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Abstract
We investigate steam condensation induced watemear(CIWH) phenomena and present theoretical
results for different kind of pipelines. We analyhe process with the WAHA3 model based on two-
phase flow six first-order partial differential edions that present one dimensional, surface agdrag
mass, momentum and energy balances. A secondardarate high-resolution shock-capturing
numerical scheme was applied with different kindirofters in the numerical calculations. At firste
present calculations for various pipelines in théER-440-312 type nuclear
reactor. Our recent calculation clearly shows thatsix conditions of Griffith are only necessary
conditions for CIWH but not sufficient. As secorabults we performed calculations for various
geometries and compare with the theory of Chun.

Introduction

Safety of nuclear reactors is a fundamental iSduelear and thermo-hydraulic processes in the activ
zone of modern reactors are well known and welk@btled, explosions are out of question. However,
violent unwanted thermo-hydraulic transients inphiener loop may cause serious deformation or pipe
breakage. Such an unplanned transient is the CIWthermal loops of atomic reactors or in other
pipelines where water steam and cold water can auilck and dangerous transients can happen
causing pressure surges, which mean high finaagj@nses or even cost human lives.

We simulate CIWH with the WAHA3[1] model we usehiah is a complex physical model suitable to
simulate various quick transients in single and-plhase flows, such as ideal gas Riemann problem,
critical flow of ideal gas in convergent-divergemizzle, rapid depressurization of hot liquid from
horizontal pipes and column separation water hanomesven CIWH.

In the last two decades the nuclear industry d@esl@a few complex two-phase flow-codes like
Relap5[2] , Trac[3] or Cathare[4] which are fedsito solve safety analysis of nuclear reactors and
model complicated two-phase flow transients.

The model, WAHA3 has some similarities with Relapbis means that the conservation equations
are the same but the applied correlations aregligrtiifferent [1]. The main difference between the
above mentioned models and our WAHAS3 code is bigittee applied numerical scheme; other
commercial codes have a ratio of spatial and teselution which describes usual flow velocities.
WAHAZ3, however is capable of capturing shock waared describe pressure waves which may
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propagate quicker than the local speed of soun@ gecond point WAHA3 has a quick condensation
model which is not available for Relap5 and Cathare

To our knowledge WAHAZ is the only model which &pable to simulate CIWH phenomena. There
is only one theoretical study available from Chad &0[5] which gives analytical formulas for the
lower and the upper critical feed water flow raiedn effective pipe length to produce CIWH.

We tried to simulate CIWH with Relap5 and Cathardprtunately in vain. These two large system
codes have different numerical procedure whicmahle to reproduce large and narrow pressure pikes
in problems where long pipe length is combined withic velocity.

According to our knowledge, which is based on tiaes of the Relap5 and Cathare Manuals there are
no systematic study about CIWH phenomena with tbedes.

In our following study we are going to present aédtions concerning the amplitude and duration of
the pressure peak generated by CIWH. The calculafiother quantities like void fraction and local
temperatures are neglected, because these quaoétiaot be measured properly and their calculated
values are strongly model-dependent, while thespirespeak can be measured with high accuracy.

1. Theory

There are large number of different two-phase floadels with different levels of complexity which
are all based on gas dynamics and shock-wave fléedlryin the following we present the one
dimensional six-equation equal-pressure two-fluated.

The density, momentum and energy balance equétom®th phases are the following:
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Index | refers to the liquid phase and index ggas phase. Nomenclature and variables are
described at the end of the manuscript. Left hashel &f the equations contains the terms with tempor
and spatial derivatives.

Hyperbolicity of the equation system is ensuredilite virtual mass term CVM and with the
interfacial term (terms witlp, ). Terms on the right hand side are terms desgithie inter-phase

heat, mass (terms with;, vapor generation rate) volumetric heat fluxgs momentum transfer (terms
with C, ), wall friction F; ., , and gravity terms. Modeling of the inter-phasat, mass and

momentum exchange in two-phase models relies orlatons which are usually flow-regime
dependent.

