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Blowdown experiments and interpretation 

In the field of safety studies on light-water reactors» it is 
necessary to find out what may happen after a loss of coolant accident. 

Two nain problems are to be studied. In the first pcripd, during 
subcoolcd blowdown, a pressure wave propagates through the system at sonic 
velocity. The systera is rapidly deprcssurized until the saturation pressure 
is reached. This period is very fast, the duration being about 5 to 
50 milliseconds ; important forces and efforts ore applied on the structures 
of the system. 

Afterwards, the system pressure falls to the saturation pressure, 
steam is formed. The sonie'velocity is reduced, pressure waves are damped 
out, and chocked flow occurs at the break. During this period, the /ucl 

of the core are cooled by a two-phase fluid and boiling crisis rapi
dly occurs. The problem is then to acquire a perfect knowledge of the ma
ximum temperatures of the clad3. 

Before studying the heat-transfer phenomena in this transient period, 
it is necessary to have a good comprehension of the whole hydrodynamic process 
of the blowdown in adiabatic conditions. 

The CANON experiments which are being carried out in Grenoble, arc 
. intended to provide data for the development of a new theoretical ana

lysis programmed in a computer code named BERTHA, which will predict the 
hydrodynatnic phenomena of a blowdown accident. 

Description of the CANON test apparatus : 

CANON apparatus (figure I) is a horizontal pressurized water 
filled tube, 3 meters long and'10.2 cms internal diameter. The discharge 
end of the pipe is made of two rupture disks, the rupture of which is 
ordered by sinnling an air overpressure in the interval. Just upstream 
of these disks, a diaphragm is used to control the discharge flow-rate. 
The internal diameter of this diaphragm may vary from I to 5 cms. 
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The experiment consists in heating the water to the required tem
perature (from 150* C to 230* C) with a pressure above the saturation 
conditions (30 bnrs). Then, after the rupture of the two disks, transient, 
temperature,pressure, and, if possible, void fraction, arc recorded at 
several locations along the pipe, during the blowdovn. 

Ï2DE£I2tî!I£Jl ̂ as»rcnient; : * 

Four temperatures, located at the points T., T-, T_, T. are 
measured with chronv* 1-alumel thermocouples 0.5 mm diameter. 
These thermocouples arc placed in the center of the channel. Before 
an experiment, they may be vertically moved. Thus, a temperature diffe
rence of 5* C maximum has been observed between the bottom and top of the 
channel. ' . ' 

Pressure tnnasurornants 

Four pressures, located at the points P|, P2,' P3, P4 arc measured with 
KISTLER type C0C1 - Quartz piezoelectric gauges. 
These gauges have a frequency response of 180 kHz. 

* 
These pressure gauges are sensitive principally to pressure 

variations, but also to temperature variations. 

During the dopressurization, the water temperature decreases from 
the initial temperature to 100* C. This temperature evolution creates a 
parasite signal which perturbs the pressure measurements. 

To prevent this effect, all the pressure gauges are placed at lithe 
end of a small war.er~coo)c-d pipe about 160 turn long. 

Figure 2 shous three recordings,one issued front a water cooled 
pressure gauge, another from a pressure gauge which is flush with the 
wall, and, thirdly, the caturation pressure issued from n temperature peasii-
rotiicnt. 



Recording 

The transient outputs from the pressure transducers and thermo
couples are recorded on a Honeywell 1108 visicorder. 

' The signal? are recorded on ultra-violet sensitive paper. Two 
paper speeds arc needed. A high speed for recording the first 100 nsec of 
the depressurization ; a slower speed for recording the whole phenomena. 

Experimental procedure 

The tube is filled with deionized water. To avoid formation of air 
pockets, the filling is pperated in a vacuum. 

During heating, the water temperature is watched, and the pressure 
. constantly kept above the increasing saturation pressure. 

While the pressure in the pipe is increased from 1 to 30 bars, 
the pressure in the small interval between the two disks, is increased 
from I to 15 bars. The breaking point of each disk being about 20 bars). 

