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Abstract ~ We investigate steam condensation induced watermeamn(waha)
phenomena and present experimental and theoretieallts. Some of the
experiments were performed in the PMK-2 facilityhichi is a full-pressure
thermohydraulic model of the nuclear power plant\WWfER-440/312 type and
located in the Atomic Energy Research Institute dpadt, Hungary. Other
experiments were done in the ROSA facility in Japan

On the theoretical side waha is studied and wred with the WAHA3 model
based on two-phase flow six first-order partialfeliéntial equations that present
one dimensional, surface averaged mass, momentumearrgy balances. A
second order accurate high-resolution shock-capirnumerical scheme was
applied with different kind of limiters in the numeal calculations. The applied
two-fluid model shows some similarities to Reladfictv is widely used in the
nuclear industry to simulate nuclear power plantcidents. Experimentally
measured and theoretically calculated waha presqueeks are in qualitative
agreement.

I. INTRODUCTION flows.
In the last two decades the nuclear industry
Safety of nuclear reactors is a fundamental issue. developed a few complex two-phase flow-codes like

Nuclear and thermo-hydraulic processes in the @done  Relaps', Trac’or Cathar which are feasible to solve
of modern reactors are well known and well-conel safety analysis of nuclear reactors and model cicated
explosions are out of question. However, violenvanted two-phase flow transients.

thermo-hydraulic transients in the primer loop mayse 7 . - .
serious derangement or pipe breakage. Such aanmed The model, WAHA3 IS very swmlar to Relaps. _Th's
transient is the steam condensation induced water Means that the conservation equations and all ppéea
hammer(waha). In thermal loops of atomic reactarsno correlations are essentlally the same. The maierdiice
other pipelines where water steam and cold watemaix, between the above mentioned models and our WAHAS3
quick and dangerous transients can occur causing code is _baS|caIIy the appllled numgncal sc_:heme.;eroth
explosions which mean high financial expenses a@nev commercial codes have a ratio of spatial and tieselution
cost human lives. AXx/ At which describes usual flow velocities. This code,
In the following we will introduce the ROSAand however is capable. of capturing shock Waves andribes
2L _ i pressure waves which may propagate quicker thatotad
the_PMK-Z facility” which is an integral experimental speed of sound. To our knowledge there is no apeci
device and capable to produce waha effects. model and computer code for numerical simulatiowafer
On the other side we present the WAHA®odel hammer in the field of nuclear thermal-hydraulics.
we use, which is a complex physical model suitable WAHA3 model can successfully reproduce the
simulate various quick transients in single and-phase experimental data of different one- or two-phasewfl



problems such as ideal gas Riemann problem, dritma
of ideal gas in convergent-divergent nozzle, column
separation or cavitation induced water hammer a@nev

rapid depressurization of hot liquid from horizdm'fpes.3

[I. EXPERIMENTAL SETUPS AND THEORY

In the following section we give a brief overvieftbe
Hungarian PMK2 and the Japanese ROSA where the wate
hammer experiments were performed. After that our
theoretical model WAHAS3 will be briefly introduced.

LA PMK2

The PMK-2 facility is located at the KFKI Atomic

Energy Research Institute (AEKI) Budapest, Hunéaru
is a full-pressure scaled down thermohydraulic rhotliéhe
primary and partly the secondary circuit of the laac
power plant of VVER-440/213 type (VVER is a Hungari
abbreviation of the water-water energetic reacttrvas
primarily designed for the investigation of off-moal
transient processes of small-break loss of coalecitlents.
Between 1985 and 2007 there were 55 different
experiments performed on the apparatus. The grdup o
transients is as follows 7.4 % cold leg breaksgsss)), cold
leg breaks of different sizes(10 tests), hot legaks and
primary to secondary leaks(10 tests); tests foruraht
circulation characteristics and disturbances(1@s)eplant
transients and accidents (10 tests). Results oérarpnts
were used to validate thermohydraulical system soae
ATHLET, CATHARE and REALPS for VVER applications.
Considering the scaling ratio interval and financial

