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Abstract—Liquid can be brought to a superheated state by means of very rapid depressurization. Such
situations are typical for pipe rupture accidents, which can occur in processing equipment and have to
be taken into account, for example, in the design of nuclear power plants with water-cooled reactors. An
experimental investigation was carried out using a horizontal pipe attached to a pressure vessel. Rapid
depressurization was achieved with the use of a rupture disc assembly. The paper describes the most
important test results, a method for calculating the pressure undershoot below the saturation pressure and
a simplified model of expansion wave propagation with vapour bubble generation in superheated liquid.
On the basis of this model, the density of nucleation sites and the evolution of pressure and void fraction
in the two-phase mixture can be estimated.
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1. INTRODUCTION

The hypothetical large break loss-of-coolant accident (LOCA) of a pressurized water nuclear
reactor (PWR) is initiated by a sudden rupture of the primary coolant piping. A depressurization
wave is created at the break and it propagates in both directions into the system. The pressure in
this wave falls from the initial ~16 MPa to a value well below the saturation pressure
corresponding to the initial temperature (& 300°C). Thus, for a certain amount of time the coolant
is in a metastable state before the nucleation process is triggered. The extremely rapid growth of
vapour bubbles in the superheated coolant has an explosive character.

The phenomenon of pressure undershoot (i.e. the decrease of pressure below the corresponding
saturation pressure) was observed in the now classical blowdown tests by Edwards & O’Brien
(1970) and later on in other blowdown experiments as well (e.g. Rousseau & Riegel 1977, Wolfert
1976; Lienhard et al. 1978; Hall & Ericson 1979; Isaev & Pavlov 1980; Havelka er al. 1985). In
these experiments, however, the main goal was the investigation of critical two-phase flows.
Extensive studies of the behaviour and properties of superheated liquids and the physics of vapour
bubble nucleation were carried out by Skripov and his group (Skripov 1972; Skripov et al. 1978,
1980, 1984; Isaev & Pavlov 1980; Bajdakov er al. 1983) with different liquids for a wide range of
thermodynamic parameters. The tests were performed on small-scale laboratory equipment and
had a rather fundamental character. Transferring the results to full-scale engineering systems with
technical surfaces and technical coolants was not straightforward.

An investigation of the depressurization process directly related to the issue of LOCAs was
reported by Lienhard e al. (1978; Alamgir er al. 1980; Alamgir & Lienhard 1981). The tests were
carried out on 10.8 m long horizontal pipes with 12.7 and 50.8 mm i.d.s. A special method was
developed for simulating the sudden pipe rupture and depressurization rates up to 200,000 MPa s~
were reached. Water was used as the working liquid and thermodynamic parameters typical for
a PWR were covered.

The most important conclusions derived from the investigations described above were as
follows:

o Depressurization is stopped abruptly by an explosive bubble nucleation process
causing, in its turn, a certain increase in pressure. After that, pressure remains
almost constant for a relatively long period of time (= 100 ms).
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e The pressure undershoot shows a strong dependence on the initial temperature of
the coolant and a weaker dependence on the depressurization rate.

e The propagation velocity of the depressurization wave does not differ from the
local sound velocity in the liquid.

o The purity of the liquid does not significantly affect the pressure undershoot.

The main purpose of this paper is to report on the investigation of the depressurization process
in a configuration closely simulating the geometric and thermodynamic conditions of a PWR.

2. TEST FACILITY, INSTRUMENTATION AND PROCEDURE

The test facility consisted of a scaled model of the WWER-type PWR vessel and its internal
structures. The model had two nozzles simulating the inlet and outlet nozzles of the primary circuit
piping. To one of them a 1700 mm long, 88 mm i.d. horizontal pipe was attached. The system was
heated by electrical resistance rods and pressurized using a compressed air pressurizer.

A series of 13 tests was carried out with varying initial parameters of the coolant and different
diameters of the discharge diaphragm. The initial temperature of the tests varied from 130 to 300°C
and the initial pressure varied from 8 to 12.5 MPa. A schematic drawing of the discharge channel
is given in figure 1. Pressure and temperature gauges were located at the same cross-sections with
a 200 mm distance between them. All the gauges were mounted in a horizontal plane at the level
of the discharge channel axis to exclude the influence of temperature differences between the top
and the bottom of the channel. Pressure transients were measured with piezoelectric transducers,
for temperature measurements coated NiCr-Ni thermocouples were used. The pressure transients
were recorded on a multichannel tape recorder and then digitized at lower tape speeds
with a computer-based data acquisition system. The accuracy of the pressure and temperature
measurements was +0.1 MPa and +0.5 K, respectively.

