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Abstract

The capability of RELAPS to model single and twaapé acoustic waves is demonstrated with
the use of fine temporal and spatial discretizatiomwo cases were considered: a single phase air
shock tube problem and pressure waves observediksdad and Toda in a two-phase decompression
experiment in a pipe.

Whereas the agreement for the single phase cageafilent, some discrepancies were observed
in the two-phase case. However, RELAP5 producedkeddy better results after adjusting the bubble
size and the choked flow area. These results iiditesthe need of a dynamic model for the interfacia
area concentration (i.e., the bubble size).

I ntroduction

Acoustic wave propagation phenomena are of keydaten the field of nuclear reactor safety.
To understand the forces on internal reactor compisnit is necessary to analyze fluid pressure
behavior immediately after a postulated LOCA [I$uch an analysis provides insight into possible
structural damage resulting in a failure to mamtadore geometry and core cooling. In the everd of
LOCA in a water cooled reactor, the subcooled blowl results in the propagation of a rarefaction
wave [1]. The wave eventually travels from thenpaf the break through the coolant piping to the
nuclear reactor’s core region. Furthermore, a teaipee gradient in the core leads to unique behavio
of the rarefaction wave.

Edwards and O'Brien [1] compared numerical simolagi which track the initial rarefaction
wave and related void formation following the bingtof a pressurized horizontal subcooled pipe of
constant temperature with experimental results lje data from Edwards and O’Brian has been used
to validate the two-fluid model RELAP5 computer eodi3]. Later, Takeda and Toda [2]
experimentally observed the pressure behavior ureréical pipe under a temperature gradient and
analyzed it with simple equilibrium and non-equilitn wave propagation models. Takeda and Toda
show that for a pipe with a temperature gradidashing in the hotter section results from the &ss
of a rarefaction wave with a large enough amplitudieereas, the colder section, with a lower vapor
pressure, remains subcooled liquid. A large di8oaity in the sound speed arises between the two-
phase and single-phase regions serving as a reflesuirface. The data from Takeda and Toda has
never been compared with a RELAP5S simulation.

! Corresponding author



The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

The RELAP5 computer code, widely used in nucleacta transient analysis, employs a two
fluid model consisting of the mass, momentum, andrgy conservation equations for each phase
solved using a semi-implicit finite-difference teatue [3]. Tiselj and Cerne [4] have shown that
RELAPS is capable of tracking acoustic waves withast second-order accuracy with the use of small
time step in a simulation of a two-phase shock tabé water hammer analysis benchmarked with
experimental data.

This work consists of three parts: First, the aggpion of RELAP5/MOD3.3 Patch03 to model
an air filled shock tube (i.e. Riemann’s problent)vary small time steps and a refined grid to
demonstrate the capability of RELAPS5 to resolveglsirphase acoustic waves accurately. Secondly,
the RELAPS simulation of the experiment carried loyfTakeda and Toda to investigate the capability
of RELAPS5 to resolve two-phase acoustic waves.drtiqular, the effect of thermal non-equilibrium
and the constitutive relation for the bubble sizk be analyzed. The last part is a brief discussib
the stability of the RELAPS5 two-fluid model.

1. Air Shock Tube

A frictionless shock tube was investigated usimg RELAP5/MOD3.3 code to validate it for
single-phase wave propagation. The correspondnplified one-dimensional single-phase continuity
and momentum equations are listed below whesadensityy is velocity andp is pressure [4]:

6_,0 +aﬂ =0
ot 0x

ﬂ +£a_V2 +@ =0
ot 2 0x O0Xx
Tiselj and Cerne derived the following simplifiedge-phase acoustic wave equations
6_,0 + p@ =0
ot ox
ov 0p _
Pt Tox 0
assuming a negligible fluid velocity ardb/ p ratio [4]. These are reasonable assumptionsatteet

very small density fluctuations and fluid velociglative to the sonic velocity. Tiselj and Cerhew
that when Eqs. (2) are discretized following theLRE5 procedure, the first order spatial truncation
errors vanish [4]

The shock tube model consists of stagnant air aggghby a diaphragm shown in Fig. 1. Gas 3
on the left side of the diaphragm is initially athmher pressure than gas 1. In order to allow an
analytical solution the air on each side of thepdiagm has initially the same temperature. The
diaphragm is broken creating a right-traveling $he@ve and a left-traveling rarefaction wave as
shown. The velocity of fluids states 2 and 4 &etame. No entropy change between fluid states 3
and 4 takes place, and entropy increases acrosfitick from 1 to 2, so the temperatures in fluadest
2 and 4 are different [5].

