ﬁeeds a;;ecial c:-are from the points of view
of cost and mﬁory limitations. The .non-linear hyperbolic Byétem of
equations 4.25 to 4,27 is solved using the FORSIM—VI simulation package
[Carver et al {(1979)] based on the principle of the Me!:hod of Linea.
The pressure, velocity, ' dengity ete at different 1ocations along the
shock tube as welfl as at different time steps can be obained ’u§ing.this'

progrz'un. The hyperbolic system of equations when solved numerically may
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generate spurious oscillations which may dominate the solutions. The
error introduced by the solution of the system of equations may be
damped by dintroducing an artificial dissipation term in to the main
equations, The numerical value chosen for the artificial digsipation
term is imprecise, and as per Carver et al (1979), the solution as well
as the error wave has to dissipate to some extent. Though the hf,vper-
bolic system of equations may be solved using the Method of Character-
istics, but the method 1s difficult to use when the equations contain
many independent variables. Moreover,' the propagation of absolute error
is higher when using the Method of Characteristics‘than that found- in
the use of the Method of Lines, -The regults obtained uair;g the
FORSIM—VI Simulation Package are shown in Figures 4.12 to 4.14° for the
overpressure due to the shock wave propagacion in a single phase system.
In Figure 4.12, the presure'at a grid point for all the time chés are
drawn : using the computatiunal method with time dinterval of 0.01
m—seconds. —The oscillation in the output curve of pressure plots: is

controlled by the artificial dissipation paramel:er, but the reduced

oscillations .will provideadisperse}'d' shock wave which  1s not ‘again

desirable for the case under consideration. 1In Figure 4, 13 the. same
preseure plot is ob:ained for a certain instant of time, say for 10

m-second at all the non- dimensional coordinate points along the shock'

tube. PFrom the point of view of the computer time, a 71-point grid is
chosen for the optimum combination of time .and cost. Figure 4.14 1s
' same as Figure 4. 12, except I:hat fe provides the. average values of the

overpressures due to the shock wave propagal:ion through l:he system. The

wall frietiom f is estimated after iteration of Equation 4 31 using the

[y

method of functional iteration technique. The induced flow veloc_ity"

-

s
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is used In estimating Reynolds number of the flow of the gas behind the
3

shock wave.’ The time-average value of the overpressure due to the shock

wave propaéétion with different diaphragm préssure ratios are obtained

using this computational technique and the results for the diaphragm

pressure ratlos of 1.9, 2.2, 2.5 and 2.75 are respectively plotted in

.Flgure 4,15, Equation 4.40 i3 solved using Newton—Raphson iteration

technique to find the values of the overpressures in the phases. A
functional iteration procedure is adopted- to evaluate the values of the

interface friction factor using Equation 4.13,

"4 Experimental Results and Discussions

The experiimental data explicitly indicate the fact that the
speéd of propagation of a shock wave in a two phase stratified flow
system is identical to the‘speed of pr'opaéation in the gas phase alone.

This is concluded by actually measuring the time taken by a shock wave

of{known strength to travel a certain distance along the shock tube.

/Jso in Chapter 6, the experimental results for-the propagation speed

for the, weak shock waves around °‘TEE' junctions are presented. Urder

~a

.~

these .circumstances, the shock wave phenomenon in a s‘i'ngle (gas). pha’ag
sys.l:em is taken as a‘ reference point to cai;:ulate the effect in a two-
pﬁase s'r.rs'.lti.fied flow problems. Though the .effect of the wall friction
on the strengths of the incident shock waves is found to be very small
and thiisv effe.ct'is clearly shown iu Figure .4.16. ‘'The slop:e_of the curve
of‘the friction factor 15- very flat for the rangea. (0 tolB.OZ) of the

friction factors of all practical purposes. With hié'her_' frictional

losses, the étrengths of the shock waves. become very much reduced y.,In

| .
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calculati\ng the strengtha of the incident shock waves, Equations 4.25 to
4.27 are -.\xsed wit-h érict'ion factor of 0.01 to 0.015 end these values are
obtained after itern{:ing Equation 4.29 for the wall friction facr.or.
Por different diaphragm pressure ratios, the magnitudes of the over-

pressure due to the incident shock waves are obtained numerically and

‘these values are plotted in Figure 4.17 against the experi;nental results

“for different diaphragm pressure ratios. The experimental values are

plotted along with the error bars for the range of the values' of the
incide_nt' shock wave strengths. The pressure profiles at location D
which is about 13-diameter downstream of the point of initiation-of the
" ghock waves, for the diaphragm pressure ratfos of 1.8, 2.6 andA 2.8 are
preeented in Figure 4.18 for the purpogse of comparison, Once the data
for the single phase flow system ’ere obtained, .then the attention is
focussed in obtaining the data relating the case of two-phase flow situ-
ation, Liquid (here water) 1is poured into the ehock tube to different
heights of the tube and the shock waves are 1ntercepted in the gas and
:."the diquid phases at location. D. The liquid heights of 15.0, 30.0 end
45.0 mm are used for the purpoee of the experim;\t. In few ;ases, the
liquid- heights “of 20,0 ma and 40.0 mm are used in the ‘experiment to
.eheck the continuation of the theoretieal predictions. In evhluating
the magnitudes of the- overpreeeuree, a flat topped shock wave '1s con=-
aidered in every case by averaging the data for a certain duration of

time. For few cases, high oscillations are observed in the recorded

1

data, particularly in the l:lquid phase of the system. The pressure-

profiles recorded in the 1iquid phase exhibit higher degree of disper—
sion than thosge observed in the gas phase, The rise in pressure in the

liquid .phase 15 slower than the rige in/verpressure in the gas phase.
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Gas phase malintalns a sharp rise of overpressure and the shock waves are

very distinct in the gaa>phése. Strengths of the shock waves are found

to be gradually 1ncreasing with the increase iIn the liquid helght/while'

the diaphragm pressure ratio ia maintained at a constant level. Similar

trend is observed,, in both the phases and these results are shown in
. . e
Figure 4,19 with the theoretical values obtained using Equation 4.40.
+ . ’

With the highe# liquid level, the predicted pressure is higher than the

one aobGerved ex erimentally; the’ experimen-ta!ll reaats show a 'linear
increase of the "i)ressure with the liquid level ;rhereas the predicted
values follow a nc:;;],}near trend. At higher.liquid level, the formation
of the shock waves may be slower because of the depth-6f the liquid
present in the system. :rhe disprepancie.s at .deeper liquid_ layer may be
atcributed to the‘ﬁigﬁer order of dispersion that 18 assoclated with the

shock waves propagating in a highly incompressible fluid.

.

The actual pressure profiles recorded under various physical -

conditions are depleted in' Figures 4.20 to 4.23 for the purpose of

‘compt‘nﬂsoﬁ. The experiments are conducted with closed end of the shock

- 4

tube for fiyed end condition. As expécted, Qf&?eflected shock waves
are strotiger than the incident shock wavesa; however, when compared fo
the caée of reflections in a single phase system, the strengths of
reflected shock waves in thé two-phase case are found to be very weak.
The. energy dissipation .mechanisms in the case of reflegtions on two—

phase stratified system may bet studied in future. One possibility is

that during the process of reflection, the interface becomes highly

\ t '
turbulent; also the gas phase 1n front of the reflected waves is highly

infected by the water droplets or mists raised from fhe vortex sheet

—_
-
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generated beéind the inciden:t shock wave. The high speed photography
exhibits a-high degree of interaction of the gas phase by the mist or
the water droplets raised from the liquid interface. The situation is
'analoglous to the case of shock wave propagating chrdugh a mixture of
g-as and liquid droplets. The calculation of the amount of moisture
present/,in the  gas phase needs further observations ami study and the
modelling for the overpressure in the phases may be based on the amount

of ;he dispersed water droplets present in the gas bhase.



