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SUMMARY REPORT ON THE HAZARDS OF THE ARGONAUT REACTOR 

D. H. Lennox and C. N. Kelber 

I. SUMMARY 

This repor t covers instal lat ion of an Argonaut Reactor at the Du-
Page site of the Argonne National Labora tory . The reac tor is to be oper ­
ated by t ra ined m e m b e r s of the staff, a s s i s t ed by other labora tory personnel , 
and by students at the International School of Nuclear Science and Engineer­
ings as a facility for nuclear engineering training and r e s e a r c h . The design 
anticipates use of an Argonaut r eac to r in univers i t ies and in other less 
special ized ins t i tu t ions . Therefore , safety is a p r ime design feature through 
choice of a self- l imit ing sys t em. 

The p re sen t design is the resul t of theore t ica l work that has been 
supplemented and extended by a s e r i e s of multiplication exper iments on the 
proposed configuration. It is expected that minor design improvements will 
be suggested f rom t ime to t ime to util ize new opportunities for cost r educ­
tion and reques t s for special ized exper imenta l faci l i t ies . 

Argonaut is a 10-kw (max.) t he rma l reac tor modera ted by water and 
ref lected by graphi te . P la te - type fuel e lements a re spaced with graphite 
wedges to form an annular co r e . The total fissionable inater ia l requi red is 
about 4 kg U . The exper imenta l ly determined void coefficient for the la t ­
tice is negat ive: -0.25% k pe r void per cent. The t empera tu re coefficient 
is also negat ive. -10" k / C Excess k is l e ss than 0 75%. Rapid inser t ion 
of up to 4.75% kexs possible only by del iberate circumvect ion of p rocedures , 
interlockss t r i p s , and cont ro ls , will resu l t in automatic shutdown through a 
non-des t ruc t ive BORAX-type p r o c e s s . This postulated situation will not 
resu l t in ove r -exposure of personnel near the reac tor or contamination of 
the immedia te vicinity. Complete r e l ease of fission products contained 
within the fuel p la tes by some p r o c e s s not eas i ly imagined would require 
an exclusion radius of 875 ft, assuming no building containment. 

This repor t does not consider in ternal multiplicative exper iments 
which could be pe r fo rmed by reloading the internal ref lector . Such exper i ­
ments must be subject to a separa te hazards review. 



II. GENERAL DISCUSSION 

A. Design C r i t e r i a 

The r equ i r emen t s of the Internat ional School of Nuclear Sci­
ence and Engineer ing coupled with r e s e a r c h exper ience at Argonne National 
Labora tory have c lear ly indicated the Laboratory* s need for a low-level 
supplementary r eac to r facil i ty. The d i sassembly of C P - 2 , the heavy de ­
mands for use of CP-S^ and the genera l unsuitabil i ty of CP-5 for a var ie ty 
of exper iments in r eac to r physics motivated the design of a versa t i l e low-
power reac to r whose exper imenta l scope would make it useful both for 
t raining and for conduct of exper iments in r eac to r phys ics . 

1. The r eac to r as consti tuted must be usable in a great var ie ty 
of expe r imen t s . 

2. Anticipating in t e re s t in this type of facility on the par t of 
un ivers i t ies with a var ie ty of space and p r o g r a m requirementSj the r eac to r 
must be flexible, 

3 . Fo r the same reasons low cost i s des i rable to make the 
reac to r available to smal l ins t i tu t ions . 

4 . Use as a t ra ining facility makes it more impera t ive that 
special attention be given to safety cons idera t ion . 

B . Descr ipt ion of the System 

Argonaut is a t h e r m a l r eac to r consist ing of an annular core 
reflected in ternal ly and external ly with graphite (Fig. 1), The core is 
heterogeneouss the fuel e lements consist of BORAX-type fuel plates in 
a s sembl i e s 3 x 6 in. The modera to r in and immedia te ly surrounding the 
fuel e lement i s light water with graphite modera to r p ieces between the 
e l emen t s . The c r i t i ca l loading of the sys tem is about 4 kg U^^' at 20% en­
r ichment . The reac to r will normal ly opera te in the range of 1 to 100 wa t t s . 
It can be operated continuously at 1 kw and i s capable of operat ion at a m a x -
imuxn of 10 kw of t h e r m a l power j at which level i t s negative t empe ra tu r e 
coefficient would shut the sys tem down after a brief running per iod. F o r 
such in t e rva l s , t h e r m a l neutron fluxes of 10^^ n/(cm^) (sec) a r e avai lable . 

C. Nuclear C h a r a c t e r i s t i c s 

The nuclear c h a r a c t e r i s t i c s of Argonaut a r e s imi la r in many 
r e spec t s to those of LITR^ MTR, BSTF, and BORAX. It sha re s with these 
r e a c t o r s the use of water as the pr incipal modera to r and the containment of 
fuel (and, consequently, of f ission products) in aluminum p la tes . The an­
nular core geometry and graphite re f l ec to rs pecul iar to Argonaut account 
for a somewhat longer neutron lifetime than in the aforementioned s y s t e m s . 
The use of light water a s pr incipal modera to r makes for a l a rge negative 
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void coefficient provided that not too l a rge a fract ion of t he rma l neutrons 
a r e captured in the wa te r . In te rs t i t ia l water between fuel e lements which 
presumably is the cause for positive void coefficients^ somet imes ob ­
served in s imi la r r e a c t o r s , has been avoided by the use of graphite 
s e p a r a t o r s . 

The c r i t i ca l p rope r t i e s of Argonauts including void, geomet r ic , 
t he rma l , and control effects, were de termined by extrapolat ion from an 
extensive s e r i e s of mult ipl icat ion exper iments (see Appendix A). The 
r e su l t s a r e summar i zed in Table I. 

The la rge negative void coefficient means that a r a the r l a rge 
inc rease in react iv i ty will be removed by voids introduced through boiling. 
The r eac to r finally shuts down when enough water has been los t . The neg­
ative t empe ra tu r e coefficient combined with a low circulat ion ra te and 
cooling capability i s sxifficient to prevent a slow, steady inc rease in power 
level . The same cons idera t ions l imit the use of the r eac to r at high power 
(10 kw), since inevitably the re will be a gradual t empe ra tu r e inc rease at 
such a power. The proinpt neutron l ifet ime ('^1.9 x 10"* sec) is longer 
than that of BORAX, since the Argonaut sys tem is be t te r reflected; conse ­
quently, the reac t iv i ty which mus t be added to achieve a given per iod i s 
g r e a t e r . It is es t imated th^-t an instantaneous inser t ion of 4. 75% excess 
react iv i ty i s r equ i red to achieve a per iod which will make Argonaut suffer 
a des t ruc t ive expulsion of wa te r . 

D. Exper imen t s to be Pe r fo rmed 

One of the pr incipal design c r i t e r i a for Argonaut was that it be 
capable of a wide var ie ty of exper imenta l s e t - u p s . Briefly, these capabi l i ­
t ies can be enumera ted as^ 

1. Ex te rna l exponential exper iments may be performed on the 
top of the r eac to r (with the top shield plug rem.oved), or in a wate r - tank 
facility on the side of the r e a c t o r . The top of the r eac to r was designed free 
of p ro tuberances for this r ea son . 

2. Fue l s tudies , such as reac t iv i ty , microscopic flux mapping, 
e t c . , can be made in the in terna l re f lec to r . Similar ly , c r o s s sect ions and 
react ivi ty effects can be studied by osci l la t ion and danger coefficient m e a s ­
u remen t s of samples inse r ted in the cen t ra l th imble . The in ternal ref lector 
can be removed and an in te rna l exponential a s sembly in se r t ed . This , in 
genera l , will call for a new safety study since it conver ts the r eac to r to an 
ent i re ly new type. Once this i s accomplished and the var ious requiremients 
a re met , it will be possible to c a r r y out a p rog rammat i c invest igation. 

3 . Shielding and i r rad ia t ion effects can be studied in the water 
tank facil i ty. Migrat ion studies in m o d e r a t o r s can also be made in this 
tank. 
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4 . I r rad ia t ions can be c a r r i e d out in the external thermial 
column which has a total of 15 beam ho les . 

5. Ins t ruct ional r eac to r demonstra t ion exper iments can be p e r -
formedi mult ipl icat ion exper iments on subcr i t ica l loadings! kinetic studies? 
r eac to r pe r tu rba t ions ; e t c . 

Table I 

SUMMARY OF REACTIVITY CHANGES IN ARGONAUT 

Configuration: Two groups of six c lu s t e r s each, 
symmet r i ca l ly a r r anged 
(see F ig . 2). 

Cr i t i ca l m a s s : 
Void introduced into fuel c lu s t e r : 
Replace graphite with water at edge of fuel 

c lus t e r : 
Bubbles from gas injection sys tem introduced 

into one fuel c lus te r : 
7 x 7 in. cadmium sheet cen tered on fuel mid -

plane next to r eac to r tank: 
24 X 3 in. cadmium sheet: 

Next to tank 
1. 5 in. away from tank 
3 in. away from tank 

Removal of s t r inger from in te rna l ref lector 
Inser t ion of U *̂̂  at center of in te rna l ref lector 
1 x 1 in. cadmium sheet at center of in te rna l 

ref lector 
Inser t ion of U^̂ ^ next to outer tank 
Fue l box displaced ver t ica l ly 1 ft. 
4 x 6 in. void next to outer tank, 36 in. high 
Rise in t empe ra tu r e 
Cr i t i ca l m a s s as a function of fuel box 

separa t ion: 
Two groups of six boxes each 
Four symmet r i ca l groups of th ree boxes 

each 
Three symmet r i ca l groups of four boxes 

each 
Slab loading on one side (8 boxes) 
Homogeneous loading with 3-inch annulus on 

a 2 ft I . D . 
Cr i t i ca l Mass a s a function of plate spacing 

(exper imental data taken on slab loading) 
Pla te spacing: l / s in. 

2/8 in . 
3/8 in . 

3.748 kg U^" 
-0 .25% k/% void 

- 1 . 4 X I0"*% k /cc water 

-0.09% k 

- 3 . 1 % k 

- 3 . 7 % k 
- 2 . 7 % k 
- 1 . 9 % k 
- 0 . 2 2 % k 
+ 0 . 0 2 6 % k / g m 

- 0 . 1 1 % k 
+ 0 , 0 2 2 % k / g m 
- 3 . 2 % k 
- 2 . 2 % k 
- 1 . 0 6 5 X 10"* k / c 

3 . 7 4 8 kg 

> 5 . 2 kg 

4 . 6 kg 
2 . 2 kg 

4 .3 kg 

3.4 kg 
2.2 kg 
2.7 kg 

In addition, it was observed that a void space between fuel boxes gave 
a g rea te r react iv i ty than when the void was filled with water . It was 
ascer ta ined in the exper iments that the sign of the uniform void coef­
ficient, even without the graphite s p a c e r s , is negat ive. 
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III. DESCRIPTION OF FACILITY 

A. Site 

The Argonaut r eac to r site is in the east section of the Argonne 
National Labora tory . The per t inent cha rac t e r i s t i c s of this region have been 
compiled in a nuinber of previous safeguard repor t s with only minor changes 
from year to year . Data f rom the most recent report is reproduced here 
(Fig. 3) with two modificat ions: (l) the addition of a Nike Station; and (2) 
the change in center of distance contour l ines corresponding to a r eac to r 
site in the ea s t e rn sector of the Labora tory . As descr ibed in Appendix F, 
the site is drained by seve ra l smal l c r e e k s ; one of these^ Saw Mill Creek, 
comes to within four hundred feet of the reac tor s i te . This c reek drains 
d i rect ly into the Des P la ines River after leaving the Laboratory Site; it 
does not pa s s any inhabited a r e a s enroute . 

The population make-up of the surrounding a r ea is given in Ap­
pendix G. The nea re s t population center not under direct labora tory control 
is the Nike Station whose point of c loses t approach to the r eac to r is 1650 ft. 
The next n e a r e s t population center is more than l | -mi les distant . 

B. Reactor Building 

The reac tor building (Fig. 4) is located in an unclassified a r e a 
on the Labora tory s i te . 

Standard prefabr ica ted meta l construction methods were used 
with no effort made to make the building gastight beyond that requi red for 
normal protect ion f rom the weather . The 24-gauge5 galvanized steel walls 
a re insulated with a 1-in. layer of F ibe rg l a s . An aluminized-vinylfi lm coat­
ing pro tec t s the inside surface of the insulation. 

The ove r - a l l dimensions a r e 40 x 60 ft (base) with a 21-ft peak 
roof height. The floor slab is 8 in. thick concrete reinforced with No. 4 
welded wire mesh ( 4 x 4 opening). Compacted Grade 14 crushed stone is 
used for back fill. The maximum soil bear ing is 2000 Ib / sq ft. Figure 5 
is a floor plan of the r eac to r , tank pit , and service t r enches . 

Two rol l -up doors (I2 x 12 ft), one at each end of the building, 
provide acces s for m a t e r i a l . Both doors a re operated by hand chain in­
side the building. Pe r sonne l access is through two indust r ia l - type, s ingle-
hinged meta l doors ( 3 x 7 ft). Tr iple windows ( 5 x 4 ft) a re instal led on 
20-foot cen te r s on each side of the building. 

H. H. Hummel, et al , "Summary Report of the Hazards of the Internal 
Exponential Exper iment , " ANL-5547 (March, 1956) 
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To adapt the building for r eac to r use , exhaust fan louvers a r e 
inter locked to close automat ical ly if the radiat ion level within the building 
exceeds to le rance . Also, floor dra ins a r e isolated f rom other sewer s y s ­
tems in the a r e a . Stability of the s t ruc tu re against in te rna l p r e s s u r e is 
d i scussed in Section V. 

Building serv ice faci l i t ies include: 

1. Two 4900-cfm exhaust fans equipped with automatic 
louvers . 

2. Two Modine s t eam hea t e r s each capable of 
230,000 B tu /h r output. 

3. One 45-kvaj 3-phase, 60-cycle power t r a n s f o r m e r 
wound for 4 4 0 / 2 0 8 Y / 1 2 0 vo l t s . 

C. Reactor Components 

1. Internal The rma l Column 

Graphite contained in a watert ight a luminum tank open at 
the top provides a ref lector and exper imenta l region in the center of the 
r e a c t o r . A right cylinder (2 ft OD by 4 ft high) is made f rom 4- in . square 
p ieces of graphite banded and machined on the sur face . The column has 
five full-length removable s t r i n g e r s as shown in F ig . 6. Fo r l a r g e r ex­
p e r i m e n t s , the graphite cylinder can be removed complete ly as a unit, or 
pa r t i a l ly by removal of individual 4 x 4 in. sec t ions . These changes r e ­
quire p r i o r fuel unloading f rom the annulus, whereas use of the e x p e r i ­
menta l s t r inge r s provided does not. 

The graphite used in the in ternal t h e r m a l column as well 
as other p a r t s of the r eac to r was salvaged from C P - 2 . Various g rades 
ranging in diffusion length f rom 40 cm to 51 cm were original ly used in 
CP- '2 | however, in some c a s e s , the code designations were obl i tera ted 
with the passage of t ime . Sorting the bes t ma te r i a l for Argonaut resu l ted 
in an average diffusion length of approximately 50 cm. 

2. Inner Tank 

The inner tank is welded 6061-T4 a luminum (2 ft dia. , 
l / l 6 in. wall th ickness) . It i s f i rmly centered and supported by eight 
s t r uc tu r a l m e m b e r s (l-|-in. high) welded to the bot tom plate of the outer 
tank. 

3. Outer Tank 

The outer tank is 3 ft in d iamete r . It i s made of the same 
m a t e r i a l as the inner tank, but of 1/8 in. wall th ickness . Both tanks a r e 
4 ft high and open at the top. The bot tom plate of the outer tank is 1/2 in. 
thick and is the re ference plate for al ignment of other components . 
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Four water c i rcula t ion l ines a re welded to the tank. The 
dump line is welded to the center of the bottom p la te . The water inlet, a 
2-inch aluminum lines is welded to the tank side wall close to the bot tom. 
Water outlets for two different types of c i rcula t ion a r e s imi l a r ly a t tached 
near the top of the tank side wall . 

4 . Fuel Region 

The r eac to r core is loaded into the annulus formed by the 
inner and outer tanks (Fig. 2). The way in which fuel is a r r anged strongly 
affects the c r i t i ca l m a s s . Uniform distr ibution around the annulus gives a 
max imum c r i t i ca l m a s s , while a "s lab" loading gives a minimum. The 
s tandard loadings which is a compromise to p r e s e r v e symmetry j consis ts 
of two groups of fuel d iamet r ica l ly opposed. Higher o r d e r symmet r i e s 
requ i re more fuel. 

The fuel loading is ex t remely flexible in pr inc ip le . The 
annulus contains 24 graphite wedges outlining a like number of spaces of 
3 x 6 in. c r o s s sect ion. Theoret ica l ly , each of these spaces could be filled 
with fuel boxes or graphite blocks of equal c ro s s sect ion. In pract ices any 
given loading is governed by the method used for support . The s tandard 
loadings which consis ts of a l te rna te groups of 6 fuel a s sembl i e s and 6 graph­
ite blocksj is used as an example . This loading has been tes ted extensively 
in mult ipl icat ion expe r imen t s . Other loadings may be achieved by manu­
facturing new supporting m e m b e r s , and a re no l e s s safe if tes ted by sub-
c r i t i ca l mult ipl icat ion m e a s u r e m e n t s . 

The fuel assembl ieSj graphite dummies , and wedges a re 
24 in. high and a r e centered ver t i ca l ly in the annulus. A group of seven 
wedges3 with two graphite fil ler blocks on the ends, a r e at tached to a s t r ip 
of a luminum running a c r o s s the i r bottom ends . This s t r ip maintains p roper 
c l ea rances and also s e rves to support fuel a s s e m b l i e s . The wedges a re 
supported individually by aluminum s t r aps which a r e hung over the outer 
tank wall . The fi l ler blocks a re s imi l a r ly hung f rom the inner tank wall . 
Two such a s sembl i e s a r e d iamet r ica l ly located in the annulus. The spaces 
between may be filled with graphite wedges and dummy blocks hung from 
the tank; howeverj if a fuel a s sembly were inser tedj it would slip to the tank 
bottoms giving a c lea r indication of mis leading. 

The fuel c l ea rances a r e such that, although rat t l ing of a 
fuel box in its p roper place is s t rongly inhibited, the absence of a bottom 
support is readi ly sensed 

The hanging of the graphite fil ler blocks on the inner tank 
ensu res that the removal of the in terna l ref lector must be p receded by un­
loading of the active region. 



19 

5. Graphite Core P ieces 

The core contains 24 graphite wedges, each if-in. at the 
b a s e , 6 in. thick, 24 in. high, taper ing to a blunt point. It also contains 
twelve graphi te dummy blocks (3 x 6 x 24 in.) . 

When water is admit ted to the fuel region the graphite f i l ler 
p ieces become subinerged and hence must be waterproofed. As an inexpen­
sive substi tute for a luminum cladding, an a luminum-Krylon plas t ic s p r a y -
coat i s used . I r rad ia t ion in CP-5 comparable to severa l ye a r s of operat ion 
of Argonaut caused no degradat ion of the coating. 

6. F u e l E l e m e n t s 

E a c h c o m p l e t e fuel a s s e m b l y b o x con t a i n s 17 a l u m i n u m -
c l a d p l a t e s ( F i g . 7), The o v e r - a l l d i m e n s i o n s a r e 6 in . x 3 in , x 24 in . long . 
The p l a t e s a r e a s s e m b l e d wi th a l u m i n u m b o l t s a t top and b o t t o m . D u m m y 
a l u m i n u m p l a t e s o r g r a p h i t e s l a b s c a n b e s u b s t i t u t e d for fuel p l a t e s to v a r y 
the quan t i ty of fuel p e r b o x . Spac ing b e t w e e n p l a t e s i s m a i n t a i n e d by two 
Tef lon w a s h e r s (1 /4 i n . th ick) a t t a c h e d to e a c h end of the ind iv idua l p l a t e s . 
T h i s s e p a r a t i o n g i v e s a m e t a l to H2O v o l u m e r a t i o of 0 .4 . 