(1)

(2)
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Fig. 1. Schematic of air shock tube.

A 9.9 meter pipe is divided into 99 nodes, each@dem long. The cross sectional area of the
pipe is 0.00456 (3 inch inner diameter). Tiselj and Cerne recommend short time steps,

At = 0.01%, where c is the speed of sound amxk is the nodal length, in order to trace acoustic
C

waves with almost second-order accuracy [4]. Thoeee the time step was chosen to produce a value
of about 0.01 for the acoustic Courant Number. da® used for this experiment is air at 297 K. Gas
3, to the left of the diaphragm, is initialized2aMPa and Gas 1, to the right, is at 1 MPa. Tipe B
adiabatic.

Fig. 2 shows the progression of the shock andfaetien waves in the tube. The dense
nodalization and small time step produce resultschmag the analytic solution. For the analytic
solution the air is assumed a perfect gas, whisaligl since the ratio of the temperature to thecal
temperature is greater than two, and the specdatshare approximately constant due to the minor
temperature fluctuations. The pressure of gasl@ileded by RELAPS is 1.406 MPa and when
compared with the analytic solution [5] of 1.402 ¢Broduces only 0.29% relative error. Selectirgg th
RELAPS5 10 ms data, the shock wave velocity is 408 amd has an error of 0.24%. The velocity of
gas 2 taken from RELAPS is 84.12 m/s, and has % I€elative error compared to the analytic value of
84.49 m/s. The behavior of the pressure waveraswhes what is predicted. The shock wave has a
relatively steep slope that stays steep, whiler#inrefaction wave spreads as it propagates [5]. The
nonphysical numerical oscillations are a byprodfdhe reduced time step. Increasing the time step
reduces the numerical oscillations but diffusesstieep pressure gradients [4].
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Fig. 2. Pressure distribution in shock tube at,&rel 10 ms.

2. Blowdown Under Temperature Gradient

Takeda and Toda measured pressure oscillationsgdtire decompression of a vertical pipe
with a temperature gradient [2]. The pipe may beddd into a two-phase region at the top and a
subcooled region in the rest of the pipe.

The RELAPS5 one-dimensional two-phase conservatiragons governing wave propagation
are given below [3],[6].
Conservation of mass:
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Where a, p, andvare the time and space averaged void fraction,ityeasd velocity, and theyand
f subscripts specify vapor and liquid respectively [, is the vapor generationPis the pressure

averaged between the two phases [6]. The volucnetill shear forces experienced by the liquid and
vapor areF,, and F,, , respectively, and are equal to zero since the gmssumed frictionless [6].

F, is the volumetric interfacial drag ang is the interfacial velocity in the interfacial memtum

transfer terms [6]. Finally, the last term on tR&IS of Egs. (4) is the virtual mass force as
implemented in RELAPS and,, is the virtual mass coefficient. This term hadgmiicant effect on
acoustic wave propagation. Egs. (3) and (4) deschib wave propagation in a two-phase medium. In
addition, the two-phase energy conservation equsitio RELAPS are required in order to model the
vapor generation that occurs during the depressioiz process [3].
Conservation of energy:

0 0 _ _0a, 0 .

a(agpgug) +&(agpgugvg) - _PT h P&(agvg) +Qg +Tighy 5)

i(crpu )+i(a',0uv)=—Paaf —Pi(av)+Q -T.h
atfff axffff ot axff if igh 'f

The specific internal energy is representedubyQ,, and Q, are the interfacial heat transfer terms,
is the vapor generation resulting from interfaeiaérgy exchange, arhg and h; are the corresponding

phasic enthalpies associated with interphase massfér[3]. The effects of wall heat transfer dmel
energy dissipation caused by friction are neglegdmd omitted in Egs. (5).