The system code RELAPS has a very sophisticatedrdgime map with a high level of complexity.
WAHAS3 however has the most simple flow map withpgised and horizontally stratified regimes
only. The uncertainties of steady-state correlatiorfast transients are very high.

A detailed analysis of the source terms can bedonTiselj et al.[8]

Two additional equation of states(eos) are needletbse the system of Egs. (1-6.) Here the syfiscri
k can have two values ‘I’ for liquid phase, and f@r gas phase

P = % dp+ % duk_ (7)
op 0
k k/p

Partial derivatives in Eq. 7 are expressed usieggure and specific internal energy as an inp. Th
table of water and steam properties was calculaitda software from UCL[9].
The system of Egs. (1-6) represents the conservitwes and can be formulated in the following
vectorial form

Aa_q; + |3a_llJ =S (8)

=0t = ox
where ¥ represents a vector of the non-conservative lvimse ¥ (7, @ Vs, Vg, U5, Ug) and A, B are 6-
times-6 matrices an is the source vector of non-differential termd$e3e three terms can be
obtained from Eg. (1-6) with some algebraic marapah.
In this case the system eigenvalues which represave propagation velocities are given by the
determinant detd-A B). Animproved characteristic upwind discretizatimethod is used to solve

the hyperbolic equation system (Eq. 8). The prokkesolved with the combination of the first- and
second-order accurate discretization scheme bgdtoalled flux limiters to avoid numerical
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dissipation and unwanted oscillations which apjpedne vicinity of the non-smooth solutions.
Exhaustive details about the numerical scheme edound in the work of LeVeque[10].

3 Results and Discussion
3.1 Simulations for the VVER 440 Nuclear Reactor

In the following we will present calculations ford#ferent pipelines which are in the national raacl
power plant of VVER-440/312 type and located inf&kungary. We will see that there are 5
problematic pieces exist which might cause CIWHEH.

According to safety reasons we must not mentiereiphanumerical code or the positions of these
pipes in the original national nuclear power pl&itthe following five pipes are horizontal. We
calculate pressure-time functions 40 cm appart fiteencold water inlet.

Table | contains the tested pipe geometries wighnttohydraulic parameters.

The first pipe is L= 5289 mm long with a d = 19@n diameter. The steam pressure is p = 58 bar. The
temperature of the saturated steam is 546 K antéthperature of the cooling water is T = 294 K. The
mass flow of the cooling water is 5kg/s which isiieglent with v = 0.636 m/s. The approximate
Froude Number Fr = 0.64.

Figure 1 presents the pressure history of thepgipstline. We can clearly see that the maximalqunes
peak is about 530 bar which is huge. Our formeegrpce clearly tells us that, the absolute magdamitu
of the pressure can vary with about 50 percentpl]1dut the reliability of the model is satisfagtor
Which means, that such kind of large pressure padkappen in such geometrical and flow
conditions.
Our institute is planning to build the former pipel in the PMK-2 facility which is located at thé-KI
Atomic Energy Research Institute (AEKI) Budapestngary . It is a full-pressure scaled down
thermohydraulic model of the primary and partly seeondary circuit of the nuclear power plant of
VVER-440/213 type (VVER is a Hungarian abbreviatajrthe water-water energetic reactor). It was
primarily designed for the investigation of off-nma transient processes of small-break loss ofactiol
accidents.
Between 1985 and 2007 there were 55 different éxeerts performed on the apparatus. The group of
transients are as follows 7.4 % cold leg break$€$s), cold leg breaks of different sizes(10 Jebist
leg breaks and primary to secondary leaks(10 tastst}s for natural circulation characteristics and
disturbances(10 tests); plant transients and attsd@0 tests). Results of experiments were used to
validate thermohydraulical system codes as ATHLEATHARE and REALPS for VVER
applications.

