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Abstract-An important aspect of light water reactor safety is the capability to predict the maximum (or 
critical) mass flow rate from a break or leak in the primary system. During the early stages of such a 
blowdown. the water is subcooled or slightly saturated and substantial non-equilibrium conditions exist.e.p. 
the water is superheated above saturation temperature. At present, there is not a single adequate model for 
critical flow which considers subcooled upstream conditions and thermal non-equilibrium and which is valid 
for a variety of configurations. 

A simplified non-equilibrium flashing model is developed in this report. The model, which is applicable 
especially to rapidly decreasing pressures along the flow path, presumes that water has to be superheated (or 
decompressed) a prescribed amount before it starts to flash into steam and that. at a given local pressure 
below the decompression pressure. enough steam will be formed to bring the water superheat down to the 
decompression amount. In addition, the flow is assumed to be homogeneous. i.e. the steam and liquid 
velocities are equal. Finally. an isentropic process is employed to calculate the non-equilibrium steam quality 
and the critical flow rate. 

The proposed llashing model is found to satisfactorily describe the Rcocreux [I] and Zimmer er (I/. [2] 
depressurization and critical flow tests where local pressures and steam void fractions were measured. Overall 
good agreement is also obtained with the large scale Marviken tests and most other small scale experiments. 
The model may not be accounting properly for the impact of deprcssurization rate upon non-equilibrium 
conditions, and it tends to underpredict small scale tests at high pressures when the contraction zone is not 
followed by a constant cross-section length. 

A key element of the model is the liquid decompression prcssurc drop or superheat employed in the model. 
It is shown to be similar to the semi-empirical correlation of Alamgir and Lienhard [3], and a slight 

modification to their expression is dcvclopcd based upon the data of Reocreux and Zimmcr er cl. 

K0X1ESCLA’I’UWE 

flow area ; 
nozzle irreversible pressure loss coefficient ; 
diameter; 

friction factor ; 
mass flow rate per unit area; 

enthalpy ; 
heat of vaporization ; 
liquid thermal conductivity ; 
Boltzmann’s constant ; 
length after contraction ; 
Henry-Fauske constant; 

pressure ; 
Prandtl number; 

entropy ; 
critical temperature; 

temperature divided by critical temper- 

aturc ; 
critical velocity ; 
stettm quality ; 
non-equilibrium steam quality ; 
distance along flow direction. 

Greek symbols 

2. steam volume fraction ; 
AP,. decompression pressure; 

AT,. superheat tempernturc; 

11. 

I’. 

r’: 

viscosity ; 
density ; 
depressurization rate; 

average dcpressurization rate. 

Subscripts 

c. critical location ; 
e. entrance; 

r, saturated liquid; 

FSP. single phase liquid friction ; 

it. vapor ; 
L. liquid ; 
0. stagnation ; 
max, maximum permitted critical pressure; 

P. end of pipe ; 
s. Ti. saturated at entrance temperature; 

t. throat. 

Dcm~c;a Loss ofCoolant Accident (LOCAlin a light 

water reactor. pressurized water or steam-water will 

escape from a break or leak in the primary system. The 

rate ofcoolant blowdown through the break or leak is 

most important to the design of Emergency Core 

Cooling Systems (WCS) because it determines the 

depressurization rate and the time to reactor fuel 
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uncovery. The mass flux discharge depends upon the 

break or leak configuration. the upstream pressure, 

and thermodynamic propgties. and it tends to be 

choked and reach a maximum critical Row rate value. 

Considerable theoretical and experimental studies of 

critical Row have been reported. and recent reviews 

have been presented by Abdollahian et ul. [4] and Saha 

[5]. The reviews reveal that one particular type of 

critical flow has escaped full understanding to date. It 

occurs with subcooled upstream conditions which 

often produce non-equilibrium thermodynamic con- 

ditions (i.e. superheated water) at the point of critical 

flow. This metastability has been difficult to predict 

and is much more sensitive to the specific geometric 

characteristics of the break. 

A substantial number of tests and analyses have 

been attempted of critical tlow with subcooled inlet 

conditions. The experimental studies of Reocreun [I]. 

Sozzi and Sutherland [6]. and Zimmer et cl/. [2] are 

worth highlighting. Also. two analytical models are 

deserving of note: they are the two-fluid model of 

Richter [7] and the Henry-Fauske model [x]. The 

Richter model requires the assumption of an initial 

bubble diameter (taken between I x IO-’ and 

1.7 x 10-s m)and a tixcd number of bubble nucleation 

sites (gcncrally taken at 10”/mJ). In addition, the 

analysis spccifirs the constitutivc equations controll- 

ing steam water intcrfacc friction and heat transfer for 

various two-phase Ilow patterns. Whils this model has 

been found to bs the most successful in predicting the 

Marvikcn tests, it needs adjustmsnts to some of the 

inputs (e.g. the number of nucleation sites per unit 

volume must bc changed for the Rcocreux tests) and it 

requires extcnsivc computation time. t lenry Fauskc 

utilized a homogcnous flow model but assumed that 

the non-equilibrium steam quality S’ is proportional 

to the equilibrium quality ?i so that 

S’ = NY2 ‘ . (1) 

N was a constant dctrrmined empirically from tests 

and was found to vary with test geometry. In the 

Marviken tests. N varies from 7 to about IO0 in the 

course of a specific blowdown test. 

In this report. WC’ shall develop a simplified flashing 

process to predict the dcgrce of non-equilibrium. This 

flashing model combined with the assumptions of 

isentropic and homogcncous llow is then employed to 

predict the critical Howratc. In the sections which 

follow, we shall first discuss the physical characteristics 

of critical flow under subcooled inlet llow conditions. 

Next. based upon the observed characteristics, a 

flashing process will be &fined and the critical flow 

conditions prcdictcd. A comparison of the proposed 

model with Marvikcn and other data wiil follow. 

*A constant stagnation enthalpy process may be more 
appropriate in the dilTuser section and it would give similar 
answers in this case. 

CHARACTERISTICS OF CRITICAL FLOH 
WITH SCBCOOLED INLET COSDITIOM 

Figure I illustrates the fluid behavior under critical 

How and subcooled upstream conditions. It is taken 

directly from the tests of Reocreux [I]. Subcooled 

water at low pressure enters the pipe portion of the test 

section. As the local pressure, P. decreases along the 

test section, the saturation pressure. P,, Ti. correspond- 

ing to the inlet water temperature. 7i. is reached. The 

water continues to flow along the pipe and becomes 

superheated until the local pressure P, provides 

enough superheat for the first bubble to be formed. 

