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Abstract

Three most outstanding maximum flow rate formulas are identified from many existing
models. Outlines of the three limiting mass flow rate models are given along with comput-
ational procedures to estimate approximate amount of fission products released from a conta-
inment to environment for a given characteristic hole size for containment-isolation failure
and containment pressure and temperature under a loss of coolant accident. Sample calculations
are performed using the critical ideal gas flow rate model and the Moody’s graphs for the
maximum two-phase flow rates, and the results are compared with the values obtained from
the mass leakage rate formula of CONTEMPT-LT code for converging nozzle and sonic
flow. It is shown that the critical ‘ideal gas flow rate formula gives almost comparable
results as one can obtain from the Moody’s model. It is also found that a more conservative
approach to estimate leakage rate from a containment under a LOCA is to use the maximum
jdeal gas flow rate equation rather than the mass leakage rate formula of CONTEMPT-LT.
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1. Introduction

Estimates of the leakage rate from a
nuclear reactor containment atmosphere
following a loss-of-coolant accident(LOCA)
are important to the prediction of the
amount of fission products released to the
environment. The first step to ascertain
radiological consequences of reactor acci-
dent is to calculate released doses to the
public by estimating the leakage rate from
the containment.

In the event of a LOCA in a pressurized
water reactor(PWR),
expelled from the primary coolant system

cooling water is

to the dry containment building. Flashing
of this liquid to steam and a rapid rise in
pressure and temperature occur in the
containment. Continued addition of mass
and energy to the containment necessitate
operation of containment safety systems to
control the pressure and temperature of
the containment atmosphere.

Several different types of leakage from
reactor containment to the atmosphere can
occur during accident sequences. These
follows¥:(1) Low
(design) leakage from one or more small
undefined paths, (2) isolation loss leakage
from a single and relatively large open
path, and (3) massive leakage (a puff)

can be classified as

from a failed containment vessel.

The driving force for fission product
leakage from a containment consists of
steam and noncondensable gases that are
generated during the course of accident.
In a reactor accident, radionuclides may
‘be relzased into the containment, which
may then leak at one or more points to
the outside environment. Thus, the release
of fission products to the environment is

controlled by the leak rate from the
containment. The leak rate of the contain-
ment, on the other hand, depends on such
factors as (1) the containment leak hole-
size and (2) the containment pressure and:
temperature.

Once the containment leak hole size and’
the containment pressure and temperature
are known, the next step to determine the:
amount of fission products released to the
environment under a LOCA is to identify
a proper flow rate formula for computation.
A conservative method of leak rate estim-
ation is to use a limiting leakage flow rate
model for the given conditions.

A number of models have been proposed
for maximum two-phase flow at low pres-
sures by Linning?, Faletti¥, Da Cruz®,
Isbin et al.®, and Massena®. These models.
rely on some degree of empirical correlation
for the extra degree of freedom encountered
in two-phase flows, in which the liquid
and vapor travel at different average
velocities. Fauske” considers annular flow
with both phases in equilibrium and he
assumed the slip ratio at maximum flow
could be determined by maximizing the
pressure gradient just upstream from
discharge. Also, based on the concept of
critical mass flow in a single-phase homo-
geneous fluid, Moody® obtained the maxi-
mum flow rate in a two-phase mixture
model. However, the most simple formula
is the critical ideal gas flow rate model
which can be readily obtained from the
relations developed for isentropic flow in a
converging nozzle for compressible fluid®.

Currently there are numerous computer
codes for analysis during a LOCA. Among
RELAPY

computer programs for transient thermal-

these are various versions of

hydraulic analysis during postulated acci-
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BEACON/
computer

«dents or power transients,

MOD2'» and CONTEMPT-LT!®
«codes for the pressure and temperature
response of a containment building to a
LOCA. BEACON/MOD2w

version of the BEACON®
suitable for the simulation of the short

is the current
code and is

term transient behavior of a containment
system where heat transfer effects may be
mneglected. CONTEMPT-LT!?, on the other
hand, is a digital computer program deve-
loped to describe the long-term behavior
of water-cooled nuclear reactor containment
systems subjected to postulated LOCA
.«conditions. The program calculates the time
-variation of compartment pressure, temp-
seratures, mass and energy inventories, heat
structure temperature distributions, and
energy exchange with adjacent compart-
‘ments. This program is capable of descri-
bing the effects of leakage on containment
‘Tesponse.