A RELAP5 model was developed for Takeda and Todajseriment [2]. The water filled pipe
has a 53.5 mm inner diameter, a 3.2 m length, surdtially pressurized to 0.855 MPa measured at th
top. It contains 99 nodes, each 3.23 cm in lengily. 3 shows a diagram of the RELAP5 model. The
experimental data [2] was taken at pressure tranesdPT) 3, 4, and 5 which are located at a distan
from the break of 0.444, 1.20, and 2.20 m respelstivihe volume labeled BC is a time dependent
volume representing the atmospheric boundary condit The junction representing the break orifice
is 15 mm in diameter and is positioned at the tbfhe test section. It is modeled with an abrugiaar
change so the code calculates flow losses througtbrteak [3]. A linear temperature distribution is
established in the pipe such that the temperatuteeebase of the pipe is 283.7 K and the temperatu
at the top is 437.9 K. This temperature distritmitproduced the greatest pressure oscillation®fout
the many temperature distributions tested expetiatigrby Takeda and Toda and will therefore be
used in this analysis. Fig. 3 shows the vaporguresof the water in the pipe based on the initial
temperature distribution. The vapor pressure eatgist at the top of the pipe near the postulatsakb
with a value of 0.696 MPa.
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Fig. 3. Model with location of pressure transdu@ad initial conditions.

Spatial convergence was checked by comparing theog® model with a finer 297 node
model. Both models produced matching results,efoee the 99 node model was used for further
investigations. The effects of adding a heat stinecwere also investigated and proved negligibles
confirming the adiabatic assumption. The Ransoapprcritical flow model was adopted as it
captured the experimental pressure behavior morarately. A 550 microsecond delay time was
applied to the simulated break in order to matehdilay in the experiment.

2.1 Thermal Equilibrium Model

The RELAPS5 thermal equilibrium option was used irdev to provide insight into the
depressurization and wave propagation with simgaifmodel assumptions. Fig. 4 shows that the
results converge at PT3 as the time step decre@kestesults at PT4 and PT5 are similar but they
match the data better, so only location PT3 wellshown. The acoustic Courant Numbers 1, 0.1, and

0.01 correspond to a time step valuemtg, At = O.lg, and At = 0.01g respectively. It is seen
C C C

that an acoustic Courant Number of 0.1 producesearged results with minimal numerical oscillation
that require the least computational effort.
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Fig. 4. Thermal equilibrium simulation effect ofrié step at PT 3.

The RELAP5S simulation with the thermal equilibriumodel overpredicts the pressure when
compared with the experimental data. A physicalaxation for the pressure results calculated with
the equilibrium model is that immediately followinige pipe rupture, the efflux of fluid through the
break leads to a sudden pressure drop to the yapssure, 0.696 MPa, at the top of the pipe. Duet
the assumption of instantaneous heat transfer et vapor and liquid, some fluid immediately
flashes to steam and a region of low void is formedr the break. This region does not penetrap de
into the pipe. This is because no pressure undetsitcurs. The two-phase region near the pipakbre
lowers the local speed of sound to approximatelyn® and the flow at the break is choked [7]. The
pressure in the pipe then stabilizes at the vapesspre of the fluid and sets the amplitude of the
rarefaction wave. The rarefaction wave travels mdke pipe, reflects off the closed end as another
rarefaction wave of equal strength propagates bawtard the top of the pipe where the two-phase
region exists, as seen in Fig. 5. Fig. 5 showdasBaded contour plot of the pressure. A line
separating two regions of uniform color representharacteristic line and displays the propagation
the wave front.
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Fig. 5. Thermal equilibrium simulation pressure)(8iatribution with time.

The rarefaction wave is reflected by the discontynim the sound speed, from 1500 m/s to 50
m/s, at the boundary between the single and twaelflaw regions. According to wave propagation
theory the reflection and transmission of a wavarainterface with a change in the sound speet[8]
given by

_H-1
Ah_mpﬁ

_2u
A =l (6)

p=
CI

Where A;, A ,and A are the amplitude of the reflected, transmitted iasdlent wave, respectively.

The speed of sound on the transmission side ahtegace iscr and on the incident side @s[8]. Due

to the very small value for the speed of soundhetivo-phase mixture compared to the speed of sound
of the liquid,u is approximately zero. Therefore, the amplitud¢éhefreflected wave is nearly the same
as the incident wave and opposite in sign, whickches the wave behavior simulated by RELAPS at
the two-phase interface described above. The tvasehregion can also be viewed as a constant
pressure boundary because as the wave intera¢tstwihe two-phase region’s smaller bulk modulus
volumetrically adjusts with little change in pressu This will cause the wave to be reflected in an
opposite sense with a magnitude similar to thahefincident wave.

