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THE POSSIBILITY OF HAZARDOUS ENVIRONMENTAL PLUTONIUM RELEASES 

Douglas C. Hunt 

Abstract. A study has been made of the possible hazard 
outside an enclosure which could be caused by uncontrolled 
oxidation of plutonium within the enclosure. The report 
first reviews the existent observational data on such 
restricted plutonium release and then constructs a release 
model relating the free-release source strength (i.e., the 
source strength outside the enclosure) and the parameters 
describing the release. 

Based on both the observational data and the model calcu
lations, the conclusion follows that restricted release is 
unlikely to lead to dangerous free releases of a plutonium 
aerosol. The model calculations specifically show that the 
maximum credible accident assumed would be safe by 
about 21

/2 orders of magnitude. However, the calculations 
indicate that maximizing either the plutonium release rate 
or the asymptotic temperature reached in an enclosure 
can cause a free release exceeding the safe rate. 

The current report is a revision of an earlier publication of 
Rocky Flats Plant, RFP-799 issued October 17, 1966, 
entitled, The Restricted Release of Plutonium. Some new 
calculational results are presented and some of the original 
calculational results are modified in the up-dated version. 
A more realistic assessment is also made of the gas heating 
by plutonium oxidation within an enclosure and also of the 
possibility of particle entrainment by the gas leaking from 
the enclosure. 

INTRODUCTION 

Included in the report are some new calculational results 
and modifications of some of the original calculational 
data published by the writer in an earlier Rocky Flats Plant 
Report. The earlier version, entitled The Restricted Release 
of Plutonium was issued as RFP-799 in October 17, 1966. 
In the current report, a more realistic assessment is also 
made of the gas heating by plutonium oxidation within an 
enclosure and also of the possibility of particle entrainment 
by the gas leaking from the enclosure. 

The report refers to st.udies of the restricted release of 
plutonium; that is, release from within an enclosure in 
which plutonium is handled. The purpose of the study was 
to determine the possible hazard outside an enclosure which 

could result from uncontrolled oxidation of plutonium 
within the enclosure ·under several sets of release conditions. 
The questions of any economic loss caused by such releases 
or the mechanism of plutonium uptake and deposition in 
the body were not part of the studies. Thus, no plutonium 
deposition on surfaces outside the enclosure was considered. 

. The 40-hour per week continuous exposure airborne con
centration limits were used as reference values .. The limits 
were taken from the Atomic Energy Commission (AEC) 
instructions in Manual Chapter 0524, Standards for Pluto
nium Radiation, February 17, 1964. Limits for plutonium-
239 are shown in Table I. (See Appendix C, Page 37 for the 
procedure followed in specifying a limiting source strength 
from the limits given in Table I.) 

The report first reviews some pertinent observational data 
on restricted plutonium release and then constructs a model 
of restricted release. The model predicts free-release source 
strengths as a function of the following variables: 

1. The assumed leak-p~th models. 

2. The particle-size distribution. 

3. The mass of plutonium involved in the release. 

4. The surface-to-mass ratio of the plutonium involved 
in the release. 

5. The Tel ease rate of plutonium. 

6. The mode of particle transport to the enclosure walls. 

7. The type of thermal equilibrium achieved in the enclosure 
during the release (i.e., the duration of the release). 

TABLE I. Plutonium Airborne Concentration Limits. 

Insoluble 

Soluble · 

Controlled Area Unco.ntrolled Area 

(microcuries per milliliter) 

1 x 10- 12 

6 x 10-• 4 
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The model is used to evaluate the leakage limits of the 
critical mass assembly cell of the Rocky Flats Plant Nuclear 
Safety Facility. The procedure first assumes a maximum 
credible plutonium-handling accident (specified by a set of 
nominal release variables) within the test cell. The resultant 
free-release source strength is then found based on the 
permissible test-cell leakage rate at a certain overpressure. 
The free-release source strength is then compared with an 
always safe, free-release source strength obtained from 
existent atmospheric dispersion models f e.g., Gifford ( 1) l 1 

and the Atomic Energy Commission plutonium airborne 
concentration limits (see Appendix C, Page 37). 

Ranges are also assigned to the release variables to determine 
the sensitivity of the computed free-release source strength 
to the model parameters. The results are given in the 
calculations section. The most sensitive variables are found 
to be the plutonium release rate and the enclosure thermal 
equilibrium type. 

OBSERVATIONAL DATA ON RESTRICTED 
PLUTONIUM RELEASE 

The data available on restricted plutonium release are of 
two types: first, observations are available on plutonium 
release associated with the accident experience of several 
plutonium-handling facilities; and second, several experi
ments have been performed on the release, or the simulated 
release, of plutonium. 

Observations of Accidental Release: 

OXIDATION OF METALLIC PLUTONIUM - The obser
vations of plutonium release associated with accidents at 
the Rocky Flats Plant of the Dow Chemical Company in 
Golden, Colorado has been discussed by Tuck and Hunt (2). 
In one incident {September 1957), approximately 22 kilo
grams (kg) of plutonium spontaneously ignited in a glove 
box. The glove-box walls burned and th~ fire also destroyed 
all filters between the box and the building-exhaust stack, 
while the exhaust fans were running at high speed in an 
attempt to remove smoke from the room. Even though 
the entire mass of plutonium was oxidized, environmental 
air and vegetation sampling showed increases in activity 
which were well below hazardous levels. 

In another incident, an 800-gram plutonium briquette 
spontaneously ignited while being weighed in a glove box. 
A dry-box glove was removed to help extinguish the fire, 

1 Numerals in parentheses refer to bibliography listed at end 
of text. 

2 

but the briquette burned completely. The continuous 
air-effluent sampler near the box indicated an average 
plutonium concentration of 2 x 10-13 microcuries per 
milliliter (µci/ml) for the two-hour period during which the 
incident occurred. No measurable amounts of plutonium 
were found at environmental air-sample stations nor from 
soil or water samples. 

EXPLOSI~E DISPERSION OF PLUTONIUM IN 
SOLUTION - On November 20, 1959, a chemical explosion 
occurred at Oak Ridge National Laboratory (ORNL), Oak 
Ridge, Tennessee, in an evaporator containing plutonium 
within a shielded cell [King (3)] . About 150 grams of 
plutonium (probably the entire evaporator contents) were 
dispersed to the cell and auoul 0.6 grams wtm: blown out 
the cell door. Buildings and nearby streets were contami
nated. The operating area of the building was contaminated 
also by the air flow tlu-ough open pipes and otlu:r t:ell-wall 
penetrations. About 1.5 grams of plutonium were removed 
in the cell ventilation-filter plenum, but no measurable 
amount of plutonium was released via this system to the 
plant stack. 

DISPERSION OF PLUTONIUM FROM A LATHE-BOX 
FIRE - On October 15, 1965, a fire occurred at Rocky 
Flat.s Plant in a lathe dry-box drain line containing oily 
plutonium chips and turnings. The fire involved 20 to 
30 grams of plutonium and ot:curred when sparking from 
mechanical abrasion resulted during an attempt to clear the 
clogged oil-drain line. The spread of plutonium from the 
fire caused airborne concentrations to exceed the 8-hour 
radioactivity concentration guide throughout most of the 
building. The prevailing spread was along established 
building ventilation air-flow patterns and, as far as 190 feet 
from the fire, the air activity was greater than 100 percent 
of the 8-hour concentration limit. No measurable activity 
occurred beyond the buildings even through some pene
tration of the absolute filters in the main building filter 
plenum occurred. The analysis of the filter paper from the 
air-sample heads {located between 15 and 50 feet from the 
fire) indicated the.airborne particles were mostly plutonium 
dioxide (Pu02 ), even though oils and carbon tetrachloride 
(recently used to clean the drain line) were present at the 
site of the fire. The great spread of the particles was prob
ably caused largely from the fme state of division of the 
metal involved in the release, but may also be associated 
with the catalyzing action of the oil and the carbon 
tetrachloride (CC4 ). 

The greater dispersion of plutonium associated with the 
solution and hydrocarbon incidents indicates that smaller 
particles more easily transported were involved than those 
in the metallic burning cases. These particles were probably 
oxides but could also be either hydrides, carbides, nitrides, 
or compounds (such as chlorides) associated with process 



solvents. In the Rocky Flats lathe-box fire, for instance, 
the measured particle mass-mean diameter was 0.32 microns. 
This is a factor about 103 smaller ·in diameter 
than the measured Pu02 particles formed from burning 
plutonium [Stewart (4)). 

Experiments on Restricted Release: 

GRAVEL GERTIE EXPERIMENTS - In order to measure 
contaminati.on caused by explosions involving fissile mate
rial, the AEC designed a special test structure known as 
Gravel Gertie. The distinctive feature of Gravel Gertie was 
a 15-foot gravel covering, used instead of a solid roof and 
which was supported by steel cables and steel mesh. In the 
event of a detonation within the structure involving fissile 
material, the roof was expected to rise, absorbing some of 
the explosive shock and filtering the nuclear material from 
the escaping gas. A schematic of the structure is shown in 
Figure 1. The primary interest of the Gravel Gertie tests 
was to determine if containment could be achieved in an 
explosion involving plutonium. However, the difficulties 
and expense involved in a plutonium shot precluded its use, 
so that uranium was finally substituted as a tracer material. 
The substitution was justified by the data obtained in a 
prior shot conducted in the open involving both uranium 
and plutonium in which the deposition data for the two 
elements compared favorably [Cowen (5)] . In the final 
Gravel Gertie test, conducted in April 1957, the entrance 
to the structure was sealed and a charge of uranium was 
detonated with 550 pounds of high explosive. The gravel 
roof of the structure was observed to raise a maximum 
amount of 22 feet and did not settle back into place for 
about 3 seconds. As a result of previous explosions in the 
structure, many cracks and missile craters existed in the 
walls and large cracks were found in the two 10-foot 
cubical bays (see Figure I). Also, the ceiling cables failed 
under the dynamic load of the falling rock, filling the roo.m 
with gravel. The results of the test showed that no mea
surable amount of uranium was dispersed outside of Gravel 
Gertie, even under these extreme conditions. 