possibilities of the country, a 19 rod core modéhv2.5 m
heated length was selected which gives a power oAti
1:2070 (39.312:19 ~ 2070) and, therefore, the divera
volume scaling ratio is also 1:2070. The operating
pressure of the PMK-2 is 12.3 MPa and the corenihkr
power is 664 kW. The heat loss for the PMK-2 fagils
about 3.6 percent of the nominal heat power. Ruté¢
importance of gravitational forces in both singhed two-
phase flow the elevation ratio is 1:1. Other impott
similarity properties like the Richardson, Stant&mnpude
and the Nusselt numbers are 1:1 as well.  Thezelfr
integral type facilities for PWR's (Pressurized &vat
Reactors) and VVER's in the world like the American
LOFT, the ROSA-IV in Japan, the PACTEL facility in
Finland or the Hungarian PMK-2. VVERs are slightly
different from PWRs of the usual design and haweraber
of special features, viz: 6-loop primary circuiprizontal
steam generators, and loop seal in hot and cok] ety
injection tank set-point pressure higher than sdapn
pressure.

The steam pressure on the steam generator sidé is 4
MPa. The WAHA experimental setup is connected th&®
steam line of PMK-2 and located on the top of titegral
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facility. The experimental setup is basically aibontal
pipe section of 5 m length and 193 mm internal pipe
diameter initially filled with vapor that is suppti from the
dome of the steam generator of the PMK-2. The ot
of the test device is connected to the condensérafin
PMK-2 which substitutes turbine of the real powdanp.
Both ends of the WAHA tube are further equippedhwit
inertia blocks of 200 kg each serving a 90 deg haritie
same time. The test section can be isolated byvalees;
one is located in the connection with the heachefdteam
generator, and the other in the connecting lineatds the
condenser. For the flooding, a cold water tankhwat
volume of 75 | is installed and pressurized with ai

II.B ROSA
The second experimental be
introduced is the Japanese Rosa.
OECD/NEA ROSA Project Test 2 (ST-WH-05, 06, 07, 08,

09, 10 and 11, conducted by JAEA) was performed on
April 11 and 12, August 28 and 29, and Septembemb6,

2007 by using the Large Scale Test Facility (LS‘IlF)n
the Japan Atomic Energy Agency (JAEA). The object¥
this test is to obtain detailedthermal-hydraulangient data
concerning condensation-induced water hammer
(CIWH) in a horizontal branch pipe connected tolt8d F
vessel downcomer. The schematic view of a CIWH in a
horizontal pipe is shown in Fig. 1. The data is in
particular used to study the effect of the systeesgure on
the CIWH characteristics such as the intensitjhef€IWH
pressure pulse. It is important for the nucleaetyaf

since room-temperature water is injected by ECCS
(Emergency Core Cooling System) including passafetg
system even at high pressure condition.

This study covers the CIWH induced at two-phasentau
current flow in a horizontal pipe. The liquid phdkev
simulates the room-temperature water flow

injected by ECCS. The vapor phase flow simulates th
saturated steam flow driven by the condensatiothen
room-temperature water. Such two-phase conditioy lmea
appeared at the ECCS injection line, when the water
injection rate is decreased. A horizontal pipergployed
as the test section for CIWH tests. The dimensadrike
test section, made of stainless steel, are 2050mhamgth,
66.9 mm in inner diameter and 11 mm in pipe wall
thickness. One end of the test section is horidignta
connected to the LSTF horizontal nozzle named N-18c
whose center elevation is EL+3945. The nozzle ket
290 mm from the LSTF downcomer inner surface, &ed t
inner diameter is the same as the test sectiom diameter.
Accordingly, they form an about 2.3 m long horiznt
pipe. The other end of the test section is clos@agua
sealing plate. The room-temperature water storeiden
LSTF RWST tank is injected to the bottom of thd tes
section near the closed end using the LSTF higbspre
injection system (HPI). The water is dischargeth®
LSTF downcomer through the test section. When

the downcomer liquid level is much lower than tioétdm
elevation of the test section, the water fallslfréeato the