The sudden rupture of the pipe was simulated with using a rupture-disc assembly consisting of
two rupture discs. The pressure between the discs was held equal to 50% of the pressure inside
the test facility. To initiate the experiment, the pressure between the discs was rapidly raised, forcing
the outer disc to break. After that, the inner disc was ruptured by the pressure inside the test section.
Using this miethod, the depressurization rates ranged from 10,000 to 40,000 MPas™'.

3. DISCUSSION OF THE EXPERIMENTAL RESULTS

3.1. Depressurization wave propagation velocity

This velocity was evaluated from the pressure transients measured at different locations of the
discharge channel. Due to the high velocity and small distance between the pressure gauges, the
error of this measurement ranges from 15 to 20%. The deviation of the measured propagation
velocities from the local sound velocities was never > 18%. The change in the local sound velocity
caused by the elasticity of the pipe wall was found to be negligible for the 10 mm thick pipe wall
(this effect was “‘hidden” in the error bound of the measurement).
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Figure 1. The horizontal experimental channel.
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Figure 2. Pressure transients for three different initial tem-
peratures: 1—7T = 299°C; 2—T =254°C; 3—T = 240°C.

Figure 3. Pressure undershoot data.

3.2. Amplitude of the depressurization wave

For the analyses of the expansion wave measured at a location adjacent to the discharge
cross-section a larger set of test data was available, including those from previously performed test
series with short discharge channels. The amplitude (p, — pnia) Of the wave can be divided in two
parts:

Po— Puin = (Po — Ps) + (Ps = Prain)- (1]

Here p, is the initial pressure, p, is the saturation pressure corresponding to the initial temperature
and p,,;, is the minimum pressure behind the depressurization wave. The first term in [1] is given
uniquely by the initial conditions of the coolant, whereas the second gives the pressure undershoot
below the saturation pressure. It is this term which is in our scope of interest.

The pressure transients for three different initial temperatures are plotted in figure 2. The pressure
undershoot data and a least-squares fit representing the dependence of pressure undershoot on
temperature are shown in figure 3. The rather widely scattered data indicate the existence of other
parameters affecting the pressure undershoot.

The initial pressure has no significant influence on the pressure undershoot, as can be seen from
figure 4 where pressure transients for three different pressure levels are plotted.

The depressurization rate proved to be an important parameter. It can depend on a large variety
of parameters and conditions (diameter of the discharge cross-section, material and physical
properties of the rupture discs, mass of the rupture discs, initial pressure and others). As it is almost
impossible to find explicit functions describing these complex dependencies, the depressurization
rate was treated as an independent parameter.

3.3. The reflected pressure wave

The pressure transients measured in our tests begin to differ from those registered in the earlier
investigations described above (in all of them a blowdown pipe with a closed end was used) from
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Figure 4. Pressure transients for three different initial pressures: 1—p = 7.9 MPa; 2—p = 10.1 MPa;
3—p = 11.5 MPa.
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the moment when the reflected pressure wave reaches a given cross-section of the pipe. The
depressurization wave propagates along the pipe and it is partially reflected as a pressure wave at
the entrance of the pipe into the large volume of the vessel. The behaviour of the reflected wave
is strongly dependent upon the thermodynamic conditions in the pipe behind the primary
expansion wave. From this point of view, the tests can be divided into two groups with a
qualitatively different behaviour of the reflected wave.

The “low temperature” group with initial temperatures <220°C is characterized by a negligible
pressure undershoot and an oscillatory high-amplitude reflected wave behind which single-phase
flow conditions are resumed. The reflected wave is strongly attenuated only in the close vicinity
of the discharge cross-section where a two-phase mixture persists following the onset of nucleation.
The pressure transients at different locations along the pipe are shown in figure 5.

For the *high temperature” group with initial temperatures >260°C (figure 6), the pressure
undershoot is significant so that a non-equilibrium two-phase mixture exists behind the expansion
wave along the entire discharge pipe and the reflected wave is quickly attenuated and does not have
an oscillatory character in the two-phase region.