CHAPTER 5
SHOCK WAVE INTERACTION WITH FUEL BUNDLES
5.1 Introduction

t

The pressure tubes of a CANDU-type nuclear reactor contain the

fuel bundles arranged in tandem to allow the coolant to flow and carry

the nuclear heat from theééuel elements. In the event of a LOCA {Loss
0f Coolant Accident) or a blow-down accident, the weak shdck waves

genéfated in the Primary Heat Transport (PHT) system will interact with

the fuel bgndles. The flow stratification which is an aftermath of the

. LOCA; complicates the shock wave‘phenomenon due to the presence of the

gaseous compressible fluids. 1In a stratified "system, the shock wave
phenomenon 1is highly influenced b; the propertieg® of the compressible

phase rather than the incompressible phase of the system. The velocity
of the wave propagation is dictated mainly bx the sonlc speed and other
properties of the compressfble phase. The presence of the liquid phase
enhances the shock wave strength by reducing the effective cross

-.—')v -
gectional area of the compressible phase. The reflected and transmitted

. waves are also influenced in a similar way by the liquid level, Another

1mportanf‘phenomenon, which is effective in reducing the strength of

- transmitted shock wave, is the occurrence of the choking inside the fuel

" bundles. The available flow area through a fuel bundle wmay be_gpééified

by the parameter called the porosity, e for each individual fuel bundle..

126
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In order to estimate the porosity, the fuel element, end covers, spacers

etc of each fuel bundle are measured carefully and the porosity 1is esti-
ehel

mated Eron; ‘the actual flow area perpendicular to the flow directibn

through the fuel bundle. After evaluating the porosity of each fuel

bundle, a resistance parameter, B is defined as follows [Yoe_lﬂ.da et al

-(1980)]

B = (1-e)/(l+e) o ' (5.1)

The plot of the resis:ance Parameter, B as a function of e is

shown in ‘Figure 5. 1.

-

5.2 Problem Formslation
5.2.1 ‘Single~Phase Interaction -

+

'l‘he schematic of the wave 1n:eraction is shown in Figure 5 2.

The analysis is approached w:l:h the single phase shoeck dynamics where
the contribution of the gas phase has the dominating 1nf1uence on the
interaction with the fuel bundles. As shown in Pigure 5. 2, a shock wave
;f initial strength P is alw::ing towards a fuel bundle poail:ioned

in quieacent gas at some refereq condition, Pye The velocity of the

incident shock wave 1g ‘"1 and the corresponding values of the density

and the particle velocity behiﬁd the 1nc1dent shock wave are shown in

Figure 5.2(a). After the interaction, a reflected wave moves in the
upst:ream direction and another part travels through the fuel bundle and
emerges on che far end of the bundle. The couditions behind the

reflected and the trangmitted shock waves are ‘denoted. by. the subscripts

LY

)

—
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L d

2 and 3 respectively, For the range of the strength oﬁ the shock waves

considered here, the generation of the enthalpy due to the shock waves

1is negligible and hence, only the conservation of mass and momentum

under a quasi-steady flow conditicn is congidered.

For the reflected wave, the mass and momentum equations are

\

Py (ulwz) ) (u2+‘w2) (5.2)

‘ 2 . 2 .
P + pl (u1+ wz) - p2.+ Py (u2 + wz) + B (pc- pz)  (5.3)

The value of P, which represents the strength of the completely °~

reflected wave from an impermeable substance for a known strength of the
incident shock wave is obtained using the principle of superposition of
two shock waves moving in the opposite directions [Wade (1985)] as

Y

follows

y(=1/27_ 217 (r-D) (5.4)

- p/2g = [2 (2 /o

The values of the particle velocity, density behind a sﬁock wave

and the speed of the shock wave hay be obtained from the standafd shock

wave relations presented in Chapéer 1. Combining Equations 5.2 and 5.3

and eliminating qz,‘the implicit equation for the strength of the

reflected wave is obtained as follows [Sutrédhar andTChang (1985b)]

\. C 7‘
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[y - R

ey . b
Py P P P p .
2.ty Lwy?a-=h - b - (5.5)
Pp » P Pg , Py RS/ )
. L .

‘?ollowing a similar argument, the copaervation of mass and

momentum for the transmitted shock wave hay be written as

u u

Py Uy TPy Yy ' 5.6).

2 2
P2 + 92 uz - P3 +.°3 u3 + B (pz_po) (5.7)

‘In the calculation of the strength of a transmitted shock wave,

the factor concerning the choking inside the fqél bundle for flow velo-
cities greater than the sonic velocity will be considered in appropriate
place at a later stage of the development. Now, combining Equations 5.6
and 5.7, the strength of ﬁhe transmitted shock waves can be stated as

S

follows [Sutradhar and Chang (1985b)]

P
B (=2

Py

For cowplete blockage, Equations 5.2 and 5.3 are modified wit

P P P u
3 2 2 i, 2
- — (1 - " ) uz -

Pg Pp Pg! 2

assumptions that for B=l, PP, and the resultant particle velocity u,
after the reflection is zero. To evaluate the pressure, the solution of
the momentum Equation 5.3 will provide the values' of the preasure of the

reflected shock waves under this conditidn.

M
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5.2.2 Frictional Effect inside Fuel Bundles

‘The fuel bundles offer frictional resistances due to the high
-épeed flow of gas over the fuel elements and keeping this in mind, the
critical Mach number inside the fuel bundle is calculated using Fanno
flow phenomenon [Shapiro (1953)]. For the transmitted part of the shock
wave, the bundle is treated aa‘a simple éodvergent-straigh: nozzle. e
initial velocity into the bundle 18 calculated jusf at the nozzle’inlet
and that at tﬁe bundle outlet is based on the exit section of the bundle
geometry.;The appropriate area reduction proportional te¢ the porosity of
each bundle, also calculated in the process -of the éodel Aevelopment.
The equivalent friction-fac:or i3 estimated using the formula forwarded

by'Rudinger (1969) (Equation 4.29 of Chapter 4).

Depending on the inlet Mach numbéx to the bundle, the transmit—
ted shock wave strength is wmodified by the amount of frictional loss
using the following equation [Shapiro (1953)] .

L

Coplmax o 2044

b, M [1+(7-1?n2/21u3

™ : (5.9)

where the maximum. length corresponds to the point where the Mach oumber
inside the fuel bundle_atqains a vdiue equa) to unity, f is the friction

factor obtained for the frictional loss ingide the bundle, Dh is the

hydraulic diameter of the equivalent convergent-stralight nozzle and M is
. |

the Mach number at the euntrance to the bundle system.

