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,~BSTRACT 

Representative designs for boiling and pressurized light water reactors 
have been reviewed to identify potential sources for short-term buoyant plurnes 
that might be associated with low probability events at nuclear power plants. 
Techniques for evaluating the consequences of the buoyant releases are 
described. The techniques are applied to the releases following the 
January 25, 1982, steam generator tube rupture at the R. F. Ginna Nuclear Power 
Plant. Finally, NRC guidance to licensees is discussed. 

Potential sources for radioactive, buoyant plumes at boiling water reac
tors include main steam line breaks, and breaks in the high pressure core 
injection line and residual heat removal system. For pressurized water reac
tors, the potential sources of radioactive, buoyant plumes include steam gen
erator tube ruptures followed by the opening of safety and dump valves, and 
breaks in the residual heat removal and letdown lines. 

The effluent released in these events will range from superheated steam at 
l49°C to a steam water mixture at about 100°C. Shortly following release the 
effluent will become supersaturated and may condense. Droplet nucleation is 
likely on any particulate material released with the steam, and the droplets 
are likely to fall out of the plume near the release point. 

Of the potential buoyant releases. the releases following a PWR steam gen
erator tube rupture are most amenable to evaluation in general terms, because 
they vent directly to the atmosphere. The flows are determined by the ratings 
of the valves and the dimensions of the vents. For the other potential 
releases, the flows are determined by the specific nature of the breaks in the 
lines. Maxinum flows can be estimated by assuming complete breaks in the 
lines. However, there is no assurance that the breaks would be complete. Fur
ther, the path between one of these breaks and the atmosphere depends on the 
magnitude of the break. 1f a large break occurs, it is likely that the efflu
ent will reach the atmosphere by breaching the side of the reactor building, 
steam tunnel or turbine building. Otherwise, the effluent would be released 
through the normal building ventilation system. 
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1.0 INTRODUCTION 

A number of low probability events at nuclear power plants, which are less 
severe than loss-of-coolant-accidents, have the potential to result in short
term buoyant releases of radioactive material. These events, including steam 
line ruptures in boiling water reactors (BWRs) and steam generator tube rup
tures in pressurized water reactors (PWRs), are not expected to occur at each 
reactor, but they can be expected to occur occasionally within the nuclear 
power industry. This report identifies potential sources of short-term, buoy
ant plumes and evaluates the likely behavior of the plumes near the release 
points. It discusses the guidance provided in Regulatory Guide 1.5 (USNRC 
1971) on plume behavior assumptions for use in evaluating the radiological con
sequences of a steam line break for BWRs, and it suggests possible guidance for 
use in evaluating the consequences of steam generator tube ruptures in PWRs. 

Potential ·sources of buoyant plumes were identified by examining safety 
analysis reports for representative designs for power reactors under construc
tion or operating in the United States. General Electric, Babcock and Wilcox, 
Westinghouse and Combustion Engineering designs were included in the sample. 
Steam and hot water lines outside of containment that normally, or could poten
tially, contain contaminated steam or water were identified. The maximum 
release rates, thermodynamic states and the likely pathways from possible 
release points - i.e •• steam line break, safety valves, etc. -to the free 
atmosphere were estimated for effluents from these lines. In some cases, the 
likely pathways could permit significant modification of the effluent prior to 
its final venting. These modifications could include reduction of the tempera
ture and momentum of the effluent and condensation of steam. For those cases 
in which no modification is likely, the maximum potential release rates and 
thermodynamic states of postulated breaks or flows through valves were used to 
estimate plume behavior. 

Simple models of plume behavior were used to evaluate the likelihood of 
condensation within the plume and plume rise. In these models, mixing between 
the plume and the atmosphere is assumed to be a function of distance from the 
vent. As the distance from the vent increases, atmospheric conditions become 
i~ortant. 

For those releases with sufficient buoyancy to rise well above heights 
normally associated with reactor building complexes, diffusion estimates were 
made to a distance of 1 km using standard elevated source diffusion equations. 
The plumes were assumed to originate at an upwind virtual point source. The 
distance to the virtual point source was computed to give diffusion coefficient 
values appropriate to the radius of the plume at the final rise height. 

The remainder of the report is organized as follows: Sections 2 and 3 
provide background information on the steam cycles in nuclear power plants 
(both BWRs and PWRs) and on the atmospheric processes related to plume develop
ment, transport and diffusion. Section 4 discusses releases from BWRs, and 
Section 5 treats PWRs. In these two sections the likely release points are 
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identified, the maximum release rates are estimated, the thermodynamic state of 
the effluents is estimated, and the potential pathways to the atmosphere are 
outlined. Section 6 evaluates the consequences of the postulated releases once 
they reach the atmosphere. Finally, Section 7 discusses guidance for evalua
tion of potentially buoyant releases. 
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2.0 GENERIC DESCRIPTION DESIGNS 

Thermal power plants produce most of this country's electricity. A source of 
heat is used to form steam which is passed through a turbine generator which 
converts thermal energy into electricity. The steam leaving the turbine is 
condensed and pumped back to the steam supply system. The heat removed from 
the steam in the condenser is transferred to a heat sink . This process is 
illustrated in Figure 2.1 

Light water nuclear reactor power plants use the cycle shown in Fig-
ure 2.1. They differ from coal or oil fired plants in that the heat to form 
the steam is furnished by a nuclear reactor. Two types of light water reactor 
power plants are in use in the United States; the boiling water reactor (BWR) 
and the pressurized water reactor (PWR) . Simplified flow diagrams are shown 
for each in Figures 2.2 and 2.3. Steam driven turbine-generators operating at 
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FIGURE 2. 1. Simplified Flow Diagram of a Thermal Power Plant 
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FIGURE 2. 2. Simplified Flow Diagram of a Boiling Water Reactor Power Plant 
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FIGURE 2.3. Simplified Flow Diagram of a Pressurized
Water Reactor Power Plant 

about the same inlet steam pressure and temperature (1000 psig and 282°C) are 
used for both types of plants. The main difference between the two types of 
plants is that the steam used to drive the turbine is produced within the reac
tor core in the case of the BWR but not in the case of the PWR. Instead, PWRs 
use two coolant loops to isolate the reactor from the turbine. Water passing 
through a PWR 1s primary loop is held at about 2200 psig to prevent boiling. 
Upon leaving the reactor, the primary coolant passes through heat exchangers 
(called steam generators) where water in the secondary loop is converted to the 
steam that drives the turbine. With either system, the steam passing through 
the turbine is condensed, any losses made up, and it is returned to the cycle 
as feedwater. Note that this feedwater enters the reactor in the case of a BWR 
{Figure 2.2) and enters the steam generators in the case of a PWR (Figure 2.3). 

2.1 BOILING WATER REACTORS 

Buoyant radioactive releases may occur if a significant amount of heated 
radioactive effluent is released. Th~refore, leaks or breaks in pipes carrying 
steam or superheated water {>100°C) are the likely sources for buoyant 
releases. The steam leaving the BWR reactor is radioactive since it contains 
traces of fission products and some activation products (such as nitrogen-16). 
Steam and hot water leaks of all sizes are possible. The largest steam l eak 
would occur from the rupture of a main steam line; the largest superheated 
water release would occur from the break of a main feedwater line just outside 
of containment. This study determined the amounts of steam released from a 
main steam line break and from a feedwater line break since they represent 
upper limits of releases. Smaller potential leaks are described in a general 
manner with their duration and possible effluent release points identified. 
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Typically, a BWR has four steam lines exiting the containment and entering 
the turbine building. A break in one of these lines g1ves, by far, the largest 
steam leak expected outside of containment and is analyzed in Chapter 15 of all 
BWR Final Safety Analysis Reports (FSARs). Only steam exits for the first 
second or two; this is followed by a steam water mixture because of swell 1n 
the liquid level in the core. Since the water in a BWR is much more contami
nated than the steam, most of the activity is released in this two-pnase mix
ture. In addition the large coolant loss can threaten to uncover the core. 
The core is protected by the emergency core cooling system and by main steam 
isolation valves (MSIVs) that are designed to automatically close within 5 to 
10 seconds. 

Many other steam leaks are possible but they will result in a smaller leak 
rate and a lower total amount of steam released. Section 4.0 discusses those 
other breaks although primary emphasis is placed upon the main steam line break 
accident. Section 4.0 also discusses the locations where the steam would exit 
the plant for the entire range of steam leaks. 

Leaks of superheated water (>100°C) can result in buoyant releases. The 
largest radioactive liquid flowrate in a BWR is the feedwater flow. Some 
plants pass the entire feedwater flow through only one line at some point down
stream of the feedwater heaters. A break in this line would give the maximum 
liquid leak rate. In addition, because the feedwater at this point has the 
highest temperature of any liquid outside of containment, a higher percentage 
of the feedwater would flash in a break of this line than in a break of any 
other line. Thus, a break in a feedwater line between the last feedwater 
heater and the containment boundary was selected as the acc1dent giving the 
largest potentially buoyant release from leaks of flashing water outside of 
containment. The locations, sizes and release po1nts of other smaller leaks 
are discussed in Section 4. 

Flow through the air ejectors, which keep a vacuum on the condenser, 
represents a normal leak path to the environment; the effluents are at low tem
perature (about 38°C) and of rather small volume (-0.014 m3js) flowrate. The 
effluents are treated to minimize the release of radioactive material, because 
this is a normal path to the environment. The treatment, which may include 
filtration and delaying the release, reduces any potent1al buoyancy. 

2.2 PRESSURIZED WATER REACTOR 

Failure of a steam or feedwater line in a PWR will not normally result 
directly in a radioactive release because the secondary loop 1s normally not 
contaminated. The most significant radioactive buoyant releases from a PWR are 
likely to occur as a result of a steam generator tube failure, an accident 
which is analyzed in Chapter 15 of all PWR FSARs. Fa1lure of one or more steam 
generator tubes causes leakage of radioactive primary coolant into the second
ary system. The turbine and reactor are tripped soon thereafter to minimize 
the release and to protect the reactor. In most cases the condenser remains 
available to cool the steam produced. In this case the contam1nated steam tro~1 
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the ~team genera~or 1s)directe? t? the condenser via the turbin~ from_the 
turb1ne bypass l1ne, a where 1t 1s condensed . Most of the rad1onucl1des in 
the secondary system will remain trapped within the secondary system. The 
exceptions are noble gases released to the atmosphere by the condenser air 
ejector system and, in the event of condenser leaks, radiation released to con
denser coolant water loop. PWR air ejector effluents are not lik3ly to be 
buoyant because they are similar to those of a BWR (i.e., 0.014 M /Sand 38°C). 
However the secondary coolant loop is not normally contaminated, therefore the 
air ejector effluent is unlikely to be treated before release to the environ
ment . The technical specif1cations under which nuclear reactor power stations 
operate allow very little condenser leakage, and little radioactive is expected 
to enter the condenser cooling water loop. However, radioactivity entering the 
condenser cooling water loop could be released to the atmosphere if evaporative 
cooling towers are used . (bJ 

Atmospheric dump valves and/or safety relief valves on the steam lines 
leaving the generators are the sources of the largest radioactive releases fol
lowing a steam generator tube rupture. These valves are opened only when the 
condenser is unable to handle the steam load or when the condenser is not avail
able . When the condenser is available, the safety relief valves may be opened 
briefly to accommodate transients associated with the reactor trip, turbine 
trip and the turbine bypass system activation . When the condensers are avail
able, steam "dumps" ranging from 30 seconds to 5 minutes in duration may occur 
inmediately following a reactor/turbine trip due to a steam generator tube rup
ture . Relief valve pressure is typ1cally 1200 psia, and radioactive super
heated steam at about 149°C exits the valves, resulting in a buoyant plume . 

A more serious situat1on exists if the condenser is unavailable, such as 
when loss of offsite power results in loss of the ability to pump cooling water 
through the condenser. In this case a sustained release of steam lasting up to 
30 minutes may occur before the affected steam generator can be isolated and 
the release of contaminated steam stopped . 

Leaks from breaks in PWR hot water lines are much less likely to cause a 
radioactive, contaminated plume than with BWRs. First, the secondary loop is 
not radioactive. Second, the bulk of the primary fluid is recirculated within 
the containment building. However, a portion of the primary fluid is continu
ously transferred to the auxiliary building (the letdown flow) for treatment to 
remove radionuclides and to adjust primary coolant chemistry. A break in this 
system could result in a significant release of steam within the auxiliary 
building . Another possible source of flashing fluid would he a leak in the 
residual heat removal system (RHR) . Releases from the letdown system or from 

(a) The turbine bypass line permits steam to go directly to the condenser from 
the steam-generators (Figure 2. 3) . 