Beyond that point, the local pressure continues to 

decrease until it reaches a value P, where significant 

steam begins to be formed. 

In Fig. 1. the pressure P, is reached at the end of the 

pipe or critical location, or P, = P, where P, is the 

critical pressure. According to Fig. I. the steam volume 

fraction, a. is zero up to the end of the pipe section and 

increases rapidly beyond that point. At that location, 

one can define a decompression pressure dilference. 

AP,. below saturation pressure required to form a 

significant amount of steam, i.e. 

AP, = P,, ri - P,. (2) 

In the diffuser section, the local pressure continues 

to docrcasc while the steam content and volume 

fraction increase. From the mcasurcd vnlucs of local 

steam fraction a and prcssurc P, it is possibls to 

calculate a local non-equilibrium steam quality S’. If 

one assumes equal steam and water v&city then 
X’ 

---- 
I-X’ 

= alj,/lJ,.(l - a) (3) 

where /jy is the vapor density and I),, the liquid density. 

For an isentropic process.* the corresponding liquid 

entropy, S,. is obtained from 

S,. = (S” - x ’ S,)!‘( I - s ’ ) (4) 

where S, is the stagnation entropy and S, is the 

saturated steam entropy at the local pressure P. If WC’ 

assume that the liquid entropy can be evaluated along 

the saturation line. wecan find the saturation prcssurc, 

P + AP,, where 

St. = Sl.l’C \Pd (5) 

and S, is the saturated water entropy at the pressure. 

P + AP,. The local decompression pressure drop AP, 

can then be calculated along the diffuser section and it 

is plotted on Fig. I. This calculation revcats that 

substantial non-equilibrium conditions prevail in the 

dilLuser section and that the decompression pressure 

di!Tcrence AP, remains relatively constant and even 

increases slightly along the difluser section. Another 

way to illustrate the degree of non-equilibrium in the 

pipe and dimuser is to calculate the equilibrium steam 

quality from an iscntropic process. or 

s = (S,, - S,)/(S, - S,) (6) 

where S, is again the stagnation entropy and S, and S, 

are. respectively. the liquid and vapor entropies at the 
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FK;. 1. Characteristics ofcritical flow with subcooled inlet conditions: Run 408 (Flow 10291. kg/m* s, inlet 
temp. I l5.9”C); Run 409 (Flow 10309. kg/m* s, inlet temp. 1 lS.9”C); Run 410 (Flow IO31 I. kg/m* s. inlet 

temp. I IW’C); Run 41 I (Flow 10324. kg/m2 s, inlet temp. Il6.I”C). 

saturation pressure P, taken equal to the measured 

local pressure P. Thccorrcspondingequivalent volume 

fraction zCs can bc obtained from equation (3) and the 

results are shown in Fig. I by a dashed curve. It is 

observed again that considerable non-equilibrium 

conditions prevail prior and after the critical location. 

Examination of Fig. 1 leads to several conclusions: 

(I ) the internal flashing of substantially superheated 

water to steam is due to decompression and occurs at a 

pressure P, which can be quite different from the 

nucleation pressure P, of the first bubble. In Fig. I, 

nucleated bubbles do not get an opportunity to grow 

due to the limited time for heat transfer between them 

and the superheated liquid. Also, the heat transfer rate 

between steam and water is suspected to be low 

because their velocities are nearly equal; 

(2) as one attempts to decompress water below P,, 
some of the water will flash into steam. and the degree 

of flashing will be such as to bring the water superheat 

in line with the appropriate decompression pressure 

drop. AP,. at that location. 

Examination of other Reocreux test runs with less 

inlet subcooling shows that the lirst formation of steam 

need not occur at the critical location and that, given 

enough time. some of the nucleated bubbles may even 

grow (see Fig. 2). However. the rapid depressurization 

at the critical location will still produce substantial 

non-equilibrium at the critical point; and. in fact, 

calculations there yield relatively the same decom- 

pression drop. AP,. as in Fig. I if one utilizes the 

measured values of local steam volume fraction and 

pressure. Using the decompression pressure drop at 

the critical point, one can calculate the upstream 

position where P reaches P, and significant steam 

should start to form. The corresponding non- 

equilibrium steam volume fraction is shown dotted in 

Fig. 2. The experimental measurements show that, 

because more time is available in Fig. 2 than in Fig. I, 

bubbles nucleated at position P, tend to grow in Fig. 2. 

However, as they reach the critical point, they tend to 

be controlled by the same degree of non-equilibrium 

produced by AP,. 

Because local pressure tends to decrease rapidly 

close to the critical location, the decompression pres- 

sure drop AP, defined in Figs. I and 2 can be expected 

to resemble the decompression pressure drops re- 

ported by [9] during rapid static depressurization tests 

of subcooled water. Alamgir and Lienhard [3] ana- 

lyzed all the available data for rapid depressurization of 

subcooled water and proposed the following cor- 

relation for APd 

AP, = 0.25&r’ z7-;‘.‘6(1 + 13.25X0 *)O.s/ 

(k~J”~s(l - PJP,) (7) 

where u is the surface tension. k, Boltzmann’sconstant, 

T, the critical temperature, X the rate of depres- 

surization in Matm/s. T, the reduced temperature, or 

the ratio of initial water temperature to critical 

temperature. For pipe depressurization, Alamgir et al. 

[IO] have recommended 

k,AT*/~cL(,je/l’~,)Hr, = 1.26/Pr (8) 



Distance, m 

FK;. 2 Characteristics ofcritical flow with reduced inlet conditions: Run 400 (Flow 6526. kg,‘m-‘ s. inlet temp. 

Ilh.7’C): Run 401 (Flow 6865. kg, m’s, inlet temp. I l6.6’C); Run 402 (Flow 6496. kg/m’s, inlet temp. 

I 16.7 ‘C). 

whcrc k,, is ~hc liquid thormal conductivity. 14,. the 

liquid viscosity, I/,, tho heat of vaporization, Pr tho 

Prandtl numhcr, and Al’* is the diffcrcncc bctwccn 

stagnation tcmporaturc and the tumporsturc at the 

critical location. 

