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Smmtary 

It is suggested a fast and accurate computation method 

for the prediction of mass flowrate in critical flows 

initially subcooled liquid from "long" discharge channels 

(high LID values). 

Starting from a previous very simple correlation propo

sed by the authors, further improvements in the model 

enable to widen the method reliability up to initial 

saturation conditions. 

A comparison of computed values with 1U5 experimental 

data regarding several investigations carried out at the 

Heat Transfer Laboratory (TERMIISP, ENEA Casaccia) shows 

an excellent agreement. 

The computed data shifting from experimental ones is 

within ± 10% for almost all data, with a slight increase 

towards low inlet subcoolings. 

The average error, for all the considered data, is U,6%>. 
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INTRODUCTION 

In nuclear reactor safety analysis, the most frequent 

incidental sequences are those starting with a break 

in the primary loop. 

Over the last years studies about this kind of accident 

have been intensified for the growing and growing impor

tance ascribed to breaks of small tubes or small breaks. 

In fact, in a "small break LOCA" the transient behaviour 

is generally very different from a "large LOCA" situa

tion, and therefore less studied factors become of in

terest. 

A primary loop break in a Light Water Reactor gives pla

ce to a coolant leakage with a flowrate depending on 

break shape and on fluid thermodynamic conditions. 

In a Pressurized Water Reactor situation, during the 

first stage of the transient the coolant is, inside the 

pressure vessel, in a subcooled condition. The duration 

of this stage depends on core depressurization rate, and 

it is, therefore, linked to the issuing flowrate, the 

removed heat and the high pressure injection system 

charact eri sties. 

For a small break LOCA, the subcooled flow regime can 

last up to few minutes, and it may be regarded as a 

primary phenomenon for the accident evolution analysis. 

Critical flowrate computation of initially subcooled 

water shows remarkable difficulties due to either ma

thematics hardness,and to the description of phenomena 

such as thermodynamic nonequi 1ibrium between the phases, 
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slip ratio etc., for vhidi an exact theoretical descri

ption is missing. 

Computing methods employed nowadays in codes are very 

complex and take a long computing time. 

In the present paper it is suggested a relatively simple 

computing method, obtained with the introduction of 

theoretical, simplifying hypotheses and with the employ 

of semi- empirical correlations proposed by different 

authors. 

Such a method is based on a very simple correlation 

previously presented by the authors | 1 ] , that has been 

modified to make it more representative for low inlet 

subcoolings. 

Many indications have been deduced by a computing method 

proposed by J.C. Flinta [ U J , wich shows a good descri

ption of phenomena in very simple terms. 

EXPERIMENTAL APPARATUS 

Comparisons with experimental data have been made both 

for correlations' choise, and for the evaluation of the 

method accuracy. 

Experimental data have been performed with two experi

mental loops, at Heat Transfer Laboratory - CRE Casaccia 

ENEA, named JF 1 and JF 2, and characterized by diffe

rent scales, geometry and design philosophy. 

JF 1 loop, in a smaller scale, is schematically represer^ 

ted in fig. 1. It consists of two vessels the capacicy 

of which is 100 litres each, an electric (10 KVI) heater 
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and a centrifugal pump. The vessel S. i s filled to ca

pacity with degassed and deminerali zed water and simu

lates the reactor vessel. The vessel S_ is partially 

filled up with cold water and connected, as a pressu-

rizer, to Sf. 

During the initially subcooled liquid tests the hot 

water flows out from the top of S , whilst the cold 

water, coming from 5 - , enters the bottom of it through 

a turbine flow rate. 

The employed test sect ions consist of straight tubes 

instrumented with pressure taps and thermocouples. 

Their geometry varies both for inner diameter (D*l,63 

and U,61 mm) and for length (LID = 100, 300J. 

JF2 loop is schematically drawn in fig. 2. The vessel 

capacity is of 160 litres and the heating power is of 

20 KW. 

The discharge mass flow rate is measured, in the case 

of liquid flow, by means of a turbine flow rate placed 

on the test section connection line, before the quick-

opening valve. 