{b) Most of the activity would remain in the condenser cooling water as it 
passes through the cool1ng tower because most fission products would remain 
in the liquid water. The exception would be the noble gases and the 
contaminated water lost through cooling tower drift. 
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the RHR system leak differ from the releases during a steam generator tube 
rupture accident in that they represent leaks that would exit the auxiliary 
building rather than through the main steam safety relief or atmospheric dump 
valves . These are discussed in Section 5.0. 
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3.0 ATMOSPHERIC BEHAVIOR OF POTENTIALLY BUOYANT RELEASES 

This section outlines the mathematical relationships that are used to 
evaluate the atmospheric behavior of the potentially buoyant, radioactive 
releases that might follow breaches of a nuclear power plant's steam system. 
Ultimately, these or similar relationships are needed to answer three basic 
questions: What is the effective height of the release? What are the ground
level concentrations beneath the plume? Will the ground beneath an elevated 
plume be contaminated by deposition of material by processes such as rainout? 

The atmospheric behavior of the releases is treated in two steps. In the 
first step, the near field behavior of the plume is estimated assuming that the 
release characteristics are the primary driving force for interactions between 
the plume and the atmosphere. This is the step in which plume rise and conden
sation are evaluated. In the second step, the far field behavior of the plume, 
i.e., diffusion, is estimated. These estimates are based upon the prevailing 
atmospheric conditions and an assumption that material in the plume behaves in 
a passive manner. 

For a more comprehensive discussion of plume rise, the literature reviews 
by Briggs (1969 and 1975) should be consulted. Gifford (1975) reviews diffu
sion models, and Meteorolo y and Atomic Ener y - 1968 (Slade 1968) and the 
Handbook on Atmospheric Di fusion Hanna, Briggs and Hosker 1982) discuss both 
plume rise and diffusion. These works contain the bases for the equations 
presented here. 

3.1 NEAR FIELD BEHAVIOR 

The near field behavior of a plume is controlled by the initial character
istics of the release, its area, velocity, temperature, density, and composi
tion. These variables can be combined to give three fluxes that are useful in 
estimating plume rise. The fluxes are: volume, momentum and buoyancy. By 
definition, the fluxes are vector quantities. The volume flux is given by 

(3.1) 

and the momentum flux is given by 

(3.2) 

where ~0 is the exit velocity vector and R is the exit radius. Both fluxes 
are normally directed vertically. However? they may be directed horizontally 
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if a release enters the atmosphere through an opening on the side of a build
ing. The two fluxes always have the same direction . 

The buoyancy flux is given by 

(3.3) 

where g is the gravitational constant, T0 an~ Ta are the initial effluent and 
atmospheric temperatures, respectively, and k is a unit vector in the vertical. 
In this form, the buoyancy flux takes into account the effects of sensible 
heat. The buoyancy flux is always directed upward, and therefore, does not 
necessarily have the same direction as the volume and momentum fluxes. If the 
effluent has a molecular weight that is significantly different than that of 
air, the difference in molecular weight can be taken into account by dividing 
the temperatures in (3.3) by the respective molecular weights. 

In the near field, plume rise estimates are made assuming conservation of 
momentum and buoyancy and a third relationship called the closure assumption. 
A common closure assumption (Hanna, Briggs and Hosker 1982) is that the 
increase in volume of a plume as it rises is directly proportional to the pro
duct of the current radius and vertical velocity. The proportionality constant 
has a value of 0. 16. Following from these assumptions, the radius of the plume 
is defined by 

R(z) = R + 0. 16 z 
0 

(3.4} 

where z is the height above the release point . A similar closure assumption 
and the same relationship for plume radius (with x replacing z) should be 
appropriate in the near field for plumes released horizontally with large 
momentum fluxes, because the near field plume growth is due to entrainment that 
results from the difference in velocities of the plume and the air. 

The height of a plume released vertically, as a function of downwind dis
tance (x), is given by 

(3. 5} 

where U is the wind speed, assumed to be constant with height. In addit i on. 
the average vertical velocity is given by 
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(3.6) 

During the initial plume rise, the plume is assumed to be well mixed, and 
the edges of the plume are assumed to be marked by discontinuities in tempera
ture, humidity and other plume constituents. 

To evaluate the potential for condensation within the plume , temperature 
and concentration of water in the plume must be determined . Both of these 
quantities are estimated by assuming isobaric mixing of the initial effluent 
with increasing quantities of the ambient air. The plume temperature is given 
by 

- T ) a 
(3 . 7) 

where the N•s are the volumes mixed, the p•s are densities, the c •s are speci
fic heats at constant pressure, and the subscripts indicate initi~l effluent 
and ambient air respectively . Similarly, the specific humidity in the plume is 
given by 

(3 . 8) 

where the specific humidity, q, is the ratio of the mass of water to the mass 
of moist air . The potential for condensation is evaluated by comparing q

0 
with 

the saturation specific humidity qs at temperature Tp • It is convenient to let 
N0 = 1 and work in terms of Na. 

The distance, d, from the release point to the point where a unit volume 
of effluent is diluted with Na volumes of air is given by 

(3 . 9) 

This distance is the distance along the plume, not necessarily the horizontal 
distance from the source. When the wind is calm, it is a vertical distance, 
and during moderate winds it is a slant range. 
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3. 2 FAR FIELD BEHAVIOR 

In evaluating the far field behavior of potentially buoyant radioactive 
releases from power reactors, the primary emphasis is placed on estimating the 
ground-level, normalized concentration beneath the centerline of an elevated 
plume given by 

X = 1 
-1T-O -o__,..,..U eX p 

Q y z 
(3.10} 

where xis the ground-level concentration, Q is the release rate, U is the wind 
speed at release height, o and oz are the lateral and vertical diffusion 
coefficients, respectively~ and he is the effective release height . The ef fec
tive release height is a function of the actual release height, the elevation 
of the terrain, and the plume rise. The diffusion parameters are functions of 
the initial plume dimensions and the turbulence in the atmosphere . 

A conservative method of estimating the effective release height, 
described in Regulatory Guide 1.111 (USNRC, 1977} is 

(3 . 11} 

where hs is the release elevation, hr is the plume rise, ht is the terrain ele
vation, and c is a correction factor for downwash due to low vertical exit 
velocity during periods of high wind speeds. Of these factors hs and ht are 
constants and c is a function of the ratio of the vertical component of the 
exit velocity and the wind speed; only hr requires further definition. Hanna, 
Briggs and Hosker {1982} give expressions for the final rise of vertically 
released buoyant plumes as functions of the buoyancy flux and atmospheric con~ 
ditions. For stable atmospheric conditions the final plume rise is 

(3.12} 

where Sis a stability parameter defined as 

s ·1; (:> + 0. 01 octm) {3 . 13} 
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For neutral atmospheric conditions, the final plume rise is given by 

(3.14) 

where U* is the friction velocity, i.e., a scaling velocity for wind speeds 
near the surface. The friction velocity can be estimated from the low-level 
wind speed observations using the logarithmic wind profile (see Hanna, Briggs 
and Hosker 1982). 

A third expression is given for use in unstable atmospheric conditions, 
however, that equation has little basis in observation. It should be conserva 
tive to use the neutral plume rise expression in unstable atmospheric condi
tions. 

Many of the potentially buoyant releases at nuclear power plants could 
result in plumes with an initial horizontal momentum flux rather than a verti
cal flux . Although these initially h0rizontal plumes may rise, generally 
accepted methods for estimating the rise have not been identified. Intui
tively, it is estimated that these plumes would result in concentrations near 
the source that are equal to the concentrations from ground-level releases and 
concentrations well downwind of the source that are similar to concentrations 
from elevated plumes. At intermediate distances, it is anticipated that there 
would be a relative concentration minimum associated with plume lift-off and a 
relative maximum following plume level-off. Further definition is needed in 
this area. 

The diffusion parameters, a and oz, can be estimated in the usual manner 
using curves that give values asyfunctions of downwind distance and stability . 
For consistency, however, it is appropriate to take into account the initial 
plume growth, which is not dependent upon atmospheric stability. 

The first step in determining the parameter values is to compute the down
wind distance at which atmospheric diffusion processes become dominant. For 
vertical releases , this distance is assumed to be the distance at which the 
plume levels off. For horizontal releases, it should be conservative to esti 
mate the distance as if the release were vertical. Equating hr in (3.12) and 
(3 . 14) with z(x) in (3 . 5) gives expressions that can be solved for the distance 
at level off . For stable atmospheric conditions this distance, denoted by a 
subscript f, is given by 

xf = 2.07 U S -1/2 (3. 15) 
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and for neut ral conditions i t i s given by 

(3.16) 

The distance that the plume t ravels between the point whe re it enters the atmo
sphere and whe re the diffusion process becomes dominant is, then app roximately 

d = ( 2 + h 2) 1/2 f xf r (3 . 17} 

Equation (3 . 4) can be used to determine the plume radius at this point by sub
stituting df for z. Finally , the initial diffusion parameter values can be 
estimated by dividing the plume radius by a constant . Choice of the constant 
value is somewhat arbi trary . A value of 2. 15 corresponds to an assumption that 
90% of the material released is within the plume as defined by the radius at 
l evel off . This is the assumption that is commonly made when estimating diffu 
s i on coefficients from visible plumes . A value of 3. 0 would cor respond to an 
assumption that 99 . 7% of the material is within the plume. The initial values 
of the diffusion parameters are assumed to be: 

o = o = R( d f) I 2 . 15 y z (3. 18) 

To compute parameter values at downwind distances beyond xf, the following 
procedure is used . The initial diffus1on parameter values are used to compute 
a distance from an imaginary point source to the level-off point . This virtual 
distance, xv, is a function of the prevailing atmospheric stability . It is 
common to have different virtual distances for oy and o • The virtual dis
tances are used with xf and the actual distance, x, to determine effective dis
tances, xe, for estimation of downwind diffusion coefficients, e. g. , 

(3 . 19) 

The procedure for estimating diffusion parameters from effective distance 
rather than directly from actual d1stances can be accomplished manually if the 
diffusion parameters are defined graphically, as in Regulatory Guide 1. 111, and 
is easily accomplished in computer programs if the parameters are defined 
mathematically . 
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3.3 ADDITIONAL CONSIDERATIONS 

The equations presented in the last two sections generally relate to dry 
plumes released from an isolated stack for periods of the order of 15 minutes 
to an hour in duration. This section discusses the effects of departures from 
these conditions. Specifically covered are the effects of: moisture and con
densation within the plume, multiple sources, building wakes, and release 
duration. 

3.3.1 Condensation 

The majority of the energy released does not contribute to plume rise 
unless condensation occurs. If it is assumed that saturated steam at 100°C is 
released into 10°C saturated air, 100% of the steam could be assumed to con
dense. T~ account for the release of latent heat, it would be necessary to 
increase F0 by a factor of about 16. Plume rise in stable atmospheric condi
tions, which ~ight accompany the 10°C saturated air, is proportional to the 
cube root of F0 • Therefore, neglecting the latent heat underestimates plume 
rise by about a factor of 2.5. If a more realistic set of assumptions is made, 
the effect on plume rise of neglecting latent heat is less. Neglecting 50% 
condensation results in a factor of 2 underestimate of plume rise, and neglect
ing 20% condensation underestimates plume rise by a factor of about 1.4. 

These plume rise estimates are maxima. The condensation/evaporation pro
cesses proceed at a finite pace. If the plume does not remain in a supersatur
ated state long enough for droplets to grow and fall out of the plume, evapora
tion of the drops will reduce the latent heat available to increase the 
buoyancy. 

While the plume is supersaturated, condensate droplets will form on avail
able condensation nuclei; sources of condensation nuclei include ambient air 
entrained in the plume and volatile or particulate material released with the 
steam. If the condensate drops fall into unsaturated air below the main plume, 
they will begin to evaporate. If they evaporate completely, a new plume con
sisting of the condensation nuclei will be formed below the main plume. This 
process could result in separation of species released with the steam. Noble 
gases are likely to remain with the upper plume and the remainder of the mate
rial is likely to be associated with the lower plume. 

Rather than attempt to account for the condensation and evaporation that 
may take place in the plume, plumes have been assumed to be dry for purposes of 
plume rise estimates. This assumption will result in ground-level concentra
tion estimates that have higher maxima and maxima closer to the release point 
that would result if condensation and evaporation effects were treated quanti
tatively. In general the assumption should lead to conservative estimates of 
off site exposures. However, there may be circumstances when it is not 
conservative. 