Fig. 6 shows the interaction of the rarefaction evawth the vapor pressure established by the
temperature gradient. The moment the local pressiops to the vapor pressure, due to the
progression of the rarefaction wave, vaporizatiaouos and the pressure stays at saturation value
without dropping below it. The wave then reflec the already established two-phase region
collapsing the newly voided region and progressek ldown the pipe as a compression wave. Minor
dispersion, diffusion, and dissipation of the waseseen in Fig. 5. By understanding the simplified
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case of thermal equilibrium, insight is obtainetbithe importance of non-equilibrium effects caused

by interfacial energy transfer and delayed nuabeati
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Fig. 6. Thermal equilibrium simulation showing irgetion of rarefaction wave with temperature
gradient and subsequent voiding.

2.2 Default Thermal Non-equilibrium M odel

By default RELAPS takes into account thermal noo#darium (i.e., two energy equations). In
particular the default model employs the interfemass transfer term for boiling and flashing givsn
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Eq. (8) which will be discussed in section 2.3.8. F shows the convergence of the default model by
reducing the time step. As the time step decregepressure gradients steepen; however, witlya ve
small time step nonphysical numerical oscillatiengerge at the pressure discontinuities. Redubiag t
time step also results in a more accurate integrati the interphase mass, energy, and momentum
transfer terms [4].
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Fig. 7. Default simulation effect of time step at ®.

The default simulation results match the experimebéhavior of the rarefaction wave better
than the equilibrium model. However, RELAPS préglica larger initial pressure undershoot as seen
in Fig. 7 around 1 ms, and continued to underptete pressure throughout the remaining 20 ms at PT
3. The steeper pressure drop curve predicted byARELdenotes an overestimation of the pressure
drop rate compared to the experimental data. RELA&lculates the propagation velocities of the
wave through the subcooled fluid with great accuracThe default simulation results show the
attenuation of the wave amplitude and dispersiothefwave during propagation comparable to the
experimental data.

Fig. 8 displays the pressure along the pipe lefgtithe duration of the transient in a three-
dimensional plot. The experimental data from Takadd Toda is superimposed on the plot at the
locations of the three pressure transducers. Aihalipressure drop down to about 0.55 MPa is show
with a 0.15 MPa pressure undershoot, as the rai@iawave travels down the pipe. The wave is
reflected off the closed end in a like sense, aadets back toward the top of the pipe as another
rarefaction wave with an amplitude similar to tbathe incident wave. Fig. 9 displays a contowt pl
that shows the sound speed distribution in the aipend 5 ms. Fig. 10 displays a contour plotlier
pressure showing the wave characteristic as gatsfloff the solid boundary at the bottom and v t
phase region at the top of the pipe.
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When the rupture occurs, the pressure at the tofheofpipe drops below saturation due to
thermal non-equilibrium and delayed nucleation. obmucleation the pressure levels off below the
vapor pressure by the amoymt««.., and this pressure drop propagates down the pigieeiform of a
decompression or rarefaction wave. The rarefastiave reflects off the solid boundary at the bottom
of the pipe and doubles back toward the top ofpipe. At approximately 4.5 ms the rarefaction wave
returns to the top of the pipe and the region af-pliase flow is suddenly extended from about 0.2 m
to about 0.7 m down into the pipe, as shown in Big. This occurs due to the interaction of the
rarefaction wave with the axially decreasing vapassure imposed by the initial temperature gradien
shown in Fig. 3. Figs. 11 and 12 illustrate thadibons in the pipe as the rarefaction wave travel
toward the two-phase layer on top. The reflectedfaation wave causes the local pressure to drop
below the vapor pressure, the fluid is put in teng@i...., and voiding begins as shown in Fig. 12. The
value ofpeso IS determined by the delay in nucleation and namtégium effects. In Fig. 13 the dotted
line represents the vapor pressure, the solidtfingressure distribution and rarefaction wave, taed
dashed grey line shows the boundary between thehase and single-phase fluid regions. The figure
at 4.4563 ms shows that a separated region of hasefluid resembling Fig. 12 forms for a brief
moment, surrounded on both sides by single-phase. fThis can also be observed in Fig. 9. As the
rarefaction wave moves on it is then reflectectiodf initial two-phase region, created by the pagsin
the first rarefaction wave and it is trapped in th@-phase region that it formed in its wake that
extends to 0.7 m. Once caught, the wave then dispdecause it takes a long time to pass thrdwegh t
two-phase region. Furthermore, the two-phase sepaedd in the region is heterogeneous. The figure at
4.5705 ms demonstrates the non-equilibrium andyddlaucleation effects as the fluid pressure drops
below the vapor pressure. The dispersion of theevigvisible in Figs. 10 and 13. Fig. 10 showd tha
the pressure discontinuity is initially abrupt, laiter the interaction of the wave with the two-pha
region at 4.5 ms, the pressure discontinuity sead as shown by the blurring of the color corgour
Later on the effects of dispersion toward the ehthe transient even cause a pressure bifurcason a
the waves interact. The dissipation of the wave lange is also very significant. Therefore, this
unique phenomenon of wave entrapment in the twe@hagion caused by non-equilibrium and
delayed nucleation is what determines the wave tsnbeared out.
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Fig. 13. Default simulation showing interactionrafefaction wave with temperature gradient and
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2.3 Discussion