facility which will



downcomer would affect the water fall under highava
supply conditions

The CIWH tests were performed at the system pressiur
0.35, 1.0, 2.8, 4.4, 5.5 and 7.0 MPa. The maximystesn
pressure of 7.0 MPa is determined in considerdtiothe
result of the past LSTF test. The result shows@H&{H is
induced at 4.1 MPa, although the test section isuitable
for the CIWH test. Thus, higher system pressura tha
MPa is employed as the maximum system pressure.
The minimum system pressure of 0.35 MPa is the $pwe
system pressure that is controllable. Thereforeesthe
heat removal of the LSTF primary loop is performed
by the steam generators, the primary pressureohaes t
comparatively larger than the secondary pressuretws
set to atmospheric pressure. The flow rates abdu0.3
and 0.9 kg/s at the room-temperature were emplagdte
test condition. According to the LSTF tests exparés the
CIWH may be induced near about 0.3 kg/s. The flatgs
about 0.1 and 0.9 kg/s are lower and upper bousdly
flow rate; respectively, in order to keep the batan
between the supply flow rate and the discharge flate.
The flow rate is controlled by the pump operatiéthe
high pressure injection system (HPI). The water
temperature of the former and the latter is ab80tR and
about 305 K, respectively.

II.C Theory
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with P, ). Terms on the right hand side are terms
describing the inter-phase heat, mass (terms \Myvapor
generation rate) volumetric heat fluX@s, momentum

transfer (terms withC, ), wall friction F and

g,wall *
gravity terms. Modeling of the inter-phase heaasmand
momentum exchange in two-phase models relies on
correlations which are usually flow-regime dependen
The system code RELAPS has a very sophisticated flo
regime map with a high level of complexity. WAHA3
however has the most simple flow map with dispeesed
horizontally stratified regimes only, because theastainty
of steady-state correlations in fast transientssarg high.

A detailed analysis of the source terms can beddaon

Tiselj et al®’
Two additional equation of states (eos) are nedded
close the system of equations

A, oy
e = (t]ﬁ) dp + (ﬁ) dug. (n
ap J i, v

Partial derivatives in Eq. 7 are expressed usieggure and
specific internal energy as an input. The tablevafer and
steam properties was calculated with a softwaremfro
ucL.™

The system of Egs. (1-6) represents the conservédiws

There are large number of different two-phase flow and can be formulated in the following vectoriainio

models with different levels of complexi?}g which are all

based on gas dynamics and shock-wave theory. In the

following we present the one dimensional six-edurati
equal-pressure two-fluid model.

The density, momentum and energy balance equatiwns
both phases are the following:

Al —a)py  GA(l —a)pplvy —w)

: - = —Al (1)
it a1 g /
Ao dAnpgv, — w) .
Ll /o 1L Rl V) o (2)
at dr ’
dA(l = x)Pyby | aA(l — f'e_]l.f.J;vai vp — ) LAl —a t.'ﬁp AeVM
i ar L
o ; 2 e
—A;.u¥ = AChlvelve — Algry + A(1 — a)preost — AFy an (3)
o i i
& Aoy, A Aapatg{ vy — w) ap I e
s i DOy — W) e aoviar s 4p SR -
ot dr dr dr
—ACv, [up + AT g1y + Aapgeosd — AP qan (4)
JA(l — a)prey  FA(L — a)pgeglvy — u')+ GA(l —a) FAl —a)plvy —w)
at ar L4 at dr
= AQy — ATy (hy + v3/2) + A(1 — a)ppvggeosd (5)
8Axpgey N dAapgeglvy — w) _p:’:l,-icr + dAop|vy —w)
at dr at dx
= AChg + Al g(hg + !'3..-"2} + Aapguggeosé. (6)

Index f refers to the liquid phase and index gh® gas
phase. Nomenclature and variables are describta &nd
of the manuscript. Left hand side of the equaticmstains
the terms with temporal and spatial derivatives.

Hyperbolicity of the equation system is ensuredliie
virtual mass term CVM and with he interfacial tefrarms

g o .
A e B o s (8}
where represents the non-conservative variables

W(p, o, 5, Vg, Up, Ug)

A, B are matrices an® is the source vector of non-
differential terms. These three terms can be obtained from
Eq. (1-6), with some algebraic manipulation.

In this case the system eigenvalues which represent
wave propagation velocities are given by the detsam
detB- A A). An improved characteristic upwind
discretization method is used to solve the hypébol
equation system (Eq. 8). The problem is solved i
combination of the first-and second-order accurate
discretization scheme by the so-called flux linstey avoid
numerical dissipation and unwanted oscillations chhi
appear in the vicinity of the non-smooth solutions.
Exhaustive details about the numerical scheme aan b

found in

LeVeque 1



Two-phase interface distribution becomes
insensitive to downcomer liquid level.

\

Free falling
discharge is
formed.