This paper presents an outline of three
‘limitng mass flow rate models and compu-
‘tational procedures to estimate approximate
.amount of fission products released for a
‘given hole size, containment pressure and
temperature under a LOCA. Sample calcu-
Jations are given and compared with the
results obtained from the equation of the
mass leakage rate of CONTEMPT-LT? for
.converging nozzle and sonic flow.

2. Maximum Flow Rate Models

For a conservative estimation of fission
-products released from the containment
under a LOCA, one of the limiting flow
rate formulas developed for an ideal gas
flow, or single-phase and homogeneous flow,
and/or two-phase flow may be employed.
For the present purpose, only three limiting

mass flow rate models, which are the most

applicable and outstanding among many
existing models, are selected and briefly
outlined here along with the equation of
the mass leakage rate of CONTEMPT-LT?®
for converging nozzle and sonic flow.

2.1. Ideal Gas Flow Rate Model

Ideal gas flow properties entering and
leaving an ideal nozzle are shown in Fig. i.
Employing the relations developed for
“isentropic flow 1in a converging nozzle
for compressible fluid”, one can obtain the
following expression for mass flow rate(W)
at a flow cross sectional area A in terms
of stagnation pressure p, and stagnation

temperature To:

_— ] rgc 7"—‘], 2
W=p.AM,/ g <1+ ; M)
(r+1)/(2—27) )

where 7 is the specific heat ratio, M is the

mach number, g. is the acceleration due to
gravity, and R is the gas constant. This
equation is applicable for isentropic flow

of an ideal gas.

2.2. Maximum Single-Phase, Homogeneous

Flow Rate

Tocal static and stagnation properties
may be related by postulating an ideal
nozzle in which flow is described by the

FROPERTIES AT EXiT

i .
LN i
N-KOZZLE WALL \
1.
STATIC
PROPERTIES

Fig. 1. Ideal Nozzle and Flow Properties
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following general assumptions®: (1) Entr-
ance velocities are zero; (2) total entropy
flow rates at entrance and exit are equal
(i.e., (3) total energy
flow rates at entrance and exit are equal;
and (4) the flow is steady. Velocity V is
assumed to be constant over the exit

isentropic flow);

plane. Continuity and energy equations are

given by
. 0
h.,—h+-V—] (3)

For isentropic flow s, is constant. Therefore
h and v are functions of p only:

h=h(s., D) @

v=0(S, P) (5)
In the above equation, G is the mass flow
rate per unit area, V is the fluid velocity,
v is the specific volume, h is the specific
enthalpy, J is the mechanical equivalent
of heat, and a subscript zero denotes the
properties at stagnation state, respectively.

Solving for G from Egs. (2) and (3)

o=/ ,_z_gc_l(ﬁ.i)# )

Equations (4), (5) and (6) show that Gisa
function of p alone when 4, and s, are
known. A maximum value of G then must
satisfy ~%:0 which leads to the following

expression.

GM—\/ g.J <_g%> . )

where the subscript M denotes the property
at maximum flow rate. 'The first law of
thermodynamics may be written as

Tds:dlz-—%dp (8)

where J7 is a conversion factor. For isent-
ropic process, Eq. (8) leads to

(%)= () ©

Substituting Eq. (9) into Eq.(7), we have

M_‘/ éf (61)) S (10)

Equation (10) is the well-known expression:
for critical mass flow of a single-phase,.
homogeneous fluid.

2.3. Maximum Two-Phase Flow Rate

Based on the concept of critical mass:
flow in a single-phase, homogeneous fluid,
Moody® obtained a theoretical model for
predicting the maximum flow rate of a.
single component, two-phase mixture. It
assumes annular flow, uniform linear
velocities of each phase, and equilibrium
between liquid and vapor. Flow properties.
for this case are shown in Fig. 2. Flow
rate is maximized with respect to local slip-
ratio and static pressure for known stagn-
ation conditions.