2.3.1 Choked Flow Model

The overprediction of the initial pressure undeattszen in the RELAP5S default simulation could be
due to a variety of uncertainties. First, forsutied conditions the Ransom-Trapp critical flowdalb
[9] may overpredict the break flow. Second, foroaifice geometry, which is used as the break & th
Takeda and Toda experiment, the discharge coeffisegenerally reduced. In the third place the
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RELAPS5 calculation of the pressure undershoot dépen the initial pressure drop rate. The Alamgir
and Lienhard correlation [10] used in RELAPS isyompplicable when the pressure drop rate is
between 0.004 and 1.803 Matm/s. Using the inttiaksure drop at PT 3 from the experimental data of
Takeda and Toda the rate of depressurization igtdh002 Matm/s. A more mechanistic model
involving direct analysis of permanent gas pockatsface geometry, and contact angles would be
needed [10] for RELAPS5 to make a more accurateigiied of the undershoot. Finally, the break in
the Takeda and Toda experiment involved the rugifieeMylar disk, and fragments could remain and
obstruct the flow resulting in a smaller break ar&ae subcooled discharge coefficient for the
Ransom-Trapp critical flow model may be adjustedrter to adjust the pressure undershoot. The
discharge coefficient is a user-specified paranteteorrect for uncertainties caused by break
geometries and the critical flow model. It is nplled by the throat area and is equivalent to siiijg

the break area.

Fig. 14 shows the effect of the subcooled dischargefficient at PT 3. The discharge
coefficient values of 0.25, 0.5, 0.75, and 1.0 &d&fsimulation) are compared with the experimental
data. It is shown that a discharge coefficienOd& produces the best agreement with the pressure
undershoot observed in the experiment. After céfig off the two-phase region at around 5 ms, the
compression wave’s amplitude is also reduced. odlgin the discharge coefficient can set a pressure
undershoot that matches the experimental datgyréssure drop rate remains unchanged so the initial
rarefaction wave still has a steeper slope thaslthfe seen experimentally.
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Fig. 14. Effect of discharge coefficient at PT 3.
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2.3.2 Interfacial Heat and Mass Transfer

A thorough study of the physical mechanism thattrad® bubble formation and growth is
needed in order to determine the bulk interfacedthiransfer model. Increased bubble growth would
result in a pressure increase tending toward duiuitn at a faster rate. During the entire
depressurization period under investigation, 20thes fluid remains in the bubbly flow regime. Also
due to the pressure undershoot the fluid is a sepéed liquid resulting in vaporization and heat
transfer from the fluid to the bubble interfacet should be noted that the liquid superheat for
nucleation in the present case is determined bythengir and Lienhard correlation [10], far frometh
spinodal limit prescribed by the steam tables BLRP5. The temperature of the forming vapor is
equal to saturation temperature. The corresponlitjogd interfacial heat transfer is investigatex f
the case of a bubbly superheated liquid. Thediguterfacial heat transfer term [3] shown in Egs.
is calculated as