-
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The theoretical plot of Equation 5.9 is preéented in Figure 5.3,
This plot shows the effect of the wall shear stresa on the Mach number
due to the friction in a convergent-straight nozzle, the maximum inlet

Mach number may be restricted to unity. The solution of Equstion.S.Q in

terms of the inlet Mach number for air can be Abtained (integrating by -

method of partial fraction) as follows

L
max _
D

1+ a 2 1,1 1
[ D 1n(1l .+ a M°) ."'7 (M—z) - (1 + a@)ln M]M (S.IO)ﬁ

=
=< [

“ here a = (y-1}/2

.For certain valuet of £ and D, , the maximum length of the ducg,
Lmax to the polnt of choking fbr a cert#in inlet Mach number can be
evaluated with this equation. Once choking occurred inside the bundle;
the Mﬁch oumber at the exit of the duct is assumed ;nity. If p* denotes

the pressure corresponding to the point of choking, then the following:

identity may be used ‘to find the pressure drop inside the bundle due to

//q’;zﬁi frictional loss [Shapiro (1953)].

ﬁ
11 1 + 1 H
f IMHr (Y-)

P

]dM ~,  (5.11)
1+ (Y-I)H /2

Similar to Equation 5.9, the solution of this eduat;on for air

is obtained as follows _ »

at the entrance to the constant area duct. In calculating the losses .

L]
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*
p =_p exp[0.09 1- 1n {M[1+0.2 !"12]1/2

H Ne (5.12)
The expressdon presented above has the limitation for its application to
flows with inlet Mach number less than unity. For higher - inlet Mach

number condition, further modification is intended for future work.

In the CANDU system, the length of the pressure tube is about

4.0 dztres i.e. 8 fuel bundles each of 0.5 metre long can be put end-to-

end. If the concept of choking is applied, then for most of the pressure
ranges of the practical application the choking seems to be inevitable.
Though "the reflected waves will be wmaintaining their strengths

unchanged, the strengths of the transmitted shock waves will be signifi-
. : - .

i

cantly reduced due to the presence of the choking and as a consequence,’
these waves will have diminishing strengths at the exit of the tube

array, However, in the process of the transmission, "the shock waves wmay

induce high vibrational effect on the fuel - elements which may reduce the
. .y .

ra
life of the fuel bpndles. .9

~

5.2.3 Bundles in Two~Phase System

LY

-

To estimate the pressure behind a reflected wave in the presence
] ~ :

of a two-phase system, the problem is analyzed in a fashion ‘similar to
the case of two-phase flow in straight pressure tube of Section 4.2.

The principle of conservation of enefgy under a quasi-steady shock wave

phenomenon 1is -applied in finding the strength of the reflected wave

.

unaqr 8 two—phase situation., The reflected shock waves. in sihgle— and
[ ) . . B
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two—phase ;1tuatidh are dealt as independent shock waves similar to the
incident‘waves. To evaluate the strength of fhe reflected wave, the
following‘steps 9¥e foilowed. At first, the incident wave strength for
a particular diaphragm pressure ratio ig ocbtained for different liquid
depths. Thé htrength bf'the reflected wave for a particular liquid
level is obtq?neq using the theory developed earlier in this section.
‘While consideriég'the reélected“wave, it és treated as an independent
.8shock wave generated by the bundle itself, The ;éflected shock strength
.19 then modified using che principlé of.conservation of energy under ‘a

qﬁasi-steady wave flow condition using Equation 4.;40.

For the transmicte& shgck waves, ;he-choking:bécomes very severe
;n almost all the.cases.under‘consideration. The stfengths of the trans-
mitted waves should either decrease or remailn'aame for the range -of the

'liQUid levels cohsiaered ﬁere. " The ahogk wéves, Hhilé propagating
Ehrough the fuel bundle, will try to increase the pressure inside it dnd
this tteqd may have detrimental effect on ;he life and durability of tﬁe
fuel bundles. The oscillations of the fuel elements induced‘by the
shock waves greatly enhance the perturbations ag'the interface of the

-

two-phase systems.

5.2.44 Computation

!

In order to evaluate the implicit Equation 5.5 and 5.8 for the
" strengths of the reflected and the transmitted shock waves for different
porosities, Newton-Raphson iteration technique 1s used. The value of

the resistance parameter, B for a particular porosity is obtained from

-

AN
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Equation 5.1 and then the strengths of the completely reflected shock
waves are evaluated using. Equation 5.4, Other shock wave parameters
such as propagation speed, density, temperature, particle velocity

peftaining to each type of flow situation are estimated from the stan-

_ dard shock wave relations as specified in Chapter 1. The estimation of

the strengths of the reflected shock waves for different porosities of

the fuel bundle is obtained using Equation 5.5. To obtain the strengths

of the transmitted waves, Equation 5.8, as mentioned earlier is soclved

using Newton-Raphson iteration technique. However, for the transmitted

waves, three different hypotheses. are examined. At first, the values of

the transmitted shock wave pressure ratios are obtained  without any

'frictional effect. Then in the second step, the frictiomal effect with

pure incompressible flow through the fuel bundle assembly is assumed and

-

the values obtained in the first step is modified by the frictional loss

through the bundles. 1In the.third step the choking is introducéd-up to ’

the point of subsonic flow range. The non-linear plot obtained in this
case, show the presence of the .choking for all .the préssure ranges
considered here. Choking'in the fuel byndles is calculated on the basis
of the Fanno flow effect 1ﬁside a comstant areakduct in thé presence of
the friction.

LTI

5.3  Experimental Results and Discussions

e

5.3.1 Single—~Phase S}stem )

Three fuel bundles, viz. 18-element, 28-element and. 37-element
are used for the purpose of the experiment. - The porosit} of each bunale

1s determined by accurately measuring the fuel element diameter and
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other related physical parameters. The diameters of fuel elements of
18-, 28- and 37—‘e1eme‘nt fuel bundles are respectively 19.9 mm, 15.4 mm
and 13.1 mm, The ‘blockage due to the end cover, bearings, spacers and
studs 1is approximtred to be .15% of the blockage. area of all the fuel
elements of each type of the bundle. The porosity 1s defined as !;he o
dpercentage of the net flow area available to the fluid for flowing
through the fuel bundles. The overall diameﬁer of' the bundle (bearing
to bearing)} is about llOl.O mm. _Hi_th all the physical dimensions of the
fuel bundles, the porosities for 18-, 28~ and J7-element’ fuel bundles
are found, to be respectively 0.24, 0.29 and 0.32. These vaiues are.
plotted in Figure 5.1 against the resistance .as per quation 5.1+« The
- end conditions are such that whe.n the poros-ity is zero, the resistance
is -one- hundred percenﬁ‘ and when the porosity is unity, the.feistance

due ‘to the fuel bundle aggembly is absent.