4. THEORETICAL ANALYSIS

4.1. Mechanism of nucleation in a rapid depressurization process

[t is well-known that homogeneous and heterogeneous nucleation mechanisms participate in the
process of vapour bubble generation. Homogeneous nucleation caused by thermodynamic
fluctuations becomes predominant in the region close to the spinodal line of the liquid. In our tests
the pressure undershoot was far from reaching the spinodal limit. Nevertheless, the depressuriz-
ation stopped very abruptly and was followed by a short-term but rapid pressure increase. This
indicates an explosion-like nucleation phenomenon characteristic for homogeneous nucleation.
Alamgir & Lienhard (1981) assumed that in this case the homogeneous nucleation limit was reached
on the two-dimensional surface of the pipe wall. A similar assumption was made by Skripov et
al. (1980). They came to the conclusion that the nucleation phenomenon in a rapid depressurization

P2 L P3

L s L L A L 1 1

0 4 8 12 ms 16 0 4 8 12 ms 16 0 4 8 12 ms 16
T v T

Figure 5. Pressure transients at different locations along the discharge channel for T, = 220°C.



RAPID DEPRESSURIZATION AND VAPOUR BUBBLE GENERATION 793

14 T T T T T T T T T T T T T T T

MPa
10

2 1 1 1 L 1 n A L 1 L 1 Il 1 I I

0 4 8 12 ms 16 0 4 8 12 ms 16 0 4 8 12 ms 16
v T T

Figure 6. Pressure transients at different locations along the discharge channel for T, = 290°C.

process cannot be described by the classical “gas in a surface cavity” model but rather that it is
caused by the same mechanism as homogeneous nucleation, i.e. by thermodynamic fluctuations,
only with a much lower value of activation energy due to the heterogeneous origin of the nucleation
sites.

The pressure transients measured in our tests indicate that such assumptions are reasonable even
for large-scale equipment. This enables us to use the theory of homogeneous nucleation to describe
the vapour bubble generation in a depressurization process after introducing appropriate correction
factors.

4.2. Correlation for the pressure undershoot

From the theory of homogeneous nucleation (e.g. Skripov 1972; Skripov et al. 1980), it follows
that the bubble nucleation rate J (the number of bubbles generated in a unit volume per unit time)
is given by the formula

W
J=ND exp(—ﬁf) , [2]

where N is the number of molecules in a unit volume, D is the kinetic coefficient, & is Boltzmann’s
constant and T is the thermodynamic temperature. The critical work W, (the work necessary to
create a bubble capable of further growth) is

3
W= 16no ' B3]

U 2
3<ps—pL>2(1 —;)

sG

Here ¢ is the liquid surface tension, p, and p_ are the saturation pressure and liquid pressure,
respectively, v, and v are the liquid and vapour saturation specific volumes, respectively. For
heterogeneous nucleation the critical work is much lower compared to its value for homogeneous
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nucleation. To account for this, the heterogeneity factor ¢ was introduced in the works of Skripov
(1972) and Alamgir & Lienhard (1981). The critical work will then be

Wi=oW. (¢ <l (4]
The term W /kT is called the Gibbs number (Gb). From [3] and [4] it follows that
W W, 16n0°
Gb== =g == o —. [5)
3T (p, - pL)2<1 - fﬁ)
sG

From this formula the pressure undershoot can be calculated provided the values of Gb and ¢ are
known. Alamgir & Lienhard (1981) derived their correlation for the pressure undershoot by making
an assumption about the value of Gb and calculating the heterogeneity factor ¢ from experimental
data.