If the condensation drops do not fully evaporate as they fall, condensa
tion nuclei in the drops and material scavenged by the drops during their fall 
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will be deposited on the surface. The material from the release point to the 
point of impact is a function of the velocity of the plume, the rate of drop 
growth, the terminal velocity of the falling drop, and the wind speed . As a 
limiting case to estimate this distance, it is useful to assume that a fully 
formed drop is contained in the plume when it is released and determine the 
drop's trajectory. A suitable approximation of this trajectory can be made 
using the equations for uniformly accelerated motion between the release point 
and the point where the drop reaches its terminal velocity, and the equations 
for unaccelerated motion between that point and the drop's impact on the 
surface. 

3. 3. 2 Multiple Release Points 

Equations {3 . 12) and {3 . 14) are intended for use with isolated, single 
stacks or vents . Occasionally stacks or vents are situated close enough 
together that their plumes will merge as the plumes rise. When this happens, 
some additional rise can be expected . In nuclear power plants, the vents for 
atmospheric dump valves and safety valves along the main steam lines may be 
sufficiently close together for this to occur. Briggs {1974) gives the most 
commonly used procedure for estimating the plume rise for multiple sources . 
Hanna {1974) also provides a procedure, although it has not been tested wi t h 
data. 

The concept behind Briggs' procedure is to estimate the rise for one plume 
and then apply a correction factor that takes into account the number of 
release points, the spacing between release points and the predicted plume rise 
for a single source. The enhancement factor is defined as 

E = (N + ~)1/3 
n 1 + ~ 

(3 . 20) 

where N is the number of release points and ~ is 

(3.21) 

The spacing between vents is ~x. Clearl1J3E0 is maximized when~ is a minimum. 
In the limit, En approaches a value of N tor large N and h and small ~x. 
To approach an enhancement factor of 2 requires 8 vents, and fo approach a 
facto r of 3 requires 27 . 

3. 3. 3 Building Wakes 

Many of the potentially buoyant releases from nuclear power plants would 
not take place from isolated stacks or vents. Those releases that occur 
through short vents on roofs or through building sides may be affected by the 
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distortions of the airflow and turbulence in the vicinity of the building com
plex. The streamlines may reduce the effective release height, and turbu lence 
in the building wake may increase the rate at which diffusion takes place . The 
treatment of non -buoyant plumes released from roofs of reactor buildings is 
discussed in detail by Ramsdell (1983) . The treatment recommended is based 
upon a comparison of predicted plume rise with the approximate top of the 
building wake . The literature on building wakes is thoroughly reviewed in 
Hosker (1981) . 

With a number of simplifying assumptions , the top of the building wake is 
given approximately by 

1/3 
I (-XL ) h = 0. 28 Ls 

s 
(3.22) 

where h1 is the height above the building, x is the downwind distance from the 
upwind edge of the building, and Ls is a scale length related to the dimensions 
of the upwind face of the building . Letting L equal the square root of the 
area of the smallest building face is reasonab~e. The plume can be assumed to 
have escaped the building wake if, at some downwind distance, the effective 
release height minus the plume radius is greater than the sum of h 1 and the 
height of the roof of the tallest building in the reactor complex. Selection ' 
of the downwind distance at which the comparison is made is arbitrary . For the 
current purpose, the comparison distance is 100 m or the distance to final 
plume rise, whichever is smaller. 

If the plume rises above the building wake, it should be treated as an 
elevated release . On the other hand, if it does not, the conservative approach 
to estimating ground-level concentrations is to assume that the release takes 
place at ground-level in the building wake, at least part of the time. 

3. 3. 4 Release Du ration 

The last factor to be considered here is the effect of release duration on 
plume rise and diffusion . The plume rise formulations considered by Briggs 
(1969 and 1975) and others are for continuous releases, and Gifford (1975) 
indicates that the diffusion coefficient parameterizations are generally appro
priate for estimating concentrations for periods of 30 minutes to an hour. 
However, a number of the potentially buoyant releases from reactors may have 
durations that are significantly shorter than 30 minutes . The releases from 
steam line breaks and safety valves may be less than a minute in duration . 

Wind speed distributions are generally positively skewed, i . e., the mean 
speed is larger than the modal speed . As a result, the average wind speed dur
ing a sho rt-term release , fo r example a release of 1 minute duration, is l i kely 
to be less than the average for a longer period, say 15 minutes. Consequently, 
plume rise computed with (3 . 12} and (3 . 14) is likely to be low. However , the 
concentrations within the plume, estimated using (3.10) would tend to be higher 
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if the shorter-term wind speed were used. These differences are likely to be 
small and tend to be offsetting. Therefore, they are not considered further. 

Turner (1960) and Fohl (1967) have considered pulsed releases of stack 
effluents as a method of increasing plume rise. A pulsed release may form a 
vortex, and vortices tend to maintain their identity in the atmosphere longer 
than plumes. As a result, a buoyant vortex should rise farther than a buoyant 
plume . On this basis, (3.12) and (3.14) will be used without modification, as 
the net effect should be conservative. 

The relationship between release duration and the diffusion coefficient 
magnitudes has been considered by a number of individuals. Gifford (1968) and 
(1975) indicates that a power relationship originally proposed by Stewart, Gale 
and Crooks (1954) is generally accepted as a method for correcting diffusion 
coefficients for averaging time. Assuming that the appropriate averaging time 
for the standard diffusion coefficient formulations is 30 minutes, the diffu
sion coefficient values for shorter releases is given by 

0. 2 
(3.23) 

where at is the corrected value, a0 is the value for a 30 minute average, and t 
is the averaging time . 

Nickola (1971) presents measured diffusion coefficient data for six 
instantaneous, ground-level puff releases. For four of the releases the sta
bility was about Pasquill-Gifford class D. On the average the ay values com
puted for these conditions at distances of 200 and 800 m were between 65 and 
70% of the corresponding values estimated using Figure 1 of Regulatory 
Guide 1.145 . Ramsdell (1971) compares lateral diffusion coefficients for short 
segments of 2 continuous plumes with the coefficients for longer-term concen
tration averages in the same plumes . The ratios between the short- and longer
term diffusion coefficients were smaller than expected from (3.23) for time 
ratios out to 30. However, at larger time ratios, the diffusion coefficient 
ratios tended to become constant, at about the expected values. There is a 
relatively large scatter in data used by both Nickol a and Ramsdell, but the 
general conclusion to be drawn is that diffusion coefficients for short -term 
releases are likely to be smaller than those estimated using the standard 
methods . The differences may be a factor of 2 or more. 

The effects of overestimates in diffusion coefficient magnitudes are read
ily estimated using (3.10) . Centerline, time-integrated concentration will be 
reduced in proportion to the reciprocal of the product of the diffusion coeffi
cient overestimates, but the exponential term will increase in magnitude . 
Close to the source the increase in the exponential term is the dominant fac
tor. For example, if both a and az are overestimated by a factor of 2, 
ground-level concentrations ~ill be overestimated until oz equals 1. 04 he . 
Beyond that distance, ground-level concentrations will be underestimated . 
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Overestimating oz also reduces the distance to the ground-level concentration 
maximum; the magnitude of the maximum may or may not be affected by an over
estimate of oz. In the special cases treated by Gifford (1968} in which o is 
proportional to oz, the maximum time-integrated concentration is not affec~ed 
by changing the d1stance to the maximu~. In that case, the maximum is reached 
when oz equals l.r he. 

Assuming that he is 30m, the effects of a factor of 2 overestimate of oz 
can be further evaluated. The overestimate of oz gives conservative estimates 
of the ground-level, time integrated concentration until oz grows to 31 . 2 m, 
and the ground-level maximum occurs when o? equals 42.4 m. Using Figure 2 in 
Regulatory Guide 1.145 to evaluate these d1stances, the concentration estimates 
are conservative to a distance of about 1500 min E stability, when the maximum 
is estimated to occur at about 2500 m. If o were one-half of the E stability 
value in the figure, the maximum would actuafly occur at about 10 km. The more 
stable the atmosphere, the farther downwind the assumption of continuous plume 
diffusion coefficients remains conservative and the fartherit is to the maximum 
concentration. 

In summary, the effects of moisture and release duration may affect plume 
rise and diffusion coefficient values, respectively, but the effects may be 
neglected without sacrificing conservatism, particularly near the release 
point . The effects of moisture should be considered with respect to condensa
tion and subsequent washout of material contained in the plume. The effects of 
multiple release points on plume rise can be estimated using Briggs • relation
ship, but the effects are likely to be small, i.e., less than a factor of 2. 
Finally, the potential interaction between a plume and the reactor complex can 
be evaluated, at least qualitatively, by comparing the final plume rise with 
the vertical extent of the wake. 
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4.0 BOILING WATER REACTOR RELEASES 

Steam leaks and superheated water leaks outside of containment are the 
only sources of potentially buoyant plumes from BWRs. Superheated water will 
flash to form a steam-water mixture at 100°C. The temperature of the effluent 
from steam leaks will range from 100°C up to 150°C, the maxi~um superheat 
resulting from expansion of steam from reactor conditions. 

The detailed layout and design of nuclear plants, even for those of the 
same vendor, varies considerably from site to site. Furthermore, the path to 
the environment depends to what extent upon the location and size of the leak. 
The approach taken here is to evaluate the largest expected leak from each of 
the likely release points in several representative power plants and to 
describe representative locations and layouts of these release points. 
Releases from intermediate and small leaks would be expected either to exit the 
plant through the same release points as the large leaks or through the heating 
and ventilation system's exhaust vents. In this manner, a generic picture of 
the amounts of steam as well as the locations and elevations at which such 
releases would be expected to occur is obtained. 

4.1 STEAM LEAKS 

Steam leaks ranging in size from trace quantities to the largest expected, 
that from a break of a main steam line, are possible with a BWR. Leaks can 
occur within the reactor building (or auxiliary building as certain parts of 
the reactor building are called in some plants) as well as in the turbine 
building. The largest analyzed leak, the break of a main steam line, is dis
cussed first. 

Figure 4.1 presents a schematic diagram of a steam line break within the 
steam tunnel. The steam tunnel is a pressure-resistant structure that encloses 
the steam and feedwater lines from the point where they exit the containment 
until they reach the turbine operating deck. The steam tunnel acts to prevent 
the escaping steam from entering the reactor building. Depending upon the spe
cific plant and the location of the break, the escaping steam may reach the 
environment via blowout panels located in the reactor building, blowout panels 
located in the steam tunnel or by passing through the turbine building or a 
combination of all three of these exits. 

An examination of Figure 4.1 shows that other break locations are possi
ble. Breaks within containment would not result in a buoyant plume unless 
there was a loss of containment which would be an entirely different class of 
accident. Breaks inside that portion of the steam tunnel within the turbine 
building would result in a portion of the steam flow exiting the steam tunnel 
blowout panels and a portion exiting the turbine building. A break inside the 
turbine bay would be expected to exit the turbine building. Blowout panels 
per se are not provided in many turbine buildings. Instead, turbine buildings 
are designed with sheetmetal walls above the turbine deck which serve the same 
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FIGURE 4. 1. Schematic of a Main Steam Line Break Inside the Steam Tunnel 

purpose as blowout panels in relieving building pressure. In short, the steam 
released from a main steam break will, depending upon the specific plant, exit 
the reactor building vent, steam tunnel blowout panels or via the turbine 
building. 

Final Safety Analysis reports for BWRs with General Electric Mark I, 
Mark II, and Mark III containments were examined to obtain representative 
building layouts and likely release points for steam line breaks (Figures 4. 2-
4. 4) . Though reactor design does not necessarily dictate the design of release 
points, information on the plant layouts of the three generations of BWRs was 
obtained. 

Browns Ferry (Figure 4. 2) is a three unit MK-I BWR plant. The steam 
released by a main steam line leak is vented directly into the turbine build
ing. Thus it would be expected that the steam would exhaust horizontally to 
the atmosphere somewhere between the operating floor 9 meters above grade and 
the turbine building roof 32 meters above grade. The turbine building volume 
would be used to determine overpressures resulting from steam line breaks . The 
effect of the building volume on plum~ characteristics has not been estimated. 