An i n e x p e n s i v e f a b r i c a t i o n t e c h n i q u e fo r m a k i n g fuel p l a t e s 
con t a in ing 35 wt -% of 20% e n r i c h e d UjOg w a s deve loped by the A r g o n n e 
M e t a l l u r g y D i v i s i o n . A hot e x t r u s i o n of a m i x t u r e of U30g and 2S a l u m i n u m 
p o w d e r g i v e s p l a t e s wi th n e g l i g i b l e vo id v o l u m e and o v e r - a l l d i m e n s i o n s of 
0 .098 in . t h i c k by 24 in . long and 2.84 i n . w i d e . 

A l u m i n u m p o w d e r and U30g in the p r o p e r r a t i o w e r e p l a c e d 
in a S j - i n . d i a m e t e r v e n t e d a l u m i n u m c a n , h e a t e d to 483C, s e a l e d and then 
e x t r u d e d in a 4 0 0 - t o n h o r i z o n t a l p r e s s . The r e s u l t i n g fuel s h e e t , a p p r o x i ­
m a t e l y 1 7 ft long , w a s cut in to s e c t i o n s 2 ft l ong . A c l ad a v e r a g i n g 2 m i l s 
t h i c k c o v e r e d the p l a t e e x c e p t on the e n d s a t the po in t of cutoff and at s o m e 
s c r a t c h p o i n t s a long t h e s u r f a c e . E x p o s e d p o r t i o n s of the fuel m a t r i x p r e ­
s e n t no c o r r o s i o n p r o b l e m s ; h o w e v e r , a p l a s t i c s p r a y i s a p p l i e d to s top 
f i s s i o n r e c o i l s . 

The u r a n i u m oxide c o n t e n t of e a c h p l a t e v a r i e s ; t h o s e cut 
f r o m the e n d s of the e x t r u s i o n c o n t a i n s o m e w h a t l e s s U30g than the a v e r a g e . 
The c o m p o s i t i o n of e a c h p l a t e i s ; 

U^^5 19.6 g m J 10% 
U3O8 114 g m 
Al 248 g m 
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7. Reflector 

The active core region is surrounded with graphite stacked 
to make a block 4 ft high and 5 ft square in c ro s s sect ion. This amounts to 
a min imum radia l ref lector th ickness of 12 in. around the outer tank which 
contains the fuel. Cutouts in the ref lector provide room for control rod 
sheaths , water l ines and var ious cab les . Slots in the top surface of the 
graphite provide l o w - p r e s s u r e s t eam venting and water runoff should mod­
e ra to r boiling occur . 

8. Externa l The rma l Column 

One side of the r eac to r ref lector graphite is extended to 
make a t he rma l column 4 ft x 5 ft in c r o s s section and 6 ft long. Assor ted 
lengths of graphite 4 x 4 i n . a r e s tacked c r o s s - w i s e , with slots for 15 r emov­
able horizontal s t r i nge r s (Fig. 8). The column is shielded by concrete b locks . 

9. Shielding 

Stacked concre te block consti tutes the main body of shield 
(Fig. l) for reasons of cost and adaptabil i ty. P a r t of the top shield consis ts 
of a removable plug to simplify in ter locks and to ensure accura te alignment. 
The shield thickness v a r i e s ; at points needing maximum attenuation, seven 
feet is provided, with space for additional l a y e r s . Calculations show the 
p re sen t shield to be sufficient for 10-kw operat ion. The blocks a r e ord inary 
concre te ; the top plug is h igh-densi ty concre te . 

10. Water Cooling System 

Cooling water for the reac tor is del iberately l imited to p r e ­
vent continuous operat ion at 10 kw. After s eve ra l hours at the maximum 
power, the modera to r t empe ra tu r e will have inc reased enough to exhaust 
the excess react iv i ty . 

With reference to the flow diagram (Fig. 9), water is pumped 
from a 300-gallon aluminuin s torage tank through a shel l -and-tube heat ex­
changer into the bottom of the r e a c t o r tank. Overflow through a 2-inch r e ­
turn line to the s torage tank completes the cycle . The pump line can be by­
p a s s e d through the heat exchanger to es tabl ish a t he rma l convection loop 
effective up to powers of 3kw with a resul tant modera tor t empera tu re of 
150F. 

A 3-kw e lec t r i ca l hea te r is in s e r i e s with the heat exchanger 
for t empe ra tu r e expe r imen t s . This is normal ly controlled by a manual 
switch at the control console; but for coa r se t empera tu re control a t he rma l 
switch is provided to actuate the hea ter automatical ly. To ensure that the 
r eac to r will continue to heat up during a high-power run, the hea ter is en­
e rg ized automatical ly at powers above 1 kw. 
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SCHEMATIC FLOW DIAGRAM FOR ARGONAUT 

Make-up water for the storage tank is added in batches 
through a l abora to ry - s i ze ion exchange column. An overflow on the tank 
prevents backup into the r e a c t o r . 

The ra te at which water may be pumped into the reac tor 
tank is l imited to 1 0 gpm by the pump capacity and reduced to 3 gpm by a 
permanent r es t r i c t ion in the discharge l ine. 

As pa r t of the safety sys tem, water can be drained from 
the reac to r through a 6-inch dump line controlled by a quick-re lease flap 
valve. This valve is held closed with a magnetic clutch and opens auto­
mat ica l ly following a " s c r a m " signal or power fa i lure . The reac tor tank 
empties in approximately 13 sec . 



11. Star t -up Source 

An antimony-beryllium--photoneutron source is used to pro­
vide neutrons for s t a r t -up and multiplication m e a s u r e m e n t s . The source 
is motor driven f rom a loading por t outside the concrete shield in a t r ench 
under the r eac to r tank. 

The antimony in the source is removable f rom the be ry l T l ium to pe rmi t rejuvenation in C P - 5 . An activity of -^5 x 10 neutrons 
second is obtained from a solid cylinder of antimony 1 in. OD x I j in. long. 
The antimony is clad with aluminum, i r r ad ia ted for 5 days in C P - 5 , and 
inser ted in a 3-inch cube of be ry l l ium. 

12. Handling Equipment 

A j ib- type crane is instal led in the floor within the reac to r 
shield so that the jib a r c reaches al l b locks . The ra ted capacity is 1/2 ton 
at the end of the boom and 4700 po\inds at a point 6 ft f rom the mas t , c o r ­
responding to a posit ion di rect ly over the top shield plug. A portable lead 
coffin is used for t r ans fe r r ing e i ther fuel e lements or antimony from the 
s ta r t -up sou rce . 

a. Top Shield Plug 

A s tee l -c lad , ba ry tes concrete-f i l led slab ( 6 l | in. x 
6 l | in. X 1 ft thick) shields the top of the active region (see i l lus t ra t ion) . 

LEGEND 

A Index Key 

B Index Slot 

C Access to Fuel and Four Radial 
Exper imenta l Holes 

D Centra l Exper imenta l P o r t 
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The slab is p ie rced with a stepped opening to accommodate a removable 
s tee l -c lad , ba ry t e s concrete-f i l led plug (392 in. d iameter ) . The inser t plug, 
in turn , contains unloading po r t s which can be indexed over any fuel or ex­
pe r imen ta l por t in the in te rna l t h e r m a l column. During unloading opera ­
tions the i n se r t plug is r a i s ed with the jib c rane , manually rotated to the 
des i red posit ion, and then lowered into the corresponding index slot. 

b . Fuel Trans fe r Coffin 

A mult ipurpose coffin with 6 in. lead shielding is used 
for fuel t r a n s f e r . Removable i n se r t s adapt the coffin cavity (3 x 6 x 24 in.) 
for handling the antiinony source and for assembly of fuel e lements . 

The fuel unloading procedure is as follows: 

(1) The inse r t plug is ra i sed , indexed, and lowered 
into posit ion. The unloading por t plugs a re r e ­
moved. 

(2) The coffin is ra i sed with the crane and positioned 
above the unloading por t by alignment of a pilot 
at the coffin bottom with the index slot in the top 
shield. 

(3) A grappling device within the coffin is lowered 
to g rasp and lift the fuel into the coffin. The 
coffin bottom door is closed, and the fuel is 
lowered onto it . The grappler is detached and 
removed from the coffin. The top door is closed 
and the coffin is lifted and t r ans fe r r ed to the fuel 
s torage p i t s . 

13. St ructural Assembly 

The upper shielding over the latt ice and shield tes t facility 
is supported by a s t ruc tu ra l a s sembly formed by bolting together 6 in. wide 
flange alurainum beams (Fig. 10). In addition, an aluminum pla te (5 ft x 
5 ft x 1/2 in. thick) is bolted over the la t t ice , and wooden beams (6 in. x 
6 in.) a r e mounted over the shielding tes t tank. This forms an ent i rely 
adequate s t ruc tu re which, however, may be disraantled with ease if at 
some la te r date it is n e c e s s a r y to move or modify the r eac to r . The col­
umn loading at the four inside columns is 10,000 lb/column, and at the two 
outer columns, 4700 lb /co lumn. The maximum bending s t r e s s on the hor i ­
zontal beams is 700 p s i . The floor loading aside from the column loads is 
1500 psf. 
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D. Exper imenta l Fac i l i t i es 

Space and s t ruc tu ra l s t rength is provided for exponential ex­
p e r i m e n t s laid on top of the core region. Removal of the upper shield plug 
leaves a five-foot square dis t r ibuted neutron source , which may be shaped 
by addition of a graphite pedes ta l . Pe r fo rmance of such exper iments t e m ­
pora r i l y p rec ludes any access to the c o r e . 

A tunnel ( 4 x 5 ft) pene t ra t e s one side of the shield and is served 
with a movable ca r t . Initially, a water- f i l led tank will be mounted on the 
ca r t , plugging the tunnel. The tank may be used for (l) shielding s tudies; 
(2) w a t e r - m o dera ted exponential m e a s u r e m e n t s , or (3) solid ma te r i a l s 
may be located on the ca r t for migra t ion m e a s u r e m e n t s . Interlocks r e ­
quiring both that the ca r t be completely forward and that the biological 
shielding be adequate before s t a r t -up can proceed ensure that car t motions 
cannot add react ivi ty to the sys t em and that loss of water in the tank cannot 
lead to over -exposure of pe r sonne l . 

The in ternal ref lector has five removable ver t ica l s t r inge r s at 
varying rad i i . Access to the s t r i n g e r s is through por t s in the top shield 
plug. When these s t r i n g e r s a re removed, samples or exper imenta l l iners 
must be in place before operat ion is pe rmi t t ed . E lec t r i ca l inter locks en­
sure this condition. 

Two holes ( 4 x 4 in.), provided by removal of concre te-graphi te 
plugs, pene t ra te the shield and ref lector at the active lat t ice midplane. The 
holes extend to the outer r eac to r tank at points 90 degrees from the external 
t h e r m a l column and the i r r ad ia t ion c a r t . 

The external t he rma l colunan has fifteen removable s t r i n g e r s . 

Complete removal of the in terna l tank is possible when the fuel 
annulus is unloaded. This leaves a three-foot d iameter , graphi te- ref lec ted 
tank in which multiplication exper iments may be per formed; or c r i t ica l ex­
pe r imen t s may be pe r fo rmed there in after an additional hazards review. 
Such review is also requ i red for per formance of internal exponential ex­
p e r i m e n t s , which requi re removal of the inner tank before replacement of 
the inner t h e r m a l column. The inner t h e r m a l column cannot, by its design, 
be unloaded while the inner tank is in the r eac to r . 

E. Fuel Storage 

The total inventory of U^̂ ^ in the reac tor building is 5.3 kg con­
tained in fuel p l a t e s . Approximately 3.75 kg a re normal ly contained in the 
r e a c t o r ; the remainder a r e locked in a four -d rawer , cadmium-l ined, 
combinat ion-locked file. All s torage c r i t e r i a have been checked to ensure 
against achieving c r i t i ca l i ty by flooding or other accident . 



Externa l exponential exper iments which a r e contemplated r e ­
quire up to two tons of na tura l u ran ium ei ther in the fo rm of oxide lumps 
or meta l l ic rods , in addition to the fuel in the r e a c t o r . Normal ly , the ex­
ponential fuel is kept in the exponential a s sembly . When unloaded, it is 
s tacked in appropr ia te s torage r a c k s . The only haza rd assoc ia ted with 
such fuel is that of a lpha-par t ic le contamination. 

Storage p i t s , consist ing of cyl indr ical holes (8 in. dia x 4 ft. 
deep) in the concre te fotindation^ a re provided for spent or highly r ad io ­
active fuel. These pi ts a r e s tee l - l ined with permanent cadmium i n s e r t s , 
and a r e spaced on 15-inch cen te r s as shown in the floor plan (Fig. 5). The 
pi ts a r e covered with stepped shield plugs , which can be locked as a group 
to provide no rma l secur i ty . 

Radioactive by-products do not occur in la rge quantit ies since 
the average power is well under 1 kw. 

The water modera to r i s s to red in the dump tank when it is not 
in the r e a c t o r . Thus, any activity in the water does not escape f rom the 
r eac to r sys t em. 

Foils and other samples i n se r t ed for activation m e a s u r e m e n t s 
r ep re sen t a ve ry smal l amount of induced radioact ivi ty and a re shielded by 
lead b r i cks whenever n e c e s s a r y . 

F . Control Systems 

1. General 

Reactor control is achieved by: (1) modera tor remova l ; 
(2) addition of neutron a b s o r b e r s (poisons); and (3) ref lector r emova l . The 
f i rs t method is achieved by having a quick-opening valve to dump the mod­
e r a t o r . In addition^ the re a r e th ree safety rods , two control rods , and one 
shim rod. All rod dr ives a r e designed to fail safe, that i s , in case of fai l ­
ure gravi ta t ional forces cause the sy s t ems to re tu rn to posit ions of min i ­
mum react iv i ty . 

In addition, the ra te of rod withdrawal is l imited by mechan­
ical m e a n s . Hence, the maximum ra te of -withdrawal is equivalent to the 
addition of react iv i ty at the ra te of not more than 0.01 k /minj even for the 
safety r o d s . 

To keep the top surface of the r eac to r free for exponential 
exper iments , the var ious control , safety, and shim rods a re mounted next 
to the r eac to r tank and the dr ives in se r t ed into the top of the outer ref lec tor . 



Water can be pumped into the core at a rate such that r e a c ­
tivity cannot be added fas ter than 0.015 k / m i n . 

Aside f rom the dump valve, there a re three types of con­
t ro l sys tems employed on the r e a c t o r : a window-shade sys tem, a winch-
type sys tem, and a D2O sys t em. All of these sys tems have been cycled 
seve ra l thousand t imes without fa i lure . The dump valve, in pa r t i cu la r , has 
been employed for s eve ra l months on the multiplication exper iment without 
trouble of any kind. The DjO sys t em will be used for two safety columns 
(rods), and a winch-type drive mechan i sm will be used for the th i rd safety 
rod. The control rods will be dr iven by two window-shade mechan i sms . 
The shim rod drive will be a winch-type mechanism. Alternate sys tems 
may be suggested from t ime to t ime ; these will be t r i ed provided they 
satisfy the design c r i t e r i a and a r e approved by the Argonne Safeguard 
Committee with the consent of the National Reactor Safeguard Commit tee . 

2. Descr ipt ion of Control Systems 

a. Removal of modera to r from the core 

Under forced c i rcula t ion conditions, in ter locks have 
been provided so that at high powers the t empera tu re of the r eac to r will 
gradual ly r i s e ; this will cause a shutdown since the t empera tu re coefficient 
of react iv i ty i s negat ive. The water sys t em has been so designed that water 
cannot enter the reac tor tank, which is the high point in the c i rcui t , except 
by pumping. 

A 6-inch aluminum dump line is welded to the bottom 
of the main reac to r tank. The t e r m i n a l end of the dump line is connected 
to a s torage tank in the util i ty pit by a 6-inch, rubber- l ined, e lec t r ica l ly 
operated, butterfly valve which is held closed by a magnetic clutch. A 
weighted l ever a r m opens the valve when, the clutch is de-energ ized; under 
these conditions the water is dumped into the s torage tank, and the reac to r 
tank cannot be filled until the dump valve is closed. 

The dump valve and line have these control c h a r a c t e r ­
i s t i c s : (1) a mechanica l stop keeps the dump valve from wedging shut; 
(2) fifteen seconds a r e requ i red to remove all the water from the annulus; 
and (3) the top ref lector is removed in 8 sec (this is worth 0.09 k). 

In addition, the re is provided a ni trogen gas injection 
sys tem which b r ings about a rapid dec rease in bulk water density whenever 
the dump valve opens . This sys t em is made to fail safely by using the gas 
p r e s s u r e to close a 1-inch valve normal ly open in a modera tor drain line 
to the 6-inch l ine . 
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b . Poison syste ins 

The following dr ives move a cadmium element 
(7 X 7 X 0.03 in.) f rom the fuel center l ine into the top ref lector . Trave l is 
in an a luminum sheath mounted against the outer surface of the r eac to r 
tank. 

(1) Window-Shade Drive (Fig. 11) 

The drive mechanism fits in a 8 | in. x 6-| in. x 
62 in. jpace and is at tached d i rec t ly to the top of the guide sheath. A 
s ta in less s tee l s t r ip spring (3 in. wide x 0.02 in. thick) dr ives the control 
element into the sheath upon s c r a m actuation. The spring is r e t r i eved by 
being wound up on a d rum (5 in. dia.) at a maximum rate of 6 i n . /m in . A 
l imit switch backed up with a mechanical stop preven ts over-winding. 

ELECTROMAGNETIC 
cmrcH 

JiDE PINS 
-DRUM 

/-GEARlNo 

7 FLAT 
/ SPRING 

DRIVE-
iTOR 

SYNCHRO 
TRANSMITTEP 

SNUBBER PIN 
(IN DRUM) 

SNUBBER 
ARM 

HYDRAULIC 
SNUBBER 

POSITION INDiCATINS 
MICRO SWITCHES 

rJOTE-
SlDt & TOP 

SUPPORTING PLATES 
OMITTED FOP 
CLARITY 

CONTROL 
ELEMENT^ 

Fig . 11 

WINDOW-SHADE CONTROL ROD DRIVE MECHANISM 

For control rod use , the d-c drive motor opera­
tion can be controlled, stopped, and r e v e r s e d at any point. The position 
of the cadmium element would be synchro- indicated at the control panel . 
For safety rod application, l imit switches a r e provided to indicate the 
full-up or full-down condit ions. An e lec t r ic clutch between the drive 
motor and d rum can be de-coupled to pe rmi t the s tored spring energy to 
in se r t the control e lement in l e s s than 0.5 sec . 
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The window shade concept has beea bench tested 
sa t is factor i ly on a l a rge r model . The compact, improved vers ion described 
will be recycled seve ra l thousand t imes to prove the design. 

(2) Winch-Type Drive (Fig. 12) 

The control e lement is cable-dr iven by an a-c 
motor coupled through a magnetic clutch to a take-up drum. The weight 
of the s tee l -c lad cadmium blade is sufficient to unwind the d r u m and insert 
the blade when the clutch is de-energ ized . A coil spring is a t tached to the 
drum to boost the init ial acce le ra t ion . The s c r a m t ime for full insertion 
is approximately 0.4 sec . Less than one revolution of the druin will ra ise 
the blade the full t r ave l distance of 20 in. Limit switches actuated by a 
cam on the drum indicate full-in and full-out positions and provide in ter­
lock contac ts . Over - t r ave l is prevented by a mechanical s top. Inter­
mediate position indication is t r ansmi t t ed by a synchro geared to the drum. 
The r ece ive r indicator makes one revolution for complete rod t ravel to 
el iminate the need for a revolution counter . 