To calculate the pressure undershoot the values of Gb and ¢ themselves are not essential.
Therefore, we considered the term Gb/¢ as a single unknown variable and searched for a
correlation in the form

25D @) )
The initial temperature T, and the depressurization rate £ were found to be the most important
parameters affecting the pressure undershoot. However, the influence of £ was much smaller than
the influence of T,. For this reason the correlation for Gb/¢ was developed in the form [6], where
the function f,(Z) played the role of a correction to the more important functional dependence
fi(T). A set of more than 100 data points containing our own data and available data from
Edwards & O’Brien (1970), Skripov et al. (1978), Lienhard et al. (1977) and Rassochin et al. (1977)
was used to develop the correlation, which has the following form:

log fi(T,) = 11 —0.02747, (7N
and
f[(Z) =362 %%, [8]

In these empirical correlations, the units of T, and X are degrees Kelvin and MPa s ™', respectively.
The units of the numerical factors in [7] and [8] are such that they make the functions /| and £,
dimensionless. The pressure undershoot is then calculated from the formula

167’[0’3 1/2

2
3kTo<1 —f—) FTNE)

Ps — Pmin = [9]

S

All the available data are approximated by this correlation with a mean relative error of 16%
(figure 7). It is valid in the temperature range from 100 to 310°C and depressurization rates from
400 to 200,000 MPa s~'. The earlier correlation due to Alamgir & Lienhard (1981) approximates
the same data set with a 21% mean relative error. It should be noted that it was mostly our own
experimental data which were not approximated well by this earlier correlation.

Curves representing the dependence of the pressure undershoot upon temperature, based on [9],
are presented in figure 8 for different values of the depressurization rate. The maximum pressure
undershoot is reached for temperatures of about 320°C. For temperatures < 200°C the undershoot,
and hence the thermodynamic non-equilibrium of the coolant behind the expansion wave, are
negligible.

4.3. The pressure and void fraction evolution behind the depressurization wave

As a reference, we shall use a slightly idealized pressure transient curve measured near the
discharge cross-section and plotted in figure 9. The pressure decrease stopped at the value p,,;, and
was followed by a steep pressure increase lasting for about ! ms. The pressure then remained
practically constant for a period of 210 ms (the so-called quasi-static pressure). In the following
theoretical considerations the reflected pressure wave is not taken into account.
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Figure 7. Comparison of the measured minimum pressure data with those predicted by [9].

For low void fractions, the density of the two-phase mixture is

p=p(l—e¢) (10}

The volumetric void fraction, which is being developed during the depressurization process, can
be expressed by the integral

8(t,z)='[’J[p(r, 2)]- V(@ —-1)dr, [
o

where V(¢ — 1) represents the volume at time ¢ of a bubble generated at time 7 and J is the
nucleation rate corresponding to the pressure p. Assuming a one-dimensional isoentropic process
we introduce [10] and {11} into Euler’s hydrodynamic equations:

op 0

and
ow ow op

After some algebra, we arrive at a rather complicated non-linear equation which after linearization
gives
1 0% 10% 8%

- - £f5r_ - “£_-= 14
pLcd 0tr  p 0z%  oOr? [14]
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Figure 8. Temperature dependence of the pressure undershoot.
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On the Lh.s. of [14] stands a wave operator and on the r.h.s. a term representing the vapour
generation process. The model described was first proposed by Isaev & Pavlov (1980). We used
a different method of solution for [14]—the Laplace transformation. The initial conditions are as
follows:

0
p(1=0.2>0)=p,, 6—1;(1‘=O,220)=0. [15)
A boundary condition of the Dirichlet type is assumed at the open end of the pipe:
L _)pe— 21, 1< At
p(tzo""o)—pB(l)_{a [>At. [16]

Here p, is the outer pressure at the open end of the pipe and At is the time interval which it takes
to reach the pressure p, at the open end of the pipe.
The solution of [14] has the form

z ! z\dV(t —
pt,z)=pglt —— +pLCLZ JdT—— Mdr. [17]
CL 2 0 (&7 dt
The nucleation rate was approximated by an exponential function.
J(p) = A exp(—Bp), (18]

where 4 and B are temperature functions which do not depend on the pressure. Correlations for
A and B were derived from the experimental data.