The two unit, MK- II Susquehanna Nuclear Plant is shown in Figure 4.3 . The 
system to vent steam f rom a main steam line leak makes use of a reactor build
ing vent, steam tunnel blowout panels and venting to the turbine building . A 
leak in that portion of the steam tunnel lying within the reactor building 
would result in a portion of the steam exiting the reactor building vent 
through blowout panels located 41 meters above grade and the remainder entering 
the turbine building through one-way relief panels . A portion of this latter 
flow would exit the steam tunnel blowout panels located 12.2 meters above grade 
on the east side on the turbine building about 9.1 meters from the reactor 
bui l ding (see Figure 4. 3) with the remainder exiting via the turbine building. 
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FIGURE 4. 2. Plan and Side View of Unit 3 Browns Ferry Nuclear Station 

Since the Unit 1 and Unit 2 turbine buildings are not partitioned by a common 
wall, the entire volume of these buildings is used to determine the overpres
sure resulting from the steam release. Any release through blown out walls 
would be expected to occur above the operating floor which is located 
15.2 meters above grade. 

The layout of the two unit, MK-111 Grand Gulf Nuclear Station is shown in 
Figure 4.4. The reactor building is equipped with a steam tunnel blowout shaft 
with blowout panels located about 24.4 meters above grade on the side of the 
building (see Figure 4.4). Steam exiting the turbine building would probably 
leave at or above the elevation of the operating floor 10. 4 meters above grade. 

The total amounts of steam and water that would be released from a steam 
line break are given for three reactors in Table 4.1. The flowrates and tem
peratures are those that would exist after an isenthalpic expansion from the 
conditions within the steam line to one atmosphere, and assuming a low velocity 
for steam exiting the reactor or turbine building . Initially only steam at 
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reactor conditions is released; this produces an effluent of superheated steam 
at about 149°C shown in Table 4. 1. Within about 2 seconds after the break 
occurs, the reactor fluid level rises to the point where a two phase mixture 
exits the break (see Figure 4. 5) . This mixture, upon expanding to one atmo
sphere pressure, will form a steam water mixture at 100°C giving the amounts of 
100°C steam and water shown in Tab 1 e 4. 1. A 11 of the steam water re 1 eased by a 
steam line break at Brown's Ferry would exit the turbine building , probably at 
an elevation aboye)the operating floor, 9.1 meters above grade or through 
building drains . ta 

Grand Gulf has two potential release points; the reactor building (main 
steam tunnel blowout shaft) vent and the turbine building . It appears that a 
leak in the reactor building would release all of the steam out the reactor 
building vent located 24. 4 meters above grade (see Table 4. 2) and that a leak 
inside the turbine building would release all of the steam at or above the 
operating deck of the turbine building 10. 4 meters above grade . 

The situation at Susquehanna is more complex since three potential release 
points exist: the reactor building vent located 41 .1 meters above grade, the 
steam tunnel blowout panels located 12. 2 meters above grade and that portion of 
the turbine building above the operating floor which is 16. 2 meters above grade 
(see Table 4. 2) . The Susquehanna FSAR had sufficient information to allow an 
approximate computation of the flow split. The maximum percent of the steam 
and water that would be expected to exit the reactor building steam tunnel vent 
41.1 meters above grade is 75%; this occurs for a break within the reactor 
building. This release point is used only for breaks in the reactor building 
portion of the steam tunnel as the one-way blowout panels on the reactor build
ing-turbine building wall of the steam tunnel do not permit backflow from the 
turbine building . The maximum fraction of flow out of the steam tunnel blowout 
panels is 70%; this occurs for breaks in the steam tunnel just downstream of 
the reactor building wall (see Table 4. 3) . Finally, for breaks in the turbine 
building proper, 100% of the escaping fluid will exit the turbine building. 

A number of other steam lines exit the reactor containment and could be a 
source of superheated steam leak . In general, these lines also pass through 
the main steam line tunnel or through structures with similar venting to pro
tect the reactor building. All such systems are provided with automatic isola
tion valving . Table 4. 4 presents the steam releases for three of the largest 
such breaks identified in the Susqueh.anna FSAR . All leaks are considerably 
smaller than that released by a main steam line break. 

(a) It has not been determined what fraction of the water released from a steam 
line break would also exit the reactor and/or turbine buildings concurrent 
with the steam. It could range from nearly 100% for that mixture exiting 
the blowout panels in the steam tunnel for a break located there to a very 
small f raction of that portion of the flow exiting the turbine building 
since most of the water would probably exit through turbine building 
drains . 
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TABLE 4.1. Effluents From a Main Steam Line Break* 

Nt.mber Type of 

Site ot Units Containment 

Browns Ferry 3 14< I 

Susquehanna 2 14< I I 

Grand Gu If 2 14<1 I I 

(a) 149•c steam at one atmosphere 
(b) too•c steam at one atmosphere 
(c) 1oo•c water at one atmosphere 

Therma I 
Power-MW+/Un It 

3293 

3393 

3833 

* From the respective plant's FSARs. 

Valve Superheated Saturated 

Electric Closure Steam SteM~ 

Power-MW Time-sec Released-kg (a) Released-kg(b) 

1065 10.5 65,800 4,800 

1050 5.5 8,600 14,800 

1250 5.5 6,500 8,000 

Saturated 
Water 

~e_ l_e_a_s_e_d-kg 
(C) 

68,200 

22,300 

13,000 
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FIGURE 4.5. Steam and Water Flows for a Main Steam Line 
Break at Browns Ferry Nuclear Station 

Before discussing releases from breaks in superheated water lines, the 
exhaust of steam via turbine and reactor building ventilation ducts will be 
discussed. Table 4.5 provides some useful information on the normal releases 
from ventilation ducts. Steam releases, which do not result in operation of 
blowout panels or rupture of turbine building walls, will exit via the ventila
tion ducts. The mixture of steam and air that would exit these ducts would be 
time dependent as well as dependent upon the location and size of the release . 

The behavior of a plume from a release via an opened blowout panel may 
differ from that from a ventilation duct. Therefore it is necessary to deter
mine if the ventilation system can keep building overpressures below the value 
needed to activate blowout panels or rupture the building . Consider, for exam
ple, that the design pressu re drop of the heating and ventilating fans is one 
inch of water and that the blowout panel release pressure is 0. 25 psi (Brown's 
Ferry FSAR). The building volume can be estimated from Figure 4. 2-4.4 or from 
the plant FSAR. The amount of steam required to raise the building pressure to 
0.25 psi can then be computed. If the steam released is smaller than that 
amount, the blowout panels will remain intact. If the release exceeds the 
amount of steam required to reach 0.25 psi it must be determined whether the 
heating and ventilation fans can carry the release flow at that time {the time 
at which the building reached 0.25 psi) . The hedting and ventilation flow 
(assuming 0. 25 psi building pressure and a design operating pressure drop of 
one inch of water for the heating and ventilating fans) will be 2.6 and 3.3 
times that of the normal flowrates (given in Table 4.4) for air and steam, 
respectively . Steam-water-air mixtures will result in intermediate ratios. If 
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TABLE 4.2 . Release Points for Main Steam Line Breaks 

Elevation 
Above 

Area -m2 Plant Vent Grade -m Direction of Flow 

Browns Ferry Turbine building 9. 1(a) Unknown Probabl~)hori -
>557 zontal 
reasonable(b) 

Susquehanna Reactor building 41.1 35 . 3 Horizontal 
main steam tunnel 
blowout shaft vent 

Steam tunnel 12. 2 19. 5 Horizontal 
blowout panels 

Turbine building 15. 2(a) >557 Probab l~) hori-
zontal 

Grand Gulf Reactor building 24 . 4 17 . 8 Horizontal 
main steam tun-
nel blowout shaft 
tunnel vents 

Turbine building 10. 4(a) unknown Probably 
>557 horizontal (a) 
reasonable 

(a) Assumes turbine building walls will rupture above the operating floor 
eleva2ion . 

(b) 557 m from Susquehanna FSAR . 

TABLE 4.3 . Approximate Main Steam Line Break Flow Splits at Susquehanna 

Location of Break 
Reactor Building 

Steam tunnel just 
outside of reac
tor building 

Turbine deck 

Flow Out 
the Reactor 

Buildin9 Vent 
75% 

0 

0 

4. 9 

Steam Tunnel 
Blowout Turbine 
Panels Building 

15 10 

70 30 

0 100 



TABLE 4.4. Other Steam Breaks at Susquehanna Nuclear Station 

System Released Location 

Reactor building 

Tot a 1 SteallJ 
Released kg\a) 

High pressure core 
injection (HPCI) 
penetration room 

1320 

HPCI pump room 

Reactor heat removal 
system 

Reactor building 

Reactor building 

3170 

3950 

(a) 149°C steam; leak stopped in 30-60 seconds. 

TABLE 4.5. Heating and 

Elevation 
Plant Vent Above Grade m 

Browns Ferry Reactor 48. 8( a) 
building 

Turbine 31.7(a) 
building 

Grand Gulf Reactor 42.7(b) 
building 

Turbine 30.5(c) 

(a) Located on building roofs. 
(b) Located on building side. 

Ventilation Flows 

Flow m3 /S/Unit 

35.4 (wnen heating) 
70 .8 (when cooling) 

29.3 (winter minimum) 
127. (summer) 

16.5 

2.4 

Exit 
Velocity m/s 

17.0 

4.6 

(c) Discharge point is penthouse on the building roof with louvered sides. 

the volumetric flowrate of the steam being released to the building exceeds the 
ventilation system's flowrate at that time, the pressure will rise and the 
blowout panels will open. 

4.2 SUPERHEATED LIQUID LINE BREAKS 

Upon depressurization, superheated water flashes to form a 100°C steam
water mixtu re. The hotter the water, the higher the quality of the steam-water 
mixture formed (i . e. , more steam) . Because the feedwater flow is the largest 
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superheated wate r flow outside of containment and the temperature of the feed
water between the last heater and the containment boundary is one of the high
est water temperatures in the plant, a break in this region (see Figure 4. 6) 
will give the largest steam release from superheated water. The feedwater 
lines generally pass through the steam tunnel; therefore, the release points 
would be similar to those from a main steam line break (see Section 4. 1). 

The conditions at Susquehanna are typical . The feedwater flow is 
1690 kg/s . The feedwater is at a temperature of 195°C, this will result in 18% 
of the feedwater flashing to 100°C steam in the event of a break . The time 
that would elapse between the occurrence of a break and stopping of the leak is 
somewhat uncertain. Consider first the largest break . A check valve on the 
reactor containment boundary prevents backflow from the reactor. Once feed
water flow to the reactor stops, the reactor level begins to fall . Therefore, 
the automatic control system signals the pumps to increase their flow. The 
event is brought to a halt at about 30 seconds when the reactor is scrammed on 
low water level . The feedwater pumps are simultaneously tripped and begin to 
coast down. A reasonable approximation to ohtain an upper limit that accounts 
for the increased flow through the break and for pump coast down time is to use 
one minute normal flow . This gives a total mass loss of 101,800 kg of which 
18% or 18 , 300 kg would be 100°C steam and the remainder (83,500 kg) would be 
100°C water. A smaller leak would lead to scram at a later time or possibly no 
automatic scram at all . However, the operator would receive an alarm for high 
temperature in the region of the break within 30 seconds and would be expected 
to take action. Thus the large break described above probably gives the 
largest release. 

Most BWRs operate at similar conditions, therefore the mass flow can be 
scaled with sufficient accuracy for different plants by using the ratio of 
thermal power of other plants to that of Susquehanna (3393 MWt) • 

TURBINE 

FIGURE 4.6. Schematic of Feedwater Line Break Between 
Heaters and Containment 
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BWRs are equipped with full flow deminerali ze r ;. These combined with the 
stripping of the radioactive gases which occurs in the condenser, reduces the 
radioactivity level of the feedwater to about one hundredth that of the steam. 
Therefore, though feedwater breaks may release substantial amounts of steam, 
the steam is much less radioactive than that from a steam line break. 
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5.0 PRESSURIZED WATER REACTOR RELEASES 

The three events that may result in radioactive buoyant plume releases 
from PWRs have been identified in Section 2. These include a steam generator 
tube rupture followed by a reactor trip, a pipe break in the RHR system and a 
break in the letdown line piping outside of containment. Babcock & Wilcox, 
Westinghouse, and Combustion Engineering PWRs were examined to evaluate conse
quences of potential releases from these events. 