This drive pr inciple has been life t e s t ed using a 
l a rge r control e lement . The sma l l e r unit is being subjected to the same 
t e s t s . 
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WINCH-TYPE CONTROL ROD DRIVE MECHANISM 
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c. Reflector removal - DjO safety column (rod) 

The DjO safety column design is based on the o b s e r ­
vation that the introduction of a void into the outer ref lector causes a de ­
c r e a s e in react iv i ty . Therefore control can be achieved simply by removing 
par t of the outer ref lector to dec rease react ivi ty, and by inser t ing it to in­
c r e a s e react iv i ty . The des i re for compactness led to the substitution of a 
smal l volume of D2O for pa r t of the graphite in the outer ref lec tor . The 
heavy water is contained in a rec tangular column (3 x 7 in.) next to the r e ­
actor tank. 

The sys tem is shown schemat ica l ly in Fig . 13. A r e s ­
ervoi r is provided at the base of the column. This r e s e r v o i r has a volume 
g rea t e r than that of the column so that the la t ter can be completely emptied. 
The bas ic pr inciple of a fail-safe design for this sys tem is to pump the DjO 
into the column (thereby increas ing reactivi ty) by means of a vacuum pump 
at tached to the upper end of the column. If the pump fai ls , the heavy water 
flows back into the r e s e r v o i r , decreas ing the react iv i ty of the sys tem. The 
rate of react ivi ty inc rease can be l imi ted by the capacity of the pump. A 
top l imit switch is provided. 

LIQUID LEVEL INDICATOR 

SOLENOID 
BY-PASS VALVE 

VACUUM PUMP 

COLUMN 

DIVIDER 

DgO RESERVOIR 

Fig. 13 

D2O SAFETY COLUMN (ROD) 
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To cock the safety rod (fill column to position of maxi -

(1) The normal ly open solenoid valve which by -passes 
the vacuum pump is energized and thereby closed. 

(2) The vacuum pump is s ta r ted ; the exhaust from the 
vacuum pump goes to the r e s e r v o i r so the c i rcui t 
is c losed This prevents evaporation and contam­
ination l o s s e s . The dec rease of a i r p r e s s u r e in 
the column, and the inc rease of a i r p r e s s u r e in 
the r e s e r v o i r cause the heavy water to flow froin 
the r e s e r v o i r into the column until the head de ­
veloped thereby balances the difference in p r e s s u r e . 

(3) Unless otherwise stopped, the pump continues to 
run until the heavy water reaches a level high 
enough to actuate a float switch. When this occurs 
the pump s tops . As long as the by -pas s valve is 
energized, and thus held closed, the water remains 
up in the column. 

To s c r a m the safety column rod* 

(1) The by -pas s valve is de-energized by action of a 
t r i p c i rcu i t . 

(2) The top of the column is now connected by an open 
line to the r e s e r v o i r and the a i r p r e s s u r e is the 
same throughout the sys tem. The head of the water 
column is no longer balanced by an a i r p r e s s u r e 
differential , so the water column falls until i ts 
head is z e r o . 

Reactivi ty cannot be increased at a rate fas ter than 
0 Ol /min ; the rod column is emptied in 0.3 to 0.4 sec . 

G. Ins t ruments 

Safety c i rcu i t s and in ter locks (Fig. 14) enforce cer ta in ope ra ­
tional p rocedure and automatical ly shut down the reac to r when n e c e s s a r y . 

The conditions which init iate shutdown independently by dump­
ing the modera to r and s c r amming the safety rods a r e : 

(1) Power exceeds 1^ t imes the p r e s e t operating level . 
(2) Pe r iod l e s s than 10 sec . 
(3) Actuation of any one of four manual s c r a m buttons 

(2 at r e a c t o r , 2 at control console). 
(4) Power fa i lure . 
(5) Tr ip ins t rument fa i lure . 

mum react iv i ty) : 
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The shim and control rods also a re inser ted as a resu l t of above 
conditions and, in addition, by: 

(1) Pe r sonne l on r eac to r top during operat ion 
(2) A radiat ion level above biological to lerance in the 

r eac to r room. 

Figure 15 shows the e lectronic equipment in block d iagram form. 
Three high-level t r ip c i rcu i t s and one period t r ip can initiate shutdown in­
dependently. Two of the high-level c i rcu i t s use boron-coated ionization 
chambers which feed into d-c ampl i f i e r s ; the third c i rcui t cons is ts of a 
B^ F3 counter , a l inear amplif ier , and a count rate m e t e r . The output from 
one d-c amplif ier can be var ied from 1 0 to 100 mill ivolts full scale , and 
par t ia l ly bucked out to magnify changes in power level. 

An ionization chamber - d-c amplifier c i rcui t s imi la r to that 
used for high-level t r ip is the source level and multiplication interlock. 

1 . d-c Amplifier Circui t 

The safety t r i p s were designed p r imar i ly from the stand­
point of fai l-safe per formance consis tent with reasonable simplici ty. Con­
sidering only open h e a t e r s , gr id-cathode shor ts , and heater -ca thode shor t s , 
the five tube c i rcui t used could fail in twenty-one ways. Of these , only two 
a r e fai l -unsafe. This does not mean a (2/21)^ probabili ty for simultaneous 
failure of both d-c ampl i f ie rs , because all events a re not equally probable. 
"Weighting factors based on tube failure experience a re not available, but 
s imi l a r c i rcu i t s have been used on CP-5 with no record of unsafe fai lure. 
A daily operat ional check is to be made with a current source (Fig. 16) 
which supplies accura te signals for 10" ^ to lO"'^ amp. 

The cu r r en t range covered by the d-c am.plifier t r ip c i r ­
cuits is 10"^° to 10"^ in decade ranges (Fig. 17). On any range the t r ip level 
can be set to an accuracy of 1% by means of a helipot dial which reads di­
rec t ly as a fractional pa r t of the ful l -scale panel meter reading. 

An inter lock feature requ i res that the signal and voltage 
cables to the chamber be connected at both ends before the safety t r ip unit 
will r e se t and c lear the inter lock sequence. 

2. Posi t ive and Negative Chamber Supply Units 

The posit ive chamber supply (Fig. 18) gives a fixed 500 volts 
to operate the chambers used with the safety t r i p s , per iod m e t e r , e tc . It has 
a s imple e lec t ronic regula tor consist ing of th ree tubes which reduces any 
rapid voltage fluctuations, which could easi ly affect the performance of the 
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per iod me te r to a low level . Although the long- t e rm drift may be l a rge r , 
these rapid voltage changes a re held down to about 1 mil l ivolt . An i n t e r ­
lock re lay requ i res that the voltage be p resen t before the r eac to r s t a r t -up 
may be effected. 

The negative chamber supply provides 0 to 300 volts for 
the gamma side of the compensated neutron chambers and is regulated in 
the same manner as the posi t ive supply. 

3. Log Channel (period m e t e r ) 

The per iod me te r (Fig. 19) consis ts of a single chass i s 
plus p r eamp , which indicates the exponential per iod of the r eac to r -
posit ive or negative - and shuts it down if the positive per iod becomes 
excess ive ly shor t . The ful l -scale per iod requ i red for tr ipping is 10 sec . 
As a by-product of the c i r cu i t ry requ i red to pe r fo rm this function, there 
is also a propor t ional indication of the operating level by means of a me te r 
reading neutron chamber cu r r en t over an eight-decade range f rom 10"^^ to 
10"^ amp 

The differentiator and t r ip c i rcui t for the per iod m e t e r 
a re shown in Fig 20. The mos t unusual feature of the ins t rument is the 
use of silicon diodes for generat ing the logari thmic function, r a the r than 
any of the more widely used methods . The diodes a r e Type 1N137A (Na­
tional Semiconductor Produc ts ) and a r e used in thei r forward conduction 
region. Ten a r e used in s e r i e s to give a signal of about 0.8 volt pe r 
decade (Fig. 21). They a re housed in the p reamp along with a two-tube 
feedback amplif ier . The l ines coming into the p reamp housing a r e f i l tered 
to reduce in ter ference f rom s t r ay t rans ien t fields which might otherwise 
cause false shutdowns. The p r e a m p is located only a few feet f rom the 
chamber to keep cable capacity low. This , together with the use of feed­
back to the diodes, keeps the response t ime of the ins t rument shor t over 
the en t i re cu r ren t range . An additional t ime constant of 0.2 sec is del ib­
e ra te ly inse r t ed as a compromise between fast r esponse and f reedom from 
nervousness or false shutdown. 

The ent i re ins t rument can be set up and ca l ibra ted , as well 
as per iodica l ly checked, by means of bui l t - in cu r ren t t es t s igna ls . 

Prev ious per iod m e t e r s built at Argonne used the 9004 d i ­
ode for the log function Silicon diodes, ^rhich have been in use on the 
CP-5 reac to r per iod me te r for over a year , have indicated a g rea t i m ­
provement in s implici ty and re l iabi l i ty . 
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4. Star t -up Inter locks 

All a cces s p o r t s , including the shield tank facility, a re 
e i ther in ter locked with the s t a r t -up sequence through microswi tches di­
rec t ly , or with two gamma-sens i t ive ionization cha inbers . An uncovered 
a r e a which emits radiat ion above to lerance levels will t r ip the gamma moni­
to r c i rcui t , dropping the shim and control rods . Access holes to the in t e r ­
nal t he rma l column and active latt ice have contacts which must be closed 
with appropr ia te plugs before s t a r t -up can be initiated. 

Star t -up is control led by one mas t e r se lector switch which 
must be energized in sequence. If a step is omitted, operation cannot proceed. 



IV. OPERATIONAL PROCEDURES 

A. Superv isory P r e p a r a t i o n 

Supervision of r eac to r operat ion r e s t s with a staff m e m b e r who 
has responsibi l i ty for the following: 

1. Control of f issionable m a t e r i a l . 
2. Control of keys to al l per t inent switches: e.g., main power, 

c r ane , dump valve r e se t . 
3. Review and approval of each exper iment . 
4. Post ing of exper imenta l p r o c e d u r e s . 
5. Training r eac to r personne l . 
6. Sched\iled check of safety c i rcu i t s and control equipment. 
7. Records per ta ining to the operat ional h i s to ry of the r eac to r . 

This superv i sor a l so has the ^. operat ion in 
the event of equipment fa i lure . r e s p o n s i b i l i t j of suspending 

B. Initial Cr i t ica l Loading 

A mult ipl icat ion exper iment is done to predic t the c r i t i ca l and 
control p rope r t i e s of the proposed la t t ice . (Fuel in excess to that predic ted 
for c r i t ica l i ty is locked in s torage.) The geomet ry is fixed and fuel is added 
uniformly in inc rements de te rmined from the slope of the rec ip roca l count­
ing ra te curve . Before fuel addition the following checks a re made: 

1. Install source and check shielding. 
2. With the source inse r ted , and water up, es tabl ish counter 

and ionization chainber locat ions for 20% of low sca le . 
3. Check action of t r i p c i rcu i t s with cu r ren t source . 
4. Verify dump ra t e , rod drop and withdrawal speeds , and 

water fill r a t e . 
5. Verify action of all in te r locks . 

C. General S ta r t -up P r o c e d u r e 

In the init ial approach to cr i t ica l i ty , as well as in no rma l r eac to r 
s t a r t -up with an es tabl i shed la t t ice , the sequence of operat ions i s : 

1. Pos t appropr ia te warning s igns . 
2. Inser t shield plugs in all a c c e s s holes and lock off power 

to c rane . 
3. Unlock and energ ize control console. 
4. Set ins t ruments on mos t sensi t ive sca l e s . 
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The remaining operat ions a r e effected through the m a s t e r 
se lec tor switch. Start ing at position one: 

1. Run source m. 
2. Raise safety rod No. 1 
3. Raise safety rod No. 2. 
4. Raise safety rod No. 3. 
5. Close dump valve. 
6 Pump water up 
7. Raise shim rod. 
8. Adjust for cr i t ica l i ty with coarse control. 

If, at any s tep, an inter lock condition is not satisfied, s t a r t -up 
cannot continue. This is indicated by a light at the m a s t e r switch. F o r 
example, the dump valve will not close (Posit ion 5) if any one of the safety 
rods has not been withdrawn to the cocked position. Conversely, a shutdown, 
except for s c r a m , mus t proceed in r e v e r s e o rder . Thus, after the reac tor 
is c r i t i ca l , the safety rod cannot be r e - i n s e r t e d without automatical ly dump­
ing the water modera to r This prevents operat ion with a la rge k excess held 
down by the safety rods 

D. Shutdown 

As a routine safety check,the reac to r will be shut down by switch­
ing sca les on a t r i p c i rcui t . A rotat ional p r o g r a m to check each instruraent 
and the manual s c r a m ci rcui t s will be c a r r i e d out. 

E New Exper iments 

Any p r o g r a m ivhich may affect the react iv i ty of the lat t ice mus t 
s t a r t with a reduced loading in the annulus. The procedure outlined for the 
initial approach to cr i t ica l i ty is then followed. Fo r ins tance, if it is des i red 
to tes t a fast r eac to r fuel element , then 

1 
2. 
3. 

The annulus is unloaded. 
The sample is inser ted . 
The la t t ice is re loaded in inc remen t s . 



V. REACTOR SAFETY EVALUATION 

A. Cha rac t e r i s t i c s of the System 

1. Negligible amounts of fission products a r e formed at the low 
operating levels contemplated, and these a r e contained 
within the fuel p la tes . In the event of fai lure of the cooling 
circui t pump, the t e m p e r a t u r e coefficient is such that the 
r eac to r will shut down before dangerous power levels a r e 
attained, 

2. The t e m p e r a t u r e and void coefficients a r e negative and 
l a rge in absolute value 

3- The prompt neutron lifetime is long (^1.9 x 1 0 " y C ) . 
4. In the event of a fast runaway the r e a c t o r will shut down by 

boiling as in the case of BORAX-I and SPERT-I . To achieve 
a des t ruc t ive BORAX-I type of excurs ion r equ i r e s that a 
l a rge amount of reac t iv i ty be inse r t ed rapidly. 

B. General Safety Considerat ions 

The following poss ib i l i t ies have been considered: 

1. Damage to operat ing personnel and casual bys tanders . 
2, Damage to the r eac to r sys tem itself during no rma l opera ­

tion and in the event of a reac to r runaway, 
3 Damage to p rope r ty and equipment adjacent to the r eac to r 

and in the r e a c t o r building in the event of an excurs ion or 
ca tas t rophe . 

4. Damage to the region outside of the building. 

The possible sources of haza rds a r e neu t rons , beta , and gamma 
r a y s , due to: 

1. Inadequate shielding during normal operat ion. 
2. Slow runaway caused by, 

a. Moving the control rods and safety rods imprudently; 
b. The inadvertent loading of too much fuel; 
c. Raising the wate r height too rapidly during a s ta r tup; 
d. Malfunctioning of equipment, e i ther mechanica l or 

e l ec t r i ca l . 
3. External physical ca tas t rophe such as f i re , ear thquake, or 

external blas t 
4. Sabotage. 



To el iminate these haza rds , the following safety devices a r e 
used: 

1. Area moni to r s which init iate a s c r a m or prevent cr i t ica l i ty 
if t he re i s too high a level of radiat ion p resen t outside the 
r eac to r . 

2. Mic ro - swi tches which a r e in s e r i e s with the dump valve 
clutch. These switches a r e closed when, and only when, 
the top of the r eac to r is shielded or covered with an expo­
nential a s sembly 

3. A capacity a l a r m s y s t e m which prevents ra is ing the control 
rods or causes them to drop whenever someone walks on 
top of the r eac to r , 

4. Additional contact switches which control the external open­
ings and a r e in s e r i e s with the dump valve clutch, 

5. Safety rods of sufficient size number and speed to protect 
the r e a c t o r against" no rma l accidents . 

6. Mechanical l imi ts on the ra te at which control rods and 
safety rods can be removed and at which water can be 
pumped, to l imit the r a t e at which react ivi ty can be added 
to the r e a c t o r . 

7. Operat ional and moni tor ing l imitat ion of the excess r e a c ­
tivity avai lable to 0,5%, The la t te r is accomplished by 
m e a s u r e m e n t of the high-level source flux after the water 
has been pumped up but before the control rods a re ra i sed . 
When compared with the low-level source flux this yields 
what is effectively a multiplication m e a s u r e m e n t of the 
sys tem. Since the react iv i ty of the control rods is known, 
the excess reac t iv i ty p resen t is thus measu red . Should it 
exceed 0,5% the control rods cannot be ra i sed . 

C. Radioactivity Involved During Normal Operation. 

It is ant icipated that for mos t purposes Argonaut will be oper­
ated at 25 watts or l e s s , A conservat ive es t imate of s tored radioactivi ty is 
obtained by assuming that operat ion is e i ther continuous at 1 kw or in te r ­
mit tent (two hours a day) at 10 kw The two modes of operation a r e equiva­
lent for this purpose . The radioact ivi ty s tored in the fuel just before shutdown 
is 1,25 X 10" cu r i e s . Two days after shutdown the radioactivi ty dec reases to 
1000 cu r i e s . The induced activity in the r eac to r s t ruc tu re in the absence of 
fuel and mode ra to r gives r i s e to a dose ra te of 34.7 m r / h r at a point 25 cm 
above the top of the graphi te . The source for s t a r t -up yields about 5 x 10® n / 
sec and, as shielded by 5 in. of lead, gives a dose ra te at the loading por t 
of 3 m r / h r . 

The max imum dose ra t e outside the shield is 5 m r / h r at 10 kw. 
Operation at this power is l imi ted in t r ins ica l ly . Exposure levels will be 
m e a s u r e d continuously; and p r e - s e t moni tors will shut the r eac to r down 
whenever the to le rance level is exceeded. 



D. Hazards During Lat t ice Al tera t ions and Reac tor S ta r t -up . 

Multiplication exper iments c a r r i e d out at Argonne National 
Labora to ry show that one fuel plate (containing about 20 gm of fuel) is worth 
about 0.13% k. P l a t e s of lower concentrat ion a r e on hand. Thus sufficiently 
snaall changes in reac t iv i ty can be made by inser t ing or removing single 
p la tes . The p rocedure of measu r ing the mult ipl icat ion of the sys tem before 
ra is ing the control rods and the smal l worth of each plate combine to make 
it imposs ib le to in se r t m o r e than the allowable amo\mt of excess k (0.5%) 
by minor la t t ice a l t e ra t ions m the normal course of opera t ions . Both oper­
ational conditions and safety in ter locks would have to be c i rcumvented to 
pe rmi t the inser t ion of m o r e than this amount of excess k. 

Major a l t e ra t ions in the la t t ice combined with circumvention of 
the aforementioned p rocedures and in ter locks might make it possible that 
the sys tem would become cr i t i ca l before the water is all the way up. The 
pumping ra t e has been adjusted to give a max imum ra t e of reac t iv i ty addition 
of about 0.025% k / s e c . At such a r a t e of react iv i ty addition, the control s y s ­
t em will shut the sys t em down without damage to equipment or personnel . 

Radiation from the fuel e lements will be below to lerance after 
the r eac to r is shut down except after high-power runs . Under these condi­
t ions , a lead coffin and remote handling devices a r e provided so that highly 
radioact ive fuel boxes can be t r a n s f e r r e d to s torage pits without exposing 
personnel . Survey m e t e r s will be avai lable and put into use at such t i m e s , 
and al l personnel will be ins t ruc ted in thei r use . The se rv ices of the Lab­
o ra to ry Radiation Safety Section will be available to check radiat ion levels 
at any t ime , and to advise and ins t ruc t operat ing personnel in radiat ion safety, 

E, Accidental Operating E r r o r s 

1. Accidental Exposure of Pe r sonne l 

The opera tor mus t c lose external openings and mus t see 
that the top plug or an exponential exper iment is in place before the dump 
valve inter lock can be energized; in addition, room moni tors and a burg la r 
a l a r m a r e p r e sen t - - the fo rmer to guard against accidental ly leaving out 
a shield plug, and the l a t t e r to prevent any one from going on top of the r e ­
ac tor when it is c r i t i ca l . Thus in o rde r to br ing the r e a c t o r up to cr i t ica l i ty , 
the opera tor is r equ i red to go through those rout ines n e c e s s a r y to avoid 
accidental exposure of personnel . 