The experimental and the theoreti‘cal results f;:r_the reflected

shock waves for .different fuel bundles are sho-wn in.l"igu.re 5.4 along

- with the results obtained wichrl complete blockage. ;l‘-he porosities of
‘t:_hree types of fue; bundles considered here are very close and as a
result, the theoretical curves drawn using_ Equdtion 5.5 are also

observed to be very close to each other. The i:resent facilities can be

used teo find the  strengths: of the shock uavgg for the diaphragm pressure

ratio up to 2.8 which corresponds to thé incident shbck wave strength of

about 1.75. The experimental data. are averaged over a certain time

. period to obf.ain_ the smooth flat-topped waveforms f;)r all the pressure
profiles. Also the theoretical results for the incident shock wave

strengths of 1.0 to 3.0 for different porosities are p'lotl:ed in Figure
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5.5. The tgeoretical results along with the experimental values of the
strengtha of the transmitted waves for three different fuel bundles are
_shown 1in Figure 5.6. The non-linear porfion of each curve 1s the
theoretical evaluation of the choking effect that may be present in ;he
cage of individual fuel bundle. The Mach number at the entrance of the
fuel bundle 1is considered from subsonic to gdnic comdition only, For
straight channel, the:superaonic velocities }nside fhe fuel bundle a;e
not considered. Near the choking zone, the present experimental d;ta do
not show clearly any choking. effecﬁ, but théoretically, if the entrance
Mach number attains more than therunity, there should be choking in the
gystem., If instead of conaiéering the chbkiﬁg, only ordinary frictional
los; through the passage 1is consi@ered, then the theoretical plog will
look 1iké the .one presented in Figure 5.7.° .In this .case, the
theoretical values are a little higher than those obtained in the
‘ experiment. The theoretical estimaéion of thq Mach number distributioms
allche inlet and exit of the 37-g1ement fuel bundle is shown in Figdre
5.8. The solid line in' that figure shows the Mach number at the inlet
and the dotted line for.Hach num£er at the exit of,the bundle assembly.”
The frictional effect due to the fuel elements increases the Mach number
in the downstream direction. Theoreticallf, for the incident shock

strengths more than 2.0, the- bundle assembly exhibits the effeét of

choking.

L]

5.3.2 Two-Phagse System 7 . ~

The passage of a shock wave tﬁrough a fuel bundle placed inside
the pressure tube having a two-phase gis,liquid system in strﬁtifiea

condition, shows a different waveform in the gas and. the liquid phases.
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For the casge 0T~ 37-element fuel bundle, the expetimental results of. thig
effect is sghown 1in Figure‘ 5.9. In the gas {single) phase. (Figure
5.9(1)), the waveform almost has a flat-topped characteristic whereas
that ‘in the liquid phase (Figure 5.9(11)) has a sharp peak with
"sufficient oscillations. The experimental resulta for the 5trengths of
the pressure waves Propagating through the fuel bundles are shown in
.Figures 5.10 and 5.11 for the gas and the 1liquid phases _respectively,
" Both the maximum and the average pPressures are plotted for the different
diaphragm pressure ratios. 1In the gas phase, the average pressure shows
a moderate increase with the increase in the liquid level, but in the
" liquid phase, the 1increase 1ig prominent in magnitude. The high
oscillations 1n the pressue diatribution make the system very unstable
and these characteristics may induce Mgh flov—induced vibrations in the
fuel bundie elements. 'I'he severe \r.lbrational effects may, in many cases :
+ - dislodge some fuel elements from the bundle assembly,

In contrast o the experimental evidences ingide the fuel
bundles, those observed upstream and downstream of the fuel bundles show
moderate behaviour in the magnitude of the overpressures. The fluctu-
ations observed 1inside the fuel bundles: do not seem to be present
outside the fuel bundles. In F’igure 5.12 the experimental waveforma for

T~
the reflected shock -waves iIn the gas and the liquid phases demonstrare
the gradual changes in the. ‘Overpressure, Some arguments seems to be true
for the strengths of the transmitted waves in the gas and the liquid\\'
phaaes in the presence of the fuel bundles, as shown in Figure 5.13, For
the two-phage stratified’ system, the shock wave 1nt;zractitn' with the

fuel bundles has revealed the condition of enhanced Strengths of the
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Fig. 5.12: Reflected shock strength from 37-element fuel bundle

TIME (msec)
1 1 ] L L T L) .'l
” 8- B ../M: 7]
X . )
=k & A
[0 : Nial
=2 :‘; . o -
%) » = 0e IV
Wl 0.5 A F T
x S 2 5
o[ : 1o
. .-..mv; a
- D %. arMd = I
3 T - o
. O\ s 4 M v
: L
1 1 I | | 1 1 - | k4|
(i)
e a
TIME (mse¢) ~———
L1 1 L 1 L T T
;M_. -wﬁw P
M L M
— ‘- * =t T .
UU\- : [ - iﬁ_‘ _l‘ v T
o 3 - H
X ! I ]
& P -
5 . S e
ar 05 e eI n <
W —2 Y 7 X
w ‘ b e B g
oar . = i @
T 3 b %
l . ™~ ' s s 4
] N - U_
R | I " a | 1 N L ]
(i)
»

in 30 mm of liquid with 1.90 diaphragm pressure ratio;

i) gas phase and ii) liquid phase.

<«

o



150

reflected waves. In fact the strengths of the incident shock waves are
found to be increasing due to che reduction in the cross sectional area
of the compressible phase, This stronger wave when reflected by a fuel
bundle shows a significant increase in the magnitude of the overpres—
auré. Although the presence of 1liquid does not change the effective flow
area of the fuel bundle,, however, it reduces the effective cross
" sectional area of the gas phase. The increase in the strength of the
ahgck ‘wave may be atPributed to the reduction in the ‘area of the
compressible phase. As shown in Figure 5.14, the non-linear increase in
the strengtha of the reflected waves at higher liquid Eéfels is an
indication of the effect of the liquid level reducing the gas phase
area, 'However, the ;eduction in the flow area is observed to have more
. and-more predoﬁinent effect on the waves tramsmitting through the bundle
as a result of the pcéurrénce of.choking inside the bundle. -Figure 5.15
depicta the effect of the choking on "the" tranamitted wave where its

strength dounstream of the bun31e is obs;rved to have diminishing value

for_ the higher liquid levels. = -

In evaluating thg.ét;eng:hs of the reflected shock waves in a
two-phase systenm, th% theoretical procedures discussed earlier in this
chapter may be uséd here. For a certain diaphragn pressure ratio and
liﬁuid lével, the strengths of the incident shock waves up to the point
of - fuel bundle are ;aicglated following the theoretical procedures
ouciined in Chapter 4. This increased strength of the 1incident shock
wave 1is useq io determine the scfength_ of the reflected shock wave
(considering only the gas phase system) from the theoretical plot of the

reflected shock wave versus the incldent shock wave. If ‘the josi:ion of
i ° ’ '
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the transducer intercepting the reflected shock wave is far away from:
the face of the fuel bundle, then the calculated shock wave strengths
hav& to be mo&ified in a fashion similgr to the proposed model mentioned

1"/i.n Chapter 4, The theoretical and the experimental reaulté provided in
Figure S5.14 show the ;ffect of . the increased liquid level on the
strengths of the reflec;ed waves;. At higher liquid levels, the.disper—

sion effect 18 high and the theoretical resuléb .over-estimate the

strength of the reflected shock waves in a two-phase system.

3



CHAPTER 6

>

BRANCHED PIPE SYSTEMS

!

6.1 Introduction /

The branched pipe system 1s an inevitable applicatiog in almost

all the industrial sectors of the modern world. In thel primary heat
troansport: {(PHT) system of CANDU'-r.ype nuéleat reactors, the various pipe
joints and connections make the system more complicated for the

propagation of pressure waves and the subsequent effect of these waves

- 4 .

on the atratification inside the pressure tubes has to be carefully
studig\d. Once a shock wave is produced in the horizontal pipes, these

waves make their way through the various pipe joints and connections.