The most significant buoyant radioactive releases from a PWR will occur as 
a result of a steam generator tube rupture. A failure of one or more tubes 
causes leakage of radioactive primary coolant into the secondary system. The 
reactor and turbine are tripped soon thereafter to minimize the release and to 
protect the reactor. The dominant leakage path following this rupture results 
from the opening of atmospheric dump and/or safety relief valves. For all 
three reactor designs (i.e., B&W, Westinghouse, CE) it is assumed that steam is 
released from the main steam line atmospheric dump or safety valves at constant 
mass flow rates for the entire release period. For all of the PWRs evaluated, 
this is probably not the most realistic case. The rated capacity of the 
valve(s) is greater than the assumed constant flowrate of the steam being 
released. As a result, the steam will most likely be released intermittently. 
In addition, the flow rate would actually be higher than these average flow
rates at the beginning of the release and decrease below these values as the 
pressure decreases to the dump or safety valve closure set points. As the 
steam generator pressure decreases to the valve closure set point, the steam 
temperature as well as the mass flowrate through the valves will also decrease. 
This will correspondingly affect the temperature and velocity of the released 
steam. However, this was not taken into account for the data given in 
Tables 5.1, 5.4 and 5.6. 

The number of valves involved in a steam release will vary depending on 
their set point pressures and the highest pressure achieved in the steam gen
erator. To exemplify this point, data on the dump and safety valves of the 
WNP 1 & 4 plants are given in Table 5.2. 

Though all four of the dump valves and all twenty safety valves are listed 
to open at 1220 psia and 1250 psia, respectively, common engineering experience 
indicates that these valves will open at different set points due to design 
error and/or calibration variances. According to Article NC-7000 of ASME Sec
tion III, main steam safety relief valves can have a set pressure error of 
± 1%. Applying this error range to the dump valves means that one or all four 
valves could possibly open as low as about 1207 psia, or as high as about 1233 
psia, or at any pressure in between. Though the number and type of valves that 
opened in the steam generator tube rupture analyses reviewed for all three PWR 
types were not explicitly stated, it is assumed that steam is released through 
the minimum number of dump or safety valves needed to handle the total steam 
flow from each steam generator. If the steam generator pressure did reach the 
set point of all twenty safety valves at the same time (i.e., 1250 psia), the 
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TABLE 5. 1. Steam Release Conditions for a Steam Generator Tube 
Rupture With and Without Loss of Offsite Power for 
a Babcock & Wilcox Reactor (WNP 1 & 4) 

With Loss of 
Parameters Offsite Power 

Temperature 187°C 
With No Loss of Offsite Power 
187°C 

Velocity 2 vents @ 120 m/s 

Density 0. 480 kg/m3 

Exit radius 2 vents @ 0.53 m 

Flow rate 51 .7 kg/s(a) 
each vent 

Release time 18 minutes 

Height of release 21 . 3 m above grade 
point 

2 vents @ 163 m/s 

0. 480 kg/m3 

2 vents @ 0. 53 m 

70.4 kg/s(a) 
each vent 

3 minutes 

21 . 3 m above grade 

(a) This is an average flowrate for the entire release time 

TABLE 5. 2. Atmospheric Dump and Safety Relief Valve Setpoints 
and Rated Flowrates for WNP 1 & 4taJ 

Number per Setpoint Pressure Rated Flow- Exit Vent Radius 
T~~e Steam Generator ~~sia) rate ~er valve 

Dump Valve(b) 2 1220 75 .6 kg/s 
@ 1250 psia 

Safety Valves 10 1250 119 . 2 kg/s 
@ 1325 psia 

Dump Valves* 8 1205 101 .3 kg/s 
@ 1050 psia 

(a) WNP 1 & 4 Have 2 Steam Generators 
(b) Upst ream of MSIVs 
* Downstream of MSIVs and Used With Available Offsite Power Only 

5. 2 

(meters) 
0.533 

0.254 

0.533 



secondary pressure would decrease below their closure set points very quickly 
and may open for only a few seconds. Typically, safety valve closure set 
points are between 50 and 75 psi below their opening set points. 

Concerning leaks from PWR hot water lines, radioactive steam releases may 
occur for accidents involving rupture of the letdown line. Using information 
from the Midland 1 & 2 FSAR (B&W reactors) as a generic example for all three 
reactor types shows that reactor coolant is drawn from one of the reactor pres
sure vessel •s cold legs at about 2150 psi a through an 0.0635 m diamete5 p~pe, 
and flows through the letdown heat exchanger at a maximum of 8.8 x 10- m /s 
before the line passes through containment. Typically, the reactor coolant at 
this point has been reduced to 49°C. A rupture of the letdown line just out
side of containment will result in a worst case loss of coolant accident and 
would quickly release reactor coolant to the auxiliary building at a flowrate 
much higher than the nominal maximum value. Normally, the letdown line isola
tion valves inside of containment will aut~ma§ically close when this flowrate 
reaches a specific value (e.g., 1.26 x 10- m /s for Midland 1 & 2) and isolate 
the leak. At this high flowrate, however, the efficiency of the letdown heat 
exchanger would be affected so as to allow reactor coolant greater than 100°C 
to pass through it. Though a portion of the leaking coolant may flash to steam 
in this situation, one would not expect a large amount considering the automa
tic isolation of the letdown line valves. Any steam would be released to the 
atmosphere via the ventilation system through the auxiliary building stack. In 
the FSAR letdown line accident analyses, the licensees• usually take a conser
vative worst case approach and neglect the automation of the containment isola
tion valves, and assume the leak is isolated by operator intervention after a 
low pressure reactor trip and initiation of the emergency core cooling system. 
They also assume the reactor coolant leaking into the auxiliary building is 
between 100°C and the letdown heat exchanger inlet temperature (e.g., between 
100°C and 260°C) to provide conditions for steam flashing. The proportion of 
reactor coolant flashing to steam is then assumed equal to the proportion of 
radioiodines released to the atmosphere. The Midland 1 & 2 FSAR states that 
14% of the 28,000 kg of reactor coolant that would be released to the auxiliary 
building in the 13 minutes required for isolating the leak would flash to 
steam. 

Another potential buoyant plume release from a PWR hot water line may 
occur after initiating the RHR system during a plant shutdown, while the water 
is still above 100°C. A worst case rupture accident would occur at a complete 
pipe sever outside of containment, but before the line reaches the RHR pump, 
and immediately after the RHR system is initiated. At this time the reactor 
coolant is at its maximum temperature and pressure, typically ranging between 
117°C and 138°C and 315 and 415 psia for the three PWR types. Applying this 
rupture to Trojan•s (Westinghouse reactor) RHR system (using a form of 
Bernoulli•s head loss equation and neglecting any two phase flo~ characteris
tics) would result in an instantaneous flowrate of about 2.52 m /s; with the 
given pressure difference between the RHR piping and the auxiliary building 
atmosphere (400 psia) and the size of break {0.356 m in diameter), the reactor 
coolant system would depressurize quickly. This would initiate the emergency 
core cooling system and operator intervention to isolate the leak. The amount 
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of reactor coolant released into the auxiliary building would then depend upon 
how rapidly the operator could detect the problem and close the RHR isolation 
valves inside containment, as well as the pressure difference between the RHR 
piping and auxiliary building. ANSI Standard N660 11 Time Response Design Cri
teria for Safety Related Operator Actions 11 March 1981, recommends minimum oper
ator action time of six minutes for identification of problems and a single 
discrete manipulation (such as closing the RHR isolation valves). However, the 
expected response time for this type of accident is three to four minutes. 
Considering the range of temperatures for the three PWR types given above, 
about 7% to 15% of the reactor coolant released to the auxi1iary building would 
flash to 100°C saturated steam with a density of 0.597 kg/m , and exit via the 
ventilation system through the auxiliary building stack. 

5.1 BABCOCK & WILCOX REACTORS 

Final Safety Analysis reports from WNP 1 & 4, Midland 1 & 2, Arkansas 1, 
Crystal River, and Oconee 1 were reviewed to evaluate potential radioactive 
buoyant plume releases from B&W reactors. Information from the WNP 1 & 4 FSAR 
was used for the two cases of steam generator tube failure, with and without 
loss of offsite power, because the other B&W FSARs did not contain enough data 
to address these releases. The information used is assumed to be applicable to 
other B&W reactors. 

In the case with loss of offsite power, 111,600 kg of steam (half of which 
is from the affected steam generator) is assumed to be released through WNP 1 & 
4's dump valves in an 18 minute period before the steam generator tube leak is 
isolated (i.e., 18 minutes after reactor trip). For this release, superheated 
steam exits the dump valve release vents assuming an isenthalpic expansion to 
one atmosphere with steam inlet conditions at 318°C and 1220 psia for the 
entire release period. During normal full power conditions, the steam leaving 
the steam generators is 20°C superheated at 308°C and 1060 psia. After the 
reactor and turbine trip, the steam pressure increases to the dump valve set 
point (1220 psia) and the steam temperature will rise to stay at about 20°C 
superheated conditions. This is due to the continued heat transfer from the 
reactor coolant to the steam generator feedwater, and from the loss of heat 
transfer (i.e., steam flow) from the feedwater to the turbine. Assuming the 
use of two dump valves upstream of the MSIVs (one for each steam generator), 
superheated steam would exit each release vent at the conditions shown in 
Table 5.1. (See Table 5.2 for data on release vent layout and set point pres
sures.) If all four dump valves are assumed to open instead of two, steam at 
25.8 kg/s and about 60.0 m/s would exit each release vent. 

With no loss of offsite power, superheated steam is released through the 
atmospheric dump valves located downstream of the MSIVs which are part of the 
turbine bypass system (see Figure 12). These valves are set to open between 
10-15 psi lower than the upstream dump valves. It is assumed that only two of 
these valves will open for the 3 minute release period (one for each steam gen
erator). The two dump valves will handle the total steam release flow at their 
capacities given in Table 5.2. Steam will exit these valves' release vents at 
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the conditions shown in Table 5. 1. Here again, the steam velocities and flow 
rates from each vent can vary depending upon the number of dump valves that 
will open. If all 16 of these downstream dump valves were assumed to open at 
the same time, steam at 8.8 kg/s and 20 . 4 m/s would exit each release vent . 
Note that 32,600 kg and 26,800 kg of reactor coolant is assumed to leak into 
the affected steam generator during the 18 minute and 3 minute release pe riods, 
respectively . 

5.2 WESTINGHOUSE REACTORS 

Two Westinghouse PWR nuclear power plant designs were examined: Trojan 
Nuclear Power Plant and Byron/Braidwood stations . In Westinghouse design 
plants, the turbine bypass system is capable of handling the steam load, 
resulting in no releases to the atmosphere if offsite power is available . 
Without offsite power, the secondary loop pressure will exceed the limits for 
the steam generator safety relief valves with the result that steam will be 
vented in the atmosphere. Approximately 78,000 kg and 83,300 kg of steam will 
be released in the 30 minute period assumed to be required to isolate the 
faulty steam generator in the Trojan and Byron/Braidwood plants, respectively 
(Portland General Electric 1973 and Commonwealth Edison Company 1978) . 

Westinghouse systems generally have one atmospheric dump valve and five 
safety relief valves upstream of the MSIVs on each of the four main steam 
lines . Each safety valve has two exit stacks (vents) and the dump valve has 
one for a total of eleven 0. 36 m diameter release vents on each main steam 
line. The five safety valve set points and their rated flowrates are shown in 
Table 5.3. It is assumed that the safety valves set at 1185 psia, are the only 
safety valves needed to handle the average steam flow rate of the Trojan and 
Byron/Braidwood steam generators . Assuming an isenthalpic expansion to one 
atmosphere results in superheated steam at the conditions shown in Table 5.4 to 
exit each release vent in an upward direction. These flows assume 

TABLE 5.3 . Atmospheric Dump and Safety Relief Valve Setpoints 
and Rated Flow Rates for Trojan~a) 

Number per Setpoint Rated Exit Vent Radius 
Tlee Steam Generator Pressure {esia) Flowrate {meters} 

Dump Valve 1 0. 356 

Safety Valve 1 1185 84 .6 kg/s 0.178 
1 1215 86. 7 kg/s 0.178 
1 1225 114.9 kg/s 0. 178 
1 1235 115.8 kg/s 0.178 
1 1245 116.8 kg/s 0.178 

(a) Trojan has 4 steam generators 
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TABLE 5. 4. Steam Release Conditions for Steam Generator Tube Rupture 
With Loss of Offsite Power For Westinghouse Reactors 

Parameter 
Temperature 

Velocity 

Density 

Exit radius 

Flow rate 

Release time 

Release Vents 

Trojan Plant 

102 m/s 

0. 537 kg/m3 

0. 178 m 

5. 41 kg/s through each 
vent 

30 minutes 

8 

Height of release 30. 5 m above grade 
point 

Byron/Braidwood Stations 

111 m/s 

0. 537 kg/m3 

0.178 m 

5. 93 kg/s through each vent 

30 minutes 

8 

a saturated steam temperature of 296°C in the steam generator at the safety 
relief valve pressure of 1185 psia. Normal operating conditions are saturated 
steam at 1050 psia and 287°C. As the pressure increases to the safety valve 
set point, due to the reactor/turbine trip, the steam temperature will also 
increase to stay at saturated steam conditions . 