=

/

Liquid level in downcomer is
much lower than test section.

Fig. 1. A shematic sketch of the ROSA WAHA
experimental tube.

I1l. Results

Figure 2 presents one of the experimentaly medsure
WAHA pressure peaks in the OECD/NEA ROSA Project.
There are various measuremenets done, we analyge on
one of them in the following.

The stem pressure was 2.8 MPa with 503 K temperatur
The cold water temperature was 305 K with a flogdin
velocity of 0.088 m/s.

The measurement took 1320 seconds. It might be true
from the experimental setup and from the resulsit t
large number of stem condensation induced WAHA &v/en
happened. In contrast to other WAHA experimentalize
here, the horisontal tube is opened at both eralgehit is
possible to have flow conditions when the tube carre
filled up with water and there is a relatively lotigne
interval when large and long horisontaly stratifiddw
regime could exist. Our detailed analysis showed there
is about a 38 second long time interval when caomutn
“steam bubble capture” mechanism occur on the seréd
the horisontaly stratified flow which might be resgible
for a large number of WAHA pressure peaks. Figure 3
shows our results obtained from numerical simutatio
where numerous WAHA peaks can be detected for the
above mentioned flow system.

100 VH10.2 |
WH10-2
2.80 MPa

80 B JI = 0088 m"rs_

1320

10 15 20 25 30 35
Peak pressure (MPa)
Fig. 2 WAHA Peaks measured in the ROSA Project.
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Fig. 3. Time history of the pressure peaks forRIGSA
measurement obtained from our numerical sinarat

After 38 seconds the tube will be filled up with tesa at

this flow rate and only the very last part of thde has
some free steam void fraction, which might be resgie

for additional steam condensation and pressurespeak

Our experience and private communication with théner

of the modef*’say that pressure peaks after the filling up is
presumably a numerical artefact. These results are
extremely sensitive to the given flow velocity,imytsteam
mass flow from the downcommer against the cold wate

can produce further pressure peaks up to 120 second

The authors of this study tried to find out whatsvexactly
measured in this ROSA project, and how these large
number of pressure peaks occure, we can only ireabimt
large number of reflected pressure waves weredatected

as independent pressure peaks. Such an artefact was
detected and analysed in our last stady

We could not perform calculations up to 1320 sesomly

up to 120 due to the extreme number of data. Wagh to
mention that a WAHA pressure peak has a 2ms halthwi
which means extremely high time resolution and outp
Further work is in progress to clear out all théades.

As a second system we investigated and analysed the
measurements done at PMK2 in Budapest.

Measurements were done at 3 different stem pressuith

6, 10 and 15 bar. Fig. 4 show the time history lué t
measured pressure peaks for 15 bar. Contrary téoomer

experimenté2 two or more independent WAHA events can
happen in this new apparatus with a longer (fortnereter
length, now 5 meter length) horisontal tube. A fadre
investigation of the dynamics of the void fractiaiong the
tube during the flooding clearly shows that in ander
tube there is enough room for two steam bubble d&bion.

Our former studyL2 gives a detailed analysis of the
“bubble capture mechanism”. Figure 5. shows ouultgs
obtained from numerical simulation for the above
mentioned experiment. Unfortunatelly, we can nanib 2
independent overpressure peaks with 60 and 45utawb
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peaks with 133 and 85 bar overpressure. A deefysis
of the void fraction showed that indeed two indejmart

1.4e+007

steam bubbles are formed and vehemently captuneriyd 1262007 [
the flooding. The absolute value of the pressurkgand
the time lag between the two pressure peaks aia aggey fes00r

sensitive to the flooding velocity. Further work is
progress, right now we investigate the questiothef

steam mass flow rate from the steam generator. df w
consider steam flow against the cold water(whiatmoa be
measured till now, but should be the physial ctsa) the 40008 |
relation of the two peaks can be changed.