2. Accidental S c r a m s 

As a resul t of too rapid addition of reac t iv i ty to the sys tem 
by means of control rod withdrawal , or , in case of a se r ious loading e r r o r , 
of too rapid a r a t e of r i s e of water height, the s c r a m c i rcu i t s will operate 



to drop the safety rods and d\imp the water . A s c r a m signal occurs on 1.5 
t imes operat ing level or on a t en-second period. 

When the magnet ic clutch holding a safety rod is de-
energized, the rod falls freely with an acce lera t ion of about 1 g. The t ime 
for complete inser t ion of all the rods is then not m o r e than 0.4 sec . The 
D20-void control sys tem, if used, is slightly fas ter . The t ime delay of the 
f lux-monitoring ins t ruments va r i e s with the ins t rument and flux level but, 
in general , is l e s s than 0.12 sec and i s , in al l cases , l e s s than 1.1 sec . 
The longer response t imes occur only at powers l e s s than 0.1 watt. 

The ra te of reac t iv i ty input by ra is ing the water height will 
be l imi ted to 0,G25%/sec. If the sys tem becomes supe r - c r i t i c a l , the ins t ru ­
ments will act to lower the rods and dump the water . An analysis of this 
situation is given h e r e : 

The source inter lock prevents s t a r t -up unless a low-level 
fltix condition is satisfied. Thus, when the reac tor goes c r i t i ca l , the power 
level will be in the region 0.01 to 0.1 watt the flux will be about 10^, and 
the per iod and power t r ip s will be well within their working range. 

F r o m Appendix D we find that after 15 sec the flux will 
have i nc reased by m o r e than one decade, and the th ree power t r ips will 
have been actuated. If these have been r e se t , then this p rocess cotold con­
tinue until the maximum power sett ing (15 kw) is reached. This occurs at 
about 6 decades above c r i t i ca l ; the flux reaches this level after 26.7 sec . 
The per iod t r ip will have been actuated after 6 sec . Thus, the maximum 
flux at tained in this p r o c e s s is not m o r e than lO" to 10^^, assuming that at 
l eas t one of the four t r ips works . 

In addition, the opera tor has available the manual s c r a m ; 
fai lure of all four t r i p s still leaves approximately 15 sec for the opera tor 
to use the manual s c r a m before prompt cr i t ica l is reached. Fa i lu re of all 
these mechan i sms will give r i s e to a low-orde r BORAX-type of excursion 
which, by extrapolat ion from S P E R T - I and BORAX-I, will have a peak pow­
er of about 1 megawatt , followed by steady boiling until shutdown, which 
should occur in about 30 minutes as a resu l t of loss of water from the 
sys tem. The total dose for personnel next to the r eac to r would be about 
2.5 m r under these conditions. If react iv i ty could be added at forty t imes 
this r a t e , i e., at 1%/sec, then failure of all t r ips would lead to a signifi­
cant power excursions however, it is ex t remely doubtful that the re would 
be any core damage. 

Under conditions of operat ion at maximum power (10 kw), 
it might be envisaged that react iv i ty could be added to the sys tem by some 
means not p resen t ly imagined. If this addition is ve ry slow, the r eac to r 
circulat ion sys tem is such that the r eac to r will shut down in l ess than two 



hours through the i nc rease in the mode ra to r t e m p e r a t u r e . F o r m o r e rapid 
additions of react ivi ty , the wors t case would be re la t ively fast but steady 
addition of react ivi ty , accompanied by steady boiling such as was d iscussed 
previously. The total dosage would be about the same since SPERT- I t e s t s 
show that under these conditions steady boiling is about the same r e g a r d ­
l e s s of initial power. As d i scussed in Appendix C, the r e l ea se from a 
BORAX-type excursion would not damage the core until instantaneous in­
ser t ion of about 4.75% k has been achieved. Extrapolat ion of BORAX and 
SPERT-I data revea ls that total doses of m o r e than 60 m r would be diffi­
cult to obtain in a single excurs ion unless the excurs ion were so severe as 
to damage the core . 

3. D^ropping F i s s i l e Mater ia l into the Internal Thermal 
Column 

Since the impor tance of both f iss i le m a t e r i a l and poison 
is ve ry high in the internal t h e r m a l coltimn, it is poss ible to get a con­
s iderable react iv i ty change by inser t ing such m a t e r i a l into the center t h im­
ble. Fo r this reason a switch has been located in that thimble such that a 
sample mus t be in place before s t a r t - up can be completed. If the react iv i ty 
of the sample is too high, the high-level source flux t r i p will be actuated 
and s t a r t -up cannot proceed. If the react iv i ty is too low, then the rods can 
be r a i s ed and the sample removed to make the r eac to r go c r i t i ca l . Sample 
removal would normal ly s c r a m the sys tem, but in case of inter lock failure 
the total react iv i ty addition st i l l would not be m o r e than 0.5%, and this 
would shut the r eac to r down in about one-half hour with a total dose of 
about 0.8 m r 

F . Malfunctioning of Equipment 

As far as poss ib le , all e lec t r i ca l and mechanical equipment 
has been designed to fail safely E lec t r i ca l failure causes the rods to drop. 
Fa i lu r e of the flux moni tors causes a s c r a m . Cable fai lure le ts the rods 
drop into the reac to r Dislocation of the safety rods se r ious enough to 
prevent the i r inser t ion is conceivable only as a resu l t of sabotage or as a 
concomitant of an external ca tas t rophe . The rods cannot be damaged by a 
sys tem accident which did not a l r eady depend upon the i r previous malfunc­
tioning. In addition, multiple t r i p c i rcu i t s and six rods a r e provided for 
control. Any one rod can shut the r eac to r down with the exception of the 
fine control rod» thus the r eac to r can be shut down even though as many 
as t h r e e t r i p c i rcui ts and four rod dr ives fail s imultaneously. 

An external exponential with liquid contents may leak into the 
core . Water leakage leaves the annular condition unchanged but lowers 
the ref lec tor savings, thus slowly decreas ing react ivi ty . DgO leakage in­
c r e a s e s filling voids and thus causes a slow r i s e in react iv i ty . In any 
event, t he re is ample t ime to actuate the manual s c r a m . 



G. Externa l Phys ica l Catas t rophe 

In order to have an effect, a physical ca tas t rophe would have 
to be of such propor t ions as to disrupt the normal a r rangement of ma te r i a l s 
in the r eac to r sys tem. An ear thquake of sufficient intensi ty to a l t e r the 
geometry of the exper iment has never occur red near the si te in recorded 
t imes and would be ve ry unlikely (Appendix F) . 

H. Sabotage 

A wel l - informed saboteur p re sen t s the most effective means 
of destroying the r e a c t o r sys tem and, in fact, the a r ea as well. The main 
re l iance mus t be placed upon the enforcement of Labora to ry Securi ty r eg ­
ulat ions. 

I. Hazards to Building and Surrounding Area 

1, Slow Runaway 

If al l control methods fail and the sys tem runs away with 
the max imum permi t t ed excess react iv i ty of 0.005, the flux will r i s e with 
a per iod of 2.5 sec . If all the water and the aluminum in the sys tem heats 
uniformly and the sys tem s t a r t s at 10 kw, then the total heat capacity of 
the sys tem is 0.46 x 10^ k w - s e c / C . The t empera tu re will have r i sen 20C 
after about 14.75 s ec , the reac t iv i ty thereby being reduced to 0.003, but 
the instantaneous power will be about 3.6 mw. The reac to r will then r i se 
on a per iod of about 10 sec for another 3.75 sec at which t ime the negative 
t e m p e r a t u r e coefficient of reac t iv i ty will shut the r eac to r down after it has 
at tained an instantaneous power level of about 5 mw. This is consistent 
with SPERT- I data. There is no damage to the r eac to r or to the sur round­
ings. The total in tegrated dose for personnel will be about 0.8 m r . 

2. BORAX-type Excurs ions 

BORAX-type excurs ions will occur whenever there is an 
essent ia l ly instantaneous addition of react ivi ty of about 0.0100 and will b e ­
come increas ingly seve re until the at tainment of a per iod so short that the 
fuel plates mel t This l a t t e r point cor responds to the inser t ion ins tanta­
neously of 4.75% k. This is based upon the assumption that the energy 
r e l ea se per unit volume is about the same in Argonaut as it is in BORAX 
and SPERT- I under s imi la r conditions. Details of these calculations a r e 
given in Appendix C. It is exceedingly difficult to see how even 0.01 kg^j 
let alone 4.75% k^j^, could be added to the reac tor in this way. The only 
mechan i sm imaginable would necess i t a t e the following s teps . 



a. Remove the in ternal t he rma l column and re load an-
nulus. 

b . Remove, or r ender ineffective, pert inent t r i p s and 
in te r locks . 

c Raise the control and safety rods 
d. Raise the water level . 
e. Drop a highly reac t ive sys tem into the posit ion for­

m e r l y occupied by the in ternal the rmal column. 

It is reasonable to a s sume that such folly woxild be, v i r tual ly , 
a form of sabotage. Never the le s s , it is ins t ruc t ive to examine the conse­
quences of such an excurs ion On the supposition that a des t ruc t ive ex­
curs ion had been at tained under the asst imptions previously made , the 
energy r e l ea se will be 6.9 x 10 " e r g s . Exper iments conducted by P . A. 
Lot tes at Argonne National Labora to ry show that under the conditions 
of a BORAX excurs ion about 4% of the available energy is given to expelled 
HjO.* The conservat ive assumpt ion is that this all appears as sensible 
heat . In the p r o c e s s of expansion the water will cool and dis t r ibute i ts 
heat to the building a i r . Application of the perfect gas law shows that this 
cooling occurs before the building volume ( 9 x 1 0 ^ cc) is filled with water 
vapor. The ove r -a l l t e m p e r a t u r e r i s e is then 1.94C, coming from shar ing 

0.04 (6.9 X 10^ '̂) = 2.76 x l O " e rgs 

between the r eac to r water of heat capacity 6 x 10 '̂* ca l /C and the building 
a i r of heat capacity 27.8 x 10* c a l / c . The perfect gas law applied to the 
a i r in the building with original s tate at STP yields a p r e s s u r e i nc rease of 
about 0.1 ps i . This o v e r p r e s s u r e r equ i r e s a bolt about every 10 to 20 ft. 
along the s eams of a building such as Argonaut is housed in This condition 
is met , so that in case of a des t ruc t ive Argonaut excurs ion, the fission p r o ­
ducts will be contained within the building to the extend that the re is ample 
t ime to seal the building against leaks while the radioact ivi ty decays . The 
ventilating sys tem is automat ical ly shut off under°these conditions. It 
should be noted that mechanical damage s temming from the des t ruc t ive 
excursion in BORAX-I probably came from the creat ion of a shock wave in 
the water . The core of Argonaut is too smal l to pe rmi t this under the a s -
sunaed conditions (See Appendix C). 

3. Other Sources of Rapid Energy Re lease -b la s t damage 

The preceding discuss ion does not consider the possibi l i ty 
that no rmal wa te r escape channels might be blocked and the excurs ion thus 

* The remainder of the energy is shared by the fuel p la tes , a luminum 
s t r u c t u r e , and other core components. The heat capacity of the total 
s t ruc tu re is sufficient to absorb the heat of the excursion, including 
the pa r t which caused the o v e r p r e s s u r e , with negligible i nc r ea se in 
t e m p e r a t u r e 



par t ia l ly contained. At mos t , such containment would amount to that p r o ­
vided by the top plug (equivalent to not m o r e than 2 a tmospheres o v e r p r e s ­
sure). Such containment is eas i ly overcome in the course of a BORAX-type 
excurs ion without ma te r i a l l y changing the nuclear cha rac te r i s t i c s of the 
react ion. The containment n e c e s s a r y to promote a m o r e severe react ion 
is not at tainable in p rac t i ce . Never the less , to obtain an es t imate of the 
g rea te s t poss ible damage from blast , two types of nuc lea r -chemica l r e a c ­
tions have been analysed under the assumption that the n e c e s s a r y contain­
ment has been furnished. The resu l t s a r e repor ted in Appendix E, where 
it is shown that the blas t damage wotdd be confined to a region not more 
than 30 m e t e r s from the r eac to r 

It is conceivable that the core might be dissolved by ad­
dition of appropr ia te acids or alkal is and then the mixture might be blown 
up with explosive. Damage from such an accident is impossible to predic t , 
since the amotmt of explosive used is unknown. The activity r e l eased in 
this way, however, decays only as t"*̂ *̂ . Under what raight be t e r m e d 
s tandard operating conditions (no m o r e than 2 hours of operation at 
10 kw/day), the maximum amount of activity r e l eased is about l / l O that 
r e l eased in a nuclear "acc ident . " 

4. Exclusion Radius for Airborne Radioactivity. 

The Reactor Safeguard Committee has made an analysis of 
the radiat ion damage to be expected from dispersa l (in the form of a cloud) 
of the radioact ive m a t e r i a l contained in a reac to r . They a r r i v e at a de l im­
itation of the exclusion a r e a by a radius m e a s u r e d in mi l e s . This is given 
by: 

0.01 X (operating power of reac to r in kw) ̂  

In the case of Argonaut operat ing at 10 kw, this radius would be 170 ft. 
Relat ively l a rge amounts of radioact ivi ty could be produced during a run­
away and the exclusion radius corresponding to this has been es t imated, 
with allowance for the fact that fission products produced instantaneously 
will decay m o r e rapidly than those accumulated during operation over a 
long per iod of t ime . 

The calculation of the Reactor Safeguard Committee has 
been repeated along the following l ines , with the appropr ia te ly modified 
ave rage decay law. 



2 
For the decay law, according to Way and Wigner, it is 

a s sumed that the activi ty is given by 

A = F X 2.66t"*°^ m e v / s e c 
A = F x 4.42 X lO'^^t kw 

where 

F = total nximber of f issions produced 
t = t ime , sec 

This is to be cont ras ted with the s tar t ing point used by the Reactor Safe­
guard Commit tee for s teady operation, which is the assumption: 

A = (0.1) (power in kilowatts) (t"^'^) 

with A in ki lowatts . 

3 
Their calculation, including thei r assuinpt ions that 

(1) 50% of the total fission products a r e contained in the cloud; and (2) 
60% of the dosage in the cloud is effective to a ground recep tor , is repeated 
with the new t ime dependence. The accumulated dosage, in roentgens, is 
given by 

R = (F) (9.3 X 10^)f^STF] . (Formula A) 

where 

V = wind velocity, c m / s e c 
d - dis tance from origin of cloud, cm 
h = height of cloud, cm 

This rep laces the resu l t 

R = L 
(v°-8) (h) (d^-^) 

obtained by the Commit tee for activity proport ional to t"° '^. 

It is notable that for the shor t - l ived products , high wind 
velocity will i nc r ea se the dosage at a given dis tance, whereas the con t ra ry 
is t rue for the longer - l ived products from steady operation. This is under­
standable qualitatively since a high-wind velocity i n c r e a s e s the dosage due 
to e a r l i e r a r r i v a l of the cloud, but diminishes it due to the quicker passage 
over the recipient . Fo r sufficiently shor t - l ived products the former p r e ­
dominates . 

T, 
'K. Way, E. P . Wigner, "The Rate of Decay of F i s s ion P roduc t s , " 
MDDC-1194(1947). 

3 
Summary Report of the Reactor Safeguard Commit tee , WASH - 3, 
pp. 42-44. 
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Following the p rac t i ce of the Committee, the radius of ex­
clusion can be defined as the distance within which R = > 300 roentgen uni ts . 

An a l te rna t ive express ion has been suggested by the Safe­
guard Commit tee for quick evaluation of the exclusion dis tance: 

d (mLiles) = 0.003 (kilowatt seconds)^ (Form.ula B) 

Appendix H gives a detailed analysis of the wind speeds 
and dix'ections which can be ant icipated in this a r ea . The maximum wind 
speed is infrequently g rea t e r than 30 mph and any winds above this value 
will cer ta in ly be turbulent . Assumption of stable winds leads to lower 
cloud heights and l a r g e r exclusion radi i and hence a r e ass iuned he re . In 
addition, the wind velocity is taken to be 30 mph even though this figure is 
r a r e l y at tained. The cloud height for a given set of conditions is defined 
on the b a s i s of work pe r fo rmed by Sir O. G. Sutton of England and is r e ­
por ted in detail in Appendix H. In brief, if X is the distance down s t r e a m 
in m e t e r s and H the cloud height in m e t e r s , then 

H = (In 10)1 C .̂ X2 - n / 2 

where C , n a r e given in Appendix H. Inser t ion of this into Formula A 
yields a formula for the exclusion rad ius , corresponding to a maximum 
p e r m i s s i b l e dose: 

, , . A 9 3 1 0 - 5 FV^'2 
„ 3 , 2 - n / 2 _ 

(In 10)^ C^ Rm 

The effects of the var ious types of accidents a r e summa­
r ized as follows: 

Energy 
Blas t No. of Released Exclusion Radius, ft 

Excurs ion Damage F i s s ions kw-sec F o r m . A F o r m B 

BORAX-type none 2.29 x l O " 6 . 9 x 1 0 * 875^ 633 

Chem. Explo- Depends 
sion upon amt. 170 

(Sabotage) of explo­
sive 

Note 1: Assumes that building does not contain the products of the 
react ion. 

2: Based on the formula: R = O.OlV^ mi l e s , where P is max i ­
m u m power in kw and the res idual activity decays as t~®'̂  
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The cloud heights were based on p a r a m e t e r s c h a r a c t e r ­
is t ic of a stable a tmosphere with a wind velocity of 3 mph even though the 
velocity is taken as 30 mph in calculating the exclusion rad ius . This makes 
the calculation a conservat ive one. 

The r eac to r building is in the nor thwest corner of the 
Eas t a r e a of the Labora tory . The dis tance to the n e a r e s t Labora to ry 
boundary is 1300 ft; to the n e a r e s t r eac to r , 4800 ft. The nea re s t town is 
2^ mi les distant. 

5. Es t imate of Hazard Due to Prec ip i ta t ion of Airborne 
Radioactivity. 

An upper l imi t to the possible hazard due to precipi ta t ion 
of radioact ivi ty may be obtained by the formula for the total ins tantane­
ous washout from an instantaneous point source : 

W / Q O = ^r-Z l^,^^Z-l 71 c^ (m)^-^ 

where W/QQ is the ra t io of the fallout per square m e t e r to the amount of 
original ma t t e r in the explosion cloud; C, the general ized diffusion coeffi­
cient for isotropic turbulence; n, the non-dimensional p a r a m e t e r a s s o c i ­
ated with stabili ty; t, the ti ine in seconds; and u, the mean wind speed in 
m e t e r s per second. It is a s sumed that the activity in the cloud decays 
according to the previously s ta ted decay law. F r o m the Summary Report 
of the Reactor Safeguard Commit tee (V/ASH-3), the effectiveness of r ad i ­
ation due to prec ip i ta ted activi ty is given 1.3 x 10~ r - u n i t s / d a y for gamma 
radiat ion of 1 mev/(sec)(cm^) , and as 1.3 x 10"^ r - i in i t s /day for beta (in­
cludes reduction by factor of 10 to account for protection by clothing). 
Noting that roughly equal fractions of the energy go off as gamma and as 
beta radia t ions , and cor rec t ing to hours , the effectiveness is 3.0 x 10"^ 
r -uni t s /hour for 1 mev/(sec)(cm^) of ground-deposited activity. 