In this report, equation (71 is prcfcrrcd to equation 

(X) bccnusc. as shown later, it makes it possible to 

account for nozzle configurntion through the dcprcs- 

suri~;tti~~n trrm X Also, equation (X) was dcvclopcd 

after equation (7) and yields improved prodictions at 

low pressures. 
Jones [it] modified equation (7) by trying to take 

into account the turbulent lluctuations of the flowing 

liquid. tlowcvcr, a distinction was not made between 

the two pressures P, and Pd in Rcocreux data in Figs. 1 
and 2. Furthcrmorc, the reduction in AP, produced by 

the fluctuating contribution was calcufatcd by assum- 

ing that the t~uctu~tin~ velocities were each 3a (3 

st:rnd;rrd dcziations) from the mean fluctuating 

component. 
This Iluctuating component is clearly ovcrstatcd 

when taken at such a very low probability Icvcl for all 

thrtq vclocitios simultaneously. This difftculty was 

ailt%ttrd by [i Z] who sharply reduced the role of 

turbulent fluctuations in a contracting nozzle and, in 

Lrct, utilized equation (7). 

Most recently [ 131 fitted critical flow data by using 

kg,A7‘*,jJ, t’* fl,,D = 5.45,‘({‘,. V” fX&)’ O’ (9) 

whcrc D is the diameter at the critical point and t’* is 

the critical velocity. Equation (9) reduces to the form of 

equation (X) if the exponent on the Reynolds number, 

/pi, I/* D/jc,. is taken at I .O instead of I .03. 

As noted before, we shall USC cqu;Iti~~n (7) in this 

report except for adjusting it to match the data of [l] 

and [23 at low deprcssurization rates where the 

validity of equation (7) was not fully checked out. 

I~LASlltSC; AND C’RI’I‘ICAL FLOW MODEL 

The proposed flashing model was formulated from 

the results discussed undrr Figs. 1 and 2. ft assumes 

that: 

(1 f the first si~ni~~nt steam will bc formed by 

flashing when the liquid pressure reaches a prescribed 

amount AP, below the saturation temperature cor- 

responding to the &quid temperature. At a given 

instant or location where the pressure is P, the liquid 

temperature has to be superhcatcd an amount AT, 

corresponding to LsPJ along the liquid saturation line 

for flashing to occur: 
(2) if the local prcssurc continues to decrease below 

this initial flashing condition. enough water will be 

converted to steam so that its superheat will again bc 

equal to AT,, corresponding to the new pressure P; 

(3) any steam formed will be at the saturation 

conditions corresponding to the pressure P. 

If WC assume an iscntropic flashing process, the non- 

equilibrium steam quality S’ is given by 

X1 = (S, - S,x’(S, - S,) (10) 

where S, is the stagnation entropy, S, the saturated 

vapor entropy at pressure P. and S,. is the 
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superheated liquid entropy obtained at pressure P and 

temperature T + AT, where T is the saturation 

temperature corresponding to P. By taking the liquid 

properties along the saturation line, one can write 

approximately 

s, = sr.P+Vd (II) 

where S, is the saturated liquid entropy taken at the 

saturation pressure of P + AP,. 

If one next assumes that the Row is frictionless and is 

homogeneous. i.e. equal liquid and vapor velocity and 

that the heat transfer from superheated water to any 

early nucleated steam bubble is negligible (i.e. no steam 

presence until the water is decompressed AP,). the 

energy equation gives 

H, = (I - X’W,.,.,,~ + S’ H, + (G*/2$) (12) 

where H, is the stagnation enthalpy, II,, ,,+ .,,,, is the 

saturated liquid enthalpy at the pressure P + AP,, fl, 
is the vapor enthalpy at the pressure P and G and fj are 

the local mass velocity and homogeneous density, 

corresponding to the non-equilibrium quality X’. 
The critical Ilow rate is obtained from equations 

(IO) -( 12) and a relation for AP, as typified by equation 

(7). To obtain the critical flow rate, the pressure at the 

critical location is assumed, the dccomprcssion 

prcssurc drop AP, is calculated; the non-equilibrium 

quality is found from equations (IO) and (I I) and the 

llow rate computed from equation (12). The critical 

flow rate, G,, is dctcrmincd by finding the critical 

pressure P, for which the mass flux, G. is maximum. 

It should be realized that two iterations are needed 

on the parameter AP,. The first one comes about 

because equation (7) uses the liquid temperature and 

properties at the liquid temperature. For a prescribed 

value of the pressure P. the decompression pressure 

drop, AP,. is first calculated using the stagnation 

temperature. This first approximation is next used to 

find the liquid temperature by taking it as the satu- 

ration temperature at P + AP,. This new value of 

liquid temperature is employed to obtain a second 

approximation to AP, and the liquid temperature and 

so on until the value of AP, is stabilized. 

The second iteration comes about from trying to 

dcterminc the dcpressurization rate ;I: in equation (7) 

for accelerating flows. One can write 

Z = (dP/dr) = (dP;d:)(d-_/dr) = (dP/d:)(G,‘/,) (13) 

where z is the distance measured along the flow path 

and f represents the time. 

For a frictionless isentropic fluid, the local pressure 

gradient with distance z is given by 

- AdPjd: = d(G2 A/p)id: (14) 

l It has been suggested that the use of fG:[(G/p)f - 

(tT!p)f] may be just as appropriate at the critical or throat 
location. 

so that 

Z = - (G)(G,‘p)[d(G:y),‘d:] 

= - (G ‘Z)[d(G ‘p)‘/d,_]. (15) 

Equation (15) can be employed to calculate the 

depressurization rate X along the nozzle configuration 

as follows: 

(i)A first approximation to thecritical flow rate G, is 

obtained by neglecting the depressurization rate with 

time. Z, or taking Z = 0. 

(ii) In carrying out this first approximation, several 

other values of higher pressures. P, would have been 

assumed and corresponding flows, G. and densities, p. 

would have been calculated. These combinations in 

values of P, G and p correspond to specific locations 

along the nozzle by realizing that the cross sectional 

area A there is obtained from 

GA = G,A, = constant. (16) 

(iii) Next, values of Z can be obtained for each local 

value of P along the nozzle from equation (15). and 

new values of AP,, incorporating X, can be calculated 

for each such position and its pressure. P. 
(iv) A new approximation to the critical Row rate 

can now be searched for from equations (IO)-( I2) 

employing the values of Al’, incorporating Z every 

time a corresponding pressure P is assumed and the 

entire process rcpeatcd until the critical flow rate 

stabilizes. 