The employed test sections are, in this case too, stra

ight tubes instrumented for pressure and temperature 

measurements. The inner diameter is 12,5 mm, whilst the 

LID values are the same of JF 1 loop's test sections. 
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THE PROPOSED METHOD 

In [ 1 ] has been proposed the simplifying hipothesis 

for critical mass flow rate calculation with the assump

tion that the saturation conditions are reached in 

corri spondence with the discharge channel outlet section. 

Under such hypothesis we have 

P0-PC
 s "i 6 c 2 V * • ' L 6 C

2 V 2 D s P o * W o > U> 

where 

- K. is the inlet friction factor (K. - 1) 
i i 

- f is the liquid distributed friction factor 
(f = 0.02) 

Resolving the equation (1) respect to G it yields. 

3 [ f o - ktCTo)] (2) 

(Kj + fL /qh 

The comparison of predict ions obtained by means of (2) 

with ENEA experimental data has shown an excellent 

agreement for inlet subcooling values AT h^20 *C, 

whilst for lower values, equation (2) gives place to 

a growing underestimation of the critical mass flow rate 

(fig. 3). 

Such a behaviour is explainable with the inadequacy 

of the hypothesis P » P (To J for low inlet subcool-
Jr c sat 

ings, as, under these conditions, the two-phase region 
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inside the channel (L—p) increaseas up to extending 

ihrougi the whole channel (Lmn * Li for AT . = O. 
TP sub 

In fig. 6 the results of an experimental investigation 

[ 2} performed at Heat Transfer Laboratory with the 

employ of a visualized test section characterized by 

LID « 10, D « 2 mm (square duct) are shown. It can be 

seen that the vaporization onset point is very close to 

the outlet section for high inlet subcoolings, while it 

moves backwards for inlet subcoolings lower than 20 -
30 °C. 

To overcome such a limitation it is therefore necessary 

to take into account in (1) the pressure drops in the 

two-phase region, which lead to a critical pressure, P 

lower than the inlet temperature saturation pressure, 

P „ (To), sat 

According to the schematic pressure trend drawn in 

fig. 5, and to the symbology there adopted we obtain: 

* pressure drop />: the inlet: 

Ap.sp-P = K\-±V0 (3) 

* f riction pressure drop in the single-phase region (L ) 
sp 

A p s p - P s f•=*£ — Vp (UÌ 

* friction pressure drop in the two-phase region (L ) . 

It can be obtained multiplying the corrisponding single-

phase pressure drop by a two-phase multiplier, 9^tp 
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4? = fk*f ^v .£ (5) 

Jt lias 4>een chosen the Becker multiplier [ 3 ] 

£s-i+jio(^)x * ; 

with 

" Pcrit « 221,2 bar 

X 
- X « — j - (steam quality) 

- P = (P , + P ) 12 
nucl c 

* pressure drop due to acceleration in the two-phase 

region (L^ 1 
tp 

*&;•»•<£ (*-V m 

where 

v,«v, } v2s?j£Vy+£^\ 
«c ' 4 - « c 

being $c t/»e vo id fraction at the critical section 

* total pressure drop in the single-phase region 

ro r w ( I T
 D 2 2 
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* total pressure drop in the two-phase region 

. 1 
1? l — \ 

(9) 
D 2 

Resolving respect to L and G equations (8) and (9) 

(being L = L - L ) it yields: 

P 

From equations f l O A f l j y ancf fi ,?/ i t can 6e seen that, 

being the discharge channel geometry and the stagnation 

conditions known, L and then G are linked to the 
sp c 

nucleation pressure, P ., the critical pressure, P , 
nucl r c 

the steam quality, Xc, and the void fraction, c, 

computed for the critical conditions. 

Putting in (10) and (11) P . instead of P JT ) 
nucl sat o 

means to take into account the thermodynamic delay for 
boiling incept ion. 
According to Lackme's theory\7] , verified with our 
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experimental data /IO], P , can 6e expressed as 
*• nucl 

'rniW+ty (13) 

As far as the critical pressure, P , is concerned, it 

is convenient to use a correlation proposed by J.C. 