EXPLODING WIRE EXPERIMENTS - Cheever (6) has 
performed a set of experiments which involved volatilizing 
1- or 2-gram amounts of plutonium in the form of a slab, 
cylinder, or small turning. The ignition in air was done in a 
plutonium system glove box which was exhausted at a rate 
of 5 feet per minute through a series of 3 to 7 high 
efficiency filters. The results of the tests were that an 
average of 0.00055 percent of the plutonium burned was 
collected on the filters and that an average penetration of 
the first filter of 0.5 percent occurred. The average particle 
size of the plutonium oxide aerosol was found by electron 
microscope studies to be 0.016 microns. 
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The conclusions to be drawn from the experiments and 
accident experience involving plutonium release are that 
restricted release of plutonium is not likely to be signifi
cant. Even in the case of the ORNL accident, when 
150 grams of a probable finely divided aerosol of plutonium 
were dispersed explosively into a cell, only 0.6 grams 
escaped through the open cell door and the spread of plu
tonium contamination outside the cell was minor. 

THEORY OF RESTRICTED RELEASE 

Probable Type of Release: 

The released material is assumed to consist of plutonium 
whose activity level is 0.61 curies per gram. This activity 
level is representative of the isotopic content usually 
associated with reactor-grade plutonium (cf., 0.061 curies 
per gram for 239 Pu). The most likely compound present in 
an accidental plutonium release is plutonium dioxide (Pu02 ). 

This results from the plentiful supply of oxygen which 
would usually be associated with a substantial plutonium 
release and to the relatively large reaction heat for dioxide 
formation (252 kilocalories per mole) which energetically 
favors Pu02 as a reaction product. Large releases of other 
plutonium compounds would occur only under special 
release circumstances, such as a chemical explosion in a 
system where plutonium metal is immersed in a nonoxygen 
containing organic liquid. Also, any volatilization of pluto
nium or Pu02 would not contribute significantly to the · 
airborne hazard [Hilliard (7)] . 

With regard to hazards calculations, it is not particularly 
important which plutonium compounds are involved 
in a release. Any dependence of free-release source strength 
on the compound type may be accounted for by the ranges 
of particle-size distributions and release rates which are 
assumed. Thus to be definitive, all releases are assumed to 
consist entirely of Pu02 particles of density 11.46 grams 
per cubic centimeter. 

Even though the Gravel Gertie experiments were quoted to 
emphasize the small probability of restricted release under 
extreme release conditions, note that the model does not 
assume any initial impulse overpressure associated with the 
release. The reason relates to the purpose of the report which 
is not to assess the ability of an enclosure to withstand an 
explosion, but to evaluate an enclosure leakage rate specified 
at a certain overpressure. Thus, the plutonium release itself 
must not be allowed to change the enclosure leakage rate, 
other than through a change fo the static overpressure · 
associated with the release. 

3 
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FIGURE 1. Schematic of Gravel Gertie (dimensions in feet). (Use 1 foot= 30.48 centimeters.) 
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Particle Size and Mass Distributions: 

Several determinations of size and mass distributions 9f 
Pu02 particles released from plutonium metal have been 
made by Stewart ( 4.), Andersen (8), and Kirchner (9). 
These distributions vary widely depending on the crys
talline phase of the metal; the oxidation temperature; the 
hµmidity, temperature, motion, and composition of the 
ambient gas; the surface-to-mass ratio of the metal; and 
(unfortunately) on the method of measurement used. Any 
special oxidation circumstances, such as oxidation from 
solution, will also strongly affect particle distributions. In 
order to easily use measurements of particle size and mass, 
the particles are a~signed an equivalent spherical diameter. 
Such an assignment then uniquely specifies the relation 
between the mass and size distributions. Depending on the 
method of measurement, this assignment will give a particle 
distribution which somewhat overemphasizes inertial pro
cesses and underestimates diffusive transport and thermo
phoresis or vice versa. Thus, for any reasonably polydisperse 
particle distribution, the use of the equivalent diam~ter 
concept should not lead to serious error. For theoretical 
calculations, having an analytical expression for the particle 
distribution is necessary. Many aerosols, including Pu02 
particles under some release circumstances [Andersen (8)], 
exhibit a log normal distribution [Fuchs (IO)] as noted in 
Equations 1 and 2: 

~(cS)dcS = 0.399 ~ ~ 1Tp(~~ 
lnag m 3 2) 

) _ _I_~ + 3 Jna)\n6 
{ 2 tlnag ~ } 

m = d In cS J 
0.399 

!nag 
particle 

distribution 

(1) 

(2) 
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Where: 

g(cS)dcS = fraction of the total particle mass associated 
with particles whose equivalent spherical 
diameter is in the range cS to cS + do 

dm = mass mean diameter 

m = arithmetical mean particle mass 

Ug = geometric standard deviation · 

Equation 1 will be assumed to represent the distributions 
of Pu02 particles associated with the releases considered 
in this report. The nominal values of ag and dm are taken 
as 2.00 and 2 microns, respectively. These values are con-· 
sistent with Andersen's results (8) for the room tern-

. perature release of Pu02 associated with plutonium hand
ling at Hanford Facilities, Richland, Washington. Since 
room temperature releases from metallic plutonium yield 
relatively fine particles compared to higher tempe~ature 
releases [Stewart (4)], the two-micron value for dm should 
be a conservative choice. The range of dm is 0.1_! to 4.2 
microns. This range includes the fine particles (dm = 0.32 
microns) associated with the Rocky Flats lathe-box fire re
ported on Page 2: 
The range of ag is 1.5 to 3.0. The nominal jistribution 
and several distributions over the ranges of d m and ag 
are shown in Figure 2. 

The distributions represented by Equation 1 should be 
modified when particle distributions in the enclosure leak 
paths are required. This modification is done by multi
plying Equation 1 and the integrand of Equation·2 by 
Kon, where K is a constant and n is determined by the 
principal particle ·mode of transport to the enclosure walls. 

The values of n are 2 for particle settling, -1.5 for diffu
sion, and 0 for convective transfer. The conservative 
assumption is made that the nominal value of n is 2 (diffu
sive transport) so that the smaller oxide particles are 
assumed to reach leak paths more readily. This will shift the 
log normal distributions present in the enclosure to a dis
tribution in the leak paths characterized by a predominance 
of smaller particles which are less likely to be deposited in 
the leak paths. 

5 
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FIGURE 2 .. Plutonium Aerosol Particle-Size Distributions. 

Incidence Rate of Particles on Enclosure Leak Paths: 

A simple expression for the rate of particles entering 'teak 
paths may be obtained from considering the.balance be
tween particle formation and loss. ihe balance equation is: 

dNP 
dt - G-L 

Wlu::1c. 

Np = number of airborne 'plutonium oxide molecules 
present in .the enclosure at any time 

G = rate of formation of the molecules 

L = rate of loss of the molecules 

(3) 

The formation rate is computed by assuming that the total 
mass, Mt, of plutonium is divided into submasses which 
each have a mass, M1 , and a surface area, A1 . During the 
release, M1 and A1 are assumed to remain constant at their 
original value so that the formation rate is given by Equa
tion 4: 

(4) 

6 

Where: 

K = molecular release rale per unil area g 

Fa = fraction of the released particles considered air
borne 

Since Kg aY1ll Fa ;ue as!:(11111etl l.11 1e111ai11 cu11sla11l i11 lime, 
the particle loss rate is written as Equation 5: 

(5) 

Where Rh is the rate of molecule.s enlering leak paths, and 
~ is the rate of molecular deposition on interior enclosure 
surfaees. The forms of Rh and ~ are assumed to be given 
by Equations 6 and 7 (see also Appendix A, Page 33): 

Rh = (constant) (NpAh) 

and 

Rw = (constant) (NpAtf) 

(6) 

(7) 

Where Ah is the total leak-path entrance area; At is the 
total area of enclosure interior surfaces; and f is the fraction 
of the molecules which strike interior enclosure surfaces 
and are retained there. Equations 4, 5, and 7 now are 



combined to give an expression for Rh on the assumption 
that a steady state has been achieved so that dNP/dt = 0 or: 

(8) 

Only particles that are greater than 10 microns in equivalent 
diameter are considered airborne. This is consistent with 
the work done by Mishima (11 ). He states that more than 
99 percent of all Pu02 particles, whose equivalent diameter 
is greater than 10 microns, will in 6.86 minutes settle out of 
a turbulent room-temperature aerosol _in a 10-foot high 
chamber. Values of Fa for the particle distributions shown 
in Figure 2 are given in Table II. 

The factor f may be estimated from either of the following 
relations: 

f = --1- ; or 
1 +KT 

Where K is the resuspension factor, f is the length charac
terizing the resuspending disturbance (a typical enclosure 
dimension in the situations considered in this paper), V d is 
the particle deposition velocity, and Vt is the transport 
velocity of particles normal to the deposition surface. The 
definition of K is: 

K 
airborne concentration (vol_umc-1

) 

surface contamination (area-1
) 

Thus, K has units of reciprocal length. 