The p a r a m e t e r s for the cases of 5 - m e t e r / s e c turbulent 
wind and for 2 - m e t e r / s e c stable wind speed a r e given in Appendix H. De­
fining the integrated dosage (from t ime corresponding to one mi le to in­
finite t ime) as 300 r -un i t s , one obtains the following as the max imum 
liraiting allowed values for the initial f issions in the cloud: 

Wind Speed I n i t i a l F i s s i o n s i n Cloud for 3 0 0 - r Dosage a t 1 m i l e 

Assuming T o t a l I n s t a n - Assuming C o n s t a n t R a t e of Wash* 
t a n e o u s Washout o u t w i t h Maximum D e p o s i t i o n 

5 m e t e r s / s e c t u r b u l e n t 2» 2 x l o ' ' ^ f i s s i o n s 2 . 3 x 10^^ f i s s i o n s 
2 m e t e r s / s e c s t a b l e 2 , 1 x 10^*^ f i s s i o n s 2 . 2 x 10^^ f i s s i o n s 

Also given a r e the l imit ing max imum initial fissions for the case of maxi ­
mum deposition at one mile assuming a constant ra te of washout. The dep­
osition was obtained by means of the nomograph given in Meteorology and 
Atomic Energy." 

4. "Meteorology and Atomic Energy" AECU-3066(July, 1955). 
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APPENDIX A 

MULTIPLICATION EXPERIMENT FOR ARGONAUT 

I, General Descr ipt ion 

The purpose of this experimient was to de te rmine cr i t ica l and con­
t ro l p rope r t i e s for a ring of fuel e lements in a graphite block by mul t ip l i ­
cation m e a s u r e m e n t s on the subcr i t ica l loadings The annular active region 
consisted of p la tes of 20% enriched UsOg modera ted by water within and 
graphite between fuel boxes . The annulus above and below the fuel con­
tained 12 in. of water ref lector i the sides were reflected by graphi te . 

F o r control , the exper iment had th ree gravi ty-actuated, cadmium 
shut-down blades plus a 6-inch flap valve for dumping the H2O modera to r . 
Two additional safety rods w e r e instal led for exper imental purposes only. 
Shut-down was ini t iated automatical ly by any one of th ree independent 
mult ipl icat ion t r ip channels . An Sb-Be photoneutron source , identical to 
those in the I.S.N.S.E. exponentials, was used. This type of source enabled 
the t r ip c i rcui t de tec tors to see a t he rma l flux of--^10 at a multiplication 
of 100. 

The s i te for the mult ipl icat ion exper iment was the north coal bunker 
in Building 24.^ This room is enclosed on th ree sides by one foot of ordinary 
concre te . The floor is r e c e s s e d 18 in. below the surrounding a r ea . A smal l 
amount of additional shielding was neces sa ry for the multiplied Sb-Be source . 

Building 24 is unclassif ied, as was the fuel for the experiment . Con­
sequently only those secur i ty naeasures requi red to safeguard valuable m a ­
t e r i a l s w e r e employed. Much of the equipment used in the multiplication 
exper iment has been used in the instal lat ion of the Argonaut sys tem, 

IL Multiplication Level 

The f i r s t exper iments were per formed to determ.ine the sensit ivity 
of the sy s t em to geomet r ic and control effects with the fuel divided equally 
among 12 boxes . The a r r angemen t of boxes within the annulus was var ied. 
Starting with the fuel boxes c lus te red in six equally spaced groups of two 
around the annulus, t h r ee , four, and one box c lus te r s were surveyed. Lat ­
t ice changes were effected by t ranspos i t ion of graphite segments with fuel 
boxes . 

A genera l layout of Building 24, and an expanded view of the experi­
mental a r e a is shown on Drawing No. RE-1-17559-D (not included). 
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The second s e r i e s of exper iments were concerned with water dens i ­
ty effects in the mos t promis ing configuration. 

For the initial exper iments , a mult ipl icat ion range between 25 and 
50 was used with the t r ip l imit fixed at 100. However, depending upon the 
value obtained for k^g, a mult ipl icat ion of 25 or kgf£ of 0.96 can amount to a 
loading containing only 85% of the t rue cr i t ica l m a s s . At this loading an 
accura te extrapolat ion of the effects of smal l poisons was difficult to obtain 
so that higher mult ipl icat ion levels were occasionally used. 

Interlocks w e r e a r r anged so that fuel addition, r ea r r angemen t , and 
the introduction of voids could occur only when the annulus was drained. 
The only operat ional cause leading to cr i t ical i ty would be a se r ious m i s ­
take in fuel bookkeeping. Then if enough extra fuel had been added to the 
sys tem, it would have been poss ible to go c r i t i ca l while pumping the water 
up or when subsequently withdrawing the control rod, provided that the op­
e r a to r neglected to make stepwise mult ipl icat ion checks . To prevent c r i t ­
icali ty under these c i r cums tances , the pumping and rod withdrawal r a t e s 
were l imited mechanical ly so that react iv i ty could not be added fast enough 
to outstr ip the response of the t r i p sys tem. Circumvention of the dr ive unit 
speed l imitat ion by manual removal of a safety rod was poss ible only when 
the annulus was drained. An in ter lock condition demanded that the safety 
rods be cocked before the dump valve clutch could be energized. The p e r t i ­
nent operat ional r a t e s w e r e as follows 

Trip r e sponse 

Input circui t t ime constant 
Tr ip re lay opening t ime 
Safety rod drop t ime {jg) 
Ak/s e c 

Control rod 

Maximum withdrawal r a t e 
Maximum Ak/sec 

Water fill r a t e 

Pump capacity 
Tank fill t ime 
Maximum Ak/sec 

0.100 sec 
0.03 sec 
0.350 sec 

-0.08 

2 f t /mi n 
+0.0006 

8 gpm 
10 min 
+0.0025 



III. Loading P r o c e d u r e 

The annular core had vacant posi t ions within the graphite for 12 fuel 
boxes . Initially, each fuel pla te posi t ion within a box contained a dummy 
aluminum pla te . As the loading proceeded, these were replaced by fuel and 
final adjustments made with ha l f - s ize p l a t e s . For the des i red mul t ip l ica­
tion, a loading of 4 kg was pred ic ted . Actually, for some of the less r e a c ­
tive configurations, the total of 5.4 kg of U^̂  on hand in plates was used. 

Addition of fuel was made in steps whose magnitude was de termined 
both by the slope of the r ec ip roca l counting ra t e curve and the control rod 
worth as de te rmined from this curve . In general , inc rements of fuel were 
made in equal amounts to each box, with the outer plates added f i rs t , so 
that the gradually diminishing water gap remains within the box ra ther than 
at an outer edge. 

A. Before addition of fuel: 

1. Install source and check shielding. 
2. With the source inse r t ed , duminy Al pla tes in, and water up, 

es tabl ish ionization chamber locations for 10% of low sca le . 
3. Check gamma background with only Sb pa r t of source inser ted . 
4 . Check t r ip action of all c i rcu i t s with portable neutron source . 
5. Check duinp ra te , rod drop and withdrawal speeds, and water 

fill r a t e . 
6. Test action of all i n t e r locks . 

Addition of fuel: 

1. These conditions were satisfied: 
a. Water down, dump valve open, water pump locked off. 

(Operator re ta ined possess ion of key during loading.) 
b . Control rod fully in se r t ed . 
c. Two safety rods cocked. 
d. Tr ip ins t ruments on lowest scale and sca le r on for audi­

ble moni tor ing. 
2. Withdraw source to cave. 
3. Load both side pla tes in each fuel box (24 plates containing 

a total of 456 gm U"^). 
4 . Fas t en top cover . 
5. Inser t source . 
6. Energ ize dump valve to c lose , 
7. Unlock and s ta r t pump to fill tank ('^IS min fill t ime) . 
8. Determine mult ipl icat ion with water up including top reflec­

to r and control rod in. 
9. Raise control rod by i n c r e m e n t s | check mult ipl icat ion at 

each in terva l . 
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10. Obtain multiplication for clean sys tem plus re f lec tor . 
11. Drop safeties and repeat mult ipl icat ion count. 
12. Dump water with manual s c r a m button; run control rod in; 

r emove source , and lock off pump. 
13. Evaluate r ec ip roca l count r a t e curve to de te rmine next fuel 

addition. Do not add m o r e than one-fourth the control rod 
worth . 

C. Shutdown 

1. Drop safety rods and dump wate r , 
2. Withdraw source to cave. 
3. Lock top cover . 
4 . Lock main power supply and keyed switch to pump power . 
5. Store keys in combination file safe. 

IV. Safety Systean 

Shutdown was effected by inser t ion of cadmium blades and by mod­
e ra to r dump. Three blades operated in the exter ior graphi te ref lector ad­
jacent to the annulus. They were operated by dr ive uni t s" with a magnetic 
clutch r e l e a s e for dropping a cadmium sheet (24 x 4 in . ) . The t ime for full 
inser t ion of the g rav i ty -acce le ra ted blades was v 0.3 sec . 

Three additional posit ions in the ref lector were available for expe r i ­
mental control units other than safety r o d s . 

Water dump was through a counterweighted 6-inch flap valve held 
closed with a magnet ic clutch. 

Tr ip conditions and the resul tant actions were as follows: 

1. Automatic safety rod drop , 
a. High mult ipl icat ion. 
b . Power fa i lure . 
c. Tr ip ins t rument fa i lure . 

2. Automatic water dump. 
a. High mult ipl icat ion 
b . Power fa i lure . 
c. Tr ip ins t rument fa i lure , 
d. Top cover open. 
e. Safeties not cocked. 
f. Source level low. 

H, H. Hummel, et al, "Summary Report of the Internal Exponential 
Exper iment , " ANL-5547 (March, 1956). 



In addition to the above automatic control , the water and safeties 
could be dropped at the d i sc re t ion of the opera tor with a manual s c r a m but­
ton. After this or an ins t rument s c r a m , manual r e se t was necessa ry to r e ­
energize the safety rod and dump valve c lutches . 

V. Inter locks 

The in ter locks w e r e wired so that a cer ta in sequence of operations 
had to be satisfied before water could be added to the sys tem. These were : 

A. To close the dump valve. 

1. Tr ip ins t ruments on. 
2. Top cover closed. 
3 . Source level sat isf ied. 
4 . Two safety rods cocked. 

B. To s ta r t the H^O pump. 

1. Conditions l isted under "A" satisfied. 
2. Control rod fully inse r t ed . 

An ionization chamber and amplif ier circui t was used for the source 
detector so that this in ter lock could be energized only if an active source 
were inse r ted . The cover and rod operated from appropriately placed 
mic roswi t ches . 

VL Instrumentat ion 

Three independent t r ip channels were used: Two d-c amplif iers 
fed by pa ra l l e l p la te , boron-coated ionization chambers (lO"-^^ amp/nv) ; 
the thi rd was a count r a t e me te r with BF3 proport ional counter. The 
counter was located in the in ternal t he rma l column and the chambers in the 
re f lec tor . 

Multiplication m e a s u r e m e n t s were taken with BF3 proport ional 
co tmters . Fo r a visual indication of smal l changes in multiplication, a r e ­
corder with a bucking voltage was used in conjunction with one of the d-c 
ampl i f i e r s . 
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APPENDIX B 

SUMMARY OF TWO-GROUP NUCLEAR CONSTANTS 

The following two-group constants were used in physics calculat ions 
for Argonaut. They a r e reproduced for the benefit of those who may wish to 
obtain theore t ica l e s t i m a t e s . 

Fo r a ra t io of Al : H2O = 0.4 by volume: 

T = 4 7 . 5 cm^ 

Df = 1.193 cm 

Ds= 0.21817 cm 

E^ (cm"^) = 0.01743 (l - x) + 28.238l(x) , 

where x is the volume fract ion of U . No cor rec t ion was made for the 
p r e sence of U^^*, 

The graphi te constants selected were : 

T = 365 cm^ 

Df = 1.1 cm 

1} = 2500 cm^ 

Dg = 0.903 cm. 



APPENDIX C 

SELF-LIMITATION OF EXCURSIONS IN ARGONAUT 

Because of i ts high void coefficient, Argonaut exhibits the same tend­
ency toward sel f - l imita t ion as BORAX-I, II, or SPERT-I . As a resul t of its 
longer l ifet ime, a g r e a t e r react ivi ty inser t ion can be handled in Argonaut 
without melt ing the fuel p la tes than in ei ther SPERT-I or BORAX-I and II.7 

The p rompt neutron lifetime in Argonaut is calculated to be 
1.9 x 10"* s ec . In BORAX, it is about 0.75 x 10"* sec and in SPERT-I it is 
0.5 x 10"* sec . The void coefficient in Argonaut is found to be -0 ,25. In 
SPERT- I it is -0 .2 | in BORAX-I it is -0.2 and in BORAX-II it is -0.10. A 
brief calculation at the end of this Appendix shows that when Argonaut is on 
a fast r i s ing per iod, the plate t e m p e r a t u r e at the center of the fuel plates is 
l e ss than the center plate t e m p e r a t u r e in the SPERT-I- type element for the 
s ame ove r - a l l power and per iod . Moreover , SPERT-I t e s t s show that, for 
subcooled excurs ions , both the maximum reac to r power and the maxinmm 
fuel t e m p e r a t u r e a r e the same functions of r ec ip roca l per iod as they a r e in 
BORAX-I. Hence a conservat ive es t imate of the maximum pe rmis s ib l e r e ­
c iprocal per iod in Argonaut is jus t the value of the same quantity in SPERT-I . 

Data f rom the previous ly cited r epor t a r e reproduced h e r e as F ig . 22. 
These data yield a l imiting value of the rec iproca l per iod of 250 sec"^ or a 
4-mi l l i second per iod if the center i s half again as hot as the surface; or of 
400 sec"'^ if only the surface is to be kept from melt ing. Taking the calcu­
lated value of the l i fet ime, 1.9 x 10"* sec , and the m o r e conservat ive l imi t ­
ing value of 250 sec"^, it is seen that Argonaut will be self- l imit ing without 
fuel p la te melting for instantaneous react ivi ty inser t ions up to 0.0475 k r^. 
This would requ i re the inser t ion of > 190 gm U into the internal the rmal 
column, or 712 gm into the annulus. In view of the s ta r t -up safety system, 
which would easi ly detect the l a rge i nc r ea se in multiplication result ing from 
such a react iv i ty addition, it is difficult to see how such an addition could 
cause an accident at s t a r t - u p . During r eac to r operation, the l a rge amount 
of uranium which mus t be added makes such an accident unlikely. Ramp 
ra te t e s t s on SPERT-I show that the same l imitat ions apply the re as in the 
instantaneous inser t ion case , the excurs ion being self- l imit ing so that the 
max imum per iod is the same as though the react iv i ty had been added in­
stantaneously. 

The mechan i sm by which shut down is attained is not understood in 
de ta i l . If, for example, the t e m p e r a t u r e of the SPERT-I fuel plates is com­
puted as a function of t ime during an excurs ion on the assumption that the 

W, E. Nyer, et al^ "Exper imenta l Investigations of Reactor Trans ien t s , " 
IDO-16285 (April 20, 1956). 
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1000 

1000 
PERIOD, s e c - ' 

Fig . 22 

MAXIMUM SURFACE TEMPERATURE OF SPERT-I AND BORAX-I 
F U E L PLATES VS. RECIPROCAL PERIOD 

water i s heated f i r s t by conduction and then by boiling heat t r ans fe r at 
constant heat flux, it i s found that the pla tes will have melted long before 
the wate r has been heated up enough to shut the r e a c t o r down by boiling 
away water and the rma l expansion. It i s conjectured that the actual mech­
an ism is that water next to the fuel plate is turned to s t eam in an i s o -
volumetr ic p r o c e s s ; the r a t e of s team formation is governed by the heat 
flux, the p r e s s u r e of the steaim by the t e m p e r a t u r e at which it is formed. 
This s team is then assumed to expand adiabatical ly introducing voids by 
expelling a la rge port ion of the water in each channel and substituting p ro ­
gress ive ly lower and lower density s team in its p lace . Theoret ical and 
exper imental work to check this conjecture is planned. 

If the foregoing conjecture is indeed the case , then it s e rves to 
demons t ra te why the maximum safe excursion is governed largely by the 
per iod for r e a c t o r s with a negative void coefficient. Briefly, the resu l t of 
the i so -vo lumet r i c p r o c e s s is that whenever fuel plate t empe ra tu r e reaches 
a cer ta in range, h i g h - p r e s s u r e s team is formed at a rapid ra t e , so rapidly 
that unless the void coefficient is quite smal l , or posi t ive, the r eac to r is 
shut down in a r a the r short t im e . If the r eac to r per iod is long enough so 
that p la te t e m p e r a t u r e does not i nc r ea se substantial ly before shut down, 
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then the excurs ion is safe. A hidden assumpt ion h e r e is that the water chan­
nels a r e not unusually wide. Another hidden assumption is that of subcool-
ing, s ince at sa tura t ion conditions, other radia t ion-sens i t ive mechanisms 
may come into p lay . The cent ra l point is that the r a t e of void formation is 
very la rgely independent of plate t e m p e r a t u r e and i ts past h is tory (constant 
heat flux into the water) , and that the p r e s s u r e at which the s team is formed 
depends upon the plate t e m p e r a t u r e in some simiple fashion so that the dom­
inating var iab le is the per iod . 

In ANL-4951,° formulae a r e given for the t empe ra tu r e as a function 
of position in var ious types of p la tes and geometr ies when the neutron flux 
is increas ing exponentially with t ime . On substituting in these formulae, it 
is found that the difference in center t empe ra tu r e of the Argonaut fuel plate 
and the MTR fuel p la te is given by 

AT = 0.347(a/a) -0.297(a/a)e°'t , 

where a is the r ec ip roca l per iod and a is a ma te r i a l constant. AT is neg­
ative except for t < l / ( 6 a ) . Fo r a of the order of a few hundred, this is l e ss 
than one mi l l i second. The velocity of sound in water is 1461 m e t e r s / s e c at 
19C; thus, at a pe r iod of 4 m s , a p r e s s u r e signal can be t ransmi t ted through 
5.8 m e t e r s during one e-folding t ime . Since the cha rac te r i s t i c dimension of 
the Argonaut core is 19 cm in the t r a n s v e r s e direct ion, and 60 cm in the 
axial direct ion, it i s c l ea r that p r e s s u r e s equalize through the core before 
the re is an appreciable p r e s s u r e i n c r e a s e . Hence, a shock wave in the wa­
t e r will not occur . The l a r g e r dimensions of BORAX cores render it p o s ­
sible for a shock wave to occur . 

Reactor Engineering Division Quar te r ly Report , December , 1952. 



APPENDIX D 

AVIDAC CALCULATIONS OF RUNAWAY 

Calculations have been made on the Argonne Elec t ronic Computer , 
AVIDAC, of the flux and its instantaneous per iod as a function of t ime for 
a r a t e of react iv i ty inser t ion of 0 .025%/sec . No shutdown mechan ism 
was a s s u m e d . 