Qs =h Ay (T°-T,) (7)
The variableT® denotes saturation temperatufejs the liquid temperatureh, is the liquid interfacial
heat transfer coefficient, and,is the interfacial area per unit volume. The voitme mass
vaporization rate at the interface [3] assumingligdge heat transfer from the vapor to the bubble

interface is

=T

rig =— M (8)
h; —h;

where h; and h, are the specific enthalpies of the vapor at stiturand the liquid respectively. The

underlying parameter to be adjusted that dictdteshergy transfer between the phases, hencet¢he ra
of vaporization, is the interfacial area per urotume [3]. In terms of the average diamedgr,it is

given by

3.6q,
- bub (9)
d;
wherea,,,, depends on the vapor void fractiorr,, and is calculated to be
a,,, =max(@, ,10° ; (10)

The Sauter-mean bubble diametkr, is essential in calculating all energy, mass, am@mentum

transfer that occur between the two phases. As(®gshows, the bubble diameter determines the
interfacial area concentratia, . In RELAPS/MOD3.3 Patch03 the bubble diameteraigulated as a

function of the Laplace Length [11],[12]
d, =2L, (11)
The Laplace Length. can be found by

L = —U 12
° me‘%) (12)

where o is the liquid surface tension amgl is the gravitational constant. The bubble diameter
restricted by the bounds 0.1 med, <0.9d,, whered, is the volume hydraulic diameter [3].

The bubble diameter was adjusted to correct theerdpediction of the pressure using the
RELAP5 default simulation. By reducing the bubblameter, the interfacial area concentration will
increase and thus the interfacial heat transfdrimdtease. This will then cause more vaporizatad
a slight increase in the pressure. This adjustwastperformed by multiplying the Laplace Length, o
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bubble radius, by a factor. Fig. 15 shows theceféé multiplying the Laplace Length by a factor of
0.001, 0.1, 0.25, and 1.0 (default simulation) cared with the experimental results. The figures
show that as the bubble diameter is reduced, ttexfacial area and interfacial heat transfer is
increased, and the pressure in the pipe risess imhportant to note that the bubble diameter has n
effect on the pressure undershoot during the Irdépressurization. That value is determined gy th
choked flow model. The explanation for the ramgpiiessure after the pressure undershoot, around 1
ms, shown in Fig. 15 is that the upper pipe sead8ganitially in tension, see Fig. 23, and is vapmy
faster at that location due to the increased iatéf heat transfer, which then causes the predsure
increase relatively slowly toward equilibrium.
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Fig. 15. Laplace Length (bubble radius) effect at3P

The Laplace Length, hence bubble radius, at vanpmsstions in the pipe calculated from the
RELAPS default simulation is around 2.3 mm. RELAR&s designed for transients with much longer
durations using steady state two-phase flow regimiesthe present case, the actual bubble radius
should be smaller due to the very short time donatif the experiment. The time dependent sizéef t
bubble is initially inertially controlled [13] andan be modeled with the Rayleigh-Plesset equation
[14]. However, after a very short critical timestimal effects limit the bubble growth and Plesset-
Zwick theory is added to the Rayleigh-Plesset eqnafl4]. Using the default simulation fluid
conditions near the break, the critical time iscakdted to be about 80 nanoseconds.  The bubble
growth, therefore, is namely restricted by thermtiécts for the duration of the experiment. The
thermal bubble radiu® is calculated using the Plesset-Zwick [15] theory

— 1 Ps Cpf (Tf _Tsat)
2C(¥2)  pyhy

el

where the value o€(1/2)is calculated to be?, c, Is the specific heat at constant pressure of the

(a,t)? (13)

fluid, hy, is the phasic difference specific enthalpy, dgdis the saturation temperature.

The bubble radius is calculated with Eq. (13) formis using the greatest superheat value at a
location near the pipe break where the fluid exgeres the greatest tension, and the pressure
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undershoot is greatest due to the underpredictigairted in the default simulation. Even then, the
bubble radius is nearly an order of magnitude iears the 2.3 mm bubble radius used in the RELAP5
simulation. This justifies the use of a 0.1 mditigtion factor to be used on the Laplace Length.