The method described above adds considerable 

complexity to the computations, and it was decided 

instead to define an average value of X over the nozzle 
length, i.e. r is given by 

= ;(G, + G.)[(GIp): - (Glp):l/Az (17) 

where AZ refers to the nozzle length along the tlow 

path. Equation (17) is an approximation to equation 

(15) with the subscripts t andecorresponding to throat 

and entrance conditions.* 

If equation (17) is used, a single iteration will suffice 

for AP,. For an initialvalue ofAP,,calculated using the 

stagnation conditions. the throat pressure, P,. to 

maximize the flow is obtained with the assumption of 

r = 0. Then using T, = T,, p,+ .,,.d a new AP, is 

calculated and the process of maximizing the flow is 

repeated until AP, stabilizes with a maximum flow rate 

of G,. This value of G, is used to calculate a new x and 

therefore a new AP,, and the previous iteration process 

is repeated until G, stabilizes. This technique is much 

easier to use but clearly is not as accurate as if one had 

tried to account for the point by point nozzle geometry 

as described earlier. 

As noted before. an important element of the critical 

flow rate calculation is the expression for the decom- 
pression pressure drop AP,. If enough critical flow 

tests had been performed where the void fraction was 
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FIG. 3. Flashing decompression pressure drop vs. liquid 
temperature. 

measured at the critical location. an empirical cor- 
relation for Ap, could be developed as illustrated in 
Figs. 1 and 2. Unfortunately, only the data of [l] and 
[2] provide such information consistently. However, 
they are limited to low steam-water pressure. and it 
was decided to employ eqmttion (7) to assure high 
pressure coverage but IO modify it with the data of [ i] 
and [2]~ For both [ 11 and {2]. Z and c are ncgiigibic 
and the calculated vah~es of A/‘, from the test data arc 
shown in Fig. 3 together with equation (7) with E = 0. 
A curve corresponding to equation (9) with the 
exponent on the Reynolds number taken to be one is 
also plotted in Fig. 3. II is observed that the data of [ I] 
and the data of [‘_I, especially at increased pressure, 
can be represented well by multiplying thcvaluesof[3] 
by Xl‘%;. (It is interesting to note that in many of the 
tests of (93. the reported d~wompression pressure drop 
Ahp, rapidly recovers to about 7o‘!,of thevalue given by 
equation (7) which specifics the decompression rc- 
quired to form the first bubble.) To minimize the 
impact of this 0.7 correction factor in the tests where I: 
is large, the following expression was developed : 

At’,, = 0258a’ L Tf J ‘h(I).49 + I 3.252°~~)“~s/ 

Equation (18) will satisfy the test results of [ I] and [2] 
while not significantly disturbing the correlation of [ 31 
when the parameter I: is not negligible. 

One final comment is in order before comparing the 
proposed model to available data. The calculations 
were performed using a computer program which 
requires the stagnation conditions and the nozzle 
entrance geometry as inputs. This program was dc- 
vcloped by modifying the homogeneous equilibrium 
flow maximization portion of the computer code 
MASFLO by [l-t]. which contains the 1967 ASME 
steam properties. in the process of searching for the 
critical pressure which maximizes the flow. the Hall 
computer program was modified to set a maximum for 
the assumed critical pressure. Under subcooled stag- 

nation conditions. this maximum pressure, P,,, is set 
to satisfy the following conditions: 

S L. pnl., +.JPd - - so (19) 

which ensures a minimum ofzero quality at the throat. 
If the flow maximization results in 

then the fluid remains all liquid and the critical flow 
rate is obtained by integrating the momentum equa- 
tion (14) neglecting any changes in liquid density from 
the stagnation to the critical location, or 

G, = g%,,(P,, - f’,.T; + AF,). (201 

Equation (20) is identical to an expression proposed by 
both [I’] and [13] except that they provide for the 
non-reversible pressure loss through the nozzle by 
means of a coefficient Co in front of the square root. 
This approach is seen lo be valid as long as there is no 
steam formation ahead of the nozzle throat. 

Finally, it should be noted that the proposed model 
can be applied even with saturated stagnation con- 
ditions. Under the proposed flashing process, the 
waler present in the stream is required to be decom- 
pressed an amount AP, before additional steam is 
allowed to form. Under such conditions, the maximum 
prossure. P ,,,.,,, is srt to result in a quality at the throat, 
.I”, such th,tt ‘ 

(1 - x t VI,,, p,,, c .\Pd - X’f~,. Pm,, 5; II” 

As shown later, calculations have been performed 
under saturated stagnation conditions and the model 
predictions, as expected, fall slightly above the homo- 
gcneous equilibrium model. 

Let us first examine the validity of’ the presumed 
Bashing process. Figures 1 and 2 already show that if 
the local pressure P is known then the local values of 
non-equilibrium steam quality and steam content can 
be predicted by the model. The same result is illus- 
trated in Fig. 4 for one of the test results of[2]. In Fig. 4 
from Zimmer et (II., there was critical Row, and the 
calculated throat pressure was found to be 12.3 KPa 
compared to the measured value of 10.0 KPa. Similar 
good correspondence was noted between predicted 
critical Row rate (24.160kg/mzs) and measured criti- 
cal Bow rate (25,170 kg;m* s). Beyond the throat, the 
local steam quality was obtained from equation (12) 
assuming a constant throat pressure, typical of critical 
flow, in the dilfuser. The liquid was kept at full non- 
thermal equilibrium and the steam voids were pro- 
duccd due to fiow deceleration in the diffuser part of 
the test section. The predicted void fraction is shown in 
Fig. 4 compared to the measurements, and it is seen 
again that considerable non-equilibrium conditions 
prevail into the diffuser. If complete thermal equilib- 
rium had been attained at the exit of the test section, 
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the void fraction would bc c;~loulatcd to bc O.Xt( as 

shown in Fig. 4. In othsr words, in Fig. 4, steam is 

formed primarily due to the difTuscr expanding gc- 

omctry rather than rcduccd thermal non-equilibrium. 