The maximum two-phase flow formula, in.
terms of local static properties, given by

Moody?® is as follows:

— de] ds
Gu=y Tadd,+2dod) (1)

where di, ds, ds,ds
functions of p and the quality x(vapor

and ds; are specified
mass flow fraction).

Also, Moody® presented his solution in:
the form of five graphs giving maximumv
steam/water flow rates for; local static
pressures between 1.70 and 204.14 atm,.

STATIS
FpoamnTizg PROFERTES

Fig. 2. Ideal Nozzle and Two-Phase Annular
Flow Properties



Analytical Methods of Leakage Rate Estimation...

with local qualities from 0.01 to 1.00; local
stagnation pressures and enthalpies which
cover the range of saturation states.

2.4. Mass Leakage Rate Formula of
CONTEMPT-LT

CONTEMPT-LT® allows two types of
leakage calculations: normal compartment
leakage determined from tabular input and
program calculations and penetration leak-
age determined from program calculations.
For penetration leakage, the flow is assu-
med to be through one of three types of
nozzles: a converging nozzle, a diverging
nozzle, or a converging-diverging nozzle.
In each case, the equation of the mass

leakage rate is
_ 218 71
W=CAZpn|—BE — \[1-2 (1)

where C; is an input constant, usually 1.0,

A is the nozzle throat area, p, is the pres-
sure at inlet side, T, is the absolute tem-
perature of flowing mixture, R, is the gas
constant of the the air and water vapor
mixture, and Z is the function of pressure
ratio which depends on the type of nozzle
and the pressure difference across the
nozzle.

For converging nozzle and sonic flow, in
particular, Eq.(12) becomes

W:C,,A( 1’2) ' 1’\/ T Zf)gfe

S8

where the subscript e stands for exit

conditions.

3. Leakage Rate Analysis and Discussion

3.1 Assumptions and Sample Calculations

The PWR has two small (5. 08cm diame-
ter) vacuum pump line penetrations each

MH. Chun 125

having two isolation valves outside conta-
inment that are called upon to close when
a LOCA occurs. However, both of these

ultimately connect to a

ponetrations
common vacuum pump exhaustline. In this
line there is a normally open valve which
is designed to trip closed on a high radia-
tion signal. Thus failure to isolate each of
those penetrations could occur by the
failure of these three valves to close. Thus,
were “consequence limiting control system”
of the PWR to fail, the leakage rate for
the containment atmosphere to external
environment could be equivalent to that
due to about a 7.62cm diameter hole Also,
it may be noted here that the design leak
rate for a PWR containment is 0.1 volume
percent (v/o) per day, with temporary
increases up to 1 v/o per day considered
permissible?.

During a design basis accident the
containment is pressurized rapidly to a
peak of 3.67 atm as a result of primary
system blowdown". Design pressure of a
typical PWR containment is about 4.08
atm (60psig).

For a conservative estimate of the conta-
inment leakage rate under a LOCA follo-
wing assumptions may be made:

(1) The reference containment building
is a dry, single-volume structure with
internal masses.

(2) The pressure-temperature response of
a dry containment to a LOCA is known
from the use of computer codes such as
CONTEMPT-LT*® or BEACON/MOD2!v
along with the RELAPY codes.

(3) Containment atmosphere filled with
a mixture of air, steam, and nonconden-
sable gases behaves as a perfect gas with
a constant specific heat. This assumption

is required only when Eq. (1) is used.
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(4) Containment leakage can be repre-
sented by an equivalent diameter(i.e., a
characteristic hole size) of a converging
nozzle as shown in Fig. 3..

(5) Containment free volume is large
enough so that negligible changes in
pressure and temperature occur as the fluid
is exhausted through the leak hole.

With these assumptions sample calcul-
ations are made to examine the validity
and the applicability of the maximum flow
rate models to the present case.

ldeal gas flow properties entering and
leaving an ideal nozzle are shown in Fig. 1,
whereas the ideal nozzle and two-phase
flow properties are shown in Fig. 2. Initial
conditions and numerical data are selected
for direct comparison with WASH-1400"
results. They are summarized and shown
in Table 1.