2.4 Modified RELAPS Results

As Fig. 16 demonstrates, the use of a 0.5 subcab$atharge coefficient and a reduction in the
bubble diameter by a factor of 10 produces reshlis match the experimental measurements better
than the default model. The discharge coefficeis the correct initial pressure undershoot aad th
decrease in bubble diameter produces a better ypeegsediction during the rest of the transient.
Therefore, two key constitutive relations of thdadét model that cause significant discrepancieseha
been identified and the justification for adjustitigm to give results closer to the experimentsh da
was given. Finally, Fig. 17 shows the modified ptes distribution. Comparing Fig. 17 with Figs. 5
and 10, this case lies between the equilibriumdsafdult models.
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Fig. 16. Simulation with 0.5 discharge coefficiand 0.1 Laplace Length factor at PT 3.
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Fig. 17. Pressure (Pa) distribution with time ud¥g discharge coefficient and 0.1 Laplace Length
factor.

3. Stability
Expanding the derivatives in Egs. (3) and (4),dhginal system of partial differential

equations can be cast into vector equation form

0 0

A%2.8% ¢ (14)

ot 0X
whereg: [a,vg Vi Py ]T is the vector of the independent variables. Thedfmeent matrices and the
source vectolC are obtained from Egs. (3) and (4) and are nowsh@his system of equations must
satisfy det[AA - B] = 0 for a non-trivial solution to exist. For, =v, =0 Fig. 18 shows that the
solutions arel, , = 0,0,+Cyye Copase » Where the first two characteristics are the kiagowave

speeds and the last two characteristics are thesacavave speeds given by:

= (o 'z=ap, +(1-a 15
2 phase apf C\,m,ol"' (1_a)pf (o] 10 pf ( )Iog ( )

. _\/ Py Cus +(1-a)p’
It is well known [17] that the virtual mass hasgndicant effect on the two-phase sound speed
as shown by Fig. 19 which is a plot of Eq. (15)eWrand Passman [18] have shown that in general
(i.e.,v, 2v, #0) the kinematic roots are real if the two fluid nebts complete. In the present problem

this is accomplished with the virtual mass coeéintsc,, = 0.5 for bubbly flow. Furthermore, Fig. 18
shows that the acoustic wave speeds for the RELA®®el| are always real [17] even though the
kinematic roots may not be so (i.e., ill-posedrnigdsnematic). For this particular case the kinamat
roots are on the stability boundary. Finally, thergy equations (5) simply add two more
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characteristicsi ; = v;,V, . Therefore the system of equations (3) , (4) &ds(well posed for this
case.
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Fig. 19: Two-phase acoustic wave speed
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4, Conclusions

RELAPS5 simulated a single phase gas shock tubetencesults were found in close agreement
with an analytic solution. This shows that the nuona uncertainty of RELAP5S is small compared to
the uncertainty of the two-phase constitutive retet as demonstrated by the simulation of the two-
phase decompression wave experiment of Takeda add. TThe two phase problem requires the
solution of the two-fluid model with many constitg relations to account for phase change, choked
flow, and other pertinent phenomena. In particRBLAPS captured the details of the reflectionhsf t
pressure wave off a sound speed discontinuity tveesingle-phase and two-phase regions caused by
the imposed temperature gradient in the experinienmb RELAPS constitutive models that caused
significant discrepancies between the model and#te were identified:

1. The RELAPS5 default model simulation underpredidieel pressure due to low interfacial heat
transfer rates because RELAP5S does not have atfiaicitd area transport model to capture the
dynamics of the bubble size. Using the Plesset-Bvieory during the fast acoustic wave
propagation, the average bubble diameter was showa one order of magnitude smaller than
predicted by RELAPS5. A similar observation hasrbe®gde in a separate research analysis of a
water hammer after a fast closing valve using RERAES]. Clearly, the quasi steady model of
RELAPS is not applicable to acoustic phenomena.

2. The choked flow model used by RELAPS resulted ierpvedicting the pressure undershoot.
However, this was resolved by altering the dischargefficient to account for uncertainties in
the discharge geometry and/or the choked flow madelow pressure. This correction is
attributed only to this experiment and is not mesna general statement.

The RELAPS solution with the adjusted bubble disana@nd choked flow discharge coefficient
matched the experimental data better than the afsadel. The data obtained from the RELAPS
simulation also proved useful to understand thesiolsyof the experiment. The cause of the dispersio
and dissipation of the wave upon reflecting off tiwve-phase region was identified to be caused by th
wave becoming trapped inside a two-phase flow regiad the importance of thermal non-equilibrium
and the delay in bubble nucleation became evidgnthke investigation of the RELAPS5 results.
Therefore, RELAPS5 proved to be a useful heuristad. t
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