One of the major objcctivcs of the newly dcvclopcd 

model was to predict the large scale tests of Marvikcn. 

The Marviken expcrimcnts provide the only full salr 

data for critical flow with subcooled upstream con- 

ditions, and a simplitiod model which matches the test 

results would bc quite useful in loss ofcoolant accident 

predictions. Figure 5 shows the critical blowdown 

rates for Run No. 24. The prcscnt model predictions 
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FIG. 5. Comparison of model IO Marvikcn tea 24 (D FK;. 6. Comparison of model IO Marviken lest 21 (D 
= 5Wmm. L/D = 0.3). = 5OOmm. L/D = 1.5). 

are also plotted. It is observed that correspondence 

between model and tests is very good and superior to 

the homogeneous equilibrium model plotted on the 

same figure. In Fig. 5. three distinct regions of critical 

tlow exist. In the highest flow rate region. water is 

present all the way to the critical location. In the 

intermediate region. very low steam quality and high 

non-thermal equilibrium prevail. This region is char- 

acterized by rapidly declining flow rates. In the third 

and last region. the critical flow rate is nearly constant, 

the steam quality is increasing. and the degree of 

thermal non-equilibrium is reduced. In Fig. 5, as well 

as for other Marviken runs. the intermediate region is 

difficult to predict because it takes the form ofa vertical 

line and its starting point is quite sensitive to experi- 

mental stagnation temperature measurements. This is 

illustrated in Fig. 5 by providing critical flow pre- 

dictions on the assumption that the stagnation tem- 

perature is 3 C below the measured values. Consider- 

able improvement is obtained in the transition region. 

Fortunately. this intermediate region occurs over a 

small time interval and its contribution to the total 

intcpratcd loss of coolant over time is quite small. In 

other words. from a practical viewpoint. it is not so 

essential to bc as accurate in the intcrmcdiatc region as 

in the other two regions of Fig. 5. 

Figures 6 IO give ;I comparison of the measured and 

prcdictsd critical flow rates for a number of Marvikcn 

tests. The overall agrcemrnt is satisfactory and it is 

obscrvcd that : 
(i) the model does a very good job for short exit 

lengths and it tends to be high at increased exit lengths. 

This is illustrated in Figs. 5-7. where. for a diameter of 

500mm. the model matches the data at L/D = 0.3. 
becomrs slightly high at L/D = 1.5. and falls above the 

data at L/D = 3.1, with L representing the length of the 

test section after the contraction and D being the 

diameter. The same trend is found in Figs. 8-10 for a 

diameter of 300 mm and L/D values of 1.0, 1.7 and 3.7. 
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FIG. 7. Comparison of model to Marviken test 4 (D 
= 5#mm, L/D = 3.1). 

50 

Such over-prediction at high exit lengths is not un- 

cxpoctcd since the model nrglccts any relaxation of 

mechanical non-equilibrium. This premise is sup- 

ported by Fig. 7 whcrc the homogcncous equilibrium 

modcll is seen to agree with the tost data at L,‘D = 3.1. 

The bon&s of relaxation arc reduced in Fig. IO at the 

increased vnluc of L/D = 3.7 due to the rcduccd 

diameter of the tat section in Fig. 10, i.c. the flow 

transit time after the contraction is less than in f:ig. 7; 

(ii} 11s noted for Fig. 5, the model trndcrprcdiots the 

test data in the int~rnl~di~tc region. This is noticeable 

in Figs. 5, 6 and 9; 

(iii) the model tends to slightly ovctpredict critical 

flow during thr blowdown and should bcconsclvativc. 

This is to bc expcaztcd since the process was as- 

l Homogeneous 
“q”-equ~~jbrium 

l Homo~neous 
eqwlibrium 

- D=300 mm 
L/D’l.O a 

20 40 60 80 

Time, s 

FIG. 8. Comparison of model to Mxviken test 6 (D 
= 300 mm, L:D = I .O). 

too 
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/ 
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L/D i 1.7 

I I I I 
0 20 40 60 a0 100 

Time. s 

9. Comparison of model to Marviken test 26 (D 
= 300mm. L D = 1.7). 

sumcd to hi: iscntropic (no friction) and relaxation of 

mechanical non-equilibrium was not pcrmittcd. 

Table I and Figs. 1 1 - I3 give similar comparisons for 

the nolzlc data of [2]. [h] and [ 131. The predictions 

arc gcncrally satisfactory and tend to support the 

validity of the proposed model. Table 1 gives cxcellcnt 

corrcspondcncc bctwctn the predictions and some 

typical measurements of [I!]. Both the critical flow 

rates and the critical prcssurcs arc prcdictod well for all 

the subcoolcd runs in Table I. 

Figure 11 shows the model predictions and the 

subcoofcd data of Fin&c [13]. The comparison is 

excellent. The predictions are sfightfy high. and this 

dircetion could be attributed to the ktck of any 

dischqccorffificicnt in the model. Thecorrespondence 

Homoqeneous 

% Moss flow 

z 

6 
e J- 

D 
z” 

I I 1 I I 
0 20 40 60 80 100 

Time, 5 

FIG. 10. comparison of model to Ma&ken test 18 (D 
= 3OOmm. L.‘D = 3.7). 
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Table I. Critical Row rate and pressure prediction data from Zlmmer er ul. [2] 

Test 
P” 

(Psial 

Measured mass Measured 
flow rate critical pressure 

(Ibm, s) ( Psla I 

Predicted mass 
flow rate 
(Ibm s) 

Predicted 
crltical pressure 

(PSKI 1 

732 43.2 ?I1 22.03 11.6 22.55 12.3 
761 60.2 211 26.99 10.0 28.1 I 12.3 

77 23.5 211 13.67 9.3 13.57 12.3 
79 18.4 211 10.14 11.1 9.96 12.3 
80 86.3 299 19.48 57.4 21.24 57.8 
81 72.2 299 13.00 58.6 15.04 57.9 

Slaqnalion pressure, kPa 

FIN;. 1 I. Measured and predicted critical mass flux as a 
function of stagnation pressure for three isotherms for 

Fincke’s nozzle. 

between tests and model would improve considerably 

if the measured single phase discharge coefficient of 

0.97 was employed. 