Of the three flow rate equations, i.e.,
Eqs. (1), (10) and (11), the Eq.(10) is not
readily applicable to the present sample

LEAKAGS PATH

FREE VOLUME=5.087¢ x]04 m3
INITIAL PRESSURE=C.68 2tm
INITIAL TEMPERATURE =313.6 °K

/STEEL LINER

S T T T

MASS
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Fig. 3. Reference Containment Building and
Initial Conditions

J. Korean Nuclear Society, Vol. 13, No. 3, September, 1981

calculations, because it requires the know-
ledge of (—2—5—) s, which ;is not available.
Therefore, only two different methods are
used in the present sample calculations
for comparison: For the maximum perfect
gas flow rate Egq. (1) is used, whereas
graphs presented by Moody® are used for
the computation of the maximum two-phase
flow rates. Flow rates W obtained from
both methods and the mass leakage rate
of Eq.(13) are shown in Table 1.

In addition, maximum fow rate calcul-
ations are performed for typical contain-
ment pressure ranges under a LOCA using
both models, and the results are compared
with the mass leakage rate obtained from
Eq. (13) as shown in Fig. 4.

3.2. Discussion of the Results

Result of WASH-1400" shows that if the
internal pressure exceeds about 1.7 atm.,
the leakage flow through an assumed
orifice will be choked, and a leak rate of
200 v/o per day would require a hole of
9. 14cm in diameter or its equivalent.

MOODY’S MAX. TWO-PHASE -
FLOW RATE MODEL
{FOR X=1.0)

TAX, PERFECT GAS
FLOW RATE MOLEL

CCNTEMPT-LT(FOR CONVERGING |
NCZZLE AND SONIC FLOW)

FLOW RATE (kg/Sec)
o
[

STATNATION PRESSURZ/Atm)

. Stagnation Pressure versus Flow Rate
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S Mo | Max. Perfect Gas k) L opphase Flow Rate | cONTEMPT-LT
Parameters "=~ low Rate Model i (Ref. 12)
and Reslts e l Eq. (1) X=1.0 X=0.8 | Eq. (13

Po(atm.) 3. 67 (54 psia) 3. 67 3.67 3. 67

To (°K) +1 4(740 92 °R) 414 414 414

Diameter (m) 9. 14 % 107%(3. 6in) 9.14Xx 1072 9.14x10°* 9. 14 % 1072

A (m? 6.57 X 107°(10. 18in?) 6.57x 1072 6.57x 1073 6. 57 X 1073

M 1 Not Applicable [Not Applicable {1

7 1.4 Not Applicable [Not Applicable i1.4

R(erg/°’K) or Rm 2.8709 x Not Applicable [Not Applicable 2.8709x 10°

(3. 34ft- 1br/1bm °R)

_g<(Kg-m/Newton-sec?) 1(32. 2lbm-ft/1bf-sec?) 1 1 1

Enthalpy (Kcal/Kg) Not Applicable 653. 27 550. 94 Ca=1

Gy (Kg/sec-m?) Not Applicable 1220.61 976. 48 Pe.=1latm

W (Kg/sec) 4.86(10.71 1bm/sec) 8. 01 6. 41 }4. 12

As shown in Table 1, Eq. (1) gives the
maximum flow rate of 4.86 kg/sec for the
leak hole of 9.14 cm in diameter, and this
is equivalent to 263 v/o per day, which is
in general agreement with WASH-1400"
results. The maximum two-phase flow rate
model gives a larger value than Eq. (1),
whereas Eq. (13) of CONTEMPT-LT for
-converging nozzle and sonic flow gives
smaller value than Eq. (1). It may be
noted here that part of the reason for this
deviation may be due to the difference in
‘the temperature of the containment atmo-
sphere:
“Temperature of the containment atmosp-
here used in the WASH-1400" is not spe-
«cified, whereas it is assumed to be 414 °k
for Eq. (1),

Also,

Moody’s® graph, and Eq. (13).
inspection of Fig. 4 shows that
Moody’s® maximum two-phase flow rate
model gives larger flow rate than the
critical ideal gas flow rate formula Eq.(1)
for pressures below 10 atm., and beyond
this pressure both results tend to approach
the same value. The mass leakage rate
(13), of CONTEMPT-LT??,
©on the other hand, gives smaller flow rate

formula, Eq.

than the critical ideal gas flow rate formula
for pressures above 2 atm., and beyond
this pressure the magnitude of the differ-
ence between the two flow rates becomes
larger.