Considering the scaling ratio interval andfthancial possibilities of the country, a 19 rodeo
model with 2.5 m heated length was selected whiadsga power ratio of
1:2070 (39.312:19 ~ 2070) and, therefore, the diveslume scaling ratio is also 1:2070. The
operating pressure of the PMK-2 is 12.3 MPa anatie thermal power is 664 kW. The heat loss for
the PMK-2 facility is about 3.6 percent of the naaliheat power. Due to the importance of
gravitational forces in both single- and two-phfise the elevation ratio is 1:1. Other important
similarity properties like the Richardson, Stantergude and the Nusselt numbers are 1:1 as well.
There are 10 integral type facilities for PWR'se§aurized Water Reactors) and VVER's in the world
like the American LOFT, the ROSA-IV in Japan, tieCTEL facility in Finland or the Hungarian
PMK-2.
Now back, to our simulations.



The 14" International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

The second pipe is L= 3643 mm long with a%D=mm diameter. The steam pressure is p = 58 — 64
bar. The temperature of the saturated steam iK%= the temperature of the cooling wateris T =
294 K. The mass flow of the cooling water is Skgfsch is equivalent with v = 2.55 m/s. The
approximate Froude Number Fr = 0.64. The presssterli has a very complex shape, but without a
well-defined CIWH pressure peak. Hence we do nduafe any figure. We must emphasize that
parallel to the pressure history we also considetitne propagation of the steam void fractionyef
cannot see any “bubble-capture” mechanism thaniwiHhappens. For a better description
see[11,12].

The third pipeline has the following geometri@ad flow properties: L = 8753 mm, d = 50 mm,
Pressure p = 58- 64 bar. The temperature of theatat steam is 546 K and the temperature of the
cooling water is T = 294 K. The mass flow of th@loaog water is 5kg/s which is equivalent with v =
2.55 m/s. The approximate Froude Number Fr = Ol64.pressure history is very similar to the former
case. Wild and quick pressure oscillations cangle@ svhich comes from the numeric, and no
overpressure peaks are present. Hence we do hadénany figure as well.

The fourth pipeline has the following featutes 8753 mm, d = 50 mm, Pressure p = 110 bar. The
temperature of the saturated steam is 591 K antéthperature of the cooling water is T = 294 K. The
mass flow of the cooling water is kg/s which is ieglent with v = 2.55 m/s. The approximate Froude
Number Fr = 0.64. Att = 0.1 sec there is a langsgure peak which might be a CIWH. We checked
the dynamics of the steam void fraction and iléscthat for this flow for such a short time (8)Ino
steam bubble can be formed and captured. The redisbe pressure peak is the following, at such a
large steam pressure in the interface relativetelanass of hot steam is immediately condensed,
causing a very local large pressure. At the same the vicinity of the cold water inlet is calledveh
causing no further large pressure variation.

In the fifth pipeline the conditions are moréetient, the steam pressure is small and the frapdi
velocity is much larger. L = 6950 mm, d = 233 mmred3ure p = 7 bar. The temperature of the
saturated steam is 438 K and the temperature afableng water is T = 294 K. The mass flow of the
cooling water is 40-50 kg/s which is equivalenthwit= 0.8 m/s. The approximate Froude Number Fr =
0.6-0.7. No spurious pressure peaks, or other ddiqghttern can be seen and no CIWH happens in this
case.

Table 1. A table of the tested pipe geometries witthermohydraulic parameters

Pipe Steam | Steam Pipe Length | Pipe Flooding | CIWH Event
Section | Pressure| Temperature | (m) Diameter Velocity | Yes/No
(bar) (K) (m) (m/s)

1 58 546 5.3 0.10 0.63 Yes

2 58 546 3.6 0.05 2.55 No

3 58 546 8.7 0.05 2.55 No

4 110 591 8.7 0.05 2.55 No

5 7 438 6.9 0.23 0.80 No
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Figure 1. The pressure history for the first pipelne.