When the required test conditions are attained, measuring and 
recording systems arc initiated, and an air overpressure is sent into the 
volume interval between the disks, provoking first the rupture of the exter
nal, then the internal, disks. . 

Results 

All th.- tests are carried out at 30 bars. At the present time, 
only three diaphragms have been tested, having internal diameter : 

p - 5 cms , 3 cms , I cm. 

For each diaphragm, four initial temperatures arc considered : 
150° C, 180° C, 200° C, 230° C. 



Cenerally, for given initial conditions, two tests arc carried out, one 
for the study of the first 100 Billiseconds vith fast recordinp, the 
second for the vhule dépressurisât ion (with slow recording). 

Soa» results (pressure at the point P2-versus time) are pre
sented on figures 3 to 6, according to the following taMe : 

1 

( Diaphragm 
( diameter 
( cm 

: In i t i a l temperature 

! • c 
speed of 
recording 
• / s e c 

n # figure ) 

. 5 cm ; 150*C, I80"C,200*C, 5 cro/sec ! 3 I 
( 3 cm : 180*C 200 cm/sec A ) 
\ 3 era 1 150*C,180*C,200°C,230'C - 2 cm/sec 5 ? 
(• 1 cm :: 150 ,C,180 ,C,200 ,C,230*C 0,25 cm/sec : 6 ) 

• 4 * \ 

These results clearly show that thermal non-equilibrium occurs during 
the first 100 milliseconds, causing vaporization. Afterwards, equilibrium 
rapidly occurs. 

For large diameter diaphragms, blowdown is very fast, and it is 
clear that bidimensional effects are small. But, in the case of small 
diaphragm ( Ç? • I cm), the long duration of blowdown suggests that stra
tification occurs. 

Mo void-fraction measurement has been made as yet. However, this will 
be measured shortly in experiments beginning now using a neutro-absorptiou 

technique. 
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Principle^ of the ncutro-absorption void -fraction measurement s 

A rectangular neutron bean (dimension 0,5 cm x 9 cm) issued from 
the S1L0ETTE reactor in Grenoble is sent perpendicularly on a section of 
the CANON apparatus (figure 7). 

A Cadmium screen stops the thermal neutrons, thus giving a flux 
7 2 

of 10 epithermal neutrons per cm of energy between 0,625 eV and 5,5 kcV. 

This beam crosses the whole section of the CANON, is partiaHy 
thcrmalized by the water (which has a very high modérâting-power, arrives 
on a BP3 neutron-counter, probccted by a new cadmium screen so that only 
non-thcrmalized neutrons are counted^ This method was choosen because the 
stainless steel walls of the CANON are totally transparent to epithermal 
neutrons ; in these conditions the sensitivity of the measurement may be 
excellent. Thus, the numbers N of neutrons registered by the neutron-counter, 
with the CANON apparatus empty or full of water is such that : 

N. (empty) ' # 
N (full of water; 13 

On the other hand, it is observed that, with the same void-fraction and 
whatever the vapour distribution in the pipe, a constant counting is 
obtained. A test in which the vapour volume is replaced by aluminium 
(having identical ncutronic-propcrtics) shows that for different shapes 
of aluminium (see. sketch below) similar rcsnlcs arc obtained. The error 
is less than 37.. 

Calibration of this method is now in process. 
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Interprctation of the CANON tests with the BERTHA code 

Main hypgthgsisof_the .code 

At the present time, the most widely used models to the 
simulation of blowdown and critical flow, are homogeneous equilibrium 
models (I) , (2) , (3). 

In these models, the only parameter of adjustment is the slip 
ratio, which must assume very high values, values that cannot be veri
fied experimentally. 

Experimental works by Fausfce have shown that the true slip ratio 
is weak in a two-phase-fluid for pressures above IS bars. Secondly, 
Rëocreox (4) has shown in his experiments of flow at high gradients that 
thermodynamic equilibrium docs not exist. Consequently, it appears clearly 
that, in the dcprcssurization of pipes, the non-equilibrium parameter is 
more important than the void fraction parameter. 