5. 3 COMBUSTION ENGINEERING (CE) REACTORS 

The Combustion Engineering Standardized Safety Analysis Report (CESSAR) 
FSAR and the Palo Verde FSAR were reviewed to characterize potential buoyant 
plume releases from CE reactors . The Palo Verde FSAR was used for exit vent 
sizes , generic safety valve set points, and the tempe rature and pressure of the 
steam generators during normal operating conditions . Info rmation on the amount 
and time period of steam releases was taken from the CESSAR FSAR . The CE 
plants' basic operational characteristics and component performance following a 
steam generator tube rupture with a reactor trip are simila r to those of the 
Westinghouse and B&W designed plants . Differences are found in the number and 
size of exit vents , release times, tempe rature of vented steam, etc . For a CE 
plant, the safety relief valve layout is similar to the Trojan Plant having one 
atmospheric dump valve and five safety valves for each of the fou r main steam 
lines . The safety valves on each main steam l ine are arranged in three banks, 
with set points and capacities shown in Table 5. 5. 
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According to the CESSAR FSAR, with a loss of offsite power, 49,700 kg of 
steam may be released in an 8.73 minute period before the affected steam gen
erator is isolated. The main steam safety valves open at 1282 psia and after 
8.73 minutes close at 1218 psia. The maximum steam generator pressure achieved 
during this release period is 1310 psia which occurs 8 seconds after the safety 
valves first open. Though the number of safety valves that vent during this 
release period is not stated in the FSARs, it is assumed that one valve on each 
main steam line will open. This is based on the discussion in section 5.0 con
cerning safety valve set point error and the minimum capacity of the safety 
valves. However, the analysis did state that a peak pressure of 1310 psia was 
achieved during the 8.73 minute release period. At this pressure, all or none 
of the 4 safety valves with set points at 1305 psia may open considering a ±1% 
set point error. If all 4 of these valves did open it would be for a small 
fraction of the release period. 

Assuming steam generator saturation conditions at 302°C and 1282 psia 
(normal operating conditions are at 1020 psia and 285°C) and an isenthalpic 
expansion to one atmosphere through the safety valve release vents, superheated 
steam will exit each valve vent at the conditions shown in Table 5.6. During 
the release period, 36,500 kg of reactor coolant will leak to the affected 
steam generator. 

With no loss of offsite power, a total of 6,000 kg of steam is released to 
the environment in a 107 second release period (Combustion Engineering, Inc. 
1979). The main steam safety valves open and close at 1282 psia and 1218 psia, 
respectively. The maximum steam generator pressure reached is 1283 psia. As 
with the loss of offsite power case, four safety valves are assumed to open, 
one on each main steam line. This results in superheated steam exiting each 
release vent at the the conditions shown in Table 5.6. 

TABLE 5.5 Atmospheric Dump and Safety Relief V~lve Setpoints 
and Rated Flowrates For Palo Verde(a) 

Number per Setpoint 
___ T"""y~pe ___ Steam Generator Pressure (psia) 
Dump Va 1 ve 
Safety Valve 2 

2 
6 

(a) Palo Verde has 2 Steam Generators 

1250 
1305 
1330 

Rated(b) 
Fl owrate(b) 

Exit Vent 
Radius (meters) 

0.305 
0.305 
0.305 

(b) The minimum rated flowrate of all safety valves (10 per steam 
generator, i.e., 5 per main steam line) is 2,395 kg/s. 
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TABLE 5.6. Steam Release Conditions for a Combustion Engineering Reactor 
Steam Generator Tube Rupture With and Without Offsite Power 

Parameters 
Temperature 

Velocity 

Density 

Exit radius 

Flow rate 

Release time 

With Loss of Offsite Power 

132°C 

4 vents @ 149 m/s 

0.548 kg/m3 

4 vents @ 0.305 m 

23.7 kg/s through each vent 

8.73 min. 
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With No Loss of Offsite Power 
132°C 

4 vents @ 87.8 m/s 

0.548 kg/m3 

4 vents @ 0.305 m 

14.0 kg/s through each vent 

1.783 min. {107 seconds) 



6.0 EVALUATION OF POTENTIAL RELEASES 

The last two sections have discussed potentially buoyant releases from 
boiling water and pressurized water reactors in detail. Numerous examples of 
steam and high temperature water flows were listed. In this section, the con
sequences of breaks in these lines will be examined in terms of the potential 
behavior of the released water or steam. The next two sub-sections summarize 
typical releases from BWRs and PWRs and discuss a number of factors related to 
the releases that affect the atmospheric behavior of the releases. The follow
ing sub-section discusses the atmospheric behavior of the typical releases, and 
the final sub-section discusses the releases related to the steam generator 
tube rupture at the Ginna Nuclear Power Plant that occurred January 25, 1982. 
The discussion of the Ginna releases demonstrates the application of the tech
niques discussed in Section 3 and illustrates several potential short-comings 
that can arise if the methods outlined in Section 3 are applied without 
question. 

6.1 BWR RELEASES 

BWR releases associated with main steam line breaks, residual heat removal 
line breaks and high pressure core insertion line breaks have the greatest 
likelihood of being buoyant. Table 6.1 summarizes typical durations and tem
peratures for these releases. Releases through the condenser air ejector are 
not included in the list because they are not likely to be buoyant. Their lack 
of buoyancy is due to the small volume and low temperature of the water vapor 
released and the various filters and delays included in the path between the 
air ejector and the atmosphere. 

Main steam line breaks present a significant threat to the reactor. As a 
result, the reactor is protected by valves that close automatically in the 
event of loss of pressure in the main steam line. The time between a loss of 
pressure, assumed to be associated with a steam line break, and valve closure 
is listed in Table 6.1 under duration. In the interim between the steam line 
break and valve closure, two distinct release modes occur. Initially, the 
release consists of superheated steam. Shortly after the break, the decrease 
in pressure permits the water level in the reactor to rise and the release 
changes to a steam-water mixture. This change is reflected in the table by the 
two release durations and temperatures for each of the containment systems. 
The steam-water mixture in the second phase of the release is approximately 37% 
steam by mass, but by volume it is about 99.9% steam. As a result, much of the 
water will be carried away from the break by the steam. 

The path between the actual release point and the atmosphere depends on 
the location of the steam line break and the plant design. In general, in the 
event of a massive break, the path will be through a side of one of the build
ings in the reactor building complex. In some BWRs blowout panels are provided 
to accommodate the over-pressures associated with these releases. Table 6.1 
gives the volume flux parameters that could be associated with main steam line 
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TABLE 6. 1. Typical Release Characteristics for Potentially Buoyant 
Plumes from Boiling Water Reactors 

_.. 
~ 

Event/Reacto r Txee Duration Teme . I Vol IFol 
( s) ( OC) (m3/s) (m4;s3) 

Main Steam Line Break 

General Electric Mki Containment 
(Steam) 2 149 2.0 X 104 6. 5 X 104 

(Steam-water) 8.5 100 3.0 X 102 7. 5 X 102 

Mkii Containment 
(Steam) 2 149 2.6 X 103 4.0 X 103 

(Steam-water) 3. 5 100 2. 3 X 103 5. 5 X 103 

Mkiii Containment 
103 103 (Steam) 2 149 2. 0 X 6. 5 X 

(Steam-water) 3. 5 100 1. 2 X 103 3. 5 X 103 

Residual Heat Removal Line Break 

General Electric MK II Containment 30 149 2. 5 X 102 8. 0 X 102 

Hi9h Pressure Core Injection Line Break 

General Electr1c Mkii Containment 

Penetration Room 30 149 8.4 X 101 2. 8 X 102 

Pump Room 30 149 2. 0 X 102 6. 5 X 102 

breaks . These fluxes are likely to be horizontal . Therefore, it is antici 
pated that the momentum fluxes will be horizontal and not cont r ibute to plume 
rise. However, the high temperature and low density of the releases, compared 
to ambient air, result in a significant buoyant flux . 

The potential buoyancy fluxes expected to be associated with BWR main 
steam line breaks are listed in the last column of Table 6. 1. The actual buoy
ancy fluxes of main steam line break releases when the atmosphere is reached 
may be less than the tabled values as a result of the path taken to the atmo
sphere. The values of the flux paramete rs are also functions of the ambient 
temperature and humidity, but the variations due to the ambient atmospheric 
conditions amount to only a few percent . These va r iations have been neglected 
because of the large uncertainty associated with the change in the buoyancy 
flux parameter between the sou rce and the atmosphere . 

Breaks in the residual heat removal and high pressure core insertion lines 
do not pose as seri ous a th reat to the reactor as does a break in the main 
steam line. Therefore, in the event of a break in one of these lines, the time 
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required to take action to stop the release of effluents may be longer than 
with a main steam line break. Table 4.4 indicates that the release duration 
may be 30 to 60 seconds; a duration of 30 seconds is assumed in Table 6.1 to 
maximize the release rate. 

The effluent released following a break in either a residual heat removal 
or high pressure core insertion line would be superheated steam from isenthal
pic expansion of saturated water at high temperature and pressure. The volume 
of steam released in either case could be large enough to result in sufficient 
over-pressure within the reactor building, steam tunnel or turbine building to 
activate blowout panels or vent through the sides of the building. In this 
respect, the effluents would behave similarly to those from a main steam line 
break. Typical volume and buoyancy flux parameters that might be associated 
with breaks of these lines are given in Table 6.1. 

In the event that a leak in a main steam line, residual heat removal line, 
or a high pressure core injection line does not give sufficient flow to acti
vate blowout panels or vent through the side of a building, the effluents can 
be expecterl to mix with the air in the buildings and be exhausted through the 
building heating and ventilation system. In this case, the path to the atmo
sphere would likely result in a significant reduction in the buoyancy flux 
parameter as the effluent is held up and mixed. 

6.2 PWR RELEASES 

Of the potential breaks in steam and hot water lines in PWRs, two were 
identified as having the potential to result in buoyant plumes. These breaks 
are a steam generator tube rupture and a break in the residual heat removal 
line. In the case of a steam generator tube rupture, a buoyant plume will 
result if a pressure relief valve opens. Steam generator tube ruptures at four 
operating nuclear power plants in the United States have been analyzed (USNRC 
1980 and 1982). In three of the four events the reactors were brought to a 
shutdown condition without a direct release of radioactive material to the 
environment through relief or safety valves. The fourth case was Ginna. Thus, 
although releases may occur through relief and safety valves following a steam 
generator tube rupture, the rupture does not necessarily result in a buoyant 
release. On the other hand, failure of a residual heat removal line is likely 
to result in a release to the atmosphere that is similar to the release follow
ing a residual heat return line break in a BWR. Table 6.2 gives characteris
tics likely to be associated with potentially buoyant releases from PWRs. 

Releases of radioactive effluents are likely from several events that are 
not likely to produce buoyant plumes. One of these is through the condenser 
air ejector following a steam generator tube rupture. The volume flow and tem
perature of the air ejector off-gases are too low to give a b~oyant plume when 
they reach the atmosphere. Typical flows are less than 0.5 m /s, and these are 
generally mixed with air prior to being exhausted to the atmosphere. Another 
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TABLE 6.?. . Typical Release Characteristics for Potentially 
Buoyant Plumes for Pressurized Water Reactors 

Pressurized Water Reactors 
Event/Reactor Type 

Steam Generator Tube Rupture 
(Safety and Dump Valves, per valve) 

Babcock and Wilcox 
with offsite power 
without offsite power 

Westinghouse 

Combustion Engineering 
with offsite power 
without offsite power 

Residual Heat Removal Line Break 

Babcock and Wil cox 

Duration Temp. 
(s) (°C) 

180 
1080 

1800 

520 
110 

187 150 
187 110 

139 78 

132 43 
132 26 

100 280 

5. 8 X 102 
4. 2 X 102 

2. 3 X 102 

1. 4 X 102 
8.0 X 101 

potential source of buoyant plumes considered and rejected is a break in the 
letdown line. Again, the flow volume is too low to be a source of significant 
buoyancy . 