According to Mishima (I I), the average value of K for Pu02 

aerosols is 4 X 1 o-6 (m- 1
) and the proposed indoor 

resuspension factor with moderate activity is 5 X I o-s (m-1 
). 

The latter number gives f = 0.999 if 1 is assumed to be 
20 meters (m). 

The definition of V d is: 

particle deposition rate per unit area 

particle concentration in gas 
immediately above surface 

TABLE II. Parameter Ranges 
for Aerosol Particle Distributions. 

dm 

RFP-1543 

(microns) ~ Fa 

2.0 2.0 0.99 
0.1 I 1.5 0.99999 
0.11 3.0 0.999 
4.2 1.5 0.981 
4.2 3.0 0.78 

Legend 

dm Mass inean diameter. 
ag = Geometric standard deviation. 
Fa Fraction of released airborne particles: 

Mishima (11) quotes e~perimental values of 3.2 centimeters 
per second (cm/sec) for I6- and 29- micron mass mean 
diameter size distributions and 0.1 to 0.3 cm/sec for sub
micron size particles. The values of Vt for settling, diffu
sion, and thermophoresis are less than the corresponding 
values of Va for Pu02 particles less than I 0 microns in 
equivalent diameter [Schwendiman et al (I2)]. Then in 
f= Va /Vf, fwould be greater than one, implying IOO per
cent deposition on interior enclosure surfaees of all airborne 
particles. The value off is thus assumed to be unity in all 
calculations. 

Description of Releases: 

RELEASE RATES - The release rates vary over about 
10 orders of magnitude depending on the crystalline phase 
and surface-to-mass ratio of the metal and the humidity, 
temperature, motion, and composition of the ambient gas. 
Stewart ( 4) summarizes the existent data on release rates and, 
from his compilation, a nominal release-rate value is 
assumed as: 

1 microcurie per square centimeter per hour, 
or 1.14 X I0 12 plutonium atoms per square centimeter. 

per second 

The associated oxidation rate (Mishima (I I)] is: 

1.1 milligram Pu02 per square centimeter per hour 

This value corresponds approximately to the maximum 
possible release rate under near static conditions which 
would give rise to the nominal particle distribution assumed 
(dm = 2µ, ag = 2 .0). The range of release rates for pure 
metal (I I) is a low of I .5 X I 0-7 microcuries per square 
centimeter per hour for static room-temperature oxida-
tion in dry air to a high of 4 X I 04 µci/cm2 -hour for dynamic 
release al c5-phase temperatures (3I5 to 452 °C). 
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AREA-TO-MASS RATIO OF METAL - The ratio A1 /M1 in 
Equation 8 is arbitrary and thus a conservative nominal 

. value and a conservative range of values are selected. The 
nominal value selected is 10 square centimeters per gram 
(cm2 /g) which, according to Mishima (11), is typical of plu
tonium metal turnings. Implied are nominal hourly oxida- · 
tion and release fractions of 1.1 and 0.017 percent, respec
tively. The range of values is a low of 0.03 (which corre
sponds to a critical pure metal sphere) and to a high of 
100 (which corresponds to plutoniumfines). 

TOTAL MASS OXIDIZED -The mass, Mt, in Equation 8 
is also arbitrary and again a conservative set of values must 
be assigned. The nominal value for Mt is assumed to be 
300 kg. The number is selected since it has been estimated 
that the complete oxidation of such a mass of plutonium in 
the test cell of the Rocky Flats Plant Critical Mass Facility 
would, under nominal release conditions, cause an over
pressure of about 1.6 pounds per square inch (psi), which 
is the specified overpressure for leak testing of this test cell. 
In applying the model of restricted release to the Rocky 
Flats Plant test cell, which is done in the next section, it is 
convenient to have the nominal room overpressure at just 
1.6 psi (1 psi= 0.0007 kilogram-force per square millimeter). 

Leakage from the Enclosure: 

The leakage of air from the enclosure is assumed to occur 
via a number, Ni, of rough circular cross-section tubes of 
radius ri. The tubes penetrate the walls perpendicularly and 
are straight except for a number, j, of kinks each consisting 
of two bends of equal and opposite curvature radii and 
which have equal bend angles. The two bends which com
pose a kink are assumed to lie in the same plane and the 
spatial orientation of the kinks is assumed to be random. 
The radii of curvature, Re, of the bends is taken to be of 
the order of the tube radii and given by Equation 9: 

(9) 

In Equation 9, Kc is a constant. The length of the leak 
paths is not assumed to be increased by the presence of 
kin:ks and so should be a minimum. 'The leak-path model 
should thus be conservative. The net airflow out of the 
room on the basis of the above model (where Vi is the 
average velocity in a tube of radius ri) is: 

Q = "v.N. 7Tr~ 
""-.,, I I I 

. , 
Then v. for laminar flow is given by: 

I 

8 

rf (Po -Pat) 
Vi = --'---...g-µ-Lr--'""'---

(10) 

(11) 

( 

For transition and turbulent flow: 

f RrriTo j
1 

(ppa0t)'Y~l ]}% (1
2

) 

vi= tMg ('Y - 1) Lf L 
Where, 

(gamma) 'Y 
Mg 
Po· 
To 
pat 
R 

I. 
f 

(mu)µ 

= 
= 
= 
= 
= 

= 
= 

= 

the specific heat ratio ( 1.41 for air) 
the mass per mole of gas {29 grams for air) 
the pressure inside the enclosure 
the temperature inside the enclosure 
the pressure outside the enclosure 
the molar gas constant {8.32 X 107 ergs 
per mole °C) 
the tube le~th 
the average Fanning Friction Factor for 
adiabatic gas flow from (Po, To) to cPat) 
the viscosity of the enclosure gas at 
temperature T 0 

Equations 11 and 12 are obtained by integration of the 
energy equation over the tube length. The equations assum~ 
the following: · 

1. An nvcrngc flow velocity may bo dofinod over the entire 
tube length by: · 

f rw ( dr) 
vi= 0 2 7T r u (r) 7T r~ 

Jn thP. P.cp1ation, rw is the tuhe radius and u (r) is the 
flow velocity as a function of the distance r from the 
tube axis. This is a realistic assumption for the short 
path lengths and low viscosities involved in the flow. 

2. No net gravitational work is done during the flow. For 
a random distribution of tube directions in an enclosure 
wall, this should be a reasonable assumption. 

3. The gas motion is isothermal and incompressible for 
laminar flow and adiabatic for turbulent flow. Al
though a good approximation for the laminar flow, 
for turbulent flow in small tubes {diameter of the order 
of a millimeter) it may overestimate the velocity by a 
factor of about two because of turbulent convective 
heat transfer . 

4. An average value off may be defined for the flow. This 
is a reasonable approximation since this quantity will 
barely change during the gas flow.· 



5. The.decrease of velocity associate? with the leak-path 
kinks is neglected. Pressure-head losses associated with 
tube bends are usually small but, for~ path with several 
kinks at high flow velocities and a high Reynolds num
ber, a significant error can occur. However, since inertial 
deposition will be neglected in turbulent flow, this 
should ~ea conservative approximation. 

6. The expression is valid for both-subsonic and supersonic 
flow. The friction factors are no.t well-known for super
sonic flow and also stagnation pressure losses (which 
are not accounted for in Equation 12) will start to be
come significant [Shames ( 13)] , so that Equation 12 be- · 
comes somewhat inaccurate. It will, however, be shown 
subsequently that this inaccuracy will not significantly 
affect theleak-pathdeposition probability. 

7. No shaft work is done during the flow. 

The friction factor values outside the region 2000<Re<3000 
(where Re is the Reynolds number for fluid flow in a pipe) 
are taken from Knudsen and Katz (14) and are: 

f = 16/Re (13) 
(Laminar flow in smooth or 
rough pipes; Re<2000 

f = 0.00140 + 0.125 (Re)-0.32 (14) 

r-'h = 

(Turbulent flow in smooth pipes; 

Re>3000) 

4 log ( 2!i) + 2.28 

(Fully turbulent flow in rough pipes; 

rie/f
1
hRe> 0.005) 

(15) 

4 log ( 2fi). + 2.28 - 4 log [1 I 4.67 (~q/e .)~ 
e . f /2 Re J 

(Transition flow in rough pipe; 
3000~Re~2000 q/ f'h e) (16) 

The quantity e is a roughness parameter which has the 
dimensions of length. Values of e for several materials are 
given by Knudsen and Katz (14). 

The validation of fwith Re in the range2000<Re<3000is 
not known and so arbitrary models for f must be adopted. 
For smooth tubes, a linear relation is assumed between the 
values f (Re = 2000) and f (Re = 3000) given by the two 
smoothpipe recipes above. The discontinuities in slope thus 
introduced are small enough that the requiiea iterative 
solution of Equation 12 is easily accomplished for all 
Rt:ynulds numbers. For rough tubes, the transition flow 
recipe is assumed to be valid in the region 2500<Re<3000 
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and the laminar-flow recipe to be valid in the region 
2000<Re<2500. Equations 11 and 12 were tested by 
using them to compute the leakage rate from the Rocky . 
Flats Nuclear Safety test cell when the cell was over
pressured to 1.6 pounds per square inch and allowed to 
leak through a four-foot long, 1/2-inch diameter straight 
steel pipe. The computed leakage rate was 7 .9 ± 1 .0 X 103 

cubic centimeters per second (cm3 /sec) while the 
observed rate is 8 .21 ± o.2 X 103 cm3 /sec. The error in 
the computed number results from the uncertainty as to 
the roughness value to assign to the steel pipe. 