‘The complexity of the piping netgorks and the discontinuities in flow

area render thpe theoretical evaluation of the behaviour of the press;gre

vave a difficult task.
~ ’ “
. - . L S
In this chapter, the experimental evidences concerning the speed
of propagation of a shock wave throﬁgh the jointe, effect of tap and’
distilled w;ter (Appendix D) and the transverse structure of .the
waveforms are conaidered. It is observed that, the propagation of a

shock wave 1is no_t'af‘gect:ed by the presence of any network system and in.

the case of a stra}tfied system, this can be predicted by the equation

155
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used 1in connection with a straight pipe system. The tap water produces
high-oacillations in a pressure wave as it propagates through the liquid
phase. Pgrticularly,' the 'maximum pressure peaks measured with tap water
has .high aﬁplitudes. The use of distilled water, on the other hand, has
mild oscil],a‘tidns on the overpressure. The time-averaged magnitude of
the overpressure in both the tap and distilled water are vex.;y identical
.1n all the cases of the experimental study. Also, the transverse
structure of ‘the-pressure pr;ofiles is calculated from r;he experimental
éesults. The piota of thel experimental results suggest that’ although the
waveforms in .the gas phase follow a ateady state characﬁerist:lcs. those
in the liquid phase do not .follow any particular pattern with respect to
time. This indicates high pressure fluctuat’.iona in the liquid phase
compargd to those in the gas phase. These fluctuations have a_evete
‘effects when the ai_:‘ bubb:!.ea are present 1in water, ho‘.:evér, in the
presence of th'e distilled water, the time dependent fluctuations are

observed to be milder in character.

6.2 Shock Waves in Branched Pipes

6.2.1 Propagation in Two—-Phase sttehs

The single phase (gas) propagation speed downstream of the

branched pipe systems is estimated from the knowledge of the time taken

by\ the shock wave to travel a specified distance along the shock tube.

The d 1is calculated under normal temperature and pressure assuming

that for the range of the overpreuurel genented by the ahock waves in

thin work, these shock waves may be termed as weak lh@es.

N L ,/\«,} . -

~
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two-phase propagation speed normalized by the single phase propagation
>
gpeed can be obtained using the theore_s:ical formula of Henry et al

(1968) which is presented below.

—a P |
g 1 : .

Here, a. and agare respectively the wobagation speeds in .two-phase and

-

T
gas phaée systems, pg and p, are the densities in the gas and liquid

phases respectively and a is the vold fraction of the system. In
stating the above formyla of Henry et al (1968), the liquid phase 1is
assumed as an h:l.ghl} inconpret;s}ble o;\e. Thegretically, the propagation
speed in a two-phase stratified case can very ueli be predicted by the
propagation speed in the gas phase alone. However, from the point of
view of the increase in the phasic overpressure, the pfopagation speed
should also increase, though by a very small amount. If the pressure
rise in the two-phase system 1is neglected and the liquid is adsuned
incompressible, then the propagation velocity should ‘remain the same.
Anyway, the verification of this ideé ‘needs motre sopt_\isticated experi-
mental set ups and measurements, For an increase in the incident shock
wave strength from 1.5 to 1.7, the change in ttjxe propagation speed is
cnlcula':ad only to be about 4X. The experimental measurements of the
shock wave speed downsteam of the branched pipe system is shown in
Figure 6.1 lhd the comparison of the theoretical results of Henry et al
(1968) are also shown in this figure.

o

6.2.2 Tap Water -Vl. Distilled Water

The experimental points are selected around the junctions of
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both symmetric and asymmetric 'TEE® Joints. For the symmetric '.TEE',
the transducers are located at E, G and H, and for the asymmetric case,
the selected points are K, M an.d P. Mehaprementa are done in both the
gas and liquid phases with tap water and distilled water. In the case
of tap water, the 'parameter of prime consideration 1s the magnitude of
the wmaximum overpreésure and the high‘ freqﬁency oscillations of the
" overpressure in the liquid phase. The oscillations are observed both in
the incident and reflected shock waves. The results in Figure 6.2 show
t.he -mximl{:n pressure rise as- a function of liqqid level upstream of the
'TEE® Junction for both symmetric and asymmgt::ic cases together with
those in a straight pressure tube (loc_ation‘ D), Similar tests ar&
conducted for other locations in and around the Junctions and in those
cases, the pressure rise 1in gas' phase 1is observed to be very mild
whereas -that in the liquid phase shows higher mgnitudes of the over—
lpresnures. The typical waveform for a two-phase system with tap water
as the liquid medium are shown in Figure 6.3(1) for the gas phase; and
in Figure 6.3(11) for the liquid phase. The oscillations in the gas
phase 1s almost absent whereaa the liquid phase exhibi..ts high frequency
oscillations with sharp peaks in the‘overpreaaure. Although the experi-
mental results are not shown here, this trend is observed in the cage of
tap quar for all the points along the straight shock tube us.well as
around the 'TEB" Junctions, The air bubbles with ﬁigher ﬁgree of
compressibility deposited at the inner wall of (11quid phase) the shock
tube act as cuahior;n\mc_l/induce oscillations as the pr."essure wives move
l:hrough_t‘h'efliquid' phase. Figures 6.4(1) and 6.4(i1) show the pressure -
‘traces obtained for a t:wo-phue uyltéa w!.l:h distilled water. In the

liquid phau hmnnr, the occillatioul are substantially reduced and
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the‘pressure profiles in the gas phase maintain flat—tgpped character—-

i{stics. Similarly, the results presented ln' Figures 6.5(1) and 6.5(i1) \L
N for location E also show the’ ef'fects of deaerated water in a two-phase
stratified sys.tem. For‘ldcation E, the expansion ua\/re\s‘ are also
noticeable 1in the pressure plots. At location D the 'pre-pulses in l' <
lliquid phase may reflect from the end plate, whereas at locatitl)n E,' th;
refiec;ion 15. not present, Hence, the basic waveform 1s observed to
hav@P changed, though moderately because of the non-reflection of the
pre—pulses atr.this location of the tubex_The plots of the analyzed data
‘for the overpressures only in the liquid 'phase for diffe_rent' systems
with both tap and 'deaerated types of water are shown in Figures 6.6 to
6.9 for a diaﬁhr#gm pressure ratio of 1.9. The.peak preksures both In

. ~—e . A l

tap water and deaserated water vary significantly, however, the averaged
pressures are close in these two cases at all the points’ along. the shock
tube. Also in the asymmetric "I’EE" junction, the a;rerage pressures at
loci;ion M are observed to be higher than those at locatién' P. (Th!.s,
though seems usual qualitatively, that at' P .thé lossges ¢liue to the
tt;éning'-of the "flow around the junction )reduces the magnitude of the

t
overpressure. | \/

6.3 Transverse Profile and Pre-Pulses in Pressure '1‘32_?3 .
. B I

1 - -

»
. v,
- 6.3.1 Tap Water Case -

-

The examination of the vertical strﬁ;turea of . the shock waves )
f [ 7 .
both in single .and -two—phase systemg reveals the fact that these waves

keep chunginj vei:tiéally as they propagate along the shock tube. In the

S S
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Pressure profiles in i) gas and ii) liquid phases at
location E for 30 mm liquid ( distilled water) level.
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gingle phase, 1'n most of the cases observed experimentally, it is Eouﬁd
that the waves move one-dzmensionnlly whereas ' in the case”of the two-
phase system, ;he vertical profiles do changci signifizantly with time.
In Figure 6.10, the vertical preesure profiles at location E for the
two—phase case are plotted flcxr"_di:.fﬁran: time sateps. The t_'ranaveraé
structure in the gas phase shdw.l consiétency in shape with ctime,
however, the structure in the liquid-ph;se is observed to be fluctuating.
in time. . Higher order og' fluctuations are noticed te be occurring in
the 1liquid phase. ‘The' 'r:’s'ults presented in PFigure 6.10 are obtained
with 8 diaphragm preasur'e.j' ratio of 1.9. ;‘The liquid phase is highly
dispersive because of the high incoméresaibilitf of this phase, When
‘_‘the vertical pressure pj:ofile at the junction of a ayuunetric '"TEE' is
evaluated, the results [Sutradhar et al (1983)] show more disttffted wave
ptructure in the vertical direction. The multi-dimensional e}fects at
the junction influence the shock wave phenomena and as a result the
vertical p_ress&re profilen. at the junction of the 'TEE' section show
large distortion 1n character. Unlike the vertical pressufe profiles at”