Evaluation of the potential releases from pressure relief valves on PWRs 
is straightforward compared with the evaluation of releases following BWR main 
steam line breaks because the path from the valve to the atmosphere is wel l 
defined. One or more vent lines are associated with each valve. These lines 
guide the effluent directly to the atmosphere and prevent dilution of the 
effluent prior to its being exhausted to the atmosphere. As a result, the vol
ume and buoyancy flux parameters estimated for the release to the atmosphere 
are essentially the parameters estimated for the valve divided by the number of 
vents per valve. For example, Babcock and Wilcox plants have a single vent for 
each valve. Therefore, the volume and buoyancy flux parameters used for esti
mating plume rise may be determined directly from volume and buoyancy flux 
parameters computed for flow away from the valve. On the other hand, Westing
house reactors have two vents for each valve, and the fluxes from the vents 
are , therefore, one half the fluxes from the valve. The fluxes given in 
Table 6. 2 are on a per vent basis . 

The duration of releases from PWR relief valves are not wel l def i ned 
because the valves, particularly safety valves, will open intermittently in 
response to the pressure buildup in the secondary steam lines . The times 
listed in the du ration column of Table 6. 2 should be interpreted as periods of 
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potential vulnerability to releases rather than actual release durations. 
Actual release durations should be shorter than the periods given. Perhaps a 
duration of 30 to 60 seconds might be appropriate for each valve opening, 
assuming normal valve operation. In the absence of more definitive informa
tion, on actual release times, the flux parameters in Table 6.2 have been esti
mated from rated flow through valves assuming a constant flow rate. 

6.3 ATMOSPHERIC BEHAVIOR 

The values of the buoyancy flux parameter for the releases of concern 
listed in Tables 6.1 and 6.2 range from less than 100 to more than 
10,000 m4;s3. This sub-section examines the effects of buoyancy flux param
eters in this range on plume rise as a function of wind speed and atmospheric 
stability. Both initial and final plume rise are considered. Tables 6.1 and 
6.2 also indicate that both superheated and saturated steam releases are possi
ble. The near release point behavior of the two types of steam is examined as 
a function of ambient temperature and humidity and distance from the release 
point. 

Near the release point, the rise of buoyant plumes is primarily a function 
of the buoyancy flux parameter and wind speed. The relationship is given in 
(3.5). Figure 6.1 shows the plume rise expected at a distance of 100m from 
the source as a function of F and wind speed. For low wind speeds (1 m/s) and 
very stable atmospheric condi~ions, final plume rise is attained in less than 
100m downwind distance. Therefore, plume rise for 1 m/s and E and F stability 
classes is shown separately from plume rise for A through E stabilities with a 
wind speed of 1 m/s. As indicated by (3.5), the plume rise range, given a 
3-order of magnitude variation in buoyancy flux and an order of magnitude 
variation in wind speed range, is two orders of magnitude. Wind speed changes 
give larger changes in plume rise at a distance of 100m than do changes in 
buoyancy flux parameter. 

The plume radius at 100m downwind is shown in Figure 6.2. Again, the 
radius is primarily a function of buoyancy parameter and wind speed, with sta
bility assuming a significant role at low wind speeds in stable atmospheres. 
Plume radius in Figure 6.2 is estimated from (3.4) with the travel distance, d, 
defined by analogy with (3.17) used in place of the plume rise. Plume radius 
is clearly only a slowly increasing function of buoyancy parameter, and for 
high wind speed it is almost independent of the buoyancy parameter. 

Farther downwind, plume rise is, more generally, a function of buoyancy, 
wind speed and stability. Figure 6.3 shows the final plume rise for Class F 
atmospheric stability for reasonable wind speeds and a wide range of buoyancy 
flux parameter values. For neutral and unstable atmospheric conditions, other 
variables, such as surface roughness and surface heat flux become important. 
Plume rise estimated by (3.14) should be larger than that estimated for stable 
conditions using (3.12), and plume rise for unstable atmospheric conditions 
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FIGURE 6.1. Plume Rise at 100m as a Function of Buoyancy 
Parameter, Wind Speed and Stability 

should be even larger. Therefore, the use of {3.12) with E stability should 
provide conservative estimates of ground-level concentrations in neutral and 
unstable conditions . 

The distance to final plume rise in stable atmospheric conditions is also 
a function of wind speed and stability . Figure 6.4 gives estimates of this 
distance. It is reasonable to assume that the distance to final plume rise for 
neutral and unstable conditions, if such a distance is meaningful, is larger 
than is shown for stability Class E. 

The distances determined from Figure 6. 4 can be used, along with the plume 
rise estimates to estimate the travel distance between the release point and 
the level-off point using (3.17) and the plume radius using (3 . 4) . As the 
plume rise or distance to final rise increases, some judgment needs to be 
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applied to the estimates of plume radius . The effects of atmospheric turbu
lence become important as the distance from the release point increases . 
Therefore, when the plume approaches its final rise asympotically, as during 
periods of high wind speeds, it may be appropriate to assume final rise at a 
somewhat shorter distance than indicated by {3.17) . In estimating final plume 
rise, it is also important to consider the depth of the atmospheric mixing 
layer. In some cases, the ultimate rise of buoyant plumes may be limited by 
the stability at the top of the mixing layer rather than by the stability 
within the mixing layer. In these cases the surface layer characterization of 
the atmosphere used in the equations in Section 3 will overestimate the plume 
rise. When the equations of Section 3 give plume rise estimates that are 
greater than the mixing 1 ayer depth, the mixing 1 ayer depth wi 11 pro vi de a con
servative estimate of the plume rise. 

After plume rise has been estimated, two checks can be made to evaluate 
the estimates. The first check is to compare the plume rise estimate with the 
height of the reactor complex building wake at some nominal distance downwind. 
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FIGURE 6.4. Distance to Final Plume Rise for 
Stable Atmospheric Conditions 

A distance of 100 m seems to be reasonable. If the rise, minus the plume 
radius, i s greater than the height of the wake, then the plume is likely to 
have escaped the building wake. The second check is to compare the plume 
radius at level-off (final plume rise distance) with the effective release 
height. For internal consistency of the models at that point, the ratio of the 
effective release height to the plume radius should be greater than or equal to 
1.0. When this condition is met, the Gaussian plume model will give a ground
level concentration that is equal to or greater than the concentration for a 
corresponding position relative to the axis of a top-hat plume. If the condi
tion is not met, it would be appropriate to determine the distance at which the 
effective release height equals the plume radius due to initial expansion, 
assume that the plume levels-off at this point, and set sigma equal to one
third the effective release height. The ratio between the effective release 
height and the plume radius at level-off will be less than with only in the 
case of low-level, low buoyancy releases in high wind speeds. 

The temperature and specific humidity in the near field plume from a 100°C 
release into 15°C atmospheric conditions is shown in Figure 6.5 for ambient 
relative humidities of 0, 50 and 100%. Clearly the degree of supersaturation 
near the release point is not highly dependent on the ambient conditions, but 
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the ambient conditions ~ec01e it~portant as the plume becomes diluted. Figures 
for different atmospheric and release conditions show similar features . As the 
ambient temperature decreases, the effects of changing the ambient relative 
humidity decrease . 

Although Figure 6.5 clearly indicates that the near field will be super
saturated, it does not provide a clear indication of the extent of the super
saturated conditions. Figures 6. 6 and 6. 7 provide better indications of the 
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FIGURE 6. 6. Decrease in Specific Humidity in the Near Field Plume 
of a loooc Saturated Steam Release as a Function of 
Distance f rom the Source 
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extent of the supersaturated region. These figures also show the effects of 
ambient temperature and humidity . Figure 6. 6 is for a 100°C release, and 
Figure 6. 7 is for a 149°C release. Comparing Figures 6. 6 and 6. 7, it can be 
seen that a plume initially containing superheated steam (149°C) will not 
remain supersaturated as long as one that starts with saturated steam (100°C) . 
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6.4 EVALUATION OF THE GINNA RELEASES 

At about 9:25 a.m. on January 25, 1982, one of the steam generator tubes 
ruptured in the B steam generator of the R. F. Ginna Nuclear Power Plant . The 
events pertaining to the rupture are fully documented in NUREG- 0909 (USNRC 
1982). This subsection demonstrates application of the methods for est imating 
tne atmospheric behavior of potentially buoyant effluents using the information 
contained in the Ginna report. 

The Ginna power plant is located on the south shore of Lake Ontari o. At 
the time of the generator tube rupture, and for the entire period of interest , 
there was onshore flow from the northwest at about 6 m/s at a height of 10m. 
The atmospheric stability was neutral, the temperature was about - 12°C, and 
light snow was falling . 

One of the early indications of the generator tube rupture was an air 
ejector radiation monitor alarm. As has been discussed, a release through the 
air ejector is nonbuoyant. There were also releases through power operated 
relief valves and a safety valve on the main steam line between the B steam 
generator and the turbine . Of these releases, those through the safety valve 
were most significant. 

The safety valve opened five times during the course of the accident. The 
first two openings occurred about an hour after the tube rupture . During these 
openings, steam was vented to the atmosphere until pressure dropped below the 
valve set point. There may have been some steam leakage through the valve 
after the first opening . Between 10:38 and 11:21 a.m., the safety valve opened 
two more times . In both of these cases, there was a two phase flow of water 
and steam through the valve . Finally, the valve opened a fifth time at about 
11:37 a .m. This time the valve is suspected of discharging liquid rather than 
steam, and is believed to have failed to properly seat when it closed. 

Early Superheated Steam Releases. Each of the main steam lines at the 
Ginna plant has four safety valves. The values have a rated flow of 103. 3 kg/s 
at 1100 psig. One of the four valves on each line has an opening set point at 
1085 psig, and the other three have 1140 psig set points . It is assumed that a 
single valve opened and that flow occurred through the valve at the rated value 
until the pressure in the line dropped below the closing set point. The tem
perature of the steam in the line is assumed to be 285°C . Each safety valve 
exhausts into two 0.178 m diameter vent lines and then directly to the atmo
sphere. It is assumed that the vents are vertical and uncapped. 

The safety valve and vent act together as throttle . Isenthalpic expansion 
of 285°C steam at 1085 psig to atmospheric pressure at about -10°C gives an 
effluent of superheated steam at 149°C and a density of 0.525 kg/m3 . The ini-
tial volume flow rate in the atmosphere is 98. 4 m3/s, the volume flux parameter 
is 31.3 m3;s, and the buoyancy flux parameter is 115. 6 m4Ls3 . Figures 6. 1 and 
6.2 show that for a buoyancy flux parameter of 115.6 m4;s3 and a wind speed of 
8 m/s, the expected plume rise and radius at a downwind distance of 100m are 
about 21 and 16m, respectively. The release height is assumed to be about 
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20m and the wind speed at release height is assumed to be about 8 m/s . Com
paring the base of the plume at 100m with the top of the building wake leads 
to the conclusion that the plume is entrained in the building wake. However, 
the initial plume momentum has been neglected. 

If the 285°C steam is assumed to be throttled to atmospheric pressure 
across the safety valve, the flow in the vents must be about 991 m/s . Th i s 
velocity is unrealistically high. Flow in the vents is more likely to be sonic 
(330 m/s) , with sufficient pressure being maintained in the vents to conserve 
the mass flow rate by increasing the density of the steam . If momentum is con
served in the initial expansion of the steam from t~e ~en2 to atmospheric pres
sure, the plume's initial momentum flux is about 10 m /s • According to Hanna 
ek al . 1982, momentum should dominate the initial plume rise for the first 
IMI!I f

0
1 seconds of rise . In this case momentum should dominate plume rise for 

about YO seconds. The plume rise due to momentum alone in the first 100m 
downwind will be about 52 m. Therefore, the plume should clear the building 
wake. 

Equations (3 . 14) and (3 . 16) give estimates of the final plume rise and 
final plume rise distance assuming that the ultimate rise is determined by 
buoyancy rather than momentum . The estimated rise is about 440 m. The rise 
estimated for a momentum-dominated plume would be about 75 m. Therefore it is 
reasonable to neglect momentum in the final plume rise computation. The dis
tance to the level -off point is estimated to be about 9500 m. This estimate 
poses somewhat of a problem because at this distance the plume radius would be 
about 1500 m assuming that (3.4) could be applied to level -off. Clearly the 
use of the entrainment model for plume travel distances of this magnitude is 
inappropriate. A workable alternative 1s to assume the entrainment model that 
leads to {3.4) for only the first 100m and to assume that Gaussian diffusion 
is dominant beyond 100m. 