In Fig. 12, the data from Nozzle 3 of Sozzi and 

Sutherland are plotted together with the model pre- 

dictions. This configuration is very similar to the 

Marviken configuration and consists of a rounded 

nozzle followed by different length of tube. The 

primary difference is that the Soui and Sutherland [6] 

nozzle is at ;t much smaller scale and includes the 

configuration of L/D = 0. The test data and the model 

results are plotted for three values of L!D. i.e. L/D = 0, 

3 and 9. The model predictions for L,‘D values of 3 and 

9 were obtained by setting the average dcpressuri- 

*With two-phase stagnation conditions. there could be 
significant uncertainties in specifying the experimental stag- 
nation enthalpy. 

201 I I I I 
-0.004 -0.002 0.0 0.002 0004 0.006 

Stognafion sleam quality. X0 

FK;. 12. Measured and predicted critical Ilow rates for nozzle 
2 of Sozzi and Sutherland : P,, = 9tM) ItNN) I’sia. 

zation term 2 equal to zero and are the same for the 

two L/D values in excess of zero. It is observed that. 

except for the transition region, the model predictions 

are satisfactory at L,‘D = 3 and 9. The small dillirence 

in experimental values at L,!D = 3 and L/D = 9 is due 

to friction which is not included in the model. At L/D 
= 0, the model tends to fall well below the data. It is 

important to note that. according to the proposed 

model, the decrease in critical How rate with L,‘D is not 

only due to frictional losses, as others have reported, 

but also due to the fact that the depressurization term 

1 or r decreases when ;L length of tube is provided after 

the nozzle. According to Fig. 12. the model may not be 

accounting properly for this change in depressuri- 
zation rate as L/D + 0. 

Figure 13 shows a similar comparison with the 

venturi-type Nozzle I of Sozzi and Sutherland. The 

comparison between model and tests is good at 

subcooled conditions; as expected, it is poor in the 

transition region with the critical flow rate dropping 

too sharply with stagnation quality; and it is 20”; low 

in the net steam generation region.* 
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Homogeneous N 

equilibrium x--__---__ 

201 I I I I I 
-0.004 -0.002 0.0 0.002 0.004 0.006 

Stopnation sbom quality. X0 

FIG. 13. Measured and predicted critical flow rates for nozzle 
1 of Sozzi and Surherland: PO = 9SO-loo0 Psia. 

There could be several explanations for the model 
under-predictions observed in Fig. I3 and in Fig. 12 at 

L/D = 0. One possible reason is that the assumed 

thermal non-equilibrium is too low. However, the 

good agreement between the model and the Marviken 

tests would not support such a contention. Another 

possible reason is the existence of )-dim. effects and 

rarefaction waves being reflected downstream and 

interacting with the critical pressure. According to the 

authors and, as noted before, the most plausible 

explanation is that the depressurizalion rate para- 

meter is not being properly accounted for. For the 

large scale tests of Marviken, 2 is small and negligible. 

The same is true for the low pressure and small scale 

condition of [2] and [ 131. However, for the small scale 

and high pressure tests of [6], r starts to become 

important, except when the nozzles are equipped with 

exit pipes. For nozzles with exit lengths. 2 ‘-t 0. the 

model again does very well. For Nozzle 2 with L/D 
= 0. it is suspected that the critical pressure position 

moves inside the contraction due to the sharp expan- 

sion at the throat. The same may be true, but to a lesser 

extent. of Nozzle 1. If this is the case, the value of X and 

2 could be much greater than assumed, and it could 

account for the model predictions being loo low. 

Another key reason for underestimating the role of 

depressurization rate is the use of the average para- 

meter f instead of the local value, 1. as noted when 

discussing equation (I 7). The parameter I: is expected 

to be larger at the critical location than the average 

value proposed over the nozzle configuration since the 

velocity is the largest at that location and since there 

could be a substantial density change near the critical 

location. In summary. Figs. 4-10 reveal that: 

(I) the proposed model predicts increased critical 

flow rates compared lo the homogeneous equilibrium 

model. The dilTerences between the two models are 

small when both models predict IOO’,?: liquid flow or 

when the vapor content is large at the critical location. 
However, the differences between the two models can 
become important in between these two conditions 

and the new model is substantially superior in that 

region ; 
(2) the basic assumption of maintaining the liquid in 

non-equilibrium conditions and not allowing it to 

relax is supported by the substantial relaxation times 

that could be inferred from the Marviken tests (see 

Fig. 7); 

(3) the present model would predict no scaling 

impact except as it enters the depressurization rate. Z. 

Since the depressurization rate is negligible for all 

nozzles at low pressure, according to the model. 

scaling will have a minimal role at low pressures. The 

same is true at all pressures for nozzles with exit 

lengths. The depressurization term. Z, starts to become 

important at high pressure for nozzles with diffusers or 

no exit lengths. The model predicts increasing critical 

flow rates with decreasing scale in agreement with the 

test data trend. The tests. however, show a much 

greater increase than predicted and the deviation is 

amplified by the abruptness of the nozzle exit con- 

figuration. The proposed model needs further adjust- 

ment in this area to match such small scale tests; 

(4) the model predictions fall too rapidly in the 

transition region between 100s~ liquid flow and 

equilibrium vapor flow. The dcyiation may be due to 

cxperimcntal uncertainties during this portion of the 

tests which is very limited in terms of time and overall 

blowdown flow; 

(5) the model does not incorporate irreversible 

nozzle losses or frictional pressure drop and cannot 

consider any scaling etTect associated with such mcch- 

anisms. For example, frictional pressure losses will 

be slighhtly higher at small scales. Furthermore, in- 

creased L/D values are employed usually at small scale 

which increases the role of friction. 

EXTENSIONS OF PROPOSED zW~l)EI. 

Three extensions of the proposed model are con- 

sidered in [ 151. They include : 
(i) obstructions prior to the entrance of the nozzle; 

(ii) irreversible loss in nozzle; 

(iii) frictional losses in long test section after the 

nozzle. 

(1) A critical flow rate model is developed for 

subcooled inlet conditions. The model assumes that 

the flow is homogeneous and that the liquid will flash 

to vapor when the liquid superheat exceeds a value 

specified in terms of pressure. 

(2)The model gives good comparison with available 

data, especially when the contraction zone is equipped 

with a short constant area exit section. 