T ime, 
s e c 

0 
5 
6 

10 
16 
20 
25 
25 .5 
26.2 
26 .6 

Tal ale II 

AVIDAC CALCULATIONS OF RUNAWAY 

Excess k 

0 
0.00125 
0.00150 
0.00250 
0.00400 
0.00500 
0.00625 
0.00638 
0.00658 
0.00668 

Flux, 
a r b i t r a r y units 

1 
1.377 
1.518 
2.59 

11.95 
96.43 

37807.6 
107088.9 
670409^3 

1884056.4 

Per iod , 
s e c 

10.87 
9.58 
5 . 9 
2 . 6 
1.37 
0.500 
0.46 
0.39 
0.36 



APPENDIX E 

BLAST DAMAGE WITH CONTAINMENT OF THE REACTOR 

An es t imate is made of the energy r e l e a s e in the event of cer ta in , 
highly unlikely, chemical r eac t ions . Such excurs ions involve the burning 
of aluminum in water with subsequent recombinat ion of the l ibera ted hydro­
gen with a tmospher ic oxygen to yield a l a rge chemical energy r e l e a s e . It 
is mos t difficult to conceive a means of bringing about such a situation in 
Argonaut. The react ion would have to be well contained and this would 
call not only for render ing ineffective al l safety mechan i sms , but for br ing­
ing in such additional s t ruc tu re as would be n e c e s s a r y to hold down the top 
plug long enough for the react ion to go to completion. Since the combustion 
of a luminum in water is s imi l a r to the burning of propellant powders in guns, 
it i s useful to draw some conclusions from the theory of in te r ior ba l l i s t i c s . 

In the f i rs t p lace, in o rde r for the flame front to be maintained, it 
is n e c e s s a r y for the aluminum to be finely d ispersed . Secondly, a la rge 
port ion (about 25%) of the blast energy goes into heating the container , and, 
since the burning ra t e is genera l ly proport ional to the p r e s s u r e with an ex­
ponent a l i t t le g r e a t e r than 1, ca r ry ing the react ion to completion requ i res 
a s low-burning powder or an ex t remely heavy container . In the case studied 
h e r e , no mechan i sm is p resen ted for d ispers ing the a luminum. 

Two calculat ions a r e p resen ted . In the f i r s t it i s a s sumed that the 
explosion is contained only to the extent that a leaky gun is contained. In 
that ca se , the blast energy is about 25% of the total developable energy; 
an equal amount of energy (roughly) goes into heating and s t r e s s ing the 
container . A sizable port ion of the aluminum is not burned, and par t of 
the energy will, be expended in ra i s ing the top plug and surrounding s t ruc tu r e . 
It will be shc^lii that the total developable energy is s imi la r to the r e l ease 
in an 8-inch gun, and hence the re is smal l probabili ty of excessive mis s i l e 
damage. 9 

The second set of calculat ions will a s sume that al l the developable 
energy is r e l e a s e d in the b las t . It is not known how this can occur . 

A. Incomplete Energy Release 

The chemical reac t ions studied a r e : 

2 Al + 3 HgO ^ AI2O3 + 3 Hg -r A Q 

6 H2 T 3 O2 > 6 H2O + AQ^ 

Compar isons with bal l is t ic exper ience a r e taken from "Theory of In ter ior 
Bal l i s t i cs of Guns," by John Corner (New York: J . Wiley and Sons, 1950). 



for which AQ is 389 x lO^cal /molof aluminum oxide, AQ is 58 x lO^cal /mol 
of wate r . The energy to d issoc ia te the water originally is developed through 
nuclear f ission, which is a lso used to heat the water to s team. It is assumed 
also that nuclear energy is used to mel t the aluminum; actually the aluminum 
mus t be fur ther d i spe r sed in fine p a r t i c l e s ; this may happen during the p r o c ­
ess of s t eam formation. The total chemical energy re l eased by burning all 
the a luminum in the fuel plates and recombining the hydrogen with oxygen 
from the room is 2.63 x 10 e r g s . The mean molecular weight of the gas is 
39 and the number of "mols" at this weight is 4.45 x 10 . H the ent i re p r o c ­
e s s takes place in the volume occupied by the core , the peak p r e s s u r e is 
10^^ dynes /cm^. The building volume is 9 x 10® cc . The recombinat ion of 
the hydrogen with room oxygen reduces the room p r e s s u r e to 0.945 x 10 
d y n e s / c m . The burned gas expands adiabatically with an exponent of 1.2 
(from bal l i s t ic exper ience) . 

If 25% of the total energy is r e l eased in the blas t , the over ­
p r e s s u r e in the room when the room is completely filled is about 5 ps i . 
Windows will be sha t te red by this p r e s s u r e , pa r t i cu la r ly since they will 
have been ea r l i e r subjected to a shock wave of smal l , but appreciable , in­
tens i ty . Doors will be blown open; it is not easily ascer ta inable that the 
building will withstand this loading. Blast damage outside the building con­
fines will be negligible. In view of the mass ive side shield andof the n e c e s ­
sity for holding down the top plug during the init ial s ta tes of the excursion, 
m i s s i l e s will be d i rec ted upwards and will probably land within the building 
confines after r is ing to heights of a few hundred feet at the mos t . The top 
plug may be blown through the roof. 

The nuclear energy n e c e s s a r y to promote the explosion is 
10 e rgs , requir ing 3.33 x 10^' f i ss ions . The approximate cloud height at 
night for energy r e l e a s e s of this o rde r is given by the formula: ^^ 

'h 
H = 

\ 0,276 

Qx 

2C^P{TT)^ C^ e[ 

where 
Q|̂  = heat l ibera ted (calories) 

c^ = specific heat at constant p r e s s u r e (0.25 calor ie per g r a m per 
degree centigrade) 

p - a i r density (g rams per cubic meter ) 

Q^ = gradient of potential t e m p e r a t u r e (degrees cent igrade pe r mete r ) 
1 

C = diffusion coefficient, (meters) '^ 
C va r i e s from 0,3 for stable to 0.6 for unstable conditions. 

Under the conditions of the assumed explosion, the height would thenbe about 
100 m e t e r s . ^ _ _ 

10"Meteorology and Atomic Energy," AECU-3066 (July, 1955) p . 83. 



B. Blast Totally Contained 

If the blast i s total ly contained, the react ion goes to completion 
and then is r e l eased . The calculated o v e r p r e s s u r e based on al l the energy 
going into the blast cloud is 3 a tmosphe re s when the room is filled. The 
building will be dest royed, and blast damage will occur in a region not m o r e 
than 30 m e t e r s from the r e a c t o r . Small m i s s i l e s will be thrown a cons ider ­
able distance beyond th i s . The number of fissions requ i red to promote the 
p r o c e s s i s the s a m e . 
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APPENDIX F 

HYDROLOGY AND SEISMOLOGY 

A. Soil and Hydrology 

1. Surface Cha rac t e r i s t i c s and Drainage 

Topographically, the DuPage s i te of Argonne National 
Labora tory is a rol l ing and par t ly rugged, par t ly fores ted plateau, r i s ing 
quite sheer ly from the Des P la ines River . The si te is located on soil of 
a composit ion differing from the locali ty in genera l . Approximately 80% 
of the si te i s covered with ye l low-gray s i l t loam (upland t imber soil) and 
mos t of the remaining surface is exposed l imes tone , glacial r i v e r bottom, 
and r ive r silt so i l s . The mora ine over l ies a Niagaran l imestone formation 
to a depth varying from zero to 160 ft. L e s s than 5% of the soil is of the 
typical DuPage County composit ion, which is brown and black silt l oams . 
There is very l i t t le precipi ta t ion penetrat ion because , due to the type of 
soil , a lmos t al l rainfall is surface drained. 

Bounding the DuPage si te (elevation plus 750 ft) on the south 
is the Des Pla ines River (elevation plus 590 ft), which flows southwesterly. 
The Des P la ines River , the Sani tary and Ship Canal, the Illinois and Michigan 
Canal, and the Sag Channel have al l been in terconnected by the t ime they reach 
Joliet , which l ies about 14 mi les southwest of the DuPage site (Fig. 23). 

The water flow in the Des P la ines River jus t p r io r to Jol iet 
va r ies between 10 and 100 cfs; the excess is diver ted to the Sani tary Canal, 
at the point just south of Lemont, before reaching Jol iet . The flow ra te of 
the Sanitary Canal for 1944 and 1945 averaged about 3400 cfs; of this about 
1600 cfs is water which has been diver ted from Lake Michigan, and the 
balance is made up of domest ic and indus t r ia l d ischarge from this d i s t r i c t . 
Both the r i ve r and the canal flow approximately 20 mi l e s per day. Any s u r ­
face dra inage, the re fore , from the DuPage s i te would be diluted f i rs t by the 
r ive r , border ing the s i te , and then further diluted by the canal within 14 m i l e s , 
normal ly within 17 hou r s , unless such drainage occu r r ed during a wet per iod 
when it would then be diluted m o r e extensively and sooner . 

Canal water is used pr io r to and in Jol iet for some indus­
t r i a l u s e s , such as hyd ro -e l ec t r i c genera to r s and condensers , as well as 
for i r r iga t ion at the s ta te p r i son . After leaving Jol iet , the Des Pla ines 
River c a r r i e s these wa te r s southwest to a point approximately 14 mi les 
further where the r i ve r is joined by the Kankakee River forming the Illinois 
River . The f i r s t use made of this water for drinking purposes is a t Alton, 
I l l inois , which is about 275 mi les from the DuPage site and 10 mi les down­
s t r e a m from the point where the Illinois River m e r g e s with the Miss i ss ippi 
River . Both Alton and Eas t St. Louis t r ea t about five mil l ion gallons per 
day of this Miss i ss ippi River wate r . 
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2. Sub-surface Water Conditions 

The geology of the DuPage si te including the sub-surface 
water conditions i s desc r ibed in a r epo r t enti t led "Geology and Ground-
Water Hydrology of the Argonne National Labora to ry Area , DuPage County, 
I l l inois" by Allen, Dresche r and Foley, Consultants to the U. S. Atomic 
Energy Commiss ion . Presximably, copies of this r epor t a r e available for 
the AEC. The following s ta tement concerning any possible haza rd due to 
wate r -borne activity has been p r epa red by Dr. F . C. Foley, who is the 
senior author of the above-mentioned r e p o r t . 

Ground water in the Labora to ry a r ea is obtained from two 
pr incipal aqui fers , the Niagara dolomite and deeply buried Ordovician and 
Cambrian sands tones . The two shallow supply wells in the Labora to ry a r ea 
obtain water from the Niagara dolomite while the deep well is cased and 
sealed through the Niagara and gets i ts water from the deep sandstones . 
Only the Niagara dolomite needs to be cons idered in connection with possible 
contamination from an accidental spill of radioact ive liquid, as the deep aqui­
fers a r e separa ted from the surface by hundreds of feet of rock formations of 
which the Maquoketa shale is pa r t i cu la r ly impe rmeab le . 

The uppermost formation at the Labora to ry site is glacial 
till of Late Wisconsin age, which over l ies the Niagara dolomite . It covers 
the whole a r e a except along the bluff on the valley of the Des Pla ines River , 
Chicago Sanitary and Ship Canal and along Mill Creek below Bluff Road. The 
till has a maximum thickness of about 180 ft. It cons is ts of clay and silty 
clay containing fragments of dolomite and other consolidated rock, and a few 
thin lenses of sand. 

The glacial t i l l is re la t ively impermeable and water moves 
through it ve ry slowly. No exper imenta l work has been done at the L a b o r a ­
tory site to de te rmine the exact r a t e of movement , but such work is planned. 
At the si te of the Argonne Resea rch Reac tor , the glacial t i l l is about 110 ft 
thick. It is es t i inated that about one year would be requ i red for water i n t ro ­
duced near the surface to penet ra te to the top of the Niagara dolomite . All 
the t ime , and even if it did, it would be diluted with no rma l ground water 
descending with i t . Once it en tered the Niagara it woiild move through open 
f i s sures down the hydraul ic gradient , which is general ly southeas tward and 
not toward the p re sen t supply wel l s . The c loses t well in use i s the m e t e o r ­
ology station well . It might seep gradual ly into the Des P la ines River over 
an extended per iod of t ime . In view of the g rea t thickness of re la t ively i m ­
permeable glacial t i l l a t the r eac to r s i t e , and the direct ion of the hydraul ic 
gradient in the Niagara dolomite, it is very doubtful that radioact ive liquids 
would enter the Labora to ry supply well or pr iva te wells . It is probable that 
such liquids would be ex t remely diluted by na tu ra l wa te r . 
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B . Seismology 

Real is t ic predict ion regarding earthquakes or ear thshocks , 
their frequency and sever i ty , can only be based upon the se i smic h i s to ry 
of the a r ea concerned. Apparently, new trouble a r e a s seldona occur and 
this i s pa r t i cu la r ly t rue of the United Sta tes . Insofar as the Argonne 
s i tes a r e concerned, it is expected that no building of sound construction 
on f i rm ground will suffer any damage as a resu l t of the infrequent and 
smal l ear thquakes which may occur anywhere within 150 mi les from the 
s i t e s . It is conceded that ear thquakes occurr ing as far as 500 mi les 
away may dis turb sensi t ive l abora to ry appa ra tus . 



APPENDIX G 

MAKE-UP OF SURROUNDING AREA 

The map of the t e r r i t o r y surroxmding the Reactor Site (see F ig . 24) 
is useful for orienting the DuPage site insofar as this region, in genera l , is 
concerned. It is evident that a higher density of population occu r s , because 
of commimit ies , in the direct ions s tar t ing nor thwest and moving clockwise 
to the southeast . 

Table III below shows population dis t r ibut ions , using the DuPage 
site as a focal point, for a r e a s up to ZO mi l e s in d iamete r . Also, F ig . 24 
shows var ious indus t r ia l ins ta l la t ions worthy of note and the Hinsdale 
Sani tar ium. 

Table III 

POPULATION DISTRIBUTION 

(DuPage Site as Center) 

Es t imated** Density (Av. 
Item 
No. 

1 

2 

3 

4 

5 

Region 

Total within l - l / 2 - m i l e 
rad ius* 

In the band between l - l / 2 -
and 5-m.ile radius 

In the band between 5- and 
10-mile rad ius 

Total within the 5-mile 
radius 

Total within the 10-mile 
radius 

Population 
(1950 Census) 

3,500 

13,000 

84,000 

16,000 

100,000 

Area 
(Sq. Miles) 

6.9 

71.6 

235.7 

78.5 

314.2 

Population 
per Sq. Mile) 

507 

182 

357 

204 

319 

*During no rma l working h o u r s . 

**The population in this a r e a is increas ing at about 10% per yea r . 
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APPENDIX H 

CLIMATOLOGY (METEOROLOGY GROUP) 

Annual cl imatological suminar ies based on m e a s u r e m e n t s taken at 
the DuPage site of the Argonne National Labora to ry have been p repa red 
and published as r epor t s ANL-4538, ANL-4793, ANL-4928, and ANL-5256. 
These r epor t s cover the period beginning July 1949 and ending June 1953. 
As a supplement to the Argonne data, monthly weather s u m m a r i e s p repared 
by the United States Weather Bureau a r e included as appendices to these 
annual cl imatological r e p o r t s . 

I, Wind Measurements 

Wind m e a s u r e m e n t s taken by both the U. S. Weather Bureau and the 
Argonne National Labora to ry a r e presen ted in this r epor t . Although the 
wind m e a s u r e m e n t s made at Argonne a r e more represen ta t ive of this s i te , 
the Weather Bureau data a r e included since they r e p r e s e n t the best avai l ­
able long s e r i e s of measu remen t s for this a r e a . Upper a i r wind data ob­
tained by the U. S. Weather Bureau a r e a lso presen ted h e r e . No upper a i r 
measu remen t s obtained with the aid of balloons a r e available for the Argonne 
s i te . 

Surface wind ro se s based on 10 yea r s of Weather Bureau data gath­
ered at the Chicago Midway Airpor t a r e shown in F ig . 25. F igures 26 and 
27 a r e upper a i r wind roses for this a r e a . 

Several wind studies based on data included in the four above-
mentioned ANL cl imatological r epor t s and on data for an additional year 
have been made and a r e p resen ted in Tables IV - VII. Table IV consis ts of 
a joint frequency distr ibution of wind speed and directie'n for the 5-year 
period July 1949 to June 1954. A s imi l a r study for a single year is shown 
in Table V. However, in this table the frequencies a r e given on a percentage 
b a s i s . 

To facil i tate haza rd evaluation, information on how long a given wind 
direct ion may p e r s i s t is de s i r ab l e . An investigation of the number of t imes 
the wind from a pa r t i cu la r direct ion pe r s i s t ed for a given number of hours 
was made and the resu l t s a r e given in Table VI. Again these data a r e based 
on the 5-year per iod from July 1949 through June 1954. A s imi l a r study 
based on data from July 1949 through June 1950 is shown in Table VII. 

II. F requency of Turbulent and Stable Conditions 

Severa l studies to de te rmine the relat ive frequency of turbulence or 
per iods of rapid diffusion have been made . One of these s tudies , based on 
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TABLE I T 

Joint Frequency Distribution of Wind Direction and Wind Speed 
July 1949 - June 1954 
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CALM 
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ENE 1 
E 

ESE 

SE 

SSE 

S 

SSW 

SW 

wsw 

w 
WNW 
NW 

NNW 

N 
VARIABLE 

MISSING 

TOTAL 

WIND SPEED (MPH) 

CALM 
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2 
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1 
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1 
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TABLE T 

WIND DiraCTlON AND SPEED - PER CENT OF TOTAL NUMBER OF HOURLY 
OCCURRENCES FOR EACH DIRECTION AND SPEED GROUP 

(19-Foot Level - Ju ly 1949 t o June, 1950) 

Wind Speed in Miles Per Hour 

CALM 
NNE 
NE 
ENE 
E 
ESE 
SE 
SSE 
S 
SSW 
SW 

wsw 
w 
WNW 
NW 
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TABLE XT. 

Persistence of Wind Direction - 150-Foot Level 
July 1949 - June 1954 
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SW 

653 
277 
182 
130 
92 
64 
49 
41 
30 
40 
31 
29 
8 
9 

10 
12 
9 
8 
5 
3 
6 
4 
I 
2 
3 
1 
2 
3 
1 
1 
2 

1 

1 
2 

1 

1 
1 

2 

1 
1 

POINTS) 

W 

668 
299 
188 
120 
73 
66 
47 
40 
30 
26 
20 
18 
13 
19 
12 
8 
9 
5 
7 
4 
5 
1 
2 
3 
4 
3 
4 
2 
I 
2 
2 

1 

1 

1 
1 

1 
1 

NW 

586 
282 
199 
101 
64 
44 
45 
35 
24 
14 
16 
12 
10 
12 
4 
9 
3 
9 
5 
4 
2 
1 
1 
1 
1 
1 

2 
I 
1 
1 

1 

1 

2 

1 

1 

N 

560 
243 
129 
81 
59 
32 
35 
23 
19 
12 
18 
10 
12 

VARI-
ABLE 

168 
21 
10 
5 
1 
1 

10^ 
10 
3 
I 
2 

MISSING 

41 
8 
5 
4 
4 
5 
4 

4 

1 

4 
1 

1 
1 

; 1 
2̂  1 1 
2 ' 
11 ! 2 
4! 
2 
2 
2 
3 

2 

1 

1 

1 

! 1 

2 
2 

1 

1 

^ I 
1 

1, 

1 1 
. 