The leakage paths are specified by the following parameters: 

1. The size distribution of the leakage tubes. 
2. The variation of the size distribution with enclosure 

overpressure. 
3. The number of leak paths. 
4. The length of the leak paths. 
5. The number of bends in the tubes. 
6. The bend angle disltibulion. 
7. The bend radii of curvature distribution. 

The choice of the q is made by utilizing whatever physical 
knowledge is available to estimate the characteristic leak
path dimensions. It is usually impossible to specify an ri 
distribution so an average model of q versus enclosure 
overpressure is assumed in any one leakage calculation. This 
average model is then varied to account for any lack of con
servativeness introduced by this assumption. Nominal 
variations of ri with pressure and ranges of these variations 
are specified for the Rocky Flats Plant critical assembly cell 
in the next section. 

The value of Ni is computed from Equations 10, 11, and 12 
by using values of Q, Pat• and T0 , obtained either from 
measurements of the leakage rate from the enclosure or 
from a specification of permissible leakage rates. This pro
cedure gives values of Ni which ensures that the leakage 
model is co"ect at one overpressure. The Ni is assumed 
independent of pressure [Chi et al ( 15)] , and is the Ni used 
in calculations of Q for a particular ri versus enclosure 
overpressure model. 

The leak-path length distribution is also arbitrary and so the 
conservative assumption is made that the leak-path lengths 
are all equal to the average enclosure wall thickness. 

The limits set up for enclosure leakage rates refer to static 
overpressure in enclosures with small but numerous. leak 
paths whose characteristic d1mens1on is a few hundredths 
of a millimeter. Therefore, in the evaluation of enclosure 
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leakage rate limits, it is not necessary to consider the effects 
of large characteristic dimension Jeak paths such as unsealed 
conduits or open doors. It is, however, interest mg and 
important from a maximum credible accident standpoint to 
consider such leak paths. Thus in the next section, the 
maximum safe diameter of a single open straight pipe will 
be computed for the nominal release values. The maximum 
safe number of pipes of any diameter, less than the single 
pipe safe diameter, may also be readily obtained from the 
computations. 

The specification of the leak-path bends is also arbitrary and 
so nominal and extremal values are assigned to them. The 
specification for the Rocky Flats Assembly Room is given in 
the next section. 

Deposition of Particles in Leak Paths: 

Of the oxide particles which enter leak paths, only a 
certain fraction, F, will traverse them without being de
posited on the tube walls. The following deposition 
mechanisms are considered: 

I. Gravitational settling, 
2. Brownian diffusion, 
3. Thermal conduction, 
4. Inertial impactiort, and 
5. Turbulence. 

The gravitational settHng mec~nism is only important for 
oxide particles of greater than about I or 2 microns in 
diameter, while the diffusion and conduction mechanisms 
are significant for particles of less than about 0.1 
micron diameter. 

The inertial mechanism increases in importance for laminar 
fldw a!I the flow velocity increases and will usually be the 
dominant deposition mode for near sonic velocities. Tur
bulent deposition will usually dominate all other mechanisms 
for turbulent flow and for particles of less than I or 2 microns 
diameter. The turbulent deposition mode also increases in 
importance with increasing velocity. The deposition prob
abilities for the mechanisms assume that if an aerosol pa.rticle 
were transported to a conduit wall, it is sure to be retained 
there. This is the usual assumption made in studies of aerosol 
transport [Postma (16) and Browning et al {18)). 
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GRAVITATIONAL SETTLING-The formula used for 
computing nondeposition caused by sellling (F g) is 
[Thomas {19) and Davies {20)): 

F = _l. (3 VI - (3/8 (3) 273 
g 21T ( 

·~ 1/3 

+ ~ v 1 - (3/8 (3) 
2

/
3 i f3J 

+~sin -l .vi -(3/8 (3) 273 

Where F g = nondeposition probability for settling 

(beta) f3 

L 

=~ 
ii Vi 

= effective 'tube length for settling. The 
effective tube.length is 2/1T times the en
closure wall thickness 

(17) 

= tuhe radius · ( ) 
gli' (p - p >Km = terminal settling velocity = P g 

18µ 

g 

{delta)6 

{rho) Pp 

Pg 
(mu) µ 

Km 

X 
(lambda) 

T 

A 

= gravitational acceleration 

=particle diameter 

= particle density 

= gas dt::nsity 

: ~~.::,::;., oouecliou faclm -(I+ 2;A) 
= mean free path of gas molecules 

4 ~ (_ M g _ _\1/2 
3 Pg ~gt/ 

= adiabatic average of gas temperature in tube 

(-1.16) = 1.26+0.4exp --2X . 

Equation 17 assumes: 

1. Laminar gas flow with a parabolic velocity, profile. 

2. Rep= PgVi6/µ<.0.1. 

3. A Stokes' Law resistive force associated with an 
infinite, incompressible fluid. 

4. Unaccelerated motion of the. particles. 

5. Rigid spherical particles. 



Requirements 1 through 4 are either satisfied or contribute 
negligibly to the accuracy of Equation 17. The asymmetry 
of the oxide particles will lead to an increased. Stokes' Law 
resistive force so that the assumption of spherical particles 
is conservative, with respect to computmg particle deposition 
probabilities. 

BROWNIAN DIFFUSION - The problem of diffusive de
position of particles on the walls of circular tubes has been 
treated by several authors. The equations used here are 
given by Gormley and Kennedy (21). For large deposition 
probabiliti~s, Equation 18 is: · 

Fd = 0.819e-a + 0.097e~· 1a + 0.032e-16 a (18) 

Where F d = nondeposition probability caused by 
diffusion ' 

(alpha) a 
3.667TDL 

=----
Q 

Q = flow rate in tube= 1Tfi2 vi 

D = diffusion coefficient = 
RT0 Km 

31TNoµo 
R = molar gas constant 

To = absolute temperature of enclosure gas 

No = Avogadro's number 

For small deposition probabilities, Gormley and Kennedy (21) 
give Equation 19: 

Fd = 1 - 1.09 azl3 = 0.32 a + 0.0097 a4/3 (19) 

Schwendiman et al (12), suggest the use of Equation 19 
for Fd~0.78 and this convention has been adopted. 
Equations 18 and 19 assume: 

1. Laminar gas flow with a parabolic velocity profile. 
2. Flow velocity much greater than diffusive velocity .. 
·1. No tube entrance effects. 

Conditions 1 and 2 are usually satisfied while Condition 3 
is usually not sati.sfied and will cause the equations to 
underestimate the deposition. The underestimate should, 
however, only be significant for particles which are smaller 
than those considered in the calculatio.ns [i.e., less than 
10-3 microns in diameter, Fuchs (IO)]. 

THERMAL CONDUCTIVITY (THERMOPHORESIS) -
According to Postma (16), an expression for the change in 
concentration of particles in a circular tube as a function. of 
the inlet gas temperature and the tube w_all temperature is: 
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Where, Kg = gas thermal conductivity 

T0 = inlet absolute gas temperature 

T w = average wall temperature 

KP = particle thermal conductivity 

F c = nondeposition probability for thermal 
conduction 

Equation 20 assumes: 

1. The tube length-to-diameter ratio is~ 100. 

·s(f/2)~(T - T ) 
2. The quantity T 0 w < < 1. 

w 
3. The concentration profile is flat in the 

laminar sublayer. 
4. Turbulent flow exists. 

These assumptions are ordinarily met for the conditions 
considered in this report when turbulent flow occurs. 

INERTIAL IMPACTION - As particles traverse bends in 
the leak paths, a centrifugal force is developed which 
causes the particles to move radially outward. The radial 
motion will be opposed by a ·stokes' Law resistive force 
given by: 

(20) 

F (21) 

Where, (mu) µ = the gas viscosity 
(delta) o the particle diameter 
V r the particles radial velocity 
(rho) Pg = the gas derisily 
Km = Cunningham slip correction factor 

The term in parentheses (Equation 21) is a correction factor 
[Oseen (22)] which partially accounts for the neglect of 
inertial forces implicit in the derivation of Stokes' Law. The 
centrifugal force is given by Equation 22: 

mV 2 

F = _t_ 
RC 

(22) 

11 
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Where Vt is the tangential velocity of the particle traversing 
the bend, Re is the average radius of curvature of particles 
in lhe bend, and mis the particle mass. The radial particle 
motion in the bend cannot be considered uniform and so the 
equation for radial motion using Equations 21 and 22 is: 

If more than one bend per leak path is assumed, Fb is 
given as: 

In Equation 26, j is the number of bends and Fb,o is the 
(23) · single bend nondeposition probability. The leak-path 

bends are hence assumed to act independently of one 
another with res.pect to particle deposition. 

The relation between Vt and Vr is obtained by assuming 
the total kinetic energy of the particles remains constant 
as the particles traverse the bend. Also, the flow-velocity 
profile is assumed to be unaltered as the fluid goes around 
the bend. Equation 23 may be solved for the radial 
displacement, Dor, of a particle subject to the boundarv con-
dition V ,.,. O al t = 0 or: · . r 

Where p and q and the roots of the equation 

Ko 

K = p 

18pgKp + 
Kmppo 

18µ 

Km{)po2 

3 
16 

(rho) Pp = particle density 

(24) 

The time (t) has been related to the bend angle, (J (theta), 
by: 

(25) 

Equation 25 gives the average time needed for the fluid to 
traverse the bend. 