(3) At high pressure and small scale conditions. the 

model under-predicts the data when the contraction 
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zone ends abruptly. The local depressurization rate 
becomes important in such circumstances and the 
model may not be accounting properly for it. 
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MODELE D’ECOULEMENT CRfTIQUE HOMOGENE ET HORS D’EQUIUBRE 

R&w&-Un aspect important de la stir& du rdacleur ;i eau Id&e est ta capa& de prlvoir le dibit 
massique maximal (ou critique) dans une fissure du circuit primaire. Durant les premiers instants d’un tel 
incident, I’cau est sous-refroidie ou Il@remcnt saturte et des conditions sensibles de non bquilibre existent, 
I%au itant surchauK& au-dessus de la tern~~~ture de saturation. II n’y a pas actuellement un seul modtle 
pour I’tcoukmenl critique qui consid&e les conditions sous-refroidics en aval ct ledtstquilibrc thermodyna- 
mique et qui soit valabk pour une varieti dc con~~uration~ 

On d&eloppc ici un mod&k simpk de d&ente hors d’tquilibrc. Le modtle qui est applicable sp&iakment 
aux pressions d&croissant rapidemcnt le long du parcours suppose que l’eau est surchau& (ou 
d&omprim&) d’une V&W prcscrite avant de se ditendre en vapeur et que, & une pression locale don&e au- 
dessous de la pression de d&omprcssion, se forme assez de vapeur pour amencr la surchauffe d’eau jusquY la 
vakur de dCcomprcssion. DC plus, I’dcoukmen: est suppos& homogdne c’est-&dire que la ViipUr et Ic liquide 
ont la m&e vitesse. Enfin un processus isentropique est employC pour calculer la qualiti de la vapeur hors 
~~uilibre et le d&bit critique. 

Lc mod& propoti d&it de fapn satisfaisante Ies essais de ddpressurisation et de d&bit critique par 
Reocreux [I] et Zimmer PI ul. [Z], avec mesure des pressions locales et des fractions de vide. Un bon accord 
global est aussi obtenu avec ks essais P grande lchelle de Marviken, et la plupart des autres exptricnces d 
petite tchclle. Le mod&k ne peut pas rendre compte convenablement de I’elTet de la dCpressurisation sur Ies 
conditions de nontquilibre et il tend d sousivalucr Ies essais d petite tchclle avec forte pression quand la 
zone de contraction n’est pas suivic par une longueur de section droite constante. 

Un Clement cl& du modilc est la chute de pression de dtiompression du tiquide ou la surchauffe employ&s 
dans ce mod+le. On montre qu’il est semblable Q I’exprcssion semi-cmpirique d’Alam& et Lienhard [3], et 
une pctitc rn~i~ca~ion de kur expression est diveloppde i partir des rifirences experimentales [l] et [2J. 
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ElN MODELL FUR HOMOGENE KRITISCHE NICHT-GLEICHGEWICHTS-STROMUNC 

Zussmmenf~ng-Ein wichtiger Aspekt der Sicherheit bei Le~cht-Was~r-Reak~or~ ist die Miiglichkeit. 
den maximalen (oder krittrhen) Massenstrom aus einer Bruchstelle oder einem Leek im Primfir-System zu 
berechnen. In der friihen Phaseeinesdetartigen “blowdown” ist das Wasser unterkiihhlt oder leicht gesattigt. 
wobei ausgepriipte Nicht-Gleichgewichts-Bedmgungen vorhanden sind; beispielsweise ist das Wasser iiber 
die S&tigungstemperatur iiberhltzt. Derzelt liegt nicht ein einzigcs brauchbares Model1 fiir die kritische 
StrGmung vor, das unlerkiihlte Verhiltnisse und thermisches Nicht-Gleichgewicht der Zustriimung 
~r~cksichtig~ und das fiir verrhiedene Anordnungen giiltig ist. In dieter Arbeit wird ein vereinfachses 
Nicht-Gleichgewichts-M~ell fiir die Entspannung~Ver~mpfung entwickelt. Das Model1 ist speziell fiir 
solche Fille anwendbar, in denen der Druck entfang des Striimungsweges rasch abfillt. Dabei wird 
vorausgesetzt. da& das Wasser urn einen bestimmten Betrag iiberhitzl (oder dekomprimiert) werden mui3. 
bevor es spontan verdampft und daB bei einem vorgegebenen Grtlichen Druck unterhalb des Dekompres- 
sions-Druckes geniigend Dampf gebildet wird, urn die u~rhi~ung des Wassers aufden Dekompressions- 
Betragtu senken. Dar&x hinaus wird die StrGmung homogen angenommen,d.h. Dampf- und Fliissigkeits- 
Geschwindigkeit sind gieich. SchlieDlich wird eine isentrope ZustandsSnderung angenommen. urn den 

Dampfgehalt bei Nicht-Gleichgewichts-Bedingungen und den kritischen Massenstrom zu berechnen. Es hat 
sich gezeigt. daB das vorgestellte Model1 fiir die Entspannungs-Verdampfun~ die Versuche befriedigend 
beschreibt, bei denen Reocreux [I] und Zimmer u.a. (21 Entspannung und kritixhe StrGmung untersucht 
sowie den ijrtlichen Druck und Dampfgehalt gemessen haben. 

Gute Geumt-ubereinstimmungergab sich such mit den Versuchen von Marviken im Original-MaOstab 
und mit den meisten Modell-Versuchen. Mit dem Model1 Iti& sich die Auswirkung der Entspannungs- 
Geschwindigkeit aufdie Nicht-Gleichgewichts-Bedingungen nicht berechnen, und es neigt dazu, bei hohen 
Driicken gegeniiber M~ell-Versuchen zu kleine Werte zu liefem. und zwar dann, wenn hinter der 
Verj~ngungs-Zone kein Abschnitt mit konstantem Querschnitt folgt. WesentIiche Elemente des Modells 
sind Druckabfall oder ubethitzung hei der Dekompression der Fliissigkeit. Es zeigt sich eine Ahnlichkeit mit 
der halbempirischen Korrelation vnn Alamgir und Llenhard [3]. die auf der Grundlugc der Daten aus [I] 

und [2] leicht moditiziert wird. 