v

location E, those at location F show higher order o distortion even

- /
under the single (gas) phase condition,

/6.3.2_ Distilled Water Case /
) Figures 6.11 and 6.12 provide the trag;urle pressure profiles
.at location E for- different  time i:ntervals. In Figure 6.11, the
vertical profiles are evaluated at 0.25 w-seconds interval and those b
“Figure 6.12, evaluated at 0.l m-seconds interval. Looking on to the

transverse pressure profiles in distilled water.' a remarkable difference

-

-

r——
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is noticed, that in the distilled water, the transverse profiles in gas
and liquid phases are smooth in shape; the type of fluctuations present
in the- case of tap water are almost absent ’here. A comparison of the
reaultﬁ in” Figure 6;10 ltlld Figurexﬁ.l'l confirms the finding. that the
‘presence of air bubble in the water makes the system highly unstable.
In Figure‘ 6.12, the diapersive nature of the shock wave 1is clearly
.shown. in liquid phase, the rise in overpreséu're is s8low. Between
I:-p.O and t=0,2 tr;—seconde, the changes‘in the shape of the pressure
ptofile are quite rgmrkable. In the gas phase, the chanée ia vel:y weak

in the magnitude of the overpressure, : )

6.3.3 Pre-Pulses in Tnf and Distilled Water ~
-
The pre-pulses recorded al:- location D in the Aluminum pressure
tube are shown in Figure 6.13(15 fér tap water and Figure 6.13(ii) for

\distilled water, There are marked differences between these two. cases.

In tap water, the pre-pules are observed to grow with the‘ passage of the.

»,
time until the formation of the shock wave in the system. These pre-

ve,‘ but the amplitude of the

pre-pulses are found to be mild in magnitude
P
case. The pre—pnlaeu in distilled water (Figure 6.13(11)}) are noticed

to move Ir.lth a certain frnquency for about' 2 m-seconds and after that”

the frequency of the wave are not Hell defined. 1t seenms :eaaonable‘

that the porti.on beyond 2 q—sec@ and up/tc; the start of the shock
wave 1is minly influenced . by the pre-pulses reflecting from ‘thes ena
cover attached to the straight tube, In d:lal:illed water, the first

positive pulse (marked X) il/.{n/corded at about 0.85 mseconds at
T

* i

n those in the tap water -

N
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_location“n which is 1.3 meter downstream of the diaphragm separating the

two chambers. With this information in l}and, the velocity of the pre-
pulsea 1is calculated to be about 1530.0 m/second and this velocity is
5.5%. morbe than the standard speed of sound in water. This increase in
speed 18 because of the fact that the shock \wave , 1in this. case 'iq
stronger than the standard sound wave. However, imo the case of tap
water, the first wellv defined peak (marked X) 48 observed to reach

location D mch later than that observed under similar condition in the

case of distilled water. The presence of air bubbles redgces’ the

resultant propagation speed owing to the fact that the air Has lower

'8peed .of sound and the combined effect 13 to reduce the "speed of the

ey

pre-pulses in the 1liquid phase, The™ pre-pulses in both ta.p .and.

-

distilled, contain both compression and expansiop waves Mhé pfe-

\pulsea move through the liquid phase. This suggests that the. wave

/ reflect from-the solid surface below and the interface at the Ebp of_th'e

liquid phase. This findings are observed to B consistent with those
- L4 . .' 3

stated by Borisov and co-workers in_ 1965.

-y
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CHAPTER 7

: ' CONCLUSIONS

# >

Present Work

/
propagation in a horizontal stfatified two-phase system in straight and
ng sallent points of practitml interest can
- ¥
be summarized. . e

»

\\:ranched pipes, the follo

1. The shock waves travelling through the liquid phase bounded by a
free surface generaté low amplitude pulses which induce perturbatilons at

the gas-liquid interface ahead of the main shock wave travelliﬁg through

-~

the 'systen.

2. The high speéd.gas flow induc;d by the shock, génerate& large vortex
sheets behind the shock wave. The liquid layer adjacent to the.turde
1eﬁt flow acquires high energy and finally disintegratés into large
ﬁuﬁber of small liquid droplets which "are subsequently carried up in the
gas phase, . '

3. The cause of rise in the phasic overpressure due to the presence of

the liquid inside the pressure tube can be attributed to the abatement

of the cross-sectional area of the compressible phase. The energy
NG

distribution in the phases confirms the fact that Efff//xﬁtgrfaéia;‘

o~
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friction due to the generation of the ripples causes further reduction
in the magnitude of the overprgessure. However, in the pregent study, a
net increase in the overpressure due to the increase in the liquid level
. "

is estimated.”

4. The reflection of aﬁ} gshock wave from the fuel bundle produ;es
stronger shock wave and dEpending on the porosity of the fuel bundles, a
strong pulse maylbe transmitted:through the fuel bundle. The oscilla-
tory nature of ché transmitted pressure pulse may ge treated as' a source
of vibrations in the fuel elements. A theory is developed to predict
the strengtﬁs of the reflected and transmitted shock waves from the fuel
b;pdleﬁ for the range of the weak shock waves considered in the gas
phase.

5. In a two-phase stratified B}Btem, the screnngg_ of the reflected

F

shoci waves igcrease with the liquid level wheqéés, those of the trans-
-

‘mitted waves eilther reduce or remain s;me th the increase 1in the
liquid levels. ' )

6. Experimental results for the flow aroundgé;junction confirms‘that
the proﬁagation speed in a two-phase stratified system can bé predicéed
by the gas phase propagation speed for thelueak shock waves.

7. The presence of thé gas bubbles in the liquid phase enhances the
peak pressure in the liquid phase. However, the averaged press&re in
' tap water and deaerated water exhibits close Qalues of magniéudes of
overpressure in the system.

8. The vercicallstructures of the preesufe profiles show high degree of

dispersion 1in the 1liquid phase. Near the interface, the vertical

pressure profiles show non-linear distributions.
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7.2 Practical Application \\

The application of th; findings of this work canlbe usefully
abplied for the design of thé fuel burffdles to counteract the vibrational
effects induced by a pressﬁre wave propagating through the fuel bundles’
during the loss of coolant acdidents (LOCA). The increase in the peak
preasure due Fo the presence of\thé"lfﬁuid inside the pressure tubes may
be of special interest foi.the design of the flow measuring devices

positioned at different. critical points In the primary heat transport

(PHT) system of the nuclear reactors.

¢

7.3 Futuse Works
—uTuEe Worxs
‘o
The following studies may be undertaken to understand and

complement the present series of works mentionéd in this thesis.
~

{

l. The mechanism of the instabllity of the interface and the .amount of
fluid mass displaced during the propagation of the shock waves through.
the stratified two-phase system. |

2. To understand the mechanisms at the interface, Schlieren or ShadOWf
graph methods may\ be adopted to finq the structure of the shock waves
near the interface.