The inertial nondeposition probability, Fb, is computed 
from Equation 17 with (3 (beta) = Dor , where ri is the 

r. 
tube radius. 1 
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A reswue 'of the assumptions made in deriving Equation 24 
indicates: 

1. An average bend-curvature radius for the particl.~s. 
Tho effect of lhis approximation is estimated in the 
next section. 

2. A parabolic velocity flow profile which is unaltered 
during flow around the bend. 

3. Total kinetic; energy of particles oonserved during 
bend traversal. 

TURBULENCE - Above a flow-Reynolds number of 
2500, turbulent flow is assumed to occur and turbulent 
deposition and thermal conduction are conservotivdy 
assumed to be the only deposition modes. Using the idea 
of the deposition velocity (V d) previously discussed, a 
general expro3sion for the nondeposition probability in 
constant cross-section circular tubes is given by: 

F = exp- /
4v dL) (27) 

\ Vid 

Where, vi 

L 
d 
F 

= average flow velocity 

= tube length 
tube diameter 
nondeposition probability 

The ratio V d/Vi i3 called the mass transfer coefticient. 
Poi lu1lrnlent deposition, Sd1wendiman et al (12) give 
the following expression fur V d/Vi: ' 

v [d0.84fo2 p v,2 PU2.01s __i = 9.622 X 10-9 p I g 
vi 2 ( l 3.SpPc52) µ. l+ __ _ 

µ 

The meaning of terms is the same as in Equations 11, 
12,21,and 27. 

(28) 



When Equations 27· and 28 are combined to give a turbulent 
nondeposition probability, Ft; the limit of Ft as d~00 

is zero. To avoid this physically impossible situation, the 
criteria of Friedlander and Johnstone (23) are used. The cri
teria are that for particles whose rec.luced stopping distance, 
s+, is greater than 30, the expression for V d/Vi is given as: 

(29) 

The reduced stopping distance, which physically is the 
distance a particle will travel before stopping when a'cted 
on by only a Stokes' Law type resistance force, is given 
by: 

40µ 2 
(30) 

The criteria ensure that, under most circumstances of 
interest in this report, supersonic flow velocities will not 
affect the· deposition probabilities appreciably. For example,· 
for just sonic, turbulent flow of air in rough tubes whose 
asymptotic value off is 0.018, Equation 29 will apply for 
all particles greater than 0.155 microns in diameter. Since 
Equation 15 shows that at high Reynold (Re) numbers, 
_(f is independent of the Re number), the applicability of 
Equation 29 implies deposition probabilities will not be 
much affected by changes in supersonic flow velocities. 
Equations 27, 28, 29, and 30 are hence assumed to specify 
the turbulent deposition probability. 

The assumptions include: 

I. 
2. 
3. 

4. 

Turbulent flow (Re>2500). 
Constant cross-section circular tubes. 
All.particles which approach within one stopping 
distance of the tube wall are removed from the 
flow. 
The initial velocity used in calculating the 
stopping distance is the root mean square (rms) 
velocity of turbulent fluctuations in the direction 
normal to the wall. 

Total Deposition Probability: 

The net probability for the nonoccurrence of an event 
when several independent and simultaneous ways exist for 
the event to occur is the product of the several independent 
nonoccurrence probabilities. The assumption follows that 
all the nondeposition mechanisms arc independent. Thus, 
the expression used to compute the tolctl deposition 
probability, F, is: 
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(31) 

For laminar flow, Equation 31 is assumed to.be: 

(32) 

For turbulent flow: 

F(Re > 2500) = F cF t (33) 

The assumption of independent deposition modes is 
usually good. When Equation 32 applies, F g and F d 
are independent since they are important for particles in 
different size ranges. However F g and Fb are independent 
because of the assumption of ranoom orientation of the 
kinks and the difference in velocity ranges in which they 
are significant. And F d and Fb are independent because 
they apply to different size particles and are important in 
different regions of flow velocity. When Equation 33 
applies, F c and Ft are independent since Fe is only important 
for extremely small particles (8 ~ 10-2 microns). 

Free-Release Source Strength Equation: 

The final expression used in computing the free-release 
source strength is: · 

S=L Rh·· f. · l,J l,J 
(34) 

i,j 

Where, F i,j =1~~a~o)g(o)oYdo 
omln 

(35) 

The particle distribution, g (o)do, is given by Equation 1, 
and the oY weighting is used to compute m with Equation 2. 
The exponent y is equal to r1 + 2, with the value of n for the 
different modes of particle transport to the enclosure walls 
giv~n e~rlier in this se.ction. 

The F i,j represents the average nondeposition probability 
for tubes of radius ri and containingj bends per leak path. 
The Rhi,j is the rate of incidence of particles on leak 

paths of type (i, j) as given by Equation 8 with Ah = Ah i,j 
being the total entrance area of (i, j) type leak paths. 
The integration limits in Equation 35 are 10-3 and 
I 0 microns, according to the previous discussion of particle 
size distribution. 

13 
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FIGURE 3. Block Diagram for Calculation of Free-Release Source Strength. 
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A computer program (code name DISPER) to compute S for 
different leak-path and release models has been written in 
F.ORTRAN IV for the CDC 3800. A typical problem running 
time is five seconds. In Figure 3, a flow diagram of the 
program is given. 

Relation Between Source Strength and Airborne 
Particle Concentration: 

A conservative estimate of the conversion of free release 
source strength, S, to maximum airborne concentration, 
X (chi), is obtained from the work of Gifford (I). The 
following assumptions are made: 

1. Point-Source Release Occurs with Volume-Source 
Dilution: 

This means that the cross-sectional area of a point-source 
plume normal to the wind direction is increased by a 
factor proportional to the source area normal to the 
wind direction. The normal-source area, An, is 
assumed to be the minimum vertical cross-section area 
which includes the vertical symmetry axis of the en
closure. The porportionality constant is conservatively 
taken as 0.5 [Gifford (l)]. The point-source concen
tration, (chi) X0 , is thus divided by a factor 
(I + 0.5Anfrrayaz) where (ay) 2 and (az) 2 are the 
horizontal and vertical dispersion coefficients, re
spectively. 

2. Groum;l Level Release Occurs: 

This assumption may be shown to o.verestimate the 
actual maximum concentration by a factor of about 
500 for releases from a height above the ground equal 
to half the test-cell height. 

3. No Particle Sinks are Present: 

This means that no surface deposition or washout of 
particles is assumed. This assumption is fairly realistic 
and should not overestimate the actual maximum con
centration by more than 10 to 20 percent. 

4. Moderately Stable Type-F Atmospheric 
Conditions Exist: 

The probability here is roughly 0.15 for such condi
tions to exist at the Rocky Flats Plant site. The wind 
velocity, u , associated with such conditions is about 
2 meters per second•. This-assumption minimizes the 
spread of the plume and can overestimate X by as 
much as a factor of 40 (see Figure 4). 

5. The Concentration is Measured on the Plume Axis: 

The probability of a person being just downwind from 
the facility when a release occurs is slight, but this 
assumption is necessary to obtain an. estimate of the 
maximum possible concentration associated with a 
release. 

FIGURE 4. Source Strength Parameters versus Downwind Distance (x). 
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6. A Source Strength Constant in Time: 

Based on the above assumptions, the maximum possible 
value of the quantity u Xo/S is 4 (cf., Figure 4). This 
value occurs at a distance of IO meters from the source. 
The relation between x and S is then: 

2S 
(chi) X = 

1+2An 
(36) 

From the equation and the procedure outlined in Appendix C, 
Page 37, the maximum safe free-release source strength for 
the Rocky Flats test cell is 1.18 X 10 14 plutonium atoms 

per second. 

APPLICATION OF RESTRICTED RELEASE THEORY 

The Rocky Flats Plant Critical Assembly Test Cell: 

The theory outlined in the previous section is now used 
to evaluate the leakage-rate limits of the Rocky Fla ts Plant 
Critical Mass Facility test cell (2). The leakage-rate limits 
specified for this test cell are less than 3.0 percent total 
volume leakage in 6 hours and no greater than 0.5 percent 
total volume lt:akage in any I hour at an overpressure of 
1.6 psi. The Rocky Flats Plant cell has been leak-tested and 
found to conform to these limits, 

Physically, the test cell is a rectangular parallelepiped with 
concrete walls, roof, and floor. The cell interior is 35 feet 
long, 32 feet wide, and 32 feet high. The north wall, 
which is between the experiment and the experimenters, 
is 5 feet thick while the other walls are 4 feet thick. The cell 
floor is 7 inches thick and the roof is about 2 feet 2 inches 
thick. The building is constructed of cast-in-place blocks 
with the walls being done in three concrete pours and the 
roof and floor in single pours. The walls, floor, ;ind ronf 
all contain a 12-inch rebar mesh recessed 3 inches from 
each surface in the walls and ceiling and about I inch from 

the floor surfaces. The nominal rebar size is No. 8 
(8/8-inch diameter). All the interior and accessible exterior 
surfaces have received several coats of p;iint nr other 
sealants to reduce leakage through the concrete itself. 