To express solution [17] in an explicit form it is necessary to know the function describing the
bubble volume growth in time. In general, such a function has the form

Vit —1)=b(t — 1), (19]

where the values b and # depend on the selected model of bubble growth. For the simplest
models—inertial and thermal—we have n = 1 and n = 1/2, respectively. It is well-known (e.g. Jones
& Zuber 1978) that in a variable pressure field the growth rate is different. For the saturation
temperature changing proportionately to t™, the bubble radius grows proportionately to 7 =" *'2,

Performing several mathematical manipulations with solution [17]) and using the Laplace
asymptotic method (De Bruijn 1958) to estimate the integral in [17], the first approximation of the
solution can be expressed as

dV(t - Tmin) n 1 BZ(t - Tmin)
L,z)= min % —J min ~ Doy f| ————" ’ 20
p.2) = Prin +3pLCLZ & (Prin) szer[ NG [20]
where 1., denotes the time when the minimum pressure was reached at a given location, J(p,)
is the maximum nucleation rate reached when p =p,,, (i.e. © = 1,,,,). The explicit relation for
J(Pmin) Was found from the condition

op
- =0. 21
<at >r = Tmin [ ]
08 ———pp
£
123
06
- - = ps
04 [—"V Pgs
————— Pmin
0’2 1 I | 1 1
0 10 20 ms
T

Figure 9. A typical pressure transient curve near the discharge cross-section.
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The function erf in [20] reaches the value 1 very quickly, its time constant being
N

BX’

giving a value between 0.1 and 1ms for our tests. For (¢t —1,,) =21, the function
erf[BZ (t — Ty )/ﬁ] is practically equal to one. This shows that the function erf describes the rapid
pressure increase after reaching the minimum, whereas further on it is only the term dV (¢t — 1,,)/d¢
that is responsible for the pressure evolution. As mentioned before, in the tests a relatively long
period of pressure stabilization was observed after the initial increase (see figure 9). This
corresponds to the case dV/dr = const or n =0.33 in the bubble growth model.

The asymptotic integral estimate method can also be used to find a first approximation of the
volumetric void fraction from relation [11]:

(22]

Tert =

BZ(I - Imin):| ) [23]

8(’) = \/EV(I - Tmin)'](pmin) El'f erfl: \/i

Here again there is a short-term rapid increase in the void fraction, represented by the function
erf[BZ (t — Ty )/\/5], and a long-term evolution given by the bubble volume V(¢ — 7,,,). With the
earlier assumption of dV'/dt = const we have a linear void fraction increase. Indeed, the measured
void fraction transients (e.g. Edwards & O’Brien 1970; Rohatgi er al. 1981/83) indicate a linear
increase in void fraction after the onset of nucleation.

Equation [23] has the following structure (for erf[BX(t — ‘Cmm)/\/i]-—bl)i

void fraction = const x bubble volume.

Thus, the physical meaning of the constant is the density of the nucleation sites:

1
Nnuc =V zn‘l(pmin) -BE . [24]

An analysis of this formula shows that the nucleation site density increases with temperature. In
the temperature range of our tests the nucleation sites density varied from 10° to 10" m~3.

5. CONCLUSIONS

The experimental results and theoretical attempts presented in this paper allow us to specify
certain characteristic features of the depressurization process in a horizontal pipe attached to a
pressure vessel:

(1) For initial temperatures >240°C there is a significant pressure undershoot below the local
saturation pressure and thus the thermodynamic non-equilibrium has to be taken into account.

(2) The rapid depressurization of hot water is stopped by explosion-like vapour generation in the
superheated liquid, leading to a steep short-term increase in pressure followed by a relatively
long period (from 10 to 100 ms) of quasi-static pressure. Such pressure behaviour can be
disturbed by a pressure wave generated at the entrance of the pipe into the vessel. Nevertheless,
unlike the pressure transients inside the pipe, the pressure transient at the discharge cross-sec-
tion is almost unaffected by the reflected wave. The behaviour of the reflected wave for
temperatures <220°C is qualitatively different from that for temperatures >260°C.

(3) The nucleation of vapour bubbles in a depressurization process can be described within the
framework of homogeneous nucleation theory after introducing empirical correction factors to
account for the decreased activation energy of the heterogeneous nucleation sites.

(4) The initial temperature and the depressurization rate are the two most important parameters
affecting the pressure undershoot.

(5) On the basis of a simplified model, the pressure and void fraction evolution consists of a
short-term rapid increase due to explosive nucleation (characteristic times ranging from 0.1 to
1 ms) and a long-term evolution given by the bubble growth rate (characteristic times ~ 10° ms).
Optimum agreement with measured pressure transients is achieved for the bubble volume
growing linearly with time.
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(6) The density of nucleation sites in a depressurization process grows with increasing temperature
and ranges from 10° to 10" m~® for temperatures between 250 and 310°C.
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