3.2 Simulations to test the theory of Chun

In the second part of our study we present sonaeiledions where we compare our WAHA3
calculations with the results of Chun and Ho [&]tHeir work - they cite 17 different experimental
results - they state that if in a horizontal pgglug is formed then the CIWH event will happien.
their study they give formulas for the upper ansldobound, however the derivation is not

clear for us. Unfortunately, they do not presemt mumerical value for the maximal pressure peaks
during CIWH events. Our experience shows that Blugation is not a sufficient condition for CIWH.
They present large number of critical feedwatewftate versus L/D ratio results for

the upper and lower bound for CIWH for various ptes.

The L/D ratio runs from 24 up to 300 and the pressuns from 0.1 Mato 16 MPa.

In the following we concentrate on thick pipes wehthe L/D ratios are 30 or 50 .

We also examined low initial steam pressure 0.14aNtPa There are large number of calculations
needed to get the exact upper and lower feedwlateréte for CIWH.

For 0.1 MPa our calculations are still inconsistemsome cases where an exact slug is formed no
CIWH happens, but in some other cases a 1.8 MRaquzeairs.

Therefore we present our results only for the 4Md&se. Table 2 shows our upper and lower feedwater
flow rate data together with the data of Chun f® E 30 and for L/D = 50.

Note, that our results define a much broader paiemange for CIWH then the results from Chun.
In both cases (L/D = 50 and L/D = 70) our WAHA3 gsare peaks are about of 30 Mi#ach are very
large.Further work is in progress to build up a solidati@se for upper and lower limits of CIWH.
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Table 2. Comparison of WAHAS results with the resus of Chun

L/D lower flow | upper flow our lower | our upper
ratio rate from | rate from flow rate flow rate
Chun (kg/s) | Chun (kg/s) (kgls) (kgls)
30 0.15 0.155 0.24 3.24
50 0.12 0.27 0.26 7.3
1. Conclusion

We presented five simulations for five differenpgline elements which are part of the national
Nuclear Power Plant equipped with the VVER-440/842.

The numerical analysis was done with the help i@ dimensional two-phase flow model WAHAS.
With a detailed analysis of the pressure wave gafan and the dynamics of the vapor void fraction
along the pipeline the "steam bubble collapse" raedm is identified which is responsible for CIWH
in horizontal pipes.

Our theoretical investigation confirm the followistx conditions of Griffith[13] which have to be
fulfilled to produce CIWH events:

1) the pipe must be almost horizontal (max. pidination must be less than 5 degree)

2) the sub-cooling must be greater than 20 C

3) the L/D (length-to-diameter ratio of the tube)snbe greater than 24

4) the velocity must be low enough so that the pipes not run full, i.e. the Froude number must
be less than one

5) there should be a void nearby

6) the pressure must be height enough so thafisemi damage occurs, that is the pressure should
be above 10 atmospheres.

Our former experimentally measured and theorelicalculated pressure peaks are in good
agreement[11,12].

As outlook we mention that construction ofeawrCIWH experimental facility is in progress in the
Hungarian PMK-2 integral experimental device rightv. The geometry is basically the same as
mentioned for the first pipeline.

As second results we presented some calculatioesewte compared our WAHAS results with the
theory of Chun. Further work is in progress to thuip a solid database from a series of WAHA3
simulations for a large range of flow parameters geometries.
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6. APPENDIX

7. NOMENCLATURE

A pipe cross section (f)

C. internal friction coefficient (kg/rh)
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CVM virtual mass term (Nh*)

e, specific total energy [e = u +v2] (J/kg)
F,wa  Wall friction per unit volume (N/r)
g gravitational acceleration (ni/s

h. specific enthalpy [h=u+ @/ ] (J/kg)
p pressure (Pa)

p, interfacial pressure ;p= pa (1-a) (Pa)
Q; interf.-liq./gas heat transf. per vol. rate (Wm

t time (s)

u, specific internal energy (J/kg)

v, velocity (m/s)

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

w pipe velocity in flow direction (m/s)
X spatial coordinate (m)

[, vapor generation rate (kgfn

a vapor void fraction

o, density (kg/m)

J pipe inclination