The south cell wall contains a pair of 102 by 52 by 5-inch 
blast doors and an associated cement-filled 42-inch thick 
shield door, while the north wall contains ;:i similar single 
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blast door. The walls and floor of the cell, especially the 
north wall, contain utility penetrntions for water, electricity, 
air, or experimental solutions. 

The cell is provided with its own heating, ventilation, and 
air-conditioning systems, which necessitate a 12-inch 
diameter intake air pipe, penetrating the west wall and a 
IO-inch diameter exhaust air pipe penetrating the floor. 
All of the mentioned cell penetrations are minor leak 
sources if the doors are properly closed and no valves are 
left open, thus implying most of the cell leakage occurs 
through the walls themselves. 

T~~t-Cell Temperature ond Pressure. Exl'1ci!>l!>iu11. 

In order to avoid the difficulty involved in any rigorous 
calculation of the space and time variation of temperature 
within the cell, a simple calorimetric calculation is done 
and the following assumptions m;:ide (see Appendix B 
also): 

l. The cell temperature has no spatial variation and a 
steady state always exists in the cell between heat 
sources and sinks. 

2. The cell heat source is the plutonium plus oxygen re
action whose reaction heat is 1058 c;:ilories per gram of 
plutonium [Hilliard (7)]. 

3. Fuur potential heat sinks exist in the test cell: 
a. Ten tons of iron of specific heat 0.2 calories per 

gram per °K, This correspnnrls rn11ghly t<:i the 
f11d~~ uf lite expertment:tl apparatus which exists 
in the test cell. 

b. A shell of I-centimeter thick co11c1ete and having 
the area of the interior surfaces of the cell. This 
gives a he:it ~ink nf ~b<:i1.1t 20 ton~ with a apccific 
bent of 0.2 calories pe1 gia111 per °K. 

c. One and one-half tons of air with a specific heat 
at constant vol\lme of 0.17 calories per gram per 
OK. 

d. Heat loss through leak paths by convection. 

On these assumptions, the relation b.etw9cn the cell 
temperature, T

0
(°K), and the mass of plutonium oxidized, 

Mt (moles), is: 

(3'7) 

In the equation, TCON is a constant specifying the type 
of thermal equilibrium assumed. Values TCON for 
several types of equilibrium are shown in Table Ill, as 
well as the assumed nominal anrl extremal values of this 
parameter. 



TABLE III. Thermal Equilibrium Types. 

·o 
Heat Sinks TCON ( K per mole) 

0.0~39 Air, iron, concrete, and leak paths 

Air, iron, concrete 

Air, conc·rete 

0.0511 (minimum) 

0.0652 

Air, iron 

Air 

0.191 (nominal) 

1.090 (maximum) 

The relation between cell temperature and cell pressure is 
·given by the perfect gas law or: 

(38) 

n -n 
Where, L =the fractional leakage= a~ 0 

, where 
· at 

nat and n
0 

are the number densities of air outside and 
inside the enclosure, respectively. 

P At= the atmospheric.pressure. 

In order to relate the test-cell overpressure to the amount 
of plutonium oxidized, the following procedure is used. If 
TCON has its maximum value, corresponding to a rapid 
release of heat, then L:::::: 0 implying: 

PA· 
P = P +_t (T -293) 

o At 293 o 

If TCON has its minimum value, corresponding to a slow 
release rate of heat, L:::::: (T - 293) /T implying P = PAt 

0 0 0 
Hence, the following expression is assumed for P : 

0 

Where, 
TCON - TCON (min) 

PCON = --------
TCON (max) - TCON (min) 

(39) 

(40) 

·Thus, TCON (max) and TCON (min) are the maximum and 
minimum possible TCON values. 

Model of Test-Cell Leak Paths: 

PRESSURE DEPENDENCE OF LEAK-PATH 
DIAMETERS - The average model of leak-path radii 
versus external pressure is taken from the work of Chi and 
Kirstein (l S), who have studied the factors which determine 
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· the width and spacing of flexural cracks in reinforced con
crete. The differences in rebar pattern, size, heat generated 
in cement setting, and surface treatment of the test speci
mens of Chi and Kirstein (IS) and the blocks of which the 
test cell is constructed, make this only an order of magnitude 
model. Applied also is the assumption that the leak paths 
have the surface dimension through their entire penetration 
of the concrete. These bases are suitable, however, as a 
starting point for studying the effect of leak-path size varia
tion on t~e source· strength. The dependence of ri on external 
pressure is derived in two steps: First, the following ex
pression is written (where ri = r since all leak paths are 
assumed to have the same radius, and where a is the stress 
in a rebar): 

r = aa+b (41) 

The nominal values of a and b refer to surface cracks in a 
132 by 20.94 by 6-inch test specimen contafoing two No. 9 
rebars (IS). The ranges of a and b values (lS) are shown 
along with the nominal values in Table IV. 

TABLE IV. Leak-Path Size Thermal Response }>arameters. 

Nominal 

Maximum 

Minimum 

A 
·(cubic centimeters) 

per dyne 

5.57 X 10-12 

. 1.37 X 10-I I 

2.225 x 10·12 

Ji 
(centimeters) 

-1.42 x 10-3 

-3.55 X 10-3 

-5.68 x 10-4 

The second step is the derivation of-an expression for a 
(sigma) versus overpressure. This expression is obtained on 
the assumptioh that each rebar acts independently of each 
other and of the concrete in which it is imbedded. The 
expression is derived from the equation of bending of a 
beam (on the assumption that both ends are fixed) and is:· 

WQc 
(sigma) amax 

12 
(42) 

Where, amax= 

w 
Q = 
c = 

= 

the maximum stress in the rebar 

the uniformly distributed total load 
the rebar length 
the half depth of the rebar 
the moment of inertia of the area of a rebar 
section about the neutral axis. The neutral 
axis is assumed to be a section diameter. 

17 
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For a cylindrical rebar of diameter d: 

Where, 

64 

w = Qd.::lp 

d 
c = 

2 

.::lp = test-cell overpressure. 

Thus, Equation 42 may be written as: 

8 (Q)2 
amnx - · ~p 

3rr d 

For Lhe Rocky Flats test cell with 

(4J) 

d (diameter)= I inch and Q (rebar length)= 30 feet: 

(sigma) amax= I.I X 105 .::lp (44) 

Equation 44 is combined with Equation 41 and the Table IV 
values of a and b for the calculation ofr versus overpressure 
for the tes.t cell.-

THE MODEL OF INERTIAL PARAMETERS - The 
nominal values and range of inertial parameter values are 
givon in Tublo V. 

The nominal value of one ninety-degree bend should be a 
conservative estimate for obtaining the inertial deposition 
properties of any possible leak path in the test cell. The 
maximum values in Table V more nearly approach the 
physical situation being simulated here. 

THE LEAK-PATH ROUGHNESS -The primary compo· 
s1tion of leak-path walls is assumed to be concrete and the 
range of roughness values is 0.0305 to 0.305 centimeters 
(cm) [Knudsen et al. (14)). Secondary leak paths may be 
through metal pipes (e "'=' 0.0045 cm) or around rubber 
gaskets (e "'=' 0.01 cm). The nominal e value and range of e 
values are shown in Table VJ. 
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TABLE V. Leak-Path Inertial Deposition Parameters. 

Bends per Be nu Anglt: Bend Radius 
Leak Path (radians) of Curvature 

--~"'-

Maximum 6 'II' 10 r 
Nominal 1 11'/2 3 r 
Minimum 0 0 0 

TABLE VI. Leak-Path Roughness Values. 

Minimum 

Nominal 

Maximum 

Resuits and Interpretations: 

(centimeters) 

e = O 
e = 0.0305 

e = 0.305 

EFFECT OF VARYING RELEASE DESCRIPTION 
PARAMETERS -

I. Variable Number and Size of Leak Paths. 
Figures S and 6 show the variation of the free release 
source strength with, respectively, particle-size distribution 
and mode of particle transport-to-enclosure walls. In 
Figure 5, the mass-mean diameter (dm) of the assumed 
particle distribution is plotted versus source strengths 
for three values of geometric standard deviation (ag) 
and three plutonium masses. For the nominal situation 
0f 300 k ilogra rns (kg) of oxtd !zed plutonium, dm :::;; 2µ 
and ag = 2, it is seen that varying a can increase S by 

· about a factor of 15 (2 X 101u to f X 1011 ), while varying 
dm can increase S by a factor of 37 (2 X 1010 to 7.4 X 1011 ). 

Other "hservf!tiom; from Figure 5 are: 

a. For a small particle distribution, the effect of particle 
dispersion variation is negligible. This is caused by the 
relative insensitivity of lhe nondeposition probability of 
small particles to changes in particle size. 

b .. For·sufficiently large and sufficiently mono-disperse 
·particle distributions, almost no particles escape 
the test cell. Thus, the dm == 4 microns, ag = 1.5 
di~fribution leadn to nourly perfect containment 
of the aerosolized plutonium (S = 3 .3 X I 0-4 
plutonium atoms per second). 

c. Source strengths associated with laminar-flow 
leakage from the enclosure, which occur when 
300 kg of plutonium is oxidized, are Jess affected 
by partic!e"distribution variation than are the 
turbulent flow leakage-source strengths which 
accompany the 500-kg oxidation. 