Be+006

Pressure [Pa]

Ge+006

2e+006

Time [s]

V. CONCLUSIONS Fig. 5. Time history of the pressure peaks forRMK?2
measurement obtained from our numerical sirariat
We presented and analysed water hammer experimental
results performed at the ROSA and the Hungarian the "steam bubble collapse" mechanism is ideuutifi
PMK-2 experimental facility. Where the later isfall which is responsible for for steam condensaticiuced
pressure scaled down model of the primary andypém water hammer in horizontal pipes.
secondary loop of the national Nuclear Power Plant Steam bubble collapse induced water hammer events

equipped with the VVER-440/312 type. happen if the following six conditions me&t:

1) the pipe must be almost horizontal (max. pipe
inclination must be less than 5 degree)
2) the subcooling must be greater than 20 C
3) the L/D (length-to-diameter ratio of the tube)
;;;;s“” _ _ _ must be greater than 24
050 50 mm smn 220 4) the velocity must be low enough so that the pipe
600 £ does not run full, i.e. the Froude number must be
550 £ less than one
oo 5) there should be a void nearby
E 6) the pressure must be height enough so that
significant damage occurs, that is the pressure
should be above 10 atmospheres.

Contrary to older WAHA experiments the ROSA and
the new PMK2 setups can produce more than a single
; WAHA event which is a new feature for us an presént
2001 above. Unfortunatelly, we do not have a fulltimemauical
150 3 simulation of the ROSA experiment but our invedima

100 %"\/Vm j_ = i might give us a clearer sight about the physicahpimena

sof M /\/ which is happening behind.

NI AN - As a second system we investigated the experimental
00 50 100 150 200 250 300 350 400 450 500 data from the new WAHA experimental facility, whiglas

Time [s]

built in the Hungarian PMK-2 integral experimendavice

Fig 4. Time history of the pressure peaks at @320 and right now. The geometry is basically the same astimeed

3150 mm from the left end of the horizontal pipe. in our former studﬁl/2 but a much larger horizontal pipe
was raised with 5 meter lengths and 25 cm in diarset
First experiments gave water hammer events witBGbar
With the help of a one dimensional two-phase flondei peak pressures, which are much smaller than iniquev
we investigated the steam condensation induced rwate €Xperiments. On the other side, poor theoreticallyafs
hammer phenomena. With a detailed analysis of the Show that appearance of 350 bar overpressure peak®t

pressure wave propagation and the dynamics of aperv impossible. We explain such huge discrepancies thi¢h
void fraction along the pipeline fact that waha events are very sensitive to inft@bding

water velocity. The new experimental system hasreno
peculiarity, two or even three independent wahantve
happen one after another separated by 10 secondsrer
A careful investigation of the dynamics of the vdridction



along the tube during the flooding clearly showattim a
longer tube(now 5 meters long former was onlyhgye is
enough room for two steam bubble formation. OQuentc
analysis shows that it is even possible to obtdine
independent WAHa pressure peaks via
simulation. Besides the flooding velocity, the méews of
the steam from the dome of the steam generatociigical
physical parameter as well. Unfortunately this pzeter
cannot be measured till now, but serious work igriogress
to recondition this incompleteness.
Further theoretical investigations are
illuminate all details.

In contrast to large system codes like REALd®5
Trac we have the source code of WAHA3 which is
transparent and flexible to apply it to other tplmase
flow systems.

Recently, we modified our model and created
realistic two-phase liquid-steam table for mercuwe
performed calculations to simulate pressure waames
cavitation effects in the planned European Spaltati
Source (ESSY.

As a long term interest we also plane to itigate
other liquid metal (e.g. bismuth-lead eutectic) teys>
or liquid helium which can be interesting as a oupl
media for new type of nuclear reactors. Liquid rheta
systems can operate on low (some bar) pressurdarel
much larger heat conductivity than water which can
radically enhance thermal efficiency.

in progress

NOMENCLATURE
A pipe cross section (F‘n)
C, internal friction coefficient (kg/n41)

CVM virtual mass term (N7n3)
e, specific total energy [e = u +2\/2] (J/kg)

F

g gravitational acceleration (n%/$
h, specific enthalpy [h=u+@ ]

gwan  Wall friction per unit volume (N/rb)

(J/kg)
p pressure (Pa)
p, interfacial pressure ;p=pa (1-a) (Pa)

Qij interf.-liq./gas heat transf. per vol. rate (V\?/)n

t time (s)
u, specific internal energy (J/kg)

v; velocity (m/s)

v, relative velocity (y =v, -v;) (m/s)

r g

w pipe velocity in flow direction (m/s)

X spatial coordinate (m)
rg vapor generation rate (kglan)l
a vapor void fraction

0, density (kg/nt)

numerical
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& pipe inclination

N
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