Taking these considerations into account, the following 
assumptions arc made for our one-dimensional model : 

- The liquid and vapour phases have the same velocity, 
- The pressures of each phase are equal in a cross-section. 
- The vapour-phase is in thermodynamic equilibrium. 
- The liquid phase is in non-equilibrium ; the mean temperature 

of this phase being different from the saturation temperature. 
- The energy transfer from one phase to the other is proportional 

to the temperature gradient in the liquid, at the interface. 

This energy transfer is principally controlled by conduction. 
The conduction problem around a vapour bubble is complex and 

has been dealt with by Edwards (5). We retain here only an approximated 
solution of the problem. 

Finally, we assume that all the bubbles of a given section in the 
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pipe are simultaneously formed after a delay-time on reaching -saturation 
conditions. The bubbles are spheric and of equal dimension. 

Equations 

With these hypothesis, the equations are : 

2? 3-t Ptf 9U cts 
Conservation of mass : •+ Ç —— **• U—*- s — • (1) 

9t '* «fe S tii 

[ 7k ou \ "dp - "i 

—- -f U-T— \+ *r— « -T-eqcas.0 (2) . 

Conservation of energy: ^f- -t U ~ — -h f / / -? -^- ~ ~ U-& ** 0 (3) II 

(dissipation factors are neglected) 

In these expressions, ve take -

3 - /'—*)£. * <*jv 
Hypothesis of vapour thermodynamic equilibrium : j /> /L 1 

"" of liquid non-equilibrium : 

in which Sfc<) i s the specific exchange surface and d) the energy flux 
between the two-phases. 

Some authors (6) have written that © may be : 
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In our opinion, it is necessary regarding the very fast evolution of the 
flow during the blowdown, to take into account the conduction flux in a 
narrow liquid layer surrounding a bubble. Under these conditions, it can 
be shown that an approximated solution of the conduction equation leads 
to the following equation : 

The equations (I) to (5) with the state functions of vapour and liquid : 
9*m£m+(f>) . $>e- Sefa'^c) » M y b c 8 o l v e d relative to 
the five unknown values : «<(z,t), p(z,t), u(z,t),^ (z,t), 0(z,t). 

The numerical method we have choosen is the method of characteris
tics , this system having 5 real characteristics, which are '• 

- lé f-J it>h>es) A. 

This expression of C is identical with the expression of sound velocity 
obtained by Fauske (7) in a bubbly flow.. 

On each characteristic direction, we have to integrate a charac
teristic equation. For this integration, we use a finite difference schc-
ma. This method entails a time step such that : 4r •» /cHT-*c' ' 
This time step is very small as long as ebullition does, not take place in 
the pipe, because of the very high sound velocity. But, when vapour appears, 
the decay of sound velocity allows acceptable time steps. 



Adjustment of the model on CANON experiments : 

By the method of.characteristics the propagation of pressure' 
wave? in the first milliseconds of the depressurization of the pipe 
CANON can be studied. Thus, just after the rupture of the dish, a rare
faction pressure wave propagates and reaches the end of the pipe in about 
3 milliseconds ; then it is reflected and on its way back, it is perturbed 
by the vapour created after the passage of the initial vave. 

The phenomena of the first 10 milliseconds of the depressurization 
are shown in figure 8 by a series of 21 pressure profiles, every 0.5. mil
liseconds. Wc sec that, at the time 3 m/sec '(profile 6) the pressure vave 
reaches the end of the pipe, is reflected and as it is reflected (profile 7 
to 12) causes the pressure to fall significantly. 

For this example, we have taken a too high delay-time of vapori
zation of 3 m. sec. Consequently, ebullition at the end of the pipe, begins 
at the time 6 in.sec. This vaporization increases the pressure (profile 13 
to 18). still it reaches the saturation pressure. 

'In this example, it can be seen, that the pressure at the end of 
the pipe has fallen below zero. In fact, we have never observed such a 
pressure drop in our experiments. These low pressures are due to the fact 
that we have not taken into account the elastic contraction of the wall 
of the pipe and that the actual delay time is smaller than 3 m.occ. 