3. The effects of hegt trangfer in a two—componen; two—phase flow witﬁ
étronger shock waves thf&ugh the fuel bunAIes have to he undertaken to
predict the flow phenomena 1in  actual loss of coolant accident condi-
tions. . P

4, Inceractions of compreésion and expansion waves with the fuel

K
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hundléa completely submerged in hot 1liquid inside thé- pressuré tubes
should— be studied to simulate ghe cohdi?ions of practical interests.‘
Keeping this in mind, the knowledge of ihe interactions of the expansion

waves with the hot fuel bundles wili providé the understanding of the

physical processes occyrring in a real syatem.
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APPENDIX A

Program listings of the Data Acquisition and Analysis of the data

- using the BASIC computer language.’
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2

5
10
100
105
107
110
115
117
120
123
125
127

T2Z8™ IF Bl < O THEN Bl -

129
130
131
135

140
145
150
155
160
165
170
175
180
185
190

200

205
207
210
211
220
223

225
230

—

REMT THIS PROGRAM IS USED TO &
CQUIRE DATA FOR THE SHOCK TU
BE EXPERIMENT TOGETHER WITH
THE MACHINE LANGUAGE PROPGRA
M "SHOCK-MACH".

REM THIS PROGRAM LOADED ON AU
GUST 19, 19813. :

HIMEM: 35000

CALL 35100

HGR

HCOLOR= 3
SS = 125

FOR I = 0 TO 1023
IS = I * 279 / 1023

A = PEEK (35302 + I)

B = PEEK (36326 + I)

Al = (A - 8S) * 159 / 127

Bl = (B - 8S) * 159 / 127

IF A1 < O THEN Al 0
)

HPLOT IS,Al
HPLOT IS.BI1

NEXT I .

HPLOT 0,0 TO 279,0 TO 279,13,
9 TO 0,159 TO 0,0

IX = 0:IY = 0

FOR I =1 TO 10°

IX = IX + 27.9 \‘““’/rﬁ\\
1Y = IY + 15.9

HPLOT IX,0 TO IX,3

HPLOT IX,159 TO IX,156

HPLOT 0,IY TO 3,IY

RPLOT 279,IY TO 276,1Y

NEXT I

HPLOT 0,79.5 TO 6,79.5

HPLOT 139.5,453 TO 139.5,159

INPUT "DO YOU WISH TO SAVE 0
N DISK?(YES=1, NO=D)";C

IF C = 1 THEN GOTO 211
HIMEM: 38400 o

STOP- .. ]

D$ = CHR$ (é)

INPUT "FILENAME? ";N$

PRINT D$;"BSAVE "IN$;",A3530
2,L2048"

HIMEM: 38400

STOP ’
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5 REM THIS PROGRAM IS USED TO R
EPLOT THE SHOCK “DATA AND ALS
O TO GET THE HARD COPY. LOA
DED ON DEC. 12, 1983 BY S.SU
TRADHAR.
10 DIM AZ(1023)
15 D$ = CHR$ (&)
20 INPUT "DATA FILE NAME? ":N$
25 PRINT D$;"OPEN";N§
30 . PRINT D$:"READ";N$
35 FOR I = 0 TO 1023
40« INPUT AZ(I)
45 NEXT I
50 PRINT D$;"CLOSEY:Ns
100 HGR
105 HCOLOR= 3
1 FOR I = 0 To%1023
I&XZ = I * 279 / 1023
117°8S = 110
120 Y2 = (AZ(L) - SS) * 159/ 127
121 IF YZ < O THEN YZ = O
122 IF YZ > 159 THEN YZ = 159.
125 HPLOT X%,Y32
130 NEXT I
132 GOSUB 135
133  GOTO 200
135 HPLOT 0,0 TO 279,0 TO 279,15
9 TO 0,159 TO 0,0
140 IX = 0:IY = 0
145 FOR I =1 TO 10 -
150 IX = IX + 27.9
155 IY = IY + 15.9
'160 HPLOT IX,0.TO IX,3
165 HPLOT IX,159 TO IX,156
© 170 HPLOT 0,IY TO 3,IY
.;/)75' HPLOT 279,IY TO 276,IY
180 NEXT I
. 185 HPLOT 0,79.5 TO 6,79.5
190 HPEOT 139.5,153 TO 139.5,159
. 195 RETURN
200 GOTO 400
.201 * INPUT "EXPAND WAVEFORM(YES=1

205
210

, NO=0)? ";E
‘IF E = 1 THEN GOTO 220
STOP

e |
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220 INPUT "LOWER BOUND 7 TIME? "
;LB

225 INPUT "UPPER BOUND % TIME? "
;UB .

230 XL = LB * 1023 4 100

235 XU = UB * 1023 / 100

240 XE = XU - XL

243 HGR : HCOLOR= 3

245 FOR I = O TO XE

250 XI = XL + I

255 Y = (AZ(XI) - SS) * 159 / 127

260 X = I * 279 / XE )

265 HPLOT X,Y :

270 NEXT I

273 GOSUB 135

275 GOTO 200

400 INPUT "DO YOU WISH HARDCOPY(
1=YES, 0=NO)? ":H

405 IF H = 1 THEN GOSUB 500

410 GOTO 201

500 PR# 1: PRINT CHR$ (9);"GRD"

505 PR# 3: RETURN
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5

10
15
20
25
30

31
32
35

N 45
100
105
110
115
117
120

121
122
125
2130
132
133
135

140
145
150
155
160
165
170
175
180
185
190

195
200

205
206
210
220

235

230
235

s

REM REPLOTTING SHOCK DATA AND

ALSO FOR ANALYSING THE SHOC
K DATA.
DIM AZ(1024)

D$ = CHR$ (4)

INPUT "DATA FILE NAME? ";N$
PRINT D$;"BLOAD";N$

INPUT "WHICH CHANNEL (A OR B)
? " ;Gs

IF G$ "A" THEN MA
IF G$ "B" THEN MA

FOR I = 0 TO 1023

35302
36326

o

[

40 AZ(I) = PEEK (MA + I)

NEXT I

HGR

HCOLOR= 3

FOR I = 0 TO 1023

X2 = 1 * 279 / 1023
$S = 120
YZ = (AR(I) - SS) * 159 / 127

IF YZ < O THEN YZ = O
IF YZ > 159 THEN YZ = 159
HPLOT XZ,YZ
NEXT I
GOSUB 135
GOTO 2a0 : .
HPLOT 0,0 TO 279,0 TO 239,15
9 TO 0,159 TO 0,0

IX = 0:IY = O
FOR I = 1 TO 10

IX = IX + 27.9

IY = IY + 15.9

HPLOT IX,0 TO IX,3

HPLOT IX,159 TO IX,156

HPLOT 0,1Y TO 3,IY

HPLOT 279,IY TO 276,IY

NEXT I

HPLOT 0,79.5 TO 6,79.5

HPLOT 139.5,153 TO 139.5,159

RETURN

INPUT "EXPAND WAVEFORM (YES=

1, NO=0)?7 ":E
IF E = 1 THEN 220
IF E = 0 THEN 650
STOP ‘ X
INPUT "LOWER B
;LB
INPUT "UPPER BOUND % TIME? "
;UB
XL
Xu

UND % TIME? "

LB * 1023 / 100
UB * 1023 / 100

L}

.