4. Application to Computer Program

From the foregoing discussions it may
be deduced that the maximum ideal gas
flow rate model is the most convenient
tool to be used for a subroutine program
of a main computer codes(or for an entirely
in dependent program). That is, in spite of
its simplicity, Eq.(1) gives almost comp-
arable results as one can obtain from the
maximum two-phase flow rate model. Also,
since Eq. (1) predicts larger flow rate than
Eq. (13) of the CONTEMPT-LT* it would
be more conservative to employ Eq.(1)
rather than Eq.(13) for choked flow condi-
tion to estimate leakage rate from a con-
tainment under a LOCA.
two-phase flow model®, on the other hand,

The maximum

has an inherent drawback for applications
to computer programs because of its ex-
treme complexity, and it would require an
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enormous amount of data, such as steam
tables. In addition, graphs presented by
Moody® are not directly applicable for
computer programming.

Therefore, in order to estimate leakage
rates from a containment and its effect on
the containment pressure and temperature
response under an initiating event, such
as a double-ended cold-leg break, one may
proceed as shown in the flow diagram for
computer program (Fig. 5):

(1) The pressure-temperature response of
a dry containment building to a LOCA
may be obtained from the computer
programs such as CONTEMPT® and
BEACON®. For these codes, the mass and
energy input rates to the containment may
be obtained as functions of time from
the RELAP!® computer codes.

i

IWFUT FARAMETERS

!
!
INITIAL CONDITIONS

FOR LOCA

!
1]

MAIN COMPUTER
cooes

1

,T. AND INPUT PARAMETERS
OR MAXIMUM PERFECT GAS t
LOW RATE MODEL

l

CUTFUT PARAMEITERS 3

(1}, CONTAINMENT LEAKAGE
RATE ,

(2}, EFFECT OF LEAKAGE ON
THE CONTAINMENT
PRESSURE AND
TEMPERATURE ,

r

1+ at

1l

nm

Fig. 5. Flow Diagram for Computer Program

(2) Results of the pressure and temper-
ature response from one time interval are
used as initial conditions for the leakage
rate estimations. In addition, the effect of
the leakage on the containment pressure
and temperature are estimated and these
results are used as initial conditions for
the next time interval(¢=:+41).

(3) Continuation of this process would
give the containment leak rate as a
function of time under an initiating event

such as a LOCA.
5. Conclusions

This work is initiated in an effort to
improve and upgrade current computer
codes. Qutlines of three limiting mass flow
rate mocels are given along with comput-
ational procedures to estimate approximate
amount of fission products released from
a containment to environment for a given
characteristic hole size for containment-
isolation failure and containment pressure
and temperature under a LOCA.

Sample calcuations [are also performed
using the maximum ideal gas flow rate
model and the Moody’s® graphs for the
maximum two-phase flow rates, and the
results are compared with the values
obtained from the mass leakage rate:
formula of CONTEMPT-LT*® for converg-
ing nozzle and chocked flow: This compar-
ison shows that the critical ideal gas
flow rate formula, Eq.(1), gives almost
comparable results as one can obtain from
the Moody’s® model. It is also found that
a more conservative approach to estimate
leakage rate from a containment under a
LOCA is to employ Eq.(1) rather than Eq.
(13) of CONTEMPT-LT®», ‘Based on this.
result and because of its simplicity and
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immediate applicability, a recommendation
is made here to select the maximum ideal
gas flow rate model for the “computer
program of an approximate containment
leakage rate estimation and its effect on
containment transient under a LOCA.” For
this purpose, a flow diagram for the
computer program is also presented.
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