The parameters of adjustment of the BERTHA code thus arc the fol
lowing : 

*"£ ; delay-time before bubble formation 
H : bubble number per unit volume 
u : thickness of liquid layer around â bubble. 

Thic effect is shown on figure 9. If. is evident th.it an increasing 
delay-time gives an incrc.-isc in the instantaneous pressure drop, numerically 

http://th.it
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leading even to negative pressures at the enrf of the pipe. In feet, we I 
have not observed such pressure drops, and we estimate consequently that { 

î the delay-time is near zero (less than I m.sec). The correlation given by f 

Edwards (5) agrees vith our ascertainings. Nevertheless, we have noted ex- | 
pcrimentally that the initial pressure drop depends on the quantity of dis- f 
solved gas in water. 

Effect of bubble-number 

The bubble number N in the BERTHA code allows the exchange surface 
to be defined as the flow pattern is bubbly flow. Then we write this ex
change surface : S(o<) . » C t T ^ ) • C3"*.)"* . 

The effect of the bubble number is shown on figure 10. For N » 10' I 
bubbles/m* , the pressure increase is too slow. . I 
For N = 10'' bubbles/iû , the pressure increase is too fast. 
A number N between 10? and 10' is satisfactory for interpretation of the 
CANON experiments. This number is in good agreement with the Edwards cor
relation (5) which is a function of the surface tension and the pressure 
drop below saturation. 

Effect_ of;.thç, .tHckness^of. the liguidla^er_arpund^aj bubble 

This effect is shown on figure II. It can be seen that, for 
y • 0.01 mm (which corresponds-to a time constant of 5.10~* sec) there 
is no inertia effect of the liquid layer. For y «• 1 mm, the inertia effect, 
is too- high. A thickness about 0.1 mm agrees very well with the experiments. 
With increasing bubbles, the void fraction «K will rcache a value near 
0.30. Tliis void fraction corresponds to a bubble diameter equivalent to the 
distance between contiguous bubbles. Under these conditions, the bubbles 
coalesce and a decrease in specific surface must be considered. S(o<) is 
taken proportionnai to (I -o<) .!* 

The figures 12, 13, 14 show results of pressure decrease obtained 
with the coJo and compared with CANON experimental data for different initial 
condition» of temperature and diaphragm diameter. It can be noted that a 
groat precision on the surface area is not neodc. 1 in the second period of tlfo 
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depressurization because energy exchanges become small. 

Conclusion 

Both CANON experiments and BERT11A code are carried out with the •• 
aim of understanding the hydrodynamic phenomena of depressurization. 

This vork is considered as sn essential stage before going on with ! 
depressurization studies in the OMEGA loop, vhich will begin shortly. ; 

The CANON experiments which areccarricd out under adiabatic conditions, 
are a means of checking methods of pressure and temperature measurements. 
They allow, at" the present time, the development of a new technique of void ; 
fraction measurement by absorption of cpithermal neutrons. In particular, this ; 
method would allow the measurement of the mean void fraction in a section of { 
the channel every one or two milliseconds. 

The BERTHA code is a one-dimensional model with the hypothesis of 
equal veloc.'ty of each phase, but taking into account a thermodynamic non-
equilibrium. The energy flux at the interface between the phases is evaluated 
with a conduction model in the liquid layer at this interface. 

The numerical method employed is the characteristic method. 

This method is very slow as soon as the flow is in liquid phase, but it 
leads to an acceptable time-step in two-phase flow. Consequently this method 
is relatively well adapted to the problem of blowdown in which the fluid 
remains in liquid phase only during a few milliseconds. 
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FIG: 7 Principle of the neutro-absorption void-fraction measurement 
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Pressura profiles during fhs first 

10 milliseconds of deprescurizaflcn 



30*" ? P bars 

FIG : 9 Effect of delay time z on pressure variation at pornt Pz 
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FIG:KZ Comparison between measures and theoretical data of pressure Pz 
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FIG: 43 Comparison between measures and theoretical data of pressure P2 
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