Flinta ( k ) , which sums up plainness and a good agree

ment with experimental data performed at ENEA in se

veral investigations [l] , [8, 9] : 

pc s P«t " t o 5 / 2 0 (P f a l /105)1 5 7 ( ,-p s i t / 7 P c r i O Ml 

The compari son with the above mentioned experimental 

data is shown in fig. 6. It can be seen how the measured 

critical pressures are almost sistematica!ly higher 

than the computed ones. Such a result was expected 

because the pressure tap, detecting the final, critical 

pressure, is placed, owing to mechanical requirements a 

little before the outlet section, in a region in which 

the pressure gradient is very steep. 

The outlet steam quality (Xc) calculation has been per

formed applying the method suggested by R.E. Henry \ $ J 

which takes empirically into account the thermodynamic 

di sequi 1ibrium: 
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X^NXgll-expC-BL,/!»] (W 

with 

r 20 20 Xc x e < o.os 

X„ equilibrium steam quality, deduced by the 

energy conservation equation 

B * 0.0523 (empirical coefficient J 

Finally for the outlet void fraction (tic) calculation 

it has been accepted the hypothesis proposed by F.J. 

Moody [ 6 ] to impose a minimum kinetic energy production 

at the critical section. It yields: 

-15)" (16) 

and then 

- ^ t (17) 

In fig. 7 it is reported the flow diagram of the pro

posed method for critical mass flow rate predictions. 
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For an evaluation of the proposed method a comparison 

with lit5 ENEA experimental data \1),[8, 9) has been 

carried ou*. In fig. 8 the ratio GexplGcalc is plotted 

versus inlet subcooling for different discharge channel 

geometries. 

The accuracy of the computing method is within +_ 10% 

for almost all the experimental data, with a slight 

tendency to get worse for critical flows with low inlet 

subcoolings. 

The average error, for all the considered tests, has 

turned out to be equal to k, 6%. 

CONCLUDING REMARKS 

A simple and reliable method for critical flows of 

initially subcooled liquid from long channels (LID>100) 

is suggested. The proposed method, although obtained 

through semi-empi ri cai correlations proposed by different 

authors on the base of experimental data independent 

sets,many be recommended for its theoretical semplicity 

and for its good accuracy, as shown in a compari son 

with a good deal of original experimental data performed 

at ENEA Heat Transfer Laboratory. 
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Fig. 1 - Sketch of the experimental loop JF 1 

Fig. 2 - Sketch of the experimental loop JF 2 
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Fig. k - Typical single-phase length trend 
versus inlet subcooling [2J . 

Fig. 5 - Typical pressure trend along the 
discharge channel. 
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Fig. 7 - Flow diagram of the proposed method. 



20 

U 
O 

1.8 

Ì.6 

° 1.4 

0.8 

0.6 

0.4-

0.2 

• • • • • *io% 

• 

0 

0 

• 

L 
0 

300 
300 
100 
100 

D 
Imml 

4.61 
163 
125 
4.61 

20 40 60 80 100 

ATsub[°c] 
12( 
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computed values according to the proposed method. 
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NOMENCLATURE. 

D 

f 

G 
c 

K. 
i 

L 

P 
o 

Psa« 
P 

c 

nucl 
P .„ crit 
s 

T 
o 

AT . 
sub 

? 
V 

X 

A 

duct inner diameter 

friction factor 

critical specific mass flowrat^ 

inlet coefficient 

discharge channel length 

stagnation pressure 

saturation pressure 

critical pressure 

nucleation pressure 

pressure at the water critical point (221,2 bar) 

slip ratio 

stagnation temperature 

inlet subcooling 

density 

specific volume 

steam quality 

void fraction 

SUBSCRIPTS 

c critical conditions 

1 liquid 

v st ea/ti 

sp single-phase 

tp two-phase 

o stagnation condition 
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