Figure 6. 8 shows the estimated ground-level air concentrations normalized 
to the release rate for atmospheric conditions existing at the time of the 
Ginna steam generator tube rupture for several effective release heights . The 
ground -level release curve {he = 0) is appropriate for surface releases and 
releases that do not escape tne building wake . It gives an upper limit to the 
time - integrated air concentration estimates . The three remaining curves corre
spond to alternative choices fo r releases that escape the building wake . The 
curve marked he = 72 m corresponds to assuming that the plume from the early 
superheated steam releases levels -off at 100m downwind. The curve marked he = 
95 m assumed that the final plume rise is equal to the rise estimated for a 
non -buoyant, momentum driven plume , and the curve marked 460 m assumes that the 
plume r ises to full height est imated for a buoya nt plume . These estimates do 
not take i nto account any effect s that may be re l ated to precip i tat i on fall i ng 
during the period of release . 

If it is assumed that the moisture in the plume does not enhance washout , 
a first -order decay model can be used to estimate the surface deposition under 
the plume. Models of this sort are discussed by Hanna et al. {1982) and in 
Slade (1968) . Figure 6. 9 shows normalized surface concentrations under the 
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FIGURE 6.8. Estimated Time Integrated, Normalized Ground-level 
Air Concentrations for Various Effective Release 
Height Assumptions for Early Ginna Steam Releases 

center of the plume estimated for the Ginna meteorological conditions. The 
curves were computed for a ground-level release. For elevated releases, the 
left portions of the curves might be displaced somewhat to account for the time 
required for the snow to fall from the plume to the ground . 

The assumption that the moisture in the plume does not enhance washout is 
probably not good in the case of Ginna. Figure 6. 7 indicates that the Ginna 
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FIGURE 6.9. Normalized Surface Deposition Under a Plume Center Line 

plume probably contained a large water excess well downwind of the release 
point. This excess would condense and fall out of the plume near the release 
point . As a result, the surface deposition near the source would probably be 
higher than indicated by Figure 6.9, and the distant surface concentrations 
would probably be lower. 

Late Saturated Water Releases. During the course of the actions taken to 
mit i gatet"'Fi"e-c-onsequences of the steam generator tube rupture, the 1na in s tea1n 
line from the B steam generator filled with water. As a result, water rather 
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than steam was vented through the safety valve during the last opening of the 
valve, and possibly during the last three openings. When the valve failed to 
seat correctly after the fifth opening, water continued to leak through the 
valve at an estimated rate of about 4.5 kg/s. Isenthalpic expansions of the 
water to atmospheric pr~ii1Jr~ gives a liquid/vapor mixture at 100°C that is 37% 
vapor by mass, but 99.9% vapor by volume. 

The volumetric flow of water/vapor mixture was about 1.4 m3/s through each 
vent. The approximate vertical velocity of the mixture was 14.2 m/s. Th~se 
flow valu2s give volu~e,3momentum and buoyancy flux parameters of 0.447 m /s, 
6.35 m /s and 1.29 m /s , respectively. The plume rise estimates correspond
ing to these values are small compared with the height of the wake of the reac
tor building complex. For diffusion purposes, the plume should be considered 
to be from a ground level source with an appropriate building wake correction. 

Much of the contamination released through the safety valve may have been 
associated with the fraction of the effluent released as liquid water. Assum
ing that the liquid water leaves the vents as droplets that reach a terminal 
velocity of 3 m/s, it is estimated that the droplets will reach the ground 
about 100m downwind of the vents. In reality, the liquid leaving the vents 
and not evaporating will be distributed around this estimate. However, the 
point to be made is that the liquid will fall near the source. 
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7.0 REGULATORY GUIDANCE 

Several types of potential accidents at boiling and pressurized water 
reactors have been identified that have the capacity to result in plumes that 
could be buoyant. These are three basic scenarios. The first two scenarios 
are the result of broken steam and hot water lines that vent into the reactor 
building, steam tunnel, or turbine building. If the volume of steam released 
is of sufficient magnitude in relation to the volume of the structure where the 
break occurs, the steam or flashing water will result in over-pressurization of 
the building and direct venting of the release to the atmosphere. This is 
likely to result in an initially horizontal plume. If the over-pressurization 
does not result in a release through the building sides, the effluent will be 
vented to the atmosphere via the normal building ventilation system. The 
characteristics of the effluent leaving the building vents will be a combina
tion of those of the effluent from the break and of the atmosphere within the 
building where the break occurs. The third scenario is a release of a buoyant 
plume from the atmospheric dump and safety relief valves following a steam 
generator tube rupture at a pressurized water reactor. In this case, the 
effluent goes directly to the atmosphere, undiluted, and is released as a 
highly buoyant, high velocity vertical jet. 

7.1 BOILING WATER REACTORS 

One of the primary concerns at a boiling water reactor is a break in the 
main steam line. Should this occur, the sudden increase in pressure within the 
portion of the building complex where the break occurs will result in the 
operation of blowout panels or rupture of the side of the building. As a 
result the hot, moist effluent from the break will be released directly to the 
atmosphere. It is likely that the effluent will leave the building as a hori
zontal jet of steam carrying with it droplets formed by condensation on par
ticulates from the main steam line and the entrained air. The actual height of 
the release depends on specific power plant design features and the location of 
the break. It may be near ground-level, or it may be well above ground-level. 

The current approach to estimating the consequences of a main steam line 
break is to assume that the break occurs during a period when there is an 
inversion that restricts the vertical diffusion of the effluent to the lower 
30 meters of the atmosphere {USNRC 1971). To maximize the ground-level air 
concentrations, the plume is assumed not to be depleted through either wet or 
dry deposition. In addition, F stability and a 1 m/s wind in the lower layer 
of the atmosphere may be assumed to estimate the maximum likely air concentra
tion. These assumptions are reasonable for routine licensing applications in 
estimating the consequences of maximum breaks under worst case conditions. 

Regulatory Guide 1.5 does not attempt to treat the consequences of smaller 
breaks in the main steam line or breaks in other steam or hot water lines. In 
general, however, the approach outlined in the Regulatory Guide can be used for 
breaks in any of the lines that would activate blowout panels or rupture the 
sides of structures. Assuming that the break in a steam or water line results 
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sides of structures. Assuming that the break in a steam or water line results 
in steam at 100°C, and that the blowout panel operation or building rupture 
takes place at a 0.25 psi over-pressure, lines that could lead to direct 
releases to the atmosphere through the building sides can be identified by com
paring the mass of steam that would result from a break in the line to the mass 
of steam required to reach a 0.25 psi over-pressure. The mass of ste~m 
required to reach a 0.25 psi over-pressure is approximately 0.01 kg/m of 
building volume. 

If the mass of steam released following a break in a steam or hot water 
line is not sufficient to breach the building, the likely exit for the effluent 
from the break is the building's heating and ventilation system vents. Bet ween 
the break and the vents, the effluent will mix with building air. As a result, 
a significant portion of the potential buoyancy of the effluent will be lost 
prior to release to the atmosphere. Releases through the heating and ventila
tion system vents should be treated as though they were non-buoyant, using an 
elevated or ground-level plume diffusion m6del as appropriate. (See Ramsdell 
1983 for a discussion of non-buoyant vent releases.) 

The approach to evaluation of the potential consequences steam line breaks 
outlined in Regulatory Guide 1.5 is specifically intended for routine licensing 
applications. However, its use in the event of an actual accident is likely to 
lead to overestimates of the ground-level air concentrations. The overesti
mates are likely for two reasons. First, the restriction of the plume to the 
lowest 30m of the atmosphere is unreali~tic except in the most restrictive 
conditions, and second, because of its buoyancy, the plume from a steam line 
break that is large enough to breach the structure is likely to rise somewhat 
even though it exits the building horizontally. 

As an alternative to the Regulatory Guide 1.5 approach, it is suggested 
that a ground-level source Guassian plume model, with reflection at the top of 
the mixing layer by used, along with current meterological conditions, in the 
event of an actual accident. Assuming a ground-level release will lead to a 
conservative estimate of the air concentrations, while the relaxation of the 
limitation on vertical diffusion will make the concentration estimates more 
realistic. 

The release duration assumed in the Regulatory Guide is 30 minutes. Judg
ing from the durations estimated in the earlier sections of this report, the 
duration assumed in the Guide is excessive. Breaks in the main steam lines of 
boiling water reactors will result in rapid closure of the main steam isolation 
valves. Once the isolation valves close, the rate at which steam leaves the 
break will decrease quickly as the pressure in the line drops. It would be 
realistic to assume two phase release following a steam line break. In the 
first phase of the release the flow would be high. This phase might be assumed 
to continue for a one to five minute period. The second phase would correspond 
to continued evaporation of any residual hot water that collected on the f loor 
of the building in which the break occurred. This phase could be assumed to 
last significantly longer than the first phase, perhaps it could last an hour 
or more. 
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Atmospheric stability, m1x1ng layer thickness and wind speed will affect 
the air concentrations and deposition of effluents released by steam line 
breaks as they would the concentrations and deposition of other effluents. 
However, the ambient temperature and humidity assume a more important role than 
normal because they are closely related to the formation and growth of droplets 
in the plume. Material released during cold weather is likely to deposit 
nearer the source due to condensation within the plume than would be the case 
during warm weather. 

7.2 PRESSURIZED WATER REACTORS 

To the extent that releases from pressurized water reactors occur as a 
result of breaks in steam and hot water lines, Regulatory Guide 1.5 and the 
discussion above may be applied to evaluation of the consequences of the 
releases. However, it would be inappropriate to apply the criteria in Regula
tory Guide 1.5 or the above discussion to the releases from atmospheric dump 
and safety relief valves that would be expected to follow a steam generator 
tube rupture. Releases through these valves and their associated vents occur 
in high temperature, high velocity jets (assuming correct operation of the 
valves). These releases should be treated as elevated plumes under normal 
circumstances. 

Following a steam generator tube rupture, an intentional or inadvertant 
release may occur through an atmospheric dump or safety relief valve. Should 
this occur, it is one of the few circumstances in which the release condition 
are well known. The valve and its associated vents will act as a throttle to 
limit the flow from the steam line to the atmosphere. When the valve opens, 
the flow through it will be approximately equal to the rated flow, and the flow 
can be assumed to be approximately constant until the pressure in the steam 
line drops to the point where the valve reseats. If the conditions {pressure 
and temperature) in the steam line are known, the conditions just beyond the 
vent exit can be estimated by assuming isenthalpic expansion of the steam to 
atmospheric pressure and temperature. 

To estimate the potential consequences of a steam generator tube rupture 
during a routine licensing evaluation, it would seem appropriate to assume that 
a safety relief valve is opened and that contaminated steam flows through the 
valve for a period of time, perhaps 15 minutes. When the valve is opened, the 
flow through the valve should be assumed to be equal to the valve's rated flow. 

By analogy with Regulatory Guide 1.5, it would be appropriate to assume 
that the release takes place during stable atmospheric conditions. However, 
because the release is a vertical jet that has a good deal of vertical momentum 
as well as being highly buoyant, it is appropriate to assume an elevated plume 
rather than assuming a ground-level release. It is conservative to assume a 
moderate wind speed in addition to stable atmospheric conditions when esti
mating plume rise. Therefore, the atmospheric conditions assumed as a worst 
case should be approximately F stability and a 4 m/s wind speed. With these 
assumptions the ground-level air concentration can be estimated using the stan
dard elevated source Guassian plume diffusion model. If additional 
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conservatism is desired, the top of the m1x1ng layer may be assumed to be a 
reflecting boundary that coincides with the effective release height. 

In the event of an actual steam generator tube rupture, the potential con
sequences of a release thrQugh a dump or safety valve may be assessed using the 
elevated source Guassian plume diffusion model . However, in this circumstance 
the actual meterological conditions should be used to determine the top of the 
mixing layer, plume rise and the diffusion coefficients. The actual meteoro
logical conditions should also be used to evaluate the likelihood of surface 
contamination near the release point . 

Occasionally safety valves do not reseat properly when the pressure drops 
to the reset point . The consequences of a leaking atmospheric dump or safety 
valve should be considered in both routine licensing and actual accident 
evaluations . This may be done by assuming a flow through the valve that is a 
small fraction of the rated flow . The leak rate following the last opening of 
the safety valve after the Ginna steam tube rupture was about 5% of the rated 
flow . Literature related to leak rates through valves that fail to reseat 
should be examined to determine a typical leak rate for this application . 
Until a better rate is determined, a rate in the range of 5 to 10 percent of 
the rated flow should provide a "feel" for the consequences of a valve leak . 
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