1 

1 

1 1 

1 

1 
1 

1 1 
1 1 1 

1 
1 

TOTAL 
FRE. 
QUENCY 

4752 
2028 
1226 
818 
501 
396 
299 
232 
210 
167 
137 
102 
74 
79 
62 
52 
40 
44 
38 
26 
24 
14 
10 
14 
11 
11 
10 
12 
7 
9 
5 
4 
5 
2 
3 
4 
1 
3 
3 
2 
3 
3 

' 2 
1 
2 
1 
3 
1 
1 
2 
1 
1 

i 1 
1 1 

1 
1 
1 

TOTAL 

TOTAL 
HOURS 

4752 
4056 
3618 
3272 
2505 
2376 
2093 
1856 
1890 
1670 
1507 
1224 
962 

1106 
930 
832 
680 
792 
722 
560 
504 
308 
230 
336 
275 
286 
270 
336 
203 
270 
155 
128 
165 
68 
105 
144 
37 

114 
117 
80 
123 
126 
86 
44 
92 
47 
144 
49 
51 
108 
58 
61 
63 
72 

302 
380 
424 

43824 



TABLE "ZET 

PER CENT OF TIME DURING ONE YEAR THAT WIND FROM A SPECIFIC DIRECTION PERSISTED, 
DISTRIBUTED ACCORDING TO WIND DIRECTION AND DURATION OF PERSISTENCE 

(150-Foot Leve l , J u l y 1949-Jiine 1910) 

Hours 

1 hom or less 
Longer than 1 
Longer than 2 
Longer than 3 
Longer than 4 
Longer than 5 
Longer than 6 
Longer than 7 
Longer than 8 
Longer than 9 
Longer than 10 
Longer than 11 
Longer than 12 
Longer than 13 
Longer than 14 
Longer than 15 
Longer than 16 
Longer than 17 
Longer than 18 
Longer than 19 
Longer than 20 

Calm 
* 

.26 

.10 

.02 

. 01 
0 

NE 
* 

1.97 
5.47 
4.31 
3.53 
2.95 
2.53 
2.21 
1.92 
1.67 
1,48 
1.32 
1.17 
1.04 

,91 
.81 
,71 
.62 
.53 
.46 
.40 
.37 

E 

* 

2.05 
5.13 
3.94 
3.10 
2.46 
2.03 
1.68 
1.39 
1.16 

.98 

.82 

.67 

.54 

.43 

.34 

.25 
,17 
.10 
,04 
.02 
.01 

SE 
% 

1.89 
3.71 
2.63 
1.90 
1.40 
1.03 

.72 

.50 
,29 
.14 
.07 
,02 

0 

S 

% 

2,73 
10,63 

8.83 
7.55 
6.47 
6.38 
5.56 
4.86 
4.26 
3.75 
3.33 
2.95 
2.62 
2.32 
2.07 
1.84 
1.66 
1.51 
1.37 
1.26 
1.19 

SW 
% 

3.38 
11.76 

9.58 
7.99 
6.69 
5.63 
4.82 
4.14 
3.56 
3.05 
2.64 
2.33 
2,10 
1,89 
1.70 
1.51 
1.33 
1.20 
1.07 

.97 

.87 

W 
* 

3.23 
11.45 

9.37 
7.83 
6.61 
5.63 
4.76 
4.10 
3.54 
3.08 
2.70 
2.35 
2.02 
1,75 
1,51 
1.33 
1.18 
1.05 

.95 

.86 

.79 

NW 
% 

2.74 
7.68 
5.87 
4.67 
3.83 
3.21 
2.68 
2.22 
1.88 
1.62 
1.39 
1.17 

.96 

.77 

.61 

.48 

.35 

.26 

.20 

.15 

.12 

N 
* 

2.24 
5.14 
3.90 

2.99 
2.35 
1.85 
1.46 
1.12 

.90 
..73 
.59 
.48 
.37 
.28 
.21 
.16 
.14 
.12 
.10 
.08 
.06 

Variable 
* 

.66 

.36 

.18 

.07 

.02 

. 01 
0 

Total 
% 

21.16 
61.59 
48.78 
39.79 
32.92 
27.62 
23.22 
19.59 
16.60 
14.16 
12.20 
10,49 

9.01 
7.71 
6.60 
5.63 
4.80 
4 .13 
3.56 
3.10 
2.76 
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data for the year July 1949 - June 1950, uses the wind data only, i .e . , wind 
speed ra t io is used as the c r i t e r ion of tu rbulence . The wind speed rat io is 
obtained from readings at the 150-foot and 19-foot levels on the Meteorology 
Tower. This study is based on wind data only since t empe ra tu r e lapse ra te 
data a r e unavailable for this per iod. 

F o r the per iod July 1951 - June 1954 both wind data and temiperature 
lapse ra te data a r e avai lable . A number of s tudies combining these p a r a m ­
e t e r s a r e shown below. 

Wind ra t ios as a m e a s u r e of turbulence have been used very s u c c e s s ­
fully by the Br i t i sh Chemical Warfare Serv ice . Also it is by means of the 
wind rat io exp res sed by the p a r a m e t e r n that Sutton va r i e s the index of t u r ­
bulence in his diffusion formula (see Section IV below). (Ministry of Supply-
Rea rmamen t Records of R e s e a r c h and Development, No. 9.400.) 

The following re la t ionship between wind ra t io and n as p resen ted by 
Sutton is a sa t i s fac tory f i r s t approximat ion: 

u = Wind speed at upper level 
UQ = Wind speed at lower level 
Z = Height of upper level 

ZQ = Height of lower level 

The Br i t i sh fotmd that the wind speed ra t io was re la ted to three 
meteorological quant i t ies : wind speed, change of t empera tu re with height, 
and surface roughness . They also found that it i s a useful indicator for the 
degree of turbulent diffusion of gases (or partieii late miatter of l e s s than lOfi) 
in the a t m o s p h e r e . This is to be expected since the distr ibution of wind 
speed with height is a resu l t of the t r ans fe r of miomentum, and it is genera l ly 
a s sumed that this t r ans fe r is accompl ished by the same turbulent eddies 
which achieve the diffusion of gases (or par t icula te ma t t e r of l e s s than 10^) 
in the lower l aye r s of the a tmosphe re . 

The calculat ions of wind ra t ios a t the DuPage site a r e made Tjn.der 
different surface roughness conditions and over a different height in terva l 
than the Br i t i sh m e a s u r e m e n t s , which were made at heights of 2 m e t e r s 
and 1 m e t e r above the groxmd. Measurements of surface roughness have 
not been made at the DuPage s i t e . However, a spot check of the data in­
dicates that the contribution of the surface roughness to the ra t io of wind 
speed at 150 feet to 19 feet is not as l a rge a s the contribution found by the 
Br i t i sh . This i s , pe rhaps , because of the l a r g e r and more elevated height 
in te rva l used at the DuPage s i t e . 

A compar i son of the values of n computed from the Argonne wind 
ra t ios with the values of n obtained by the Br i t i sh , using t ime of day and 
wind speed to de te rmine roughly the amount of turbulence p resen t . 

u 

http://Tjn.de
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indicates that the re la t ionship between n and turbulence determined exper i ­
mental ly by the Br i t i sh can be applied to the Argonne data. The ranges of 
n adapted for the var ious stabil i ty l imi ts differ slightly from those of the 
Br i t i sh and a r e shown in Table VIII. 

TABLE H n 

NUMBER OF OCCURRENCES OF RATIO OF WIND SPEED AT 150 FEET 

TO WIND SPEED AT W FffiT (R) FOR THREE GENERAL CLASSIFICATIONS OF TURBULENCE 

GROUPED ACCORDING TO WIND SPEED AT W-ROT LEVEL (JULY 1949 - JUNE 1950) 

T u r b u l e n t 

N e u t r a l 

Non-Turbu len t 

Wind speed for I 9 . f a > t l e v e l i n m i l e s / h r 

n 

• 1 . 0 0 0 - . 2 7 3 

, 2 7 9 - .340 

.344-1.OOC 

R 

0 . 5 0 - 1 . 3 9 

1 .40 -1 .53 

1 .54 -8 .00 

0 

14 

0 

103 

1-2 

61 

27 

446 

3-7 

498 

318 

2S7S 

8-12 

940 

592 

1105 

13-18 

695 

344 

198 

19-24 

189 

78 

6 

25 -31 

44 

16 

0 

3 2 - » 

1 

0 

0 

T o t a l 

2442 

1375 

4433 

Miss ing Data 

T o t a l 

% 

2 7 . 9 

IS. 7 

5 0 . 6 

5 .8 

100% 

THEORETICALLY n SHOULD NOT BE NEGATIVE. THE FEW CASES 
OF R LESS THAN 1 APPEAR TO BE DUE TO LOCAL TERRAIN EFFECTS. 

S ince the b i g g e s t p o s s i b i l i t y of e r r o r l i e s in the b o u n d a r i e s of the 
n e u t r a l z o n e , b e t w e e n 0,300 a n d 0.335 a c c o r d i n g to the B r i t i s h , t h i s n e u ­
t r a l zone was e x p a n d e d f r o m 0.279 to 0.340 to inc lude any doubtful c a s e s 
of s t a b l e o r u n s t a b l e t u r b t d e n c e in the n e u t r a l o r c h a n g e - o v e r z o n e . The 
u s e of on ly t h r e e c a t e g o r i e s for the whole r a n g e of cond i t ions of t u r b u l e n c e 
i s s o m e w h a t m i s l e a d i n g . H o w e v e r , i t i s i m p o s s i b l e to m a k e a de t a i l ed 
b r e a k d o w n wi thout a m o r e t h o r o u g h i n v e s t i g a t i o n in to the quan t i t a t ive v a r i a ­
t ion of wind r a t i o wi th bo th wind s p e e d a n d the v e r t i c a l d i s t r i b u t i o n of t e m ­
p e r a t u r e . T h i s b r e a k d o w n i s suf f ic ien t fo r the type of c a l c u l a t i o n s which 
c a n be m a d e in t h i s r e p o r t . 

In T a b l e VIII, the c a s e s w h e r e the wind s p e e d a t the 19-foot l e v e l 
w a s 0 h a d to be c o n s i d e r e d in a d i f f e r en t m a n n e r , s i n c e the wind r a t i o would 
be in f in i t e . H e r e the b r e a k d o w n w a s a c c o m p l i s h e d by a s s u m i n g s t ab l e con ­
d i t ions d u r i n g the h o u r s of d a r k n e s s a n d u n s t a b l e cond i t ions with the h o u r s 
of s u n s h i n e . R e s e a r c h s i n c e t h i s b reakdo^Ti was c o m p l e t e d i n d i c a t e s t ha t 
in s o m e c a s e s wi th a wind r a t i o of 1.54 - 1.69 the a c c o m p a n y i n g wind s p e e d 
m a y c r e a t e enough m e c h a n i c a l t u r b u l e n c e to p l ace t h e s e c a s e s in the \m-
s t a b l e c a t e g o r y . H o w e v e r , the p o s s i b l e e r r o r canno t e x c e e d 5 o r 6 p e r 
cen t of the da t a and i s on the s ide of s a f e t y . 
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A s u m m a r y of the frequency of occur rence of a tmospher ic stabil i ty 
based on m e a s u r e m e n t s taken at the DuPage site for the period Jiily 1951 -
June 1954 is p resen ted in Table IX, The t empe ra tu r e differences were ob­
tained by the rmopi les which were well a sp i r a t ed and shielded from so la r 
radiat ion. One thermopi le was mounted about 5 feet above the ground and 
the other on a tower at 144 feet. 

Table IX 

FREQUENCY DISTRIBUTION OF TEMPERATURE DIFFERENCES 
IN HEIGHT INTERVAL OF 42 METERS 

July 1951 - June 1954 

Tempera tu re Diff. °C 
(Ttop minus Tbottom) 
Over Height Interval No. of Cases 

of 42 m e t e r s July 1951 - Jime 1954 

Unstable 
26.3% 

Near Neutra l 
28.3% 

Stable 
45.4% 

<-2 .0 
-1.9 to -1.5 
-1.4 to -1.0 
-0.9 to -0.5 

-0,4 to 0,0 

0,1 to 0.5 
0.6 to 1.0 
1.1 to 1.5 
1.6 to 2.0 
2.1 to 2.5 
2.6 to 3.0 

>3.0 

10 
224 

1615 
4615 

6957 

3597 
1942 
1329 
1098 

793 
541 

1868 

As a fur ther aid in determining how often per iods of rapid and slow 
diffusion may prevai l the studies of Tables X - XIII a r e presented . In these 
studies the data were separa ted into two per iods . The f i r s t period, 0800 -
1800, was chosen a s represen t ing the period of working hours or the period 
during which the population density onsite i s high. The second period, 1900 -
0700, is cons idered the off-hour per iod. 

In Tables X and XI a r e shown the re la t ionship between lapse ra te and 
wind speed and m Tables XII and XIII the re la t ionship between lapse ra te and 
wind ra t io . It i s evident from these tables that the p a r a m e t e r s depend upon 



TABLE X 

JOINT FREQUENCY DISTRIBUTION OP VERTICAL TEMPERATURE DIFFERENCE VERSUS 

19-FOOT WIND SPEED DURING THE HOURS 1900 THROUGH 0700 

FOR THE PERIOD JULY 1951-JUNE 1953 

Temperature 
Difference 

"^144 " " ^ 5 . 5 
C^C) 

42,0 

- 1 . 9 to - 1 . 5 

- 1 . 4 to - 1 . 0 

- 0 . 9 to - 0 . 5 

- 0 . 4 to 0.0 

0.1 to 0.5 

0.6 to 1.0 

l . l t o L 5 

1.6 to 2.0 

2.1 to 2.5 

2.6 to 3.0 

>3.0 

Missing 

Total 

19-foot Wind ^ e e d (mph) 

0 - 4 

1 

34 

270 

314 

328 

351 

367 

318 

314 

899 

276 

3472 

5 - 9 

1 

1 

107 

881 

812 

553 

347 

261 

146 

113 

255 

257 

3734 

10-14 

4 

71 

764 

506 

159 

24 

17 

3 

2 

110 

1660 

15-19 

1 

31 

251 

125 

9 

5 

23 

445 

20-24 

1 

2 

16 

87 

23 

4 

1 

1 

8 

143 

25-29 

5 

14 

5 

1 

1 

26 

30-34 

3 

4 

2 

9 

35 -39 > 4 0 Missing 

2 

3 

3 

1 

3 

1 

1 

14 

Total 

4 

7 

267 

2273 

1790 

1057 

727 

646 

471 

431 

1155 

675 

9503 

» 



TABLEXE 

JOINT FREQUENCY DISTRIBUTION OF VERTICAL TEMPERATURE DIFFERENCE VERSUS 

19-POOT WIND SPEED DURING THE HOURS 0800 THROUGH 1800 

FOR THE PERIOD JULY 1951-JUNE 1953 

Temperature 
Difference 

"^144 " " ^ 5 5 

^ 2 . 0 

- 1 . 9 to - 1 . 5 

- 1 . 4 to - 1 . 0 

- 0 . 9 to - 0 . 5 

- 0 . 4 to 0.0 

0.1 to 0.5 

0.6 to 1.0 

l . l t o 1.5 

1.6 to 2.0 

2.1 to 2.5 

2.6 to 3.0 

>3.0 

Missing 

Total 

19-foot Wind Speed (mph) 

0 - 4 

6 

113 

437 

266 

113 

97 

70 

37 

33 

17 

26 

124 

1339 

5 - 9 

32 

252 

913 

890 

322 

166 

79 

51 

14 

7 

6 

206 

2938 

10-14 

2 

57 

255 

809 

876 

335 

102 

26 

9 

9 

1 

133 

2614 

15-19 

1 

30 

68 

236 

339 

87 

34 

5 

4 

3 

1 

50 

858 

20-24 

1 

5 

20 

61 

113 

27 

6 

1 

15 

249 

25-29 

2 

4 

25 

5 

2 

38 

30-34 35-39 ^40 Missing 

1 

3 

1 

5 

Total 

4 

130 

710 

2461 

2512 

889 

407 

181 

97 

60 

27 

34 

529 

8041 



TABLE X n 

JOINT FREQUENCY DISTRIBUTION OF VERTICAL TEMPERATURE DIFFERENCE VERSUS 

150/19 FOOT WIND SPEED RATIO DURING THE HOUIffi 0800 THROUGH 1800 

FOR THE PERIOD JULY 1951-JUNE 1953 

Temperature 
Difference 

"^144 ~ "^5,5 

^ 2 . 0 

- 1 . 9 to - 1 . 5 

- 1 . 4 to - 1 . 0 

- 0 . 9 to - 0 . 5 

- 0 . 4 to 0.0 

0.1 to 0.5 

0.6 to 1.0 

L I to 1.5 

1.6 to 2.0 

2,1 to 2.5 

2.6 to 3.0 

>3.0 

Missing 

Total 

Wind Speed Ratio (Uigp/U^g) 

<1.0 

5 

21 

33 

34 

2 

1 

8 

104 

1.0 - L 2 

1 

64 

254 

680 

456 

128 

35 

8 

1 

83 

1710 

1.3 - L 5 

3 

51 

292 

1144 

1324 

408 

121 

32 

5 

12 

3 

3 

187 

3585 

L 6 - 1.8 

3 

31 

172 

364 

194 

92 

24 

20 

7 

1 

85 

993 

1 , 9 - 2.1 

11 

25 

84 

40 

46 

29 

14 

3 

3 

20 

275 

2.2 - 2.4 

2 

6 

17 

20 

25 

21 

14 

3 

1 

2 

14 

125 

2.5 - 2.9 

4 

10 

8 

9 

16 

14 

4 

4 

4 

5 

78 

>3.0 

1 

8 

8 

20 

15 

13 

13 

8 

9 

12 

107 

Missing 

7 

99 

396 

215 

81 

58 

36 

17 

17 

7 

16 

115 

1064 

Total 

4 

130 

710 

2461 

2512 

889 

407 

181 

97 

60 

27 

34 

529 

8041 



TABLE XEH 
O 

JOINT FREQUENCY DISTRIBUTION OP VERTICAL TEMPERATURE DIFFERENCE VERSUS 

150/19 FOOT WIND SPEED RATIO DURING THE HOURS 1900 THROUGH 0700 

FOR THE PERIOD JULY 1951-JUNE 1953 

Temperature 
Difference 

• ^ 1 4 4 " "^5,5 
(^C) 

< 2 , 0 

- 1 . 9 to ~ L 5 

- 1 . 4 to - 1 . 0 

- 0 . 9 to - 0 . 5 

- 0 . 4 to 0.0 

0.1 to 0.5 

0.6. to 1.0 

l . l t o 1.5 

1.6 to 2.0 

2.1 to 2.5 

2.6 to 3.0 

>3.0 

Missing 

Total 

Wind Speed Ratio (Uigo/U^g) 

<1,0 

4 

2 

1 

7 

1 . 0 - L2 

1 

2 

48 

215 

47 

8 

2 

2 

3 

27 

355 

L 3 - 1,5 

1 

1 

130 

1060 

533 

90 

23 

8 

4 

1 

7 

109 

1967 

1 . 6 - 1.8 

1 

48 

533 

535 

219 

83 

40 

10 

15 

27 

116 

1627 

1 . 9 - 2,1 

2 

9 

139 

224 

249 

135 

71 

41 

28 

42 

89 

1029 

2,2 - 2.4 

1 

1 

2 

56 

126 

138 

100 

112 

60 

43 

86 

47 

772 

2.5 - 2,9 

21 

67 

77 

89 

104 

73 

58 

132 

37 

658 

>3 .0 

1 

29 

44 

96 

106 

113 

115 

121 

260 

61 

946 

Missing 

30 

216 

212 

180 

189 

198 

166 

165 

598 

188 

2142 

Total 

4 

7 

267 

2273 

1790 

1057 

727 

646 

471 

431 

1155 

675 

9503 

I 



each other in a coinplicated fashion. However, it is c lea r ly shown by these 
invest igat ions that a tmospher i c conditions favoring rapid diffusion a r e likely 
to be p re sen t during working hours while conditions favoring slow diffusion 
a r e cons iderably more preva len t during off h o u r s . 

Data on the frequency with which stabil i ty conditions occur during 
each month and during the 6~hour per iods 0100-0600, 0700-1200, 1300-1800, 
and 1900-2400 a r e p resen ted in Tables XIV through XVII. This information 
i s based on hour ly observat ions of the t empera tu re difference between the 
144 foot level on the Meteorology Tower and 5.5 feet above ground during 
the per iod f rom July 1951 - June 1954, 

III. Prec ip i ta t ion , Stability and Wind 

Based on 75 y e a r s of Weather Bureau r eco rds the average monthly 
totals of precipi ta t ion range f rom 1.88 m. m F e b r u a r y to 3.6l in. in May. 
During the spr ing and s u m m e r months the average monthly totals of p r e ­
cipi tat ion a r e I j to 2 t imes as l a rge as those in the fall and winter months . 
A s u m m a r y of precipi ta t ion and other cli inatological data p repa red by the 
U. S. Weather Bureau is p resen ted in Table XVIII. 