FIGURE 5. Source-Strength Variation with Particle-Size Distribution. 
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FIGURE 6. Source-Strength Variation with Mode of Particle Transport to Enclosure Walls. 
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The dependence of source strength.on the mode of particle 
transport to interior enclosure surfaces is shown in Figure 6, 

. where the source strength is plotted versus the exponent y 
of Equation 35, Page 13. As previously mentioned, y = 1 /2 
refers to diffusive transport, y = 2 to convectfon, and y = 4 
to pure settling. Intermediate values of y refer to mixtures 
of these transport mechanisms. The curves of Figure 6 are 
parametric in lhe mass of plutonium oxidized. Figure 6 
shows that the nominal assumption of y = 1/2 may over
estimate the source strength by over four orders of magnitude 
(4.8 X 106 to 4 X 102 ). Note from Figure 6 that the 
assumption, y = 1/2, is always conservative. 

2. Fixed Number and Size of Leak Paths. 
Figures 7 and 8 respectively show the source-strength vari
ation with the thermal equilibrium type assumed in the en
closure and with the mass of oxidized metal. The 
variation of source strength with TCON can be significant 
since an increase in TCON increases the flow velocity, 
both through an increase in leak-path radius and an 
increase in the pressure; and also increases Rh (Equation 8) 
through the increase in leak-path radius. In Figure 7, values 
of TCON (See Table III) are plotted versus source strength 
for several different masses of plutonium oxidized. For 
the nominal mass of 300 kg, the source slrenglh may in
crease to 7.2 X 1014 plutonium atoms per second for 
the maximum TCON considered. The maximum TCON is 
the value for thermal equilibrium with air alone, which 
would require a release rate of about 105 microcuries per 
square centimeter per hour, and would yield a coarse par
ticle distribution [Stewart ( 4)] . Such an extreme type of 
release would represent the simulation by the model of 
explosive dispersion (see Appendix B, Page 35). 

The effect on the source strength of the mass oxidized for 
the nominal release conditions and leak-path models is 
shown in Figure 8. The minimum mass oxidized of IO kg 
is shown to he perfectly contained by the enclosure while 
the nominal mass leads to a 2 .64 X 1011 source strength. 
The maximum mass of 1000 kg is shown to give rise to a 
source strength of 1.11 X 1012 atoms per second or about 
an order of magnitude greater than the nominal value. The 
structure of the curve in Figure 8 is explainable as follows. 

For small masses(~ 30 kg), the flow velocity is slow enough 
that diffusion and settling remove all the aerosol particles in 
the leak paths. As the mass increases, the flow velocity 
increases so that settling and diffusion become less effective, 
but inertial impaction increases in importance. Thus, be
tween 30 and 300 kg, the source strength at first increases 
rapidly and then more slowly. Between 340 and 400 kg, 
the transition from laminar to turbulent flow occurs. 

Above 400 kg, turbulent deposition and thermal conduction 
are assumed to be the only deposition mechanisms in the 
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· leak paths so that an initial and physically unreal rise 
occurs. Above 700 kg, turbulent deposition starts to be
come effective and a decrease in source strength occurs up 
to about 1200 kg. Above this, the increase in enclosure 
overpressure and leak-path radius causes Equation 29 
(Page 13} for V d/Vi to become applicable for the bulk of 
the particles involved in the release. The turbulent non
deposition probability then begins to tend to unity with an 
associated rise in source strength (S). The trends outlined 
above appear in all of the graphs involving a variation of 
S with a parameter which increases the flow velocity (see 
Figures 7, 9, and 12). 

The release is also specified by the values assumed for the 
plutonium release rate and area-to-mass ratio. Since these 
quantities appear linearly in Equation 8 (Page 7}, and do 
not appear in Equation 35 (Page 13), Sis directly propor
tional to them both. Thus, the value of S obtained from 
maximizing Kg (molecular release rate) for otherwise 
nominal conditions is: 

4 x 104 

2.64 X 1011 X = 1.055 X 1016 aloms per second 
1.0 

While the value for A1/M 1 is: 

100 
2 .64 X 1011 X -- = 2 .64 X 1012 atoms per second 

10 

Effect of Varying Leak Path Model: 

The effect of varying the leak-path size for otherwise 
nominal leak-path specifications and nominal release con
ditions is shown in Figure 9. The nominal value and ranges 
of values forr, as specified by a and bin Equation 41 
(see Table IV), are shown in Figure 9-: It is seen that 
varying the leak-path size may increase S by about an 
orderofmagmtude(4.6X 1011 lu2.7X 1012 ). The 
number of leak paths associated with T also appear in 
Figure 9. For the nominal radius of 6.2 X 10-2 cm, the 
number is 133, while for the minimum radius of 
2.5 X 10-2 cm, the number is 5234. The latter number is 
more physically representative of the number of leak paths 
which actually exist while the nominal radius selected 
represents the physical dimensions expected of the leak 
paths. The smaller numbers of leak paths actually computed 
for the nominal radius represent the attempt of the model 
to account for the constriction of the leak-path entrances 
because of the several surface treatments received by the 
interior and exterior surfaces of the test cell The model 
thus neglects any particle deposition or flow-velocity 
reduction which is associated with the entrance constric
tion, but underestimates the number of possible leak 
paths for the particles. 
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FIGURE 8 .. Source-Strength Variation with Mass of Oxidized Plutonium. 
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The effect on S of changes in the inertial parameters appears 
in Figures 10 and 11. The increase in S observed as the bend 
angle (Figure l O) changes from its nominal to its maximum 
value is about a factor of 3 for Mt= 300 kg (2.6 X 1011 to 
7 .S X 1011 

). The figures also show: 

l. The most pronounced variation of S is with the number 
of bends per leak path (Figure 11). Here, S changes by 
a factor of twenty over the range (n = 0 to 6) of values 
conside1ed at Mt== 300 kg. 

2. The S decreases as the bend radius of curvature (1~\:) 
increases (see Figure 11), because of the increased time 
11eeue<l to traverse the bend tor larger values of Re: 
fhis effect, for Re in the range considered, is larger 
than the opposing effect of a decreasing centrifugal 
force as Rc increases. 

3. An estimate of the error caused by assuming a constant 
radii of curvature for the particles may be obtained from 
Figure 11 by finding Sat Rc ±r. The error increases as 
Re decreases and the greatest value in the range of Rc 
considered is a factor of 1.5 at Rc Ir = I. At the 
nominal Rc Ir value of 3, the factor is l. I. 
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4. The variation of S with the bend angle, 8 (theta), 
(Figure 1 O) is at first slight when straight through 
penetration of the tube is possible. As 8 {theta) 
further increases, S dec:rei1ses more rapidly until the 
effect starts to saturate at about 8 = 1T. Above 
8 = 3tr /2, sufficient particles are sure to be deposited so 
that a further increase in the particle sink (i.e., a sharper 
bend) is not effective. 

The leak-path roughness affects the source strength 
only if turbulent flow occurs. The 50llr('e strength may 
be affected by changes of e in two opposing w;iys. 
First, increases in e can decrease the flow velocity, 
necessitating more leak paths and hence increasing S, 
if the flow used to compute the number of leak paths is 
turbulent. Second, increases in e increase f so that for 
particles whose mass transfer coefficient is given by 
Equation 29, the nundeposition probability will be de
creased. However, as the product tv/ remains constant 
when Vi is changed by. changing e, the turbulent non
deposition probability for particles, whose mass transfer 
coefficient is given by Equation 28, does not change as e 
varies. (Table VI, Pi1ge 18.) Similarly, the criteria from 



. RFP-1543 

FIGURE 10. Source-Strength Variation with Leak-Path Bend Specification. 
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FIGURE 11. Source-Strength Variation with Bend Radius to Tube Radius Ratio. 
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Effect of Varying Single Leak-Path Size: Equation 30 for determining the appropriate mass-transfer 
coefficient recipe are unaffected by changes in e, so that as 
e is varied for a given particle distribution, the same particle 
fraction is affected by Equations 29 and 30 respectively. 

· The source-strength change as e is changed, given for six 
masses, is shown in Figure 12. For the nominal 300-kg 
mass, the increase in Sat extreme e values over that at the 
nominal e values (see Table VI) is only about a factor of 1.1. 
Ase increases, the flow may be forced to become laminar 
(as shown in Figure 12). Above this value of e, the source 
strength stays constant since changes in e only affect 
turbulent flow. 

In Figures 13 and 14, the source-strength variation for 
several masses (ranging from s to 5000 kg) is shown as a 
function of the size of a single straight leak path. Nominal 
release and leak-path conditions are assumed except that the 
leak-path radius is assumed pressure independent. The 
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range of leak-path radii considered is 10-2 to 103 cm.· 
Figure 13 shows the radii range in which laminar flow and 
the transition from laminar to turbulent flow occurs. For 
all masses, the flow is turbulent above a radius of 0.5 cm. 

FIGURE 12. Source-Strength Variation with Leak-Path Roughness. 
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At large masses of oxidized plutonium, a considerable dis
continuity in S appears.at the laminar-turbulent flow 
transition caused by high flow velocity at which the transi
tion occurs. For smaller masses, the transition appears as a 

. bunching of the curves near a radius of 0.5 cm. Above 
0.8 cm, the flow is fully turbulent for all masses. In 
Figure 14, the fully turbulent flow-source strengths are plot
ted. For leak paths~ 2.6 cm in radius, it ·is seen that the en
closure can safely contain up to 5000 kg of rapidly oxidizing 
plutonium. Figures 13 and 14 may be used to compute 
the net source strengths associated with leakage through any 
combination of straight leak paths using the relation 
S = ~i NiSi. Figure 15 shows the volume leakage (airflow) 

percent per second of air from the test cell. It is seen that 
if this initial leakage rate could be sustained for 300-kg oxida
tion, the entire air content ofthe cell would escape in one 

second through a single 44-cm radius leak path. The source 
strength associated with a 44-cm radius leak path is 4 X 1015 

atoms per second. 