®
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240
243
245
250
255

256
257
260
265
270
273
275
301
302

305
310
311

312

313
314
315
316
317
320
325
330
332
335
340
345
350
355

360
375
385

390
393

400
405
410

415
420
425
430

435,

440

X = XU - XL

HGR : HCOLOR= 3

FOR I = 0 TO XE
XI = XL + I
Y = (AZ(XI) - SS) * 159 / 127

IF Y < O THEN Y =
IF Y > 159 THEN Y
X =1 % 279 / XE
HPLOT X,Y

NEXT I

GOSUB 135

GOTO 200

DIM Y1(1024) ,
INPUT "WANT TO ANALYSE(YES=1

0]
= 159

SNO=0)7"; W1

IF W1 = 1 THEN 311

STOP

INPUT "LOWER LIMIT OF TIME Z
2" L1 ‘

INPUT "UPPER LIMIT OF TIME Z
MUl .
L1 * 1023 / 100
Ul * 1023 / 100
INT (L2)
= INT (U2)
FOR I = L3 TO U3
YI(I) = AZ(I) - 127
NEXT I
YL = Y1(L3) -

L4 = L3 + 1
FOR K = L4 fb U3

|
w
1 n-n

‘YI(K) = ABS{(YI(X))

IF YL = Y1{(K) GOTQ 375

IF YL > Y1(KMNGOTO 375

IF YL ¢ Y1(K) THEN YL = YI(K
)

N1 = X
NEXT X
PRINT "LARGEST VALUE IS ";Y
L

PRINT "SERIAL\§O. IS '";N1 .,
INPUT "WANT TO‘CALCULATE MAX

PR AND TIME(YES=1,NO=0
MR

IF F = 1 THEN GOTO 410

STOP

INPUT "VALUE OF TM SENSITIVI
TY?".S1 -
Pl = YL * 5.0 * §1 .
P2 = 127,0 * 5,0 * 0,058
P3 = (P1 = 6.8947) / P2
INPUT "VALUE OF TM CLOCKRATE
?".CR
Tl = CR * N1 / 1023
REM D1 IS THE TM DELAY IN Z
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445

450

455
456

457
460

465
470
475

480
485
490
495
500
505
515
520
525
530
535
536
540
550
555

558

559

560
561
570
575

585
587

600
605

191

REM T2 IS THE TIME FROM TRI
GGER POSITION AT STATION "A"

iNPUT "VALUE OF TM DELAY?":D*
1

T2 = Tl + CR * D1 / 100

INPUT "INCIDENT SHOCK TIME Z
? "Xl p
(DL + X1) * (CR / 100)
INPUT "ANY REFLECTION WAVE(Y
ES=1,N0=0)7";Al
IF Al = L THEN 475
IF Al = O THEN 560
INPUT "LOWER LIMIT OF TIME %
7 "Ll
INPUT "UPPER LIMIT OF TIME 4
2 " Ul-
L2 = L1 * 1023 7 100:U2 = U1 #
1023 /. 100, :
L3 = INT (L2):U3 = TINT (u2) !

FOR I = L3 TO U3
YI(I) = AZ(I) - 127

NEXT I
Y2 = YI(L3):L4 = L3 + 1

FOR K = L4 TO U3 N
Y1(K) = ABS (Y1(K))

IF Y2 = Y1(K) GOTO 540
IF Y2 > YI1(K) GOTO 540
IF Y2 ¢ Y1(K) THEN Y2 = Y1(X
)
N2 = K
NEXT K. .
P4 = (Y2 * S1 * 6.8947) / (12
7 * 0.058)
T3 = CR * N2 / 1023 + CR * D1
/- 100
INPUT "REFLECTYON SHOCK TIME
27" X2
T6 = (Dl + X2) * (CR / 100)
GOTO 700 .
PR# 1
PRINT N$; TAB( 12):GS$ .
PRINT "AVERAGE PRESSURE
L P6 .
PRIVT, . St
PRINT : ’
PRINT
PR# 0
STOP



l650
700

705
710
715

720

725
730
735
740
745
750
755
760
765
770
775

780
785

790
795

POKE /- 16303,0

INPUT "AVERAGE PR (YES=1,NO=
0)?";Vi1

IF V1 = 1 THEN 715

IF V1 = 0 THEN 790

i

INPUT "LOWER LIMIT 2Z? "L
1
INPUT "UPPER LIMIT %7 "y
1

L2 = L1 * 1023 / 100

U2 = Ul * 1023 / 100

L3 = INT (L2)

Us = INT (U2)

YS, = 0.0

FOR J = L3 TO U3
YSs = Y5 + (AZ(J) - 127)
NEXT J '
Rl = U3 ~ L3
Y6 = Y5 / Rl
INPUT "VALUE QOF SENSITIVITY?
|I‘SS

‘p6 = (Y6 * S5 * 6.8947) / (12

7 * 0.058)
GOTO 561
P6 = 0.0
GOTO 561

v
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APPENDIX B

Program listings for the calculation of the Shock strength using

FORSIM-VI Simulation package and'#he oéerpressure in the gas

o

and liquid phases.
’
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APPENDIX C

L]
Program listings for the estimation of the strengths of the reflected

_and trangmitted shock waves through CANDU Fuel bundles.
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APPENDIX D

Solubility of air in water at normal temperature and pressure

—

i
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The solubility coefficient,a [Baldwin and Daniel (1952)] is
defined as the volume of gas reduced to O-degree celsius and 760 mm
pressure of Hg, which is absorbed by the unit volume of solvent under a
gas pressure of 760 mm of Hg. In gencralf the solubility may be stated

as follows [Battino and Clever (1966)]

a= (VY 4y (—)( ) (D1)

where pg is the partial pressure of the gas above the solution, T is. the
absolutg temperature, Vg is the veolume of gas absorbed (Qt T and the
total pressure of the meagurement) and Vg 1is the volume gf the
absorﬁing solvent. For the system at atmospheric pressur X Equation Di

may be reduced to the folloﬁing [Battino and Clever (1566)]

v 273.15

. a= 9 (— ) - : (D2)
Vg T .

The sglubiliti coefficient for air in water a;:ZO—degree celsius is
0.0186‘fBaldwin and Daniel (1952}]) and this is very close to the value,
stated in the International Critical'Tables (1928). The solubility of
gases in water, in general, are always decreased as the temperature is
increased and this statement may also be-reali;ed:from Equation D2.°
Solugility of gases does hot<depené on pressure and referring. Markham
and Kobe (1941} it can be stated that under equal circumstances of

-

température, water takes up, in all cases , the same volume of condensed

gas as of gas under, qrdinary pressure.

’
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In the experiment performed in this dissertation, the tap water
was at a.temperature of about 12-14 degree cglsius. The distilled water
did not show any temperature difference with the ambient condition.
Using Fquation D2, it can be shown that the solubility coefficient for
béth tap and distilled water variestbnly about 2Z. As the distilled
water was at a higher temperature than the tap water, the solubility was

less by 2% than that of the tap water. This value is very well within

any experimental measurement.

The presence of gas bubbles in the tap water may be attributed to
the fact that, unlike the distilled water, the tap water contains a
considerable amount of dissolved minerals. Such solute5 may react with
the metalic tube containing the water and produce gas bubbles. Also the
tap water was at a lower temperature than that of the surrounding air.
In that case, the gas bubbles trapped at the troughé of the‘roughness of
the inner surface may be enlarged at the equilibrium temperature.

") .
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