MOflEJlh OflflOPO~IfOrO tiEf’,ZBtfOBEC~iOrO KI’CiTItYECKOf0 IIOTOKA 

~~HHoIal~nn - Ramt~b~w aclicK TOM ~~~~~II~~I~II~I~ 6c 1o11ac11ocri, pa60 rbl pe;tK ropa c R~:~IIL,~, wcIc:u,11- 

Te:w., WH:~~C rcii HO’JMOX~I~C‘I b llpctr ii0 rr1poira111,r LI;~Kc~I~,:I:,~~~~o~ 0 (1i.w Kp1r I 1,wcKw 0) *,accoiioi 0 

t%IlXOil~l Xli:IKOC tH. 06yCJIOH:ICtl1lOI 0 llpopl~llJoM wtl yre*lKofi ii IlcpHit’IIIoM KOllry~. ttn IlepiJi.lx 

Cra;I1,iIx RO’IMylllell1li, ~;lKrOp;l 01 Me’l;lerCR Ile:l1WpI!iJ Rli:It.l i,:tl1 llC6OJlLlIllie II;ICI.IIIleIIiIe W iJWIIIWK;Iiol 

3iia~wreniriit.te itepanItoaecin,ie ycnosrtx, itartprrhicp. flo;la il~ltJW%tC~l3l iwlllic rebiliepaTypi.i tiaci~llli~ilww. 

ffoKa tie iq3e;~10~e1,0 K~KIJ~-~III~~~ iii,eK~a riioii Mo:lf:fif rprr rwiecKo1 o ltoroKa. R Koropoit ~riir~~i~a:ii,ci~ 

6i.r yc~ioi~lfi, ifc:,orpei~a aiiepx 110 I’~Yc’,I~*N,. a raK*e reputf~lccxaw iiepl1a~~~ae~il1~~1 L. II KoropaK &:,a 

r)bl Cllpaiie:L7l,iiOit ;lJlil lle!IOIO pil;l;I KOlll~lill ypallliif. 

B paBore l,peru,ometta yrtpo~~lettt~ar ~~c~~t~t~o~cctr~~ .MO.W.~L bwitotteiittoro i,c~~ape~,t,w, Koropati 

MOYer ,,C110,7h?083 rbC,i oCOI?etli,O ,I CJ,y’Iae aii~J;iIltl1,lo IIB,7eIII,R ElEJlell(tJ, II0 :t’lHil~ Kalli1.79. Mo:te:n> 
O~iioai.lHaeT~K II? Il~~liO~o~~iIi,~. ‘, r0 IlC~it IIe~xoJlOM 8 llap ,‘,o~IXeii NMerb MeCrO liepI wit lJOIilJ 

(~1, ci1ujKeit~e :ia8flei,i4iQ 113 ~anaiiityio eenawriiy H 9 ro npn 3a.7a1IiioM flo~a:li.i~o~ itai+:,eiiiIiJ. aeilw- 

YJ,i(a KOTOpol’O il11Xe ‘Jll3YeiliiW llpJ1 ,JCKOMl,~CCJ,J,, llap 06pa3yerCii ii KOJIW’IL’CrlJ~. :lliCIaIo’iIIoM .7,7X 

TOCO. ~TO~LI neperpt~ BOW b,or C,~W’JHTCR ao ~eKoSqJeCCHOilllOi‘O ‘1il3~eill,ii. Kpowe Iwo npe:l. 

IioXil;lelcr. yro IioroK Kwiir’rci4 *!,ilOpo;,ili,iM, T. e. cwopocrrc IloIoKoiJ napa If X1tltKoCJ1, paBllLl. M 

113KOiielI. pacqez He~ni,~~ae~ti~,ro llap~~oJIep~ait1,~ w Kp,i r1i’i~~KO~ cxopoct it IloroKa llp~~ao;,sJr~~ 

a lipeJlllOnOXeiliIii H’J’iilT~OlIiIYiIOCril llpowcca. 

,,oilJ’JailO, ‘(TO Mo:ie;li. MrilOReiItloIo “cllapellltIl y~Ion:leraopi1 rejlLil0 ol,iIcirl~ile+ ollLITbl PCKp? [I]. 

a TaK’Xe ~i,MMepa H Qt. [?] n0 CIIWiKeIIi,tO &IR:leilllH W Kpiil WleCKOii CKopoIXll IIOrOKa. a KOTO~i.I’( 

llpoIJO,ltt;lIicb WJMepeiliUi ,WKa;ILiiOrO ;I;i~JleiiiIR ti O~beWll~lO llapocO~7epXitllliI. ~li.lyWilO TiIK‘Xe 

xoporuce coalla:IeiiJ,e c pe?ynKraTaun trarypt~tdx u~lt1,lrattiI~ Mapwlreiia of ~~~;iLllJs,ii~r~~,~1 ,7py11,x 

iia~oparoptiblx OIIMTOR. Mo,7ent. tie ,lo?eonKet ~o’liio y~~irh~i~arb 8.w1iiit1,t 1,1trei,~~a,It~~1, CIIJ~‘X~~I~I~( 

~aii~lei11154 tw iiepaiitIoi3eci,1~,e yc:toi~,,n ii, KaK irpaan.70. ,Ilter 7ai,wiKeiii,ble 1tta~e,111~ ii c:iywe npose- 

flelliIi4 JIafiOparOfJilLlx ~KWepJlMet, FOR llp1, Ri.1COK)IIx ,?;LiJ,leililllx. Kor;, w 3oiiofi cyrcinir K3ila:,a tic 

we:,yer ytacrow ,,ocrow,lolo ccwii*,x. Ocito~oi3 wi:te:~JI c:Jyrrlr lI~e:Ili0:it~~eilile 0 li;J~IctlJI,f :wi:,e- 

i,,,w llii,:IKOCr1I ,i:,,i riepcl pwc, I f0K;13JitO. 9 ro 0113 aila:iol 1,‘liW lro:ry~t~,li1lp1t~rccKoii ‘13”1icii~IIICliI 

Anawxitpa ,t fiJiiixap;Ia [.t]. 1, rl~;~~wwla 1teKoropai1 %io;1i1+i,K;11I1ii, .Jroii ~Ii1lI1lcil~1ocI it it;, ocito”e 

pc,y:,i.raroii pa6or [I] 1i {?I. 