CONCLUSIONS 

The survey of observational data on plutonium releases 
indicates that fires or explosions involving plutonium being 
handled within enclosure do not give rise to dangerous 
free releases of a plutonium aerosol. The results of the 
calculational model substantiate this. The calculations in
dicate that free releases from the Rocky Flats Critical 
Mass Facility test cell for the nominal release variable set 
(see Table VII) are safe by about 2% orders of magnitude. 

FIGURE 13. Source-Strength Variation with Leak-Path Size (single leak path). 
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TABLE VII. Reliltive Importance of Maximizing Release Parameters. 

.Release Variable 

Particle-Size Distribution 

Plutonium Release Rate 

Mass of Plutonium Oxidized 

Mode of Particle 

Transport to Enclosure Walls 

~elease Duration 

Leak-Path Radii 

Pressure Response 

Leak-Path Roughness 

Leak-Path Bend 

Specification 

Nominal Value · 

Mass mean diameter (dm) of 

particles is 2 microns and 

geometric standard deviation 

(ag) is 2.0 

1 microcurie per square 

centimeter per hour 

300 kilograms 

Diffusive Transport 

Sufficient time to heat air 

and iron in enclosure: 

(TCON =0.191 °Kper mole 

of plutonium) 

a= 5.57 X 10-12 cubic 

centimeters per dyne, and 

b = -3.55 X 10-3 centimeters, 

in the following equation 

r = aa + b 

0.0305 centimeters 

One 90-degree bend with 

ratio of bend radius to leak

path radius equal to 3 

Maximizing Value 

dm = 0.11 microns 

ag = 3.0 

4 x 104 

1000 kilograms 

Diffusive Transport 

Sufficient time to heat 

only enclosure air: 

(TCON = 1.09 °K per 

mole of plutonium) 

a= 2.225 X 10-12 cubic 

centimeter-s per dyne 

b = --0.568 X 10-3 centimeters 

0 centimeters 

No bends 

Factor Maximizing 
Variable Increases 
Source Strength 

2.8 

4 x 104 

10 

3 x 103 

8.3 

2.82 

FIGURE 14. Fully Turbulent Flow-Source Strength Variation with Leak-Path Size (single leak path). 
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The model does, however, show (Table VII) that maxi
mizing either the plutonium release rate or the enclosure 
thermal equilibrium type can cause a free release which 
exceeds the safe release rate (see Appendix C). 

Operational criteria for small enclosures handling large 
quantities of fissle metal are thus to continuously exhaust 
the enclosure via a series of fireproof absolute filters. The 
airflow associated with the exhaust mode of operation 
must be sufficient to prevent static pressure build-up 
associated with the release, but low enough to avoid in
tensifying the release rate. 
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APPENDIX A. The Entrainment of Aerosol Particles in an Airflow. 

In Equations 6 and 7, Page 6, the assumption follows that the fraction of aerosol par
ticles, generated within an enclosure where overpressure exists and which reaches leak-path 
openings, is the ratio of the leak-path entrance area-to-the total enclosure interior area. 
An alternate procedure is to compute the fraction of the enclosure air which leaks in a 
given time and to estimate the fraction of the released aerosol particles which are en
trained in the emitted air. The only requirement is that the procedure adopted should 
be conservative under the range of release conditions assumed. The model used has an 
entrainment fraction of2.52 X 10-7 and a flow rate of 4 X 103 cubic centimeters per 
second for nominal values of the release parameters. 

Equation 6: Equation 7: 

Some applicable data to evaluate the entrainment efficiency relate to Cheever (6) whose 
experiments were discussed briefly in the section on observational data (Page 3). 
Cheever finds that on the average, 5 .5 X 10-4 percent of the plutonium volatilized in a 
glove box exhausted at a rate of 5 feet per minute (0.84 X 103 cubic centimeters per 
second for an 8 by 8-inch filter) was collected on the glove-box filters. The average 
plutonium oxide-particle size was 0.016 microns and the particle sizes ranged from 
0.004 to 0.03 microns. Hence, the average and mass-mean diameter may be (conserva
tively) assumed to be equal. To normalize these observations to the releases considered 
in this paper, entrainment efficiencies are assumed to be proportional to the ratio of 
gas-flow rate to mass mean diameter. 

For the nominal release, in which the particle distribution mass mean diameter is 2 
microns and the gas-flow rate is 4 X 103 cubic centimeters per second, the above 

· assumption gives an efficiency of 1.7 6 X I 0-7 
, a conservative. value with respect to the 

assumed entrainment efficiency. 

The preceeding discussion suggests that an alternate formula for Equation 8 may be 
obtained in the following manner. Assume the rate of incidence of particles on leak-path 
entrances, Rh, is F enG, where Fen is the probability of particle entrainment in the air 
leaking from the enclosure and G is the particle generation rate given by Equation 4, 
Page 6. Then Fen may be obtained by assuming particle entrainment efficiency is 
directly proportional to airflow rate, Q, from the enclosure and inversely proportional to the 
particle distribution mass mean d iamP.tP.r, if

111
. 

Equation 4: 

Thus, Fen may be written as Fen ° (Q/Q0 )(d mo /dm)(Ah/ At), where Ah is the leak-path 
entrance area, At is the interior 3urfacc nrcn of the enclosure, and the zero superscript 
refers to experimental values of the indicated quantities. This method of computing Rh 
i3 preferable to the use of Equation 8, Page 7 when large air flows through a small 
number of leak paths occur and where appropriate valves of the superscript quantities 
may be obtained. 

Equation 8: 
Kg Mt A1 Fa 

A/ 
(I +-)M1 

Ah 
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APPENDIX B. Thermal Equilibrium in the Rocky Flats Plant Assembly Room. 

In order to test the conservativeness of the assumptions made in evaluating the type 

of thermal equilibrium actually attainable in the Rocky Flats Plant Assembly Room, the 

following experiment was performed. 

The Assembly Room was sealed and the room-heating system turned on. The heating 

system controls were adjusted so that a continuous heat input was sustained. (The 

heating system is rated at 271,000 British Thermal units per hour which corresponds to 

the heating rate associated with a nominal release whose release rate is 2 .92 X 103 

micro curies per squa~e centimeters per second, or a factor of only 13 .7 less than the 

maximum release rate considered.) The room overpressure created by the heat input 

was measured with an oil manometer (oil depsity 0.82 grams per cubic centimeter). 

The room temperature was read from a thermocouple thermometer observed over the 

Assembly Room closed-TV circuit. The atmospheric temperature was obtained from the 

Rocky Flats Plant Health Physics thermograph records. The experiment was terminated 

after three hours with the following results: 

1. The temperature difference between the room and the atmosphere increased 

11 ° F ( 6.1 °C) in the first 30 minutes and 19 ° F ( 10.5 ° C) overall. 

2. No measurable overpressure was observed. 

The experiment demonstrated the efficiency of the Assembly Room heat sinks and also 

the rapidity with which a relatively small enclosure leakage rote (le~~ than 0.5 volume 

percent per hour at 1 .6 psig) can cause pressure equilibrium between a heated enclosure 

and its surroundings. It is concluded that only a rapid release of heat, such as would be 

associated with an explosion in which several hundred kilograms of plutonium are 

vaporized, could lead to a significant thermal overpressure inside the Rocky Flats Plant 

Assembly Room. (1 psi = 0.0007 kilogram-force per square millimeter.) 

RFP-1543 

35 



RFP-1543 

i· 

APPENDIX C 

36 



,. 

APPENDIX C. The Maximum Safe Source Strength. 

The maximum safe source strength is obtained from Equation 36 and the 

Table I values (given in text and repeated in I-A) of airborne plutonium con

centrations. The °insoluble value for con trolled areas of 4 X 10 - 11 micro-

curies per milliliter is used as the reference concentration. The insoluble 

value is chosen since plutonium dioxide is resistant to chemical reaction , 

(Stewart (4)], while the contro'lled area assumption is made since the maximum 

concentration occurs just ten meters from the source. Little danger to off-site 

personnel exists from a release originating in the Rocky Flats Plant Assembly 

Room as the plume wo~uld be diluted by about four orders of magnitude 

before reaching uncontrolled areas (Hilsmeier and Gifford (17)]. The 

reference concentration from Table I, Page l ,·refers to continuous exposure 

situations and so in the present case should be modified according to the 

procedures specified in. AEC Manual Chapter 0524. The modification is to 

increase the reference concentration by a factor of the number of working 

hours per quarter (520) divided by the number of working hours involved 

in the release. Conserv;atively assuming this latter number to be eight hours 

gives a factor of 65 and a lim'iting concentration of 2.6 X 10-9 microcuries 

per milliliter. 

Next, assuming the activity level conversion factor of 6.5 X 10 5 microcuries 

per gram plutonium and a normal source area of 104.2 meters 2
, the maxi

mum permissible source strength is computed. 'The limiting source-strength 

value is found to be 1.18 X 10 14 plutoni~m atoms per second. 

Equation 36: 

(chi) X 
2S 

TABLE I-A. Plutonium Airborne Concentration Limits. 

Insoluble 

Soluble 

Controlled Area Uncontrolled Area 

(microcuries per milliliter) 

4 x 10·11 

2 x 10·12 

1 x 10 ·11 

6 x 10·• 4 
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