Data showing the frequency of occur rence of combinations of wind 
speed and wind di rect ion during precipi ta t ion a r e shown in Tables XIX and 
XX. The information m Table XIX is based on measuremients by the U . S . 
Weather Bureau taken during the 8-year period, January 1934 - December 
1941 at the Chicago Midway Ai rpor t . This m a t e r i a l was taken from a study 
by Col. Benjamin G. Holznaan of the USAF. Argonne data for the 5-year 
per iod, July 1949 - June 1954 a r e presen ted in Table XX, 

It i s in te res t ing to note that there were 8198 hourly observat ions of 
precipi ta t ion or precipi ta t ion on 11.4% of the m e a s u r e m e n t s , in the 8-year 
per iod of the Weather Bureau data . Precip i ta t ion occur red during only 
8.3% of the observat ions during the period of the Argonne data. This dif­
ference may not be this l a r g e since the Argonne Weather Station is manned 
only 8 hours per day 5 days a week. Precipi ta t ion measu remen t s at Argonne 
a r e made by a modified weighing type Bend ix -Fr iez precipi tat ion gauge. It 
i s l ikely that some hours during which only a t r a c e occur red were not de ­
tected by the precipi ta t ion gauge for per iods when Argonne obse rve r s were 
off duty. 

F o r the t h r e e - y e a r per iod from July 1951 - June 1954 a study was 
made of the re la t ionship between wind, precipi ta t ion and stabil i ty. Tables XXI 
and XXII s u m m a r i z e this invest igat ion. Worthy of note is that in per iods of 
no precipi ta t ion the a tmosphere was stable in only 24% of the m e a s u r e m e n t s . 
The undes i rab le combination of a tmospher ic s tabi l i ty and precipi tat ion oc ­
c u r r e d on only 2.1% of the observat ions but the wind speed exceeded 7 mi les 
p e r hour on over 3/4 of these c a s e s . 



TABLE H i -

Frequency Distribution of Temperature Difference Between 
144-Foot and 53-Foot Level 

For Hours 1300 - 1800 
July 1951 - June 1954 

TEMPERATURE 
DIFFERENCE ®C 
144-FT. MINUS 

5 .5 -FT. LEVEL 

I <-2.0 

. L 9 —1.5 

! - L 4 - - L 0 

1 -0.9 — 0.5 

- 0 . 4 - 0 . 0 

0 . 1 - 0 . 5 

0 .6 -1 .0 

1 .1-1.5 

1.6-2.0 

2 . 1 - 2 . 5 

2 . 6 - 3 . 0 

>3.0 

MISSING 

TOTAL 

JULY 

5 

54 

141 

137 

90 

50 

19 

4 

1 

51 

558 

AUG 

8 

4 1 

150 

181 

107 

33 

21 

6 

1 

1 

1 

8 

558 

SEPT 

3 

48 

136 

126 

99 

39 

26 

17 

13 

4 

10 

17 

540 

OCT 

50 

139 

134 

85 

52 

28 

20 

14 

10 

20 

6 

558 

NOV 

1 

34 

126 

188 

81 

38 

27 

14 

12 

8 

7 

4 

&40 

MONTH 

DEC 

28 

135 

155 

6 1 

2 1 

5 

10 

3 

4 

2 

134 

558 

JAN 

7 

8 9 

259 

88 

3b 

15 

1 1 

7 

2 

4 

4 1 

558 

FEB 

12 

56 

160 

166 

55 

23 

8 

8 

3 

1 

2 

16 

510 

MAR 

1 

30 

53 

150 

203 

63 

21 

7 

5 

4 

21 

558 

APR 

6 

22 

80 

160 

148 

49 

1% 

9 

4 

2 

46 

540 

MAY 

15 

6? 

i l l 

158 

6 1 

26 

6 

1 

1 

46 

558 

JUNE 

2 

38 

151 

173 

87 

%5 

30 

9 

4 

1 

540 

TOTAL 

8 

97 

556 

1708 

2030 

932 

397 

2 0 1 

109 

64 

31 

47 

396 1 

6576 1 
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TABLE H 

Frequency Distribution of Temperature Difference Between 
144-Foot and 5.5-Foot Level 

For Hours 0700 - 1200 
July 1951 - June 1954 

TEMPERATURE 
DIFFERENCE °C 

I44-FT. MINUS 
5.5-FT. LEVEL 

< - 2 . 0 

• 1 . 9 - - 1 . 5 

- 1 . 4 - . 1 . 0 

- 0 . 9 - - 0 . 5 

- 0 . 4 - 0 . 0 

0 . 1 - 0 . 5 

0 . 6 - 1 . 0 

1 . 1 - 1 . 5 

1 . 6 - 2 . 0 

2 . 1 - 2 . 5 

2 . 6 - 3 . 0 

> 3 , 0 

MISSING 

TOTAL 

JULY 

10 

133 

198 

115 

31 

5 

3 

1 

62 

558 

AUG 

6 

89 

267 

148 

23 

10 

4 

1 

1 

9 

558 

i E P T 

2 

?9 

247 

142 

31 

9 

4 

1 

3 

1 

1 

20 

540 

OCT 

93 

240 

136 

29 

14 

4 

8 

8 

1 

15 

10 

558 

NOV 

1 

64 

216 

167 

39 

17 

1? 

5 

4 

9 

1 

540 

MONTH 

DEC 

1 

35 

176 

131 

40 

29 

4 

2 

2 

2 

134 

558 

JAN 

17 

139 

235 

69 

24 

11 

5 

5 

4 

11 

38 

558 

FEB 

u 
88 

160 

1?7 

31 

8 

7 

4 

7 

4 

13 

510 

MAR 

1 

27 

88 

193 

151 

4 4 

15 

4 

2 

3 

2 

28 

558 

APR 

37 

127 

210 

106 

6 

2 

7 

45 

540 

MAY 

1 

25 

153 

232 

94 

11 

1 

1 

1 

39 

558 

JUNE 

1 

86 

292 

111 

36 

' 

1 

6 

540 

TOTAL 

2 

1 2 1 

1052 

2512 

1113 

390 

141 

67 

30 

33 

6 

44 

405 

6576 



TABLE m " 

Frequency Distribution of Temperature Difference Between 
144-Foot and 53-Foot Level 

For Hours 1300 - 1800 
July 1951 - June 1954 

TEMPERATURE 
DIFFERENCE °C 
144-FT. MINUS 

5 .5 -FT . LEVEL 

< . 2 . 0 

-1 .9 — 1.5 

. 1 . 4 - - 1 . 0 

. 0 . 9 - - 0 . 5 

- 0 . 4 - 0 . 0 

0 . 1 - 0 . 5 

0 . 6 - 1 . 0 

1 . 1 - 1 . 5 

1 . 6 - 2 . 0 

2 . 1 - 2 . 5 

2 . 6 - 3 . 0 

> 3 . 0 

MISSING 

TOTAL 

JULY 

5 

54 

141 

137 

90 

50 

19 

u. 

I 

5? 

558 

AUG 

8 

4 1 

150 

181 

107 

33 

21 

6 

1 

1 

1 

8 

5 58 

SEPT 

3 

48 

136 

128 

99 

39 

26 

17 

13 

4 

10 

1? 

540 

OCT 

50 

139 

134 

85 

52 

28 

20 

14 

10 

20 

6 

558 

NOV 

1 

34 

126 

188 

81 

38 

27 

14 

12 

8 

7 

4 

&40 

MONTH 

DEC 

28 

135 

155 

6 1 

2 1 

5 

10 

3 

4 

2 

134 

558 

JAN 

7 

89 

259 

88 

3b 

15 

11 

7 

2 

4 

* 1 

558 

FEB 

12 

56 

160 

166 

55 

23 

8 

8 

3 

1 

2 

16 

510 

MAR 

1 

30 

53 

150 

203 

63 

21 

7 

5 

4 

21 

558 

APR 

6 

22 

80 

160 

148 

49 

14 

9 

4 

2 

46 

540 

MAY 
-.. ., 

15 

67 

171 

158 

67 

26 

6 

1 

1 

46 

558 

JUNE 

2 

38 

151 

173 

8? 

45 

30 

0 

4 

1 

540 

TOTAL 

8 

97 

556 

1708 

2030 

932 

mi 

2 0 1 

109 

64 

31 

47 

396 

6 5 7 6 



TABLE WTT 

Frequency Distribution of Temperature Difference Between 
144-Foot and 53-Foot Level 

For Hours 1900 - 2400 
July 1951 - June 1954 

TEMPERATURE 
DIFFERENCE ®C 
144-FT. MINUS 
5 .5 -FT . LEVEL 

-1 .9 — 1.5 

. 1 . 4 - - 1 . 0 

- 0 . 9 - - 0 . 5 

- 0 . 4 - 0 . 0 

0 . 1 - 0 . 5 

0 . 6 - 1 . 0 

1 . 1 - 1 . 5 

1 . 6 - 2 . 0 

2 . 1 - 2 . 5 

2 . 6 - 3 . 0 

> 3 . 0 

MISSING 

TOTAL 

MONTH 

JULY 

39 

?7 

6 1 

63 

60 

43 

34 

127 

54 

558 

AUG 

1 

40 

65 

65 

70 

62 

49 

43 

151 

12 

558 

SEPT 

44 

7 1 

56 

50 

63 

56 

37 

145 

1? 

540 

OCT 

1 

102 

73 

70 

44 

55 

51 

22 

134 

6 

b5B 

NOV 

1 

19 

157 

119 

59 

51 

44 

25 

21 

4 4 

540 

DEC 

46 

209 

66 

47 

22 

15 

9 

12 

6 

126 

558 

JAN 

15 

208 

134 

65 

33 

19 

16 

10 

14 

44 

558 

FEB 

9 

214 

107 

43 

34 

37 

15 

9 

28 

14 

510 

MAR 

22 

192 

94 

72 

62 

38 

15 

14 

20 

29 

558 

APR 

6 

1 

18 

156 

102 

56 

35 

28 

16 

15 

59 

48 

540 

MAY 

5 

108 

9 1 

6 1 

6 1 

54 

40 

3 1 

51 

56 

558 

JUNE 

11 

95 

96 

16 

58 

35 

24 

77 

8 

540 

TOTAL 

6 

2 

136 

1540 

1100 

7 5 1 

6 0 1 

533 

370 

272 

856 

409 

6576 



TABLE m U 

METEOROLTOICAL DATA 

(OFFICIAL RECORDINGS FROM TIC CHICAGO WEATHER BUREAU) 

WIND TEMPERATURE PRECIPITATION 
AVERAGE PREVAIL-
HOURLY ING DIREC-
VELOCITY HON* 

AVERAGE 
DAILY 
MAX, 

AVERAGE 
DAILY 
MIN, 

AVERAGE AVERAGE AVERAGE 
RAIN- SNW-
FALL FALL 

NO. OF 
YEARS 
RECORDED 30 -Jk Jl 73 75 75 61 

MONTH 

JANUARY 
FEBRUARY 
MARCH 
APRIL 
MAY 
JUNE 
JULY 
AUGUST 
SEPTEMBER 
OCTOBER 
NOVEMBER 
DECEMBER 

ANNUAL 
AVERAGE 

12 
12 
13 
12 
11 
10 
9 
9 
10 
11 
12 

12 

11 

SW 

w 
SW 
NE 
NE 
NE 
SW 
NE 
SW 
SW 
SW 
SW 

SW 

2:S 
55.1 

31.8 
3.7 
" 0 

k 

U 
70.7 
72.5 
6l .1 

35.6 

56.6 

17.9 
20.0 
29.2 
39.6 
%.6 
59.7 
66.0 

M 
33.8 
23.k 

^2.5 

2^.9 
26.9 
36.1 
57.1 

73 = 3 
72.0 
65.3 
53.9 

29. 

^9.5 

^•2S 
1.88 
2.66 
2.80 
3.61 
3.52 
3.13 
3.20 
3.21 
2.58 
2.37 
1.93 

9.2 
8.5 
6.0 
1.0 
0.1 
0 . 
0 . 
0 . 
0 . 
0 .1 
1.6 
6.7 

32.81 33.^ 

* PREVAILING DIRECTION • DIRECTION FROM WHICH WIND BLOWS 

The direct ion of the prevai l ing winds expressed in percentage of 
year ly t ime is recorded as follows: 

North.„ . , . , , . . . 6% 
Nor theas t , . . . . 17 % 
Eas t . . . . . . . . . . . . 9% 

Southeas t .oo. 1 0 % 
South. . . . , . , . . , 13% 
Southwest, . . . . 19% 

West . , . , . , , . , . . 13% 
Nor thwes t . . . 13% 
Calm, . , , , , , . . , 0% 

The ave rage weather conditions for this a r e a follow: 

Sunshine: Total hours per year . . . . . . 2 ,645 

P e r c e n t of yea r . , . , . , . , . . , . . 58 

Average number of days per year : 

C lea r . . , . , , . , , , . , . . . 117 
P a r t l y cloudy,. , . . 120 
Cloudy, , , . - . , , , , , . . 128 
Rain (over .01). , 124 
S n o w , , . , . , . o . , . , , , . . o 59 
Thunder s t o r m s . 38 
Dense Fog. . . , . .„ . 10 
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TABLE XET. 

SURFACE W I W SUI*IARY - FREQUENCY OF OIRECTIWI 
BY VELaiTY GROUPS DURING PRECIPITATION PERI«S 
CHICAGO AIRPORT, JANUARY 193^ - DECEMBER 19̂ *1 

DATA OBTAINED FROM A STUDY BY 
(COL. BENJAMIN G. HOLZMAN. USAF) 

ANNUAL 

OIR/VEL CALM U 3 k-IZ 13-2^ 25-31 32-^6 

N 
rc 
E 
SE 
s 
m 
w 
m 

TOTAL 
PER CENT 

. 

. 
-
_ 
» 
_ 
_ 
-

•59 
»7 

1+532 
5^.9 

3111 
37«7 

n 
2 
2 

26 
66 
3h 

193 
2»3 

kk 
.5 

OVER 
TOTAL 
OK, 

it MPH & OVER 
% 

10.7 
' 11.8 
12J 

i?:f 
12^0 
12.9 
12^0 

TOTAL 
OBSs 

1227 
1030 

1017 

8198 

ALL OBS. 

11.1 
IZA 
13-0 
10.0 
iĴ .8 
12.5 
13.3 
12.3 

JANUARY 

N 
NE 
E 
SE 
S 
SW 
w 
m 

TOTAL 
PER CENT 3I 3I? 

k 
k 

1 
2 
19 
7 

37 
2.9 

16 
1.3 

1252 

7.0 
10.7 
15.6 
10,7 
15.1 
12.9 
16.8 
10.9 

FEBRUARY 

N 
NE 
E 
SE 

s SW 

m 
TOTAL 3 
PER CENT .3 

1 

i 
3 
9 
5 
3 2 

38 
3.2 

55 
91 

I'' 
7^ 

il 
94 

i»i!j: 

77 

28 
k-i 

63 
113 

„ 

2 
It 

l^t 
5 

„ 

„ 

8 
1 

159 
106 
119 
85 
123 
215 

1133 
96.5 

11.5 
15.5 
13.5 
6.3 
10.6 
7J 
10.5 
18.3 

1171 

11.6 
16.1 
l4.2 
9.7 
11-3 
1̂  8 
18I3 

MARCH 

N 
NE 
E 
SE 
S 
SW 
y 

TOTAL 
PER CENT 

374 382 27 
1+5.7 ^7.7 3 . ^ 

15.8 

U:? 
5»5 
9.6 

IUO 
11e2 
10.ij 

'II 
79 
90 

796 

i 6 . o 

16.8 
5.7 
9^9 

11.3 
11.5 
10.7 
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TABLE . i i r (CONT'D) 

D I R / V E L CALM 1-3 1+-12 13-21+ 2 5 - 3 I 32-1+6 
OVER 

APRIL 

TOTAL 
OBS. 

k MPH & OVER 
% 

TOTAL 
OBS, 

ALL OBS, 

n 
NE 
E 
SE 
S 
SW 
w 
NW 

TOTAL 5 
PER CENT . 7 

67 63 
20 
21+ 

2 

20 318 343 19 
2,8 W . 9 1+8.4 2.7 

2 
1 

1+ 
.6 

131 

f2 
57 

681+ 
96.5 

ii+,0 

9»1 
11.1 
10.3 

1:1 

MAY 

N 
NE 
E 
SE 
S 
SW 
W 
NW 

TOTAL 6 
PER CENT 1.1 

35 291 
6.3 53.6 

212 
38.3 

k 
.7 

12.7 
13^6 
11.3 
9.3 

14.0 
10.1 

5I+8 

n j 
14.1 
12.9 
10,2 
13.0 
10.1+ 
11+.8 
io»5 

100.0 

N 
NE 
E 
SE 
S 
S¥ 
W 
NW 

TOTAL 5 
PER CENT 1 , 0 

1 
3 
3 
5 

2l+ 
5.0 

68 8 
?^ 3 
1+6 15 
50 2l+ 

328 120 
68.2 2I+.9 

JUNE 

1 

2 
.1+ 

76 

i 
]i 
28 

1+52 
9^J 

79 

30 

1+76 

11.1 

m 
6.7 

14.0 
15»6 
11.8 
6,2 

JULY 

N 
NE 
E 
SE 
S 
SW 
¥ 
NW 

TOTAL 
PER CENT 

„ 

_ 
„ 

.. 
_ 
_ 
_ 
-

2 
1 . 0 

2 
3 

2 
1 
2 
4 
-

1I+ 
6.9 

19 
19 
15 
16 
19 
30 
21 
13 

152 
7^^5 

7 
2 
^ 
_ 
3 
0 

6 
9 

33 
16.2 

2 
.0 

.. 
_ 
-
-
_ 
_ 
_ 
1 

1 
5 

26 
21 
15 
16 
22 
31 
28 
23 

188 
92.3 

12,1+ 
wA 
7.6 
1.9 

10.6 
18.1 
1I+.0 
11.3 

^ 
» 

28 
23 
16 
18 
23 
39 
32 
23 

190 
_ 

13.1+ 

11*5 

J:? 
16.0 
11.3 
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TABLE XEX: (CONT'D) 

OIR/VEL CALM 1-3 ^-12 13-21+ 25-3I 3 2 - I + 6 I17 & 
OVER 

TOTAL 
OBS« 

MPH & OVER TOTAL 
OBS. 

ALL OBS. 
% 

AUGUST 

N 
NE 
E 
SE 
S 
3i 
W 
NW 

TOTAL 8 
PER CENT 2.4 

\ 
\ 
2 
6 
-
2 
5 

26 
7.7 

II 
32 
48 
38 
29 
18 
21 

239 
70.7 

9 
7 
5 
3 
5 

10 

17.8 

1 
1 

1+ 
1.2 

1 
.3 

39 
33 
37 

I 
z\ 
33 

30I+ 
90.1 

1 U ^ 
9.8 

IUO 
15.2 
12.7 
13.2 
7.0 
9«8 

\\ 

31 
53 

1+4 
26 
38 

12.3 
10,q 
12^4 
15.6 

13»2 
7.5 

1 1 . 2 

330 

SEPTEMBER 

N 
NE 
E 
SE 
S 
SW 
w 
NW 

TOTAL 7 
PER CENT 1 . 6 

2 

63 ,1 

1+0 
11 

1 

12I+ 
27.9 

1 
2 

5 
1.1 

1 
. 2 

66 

60 
41+ 

^? 
37 
2 5 

1+11 

92.3 

71 

i 
27 

1+38 

15-9 
11.1 
A.6 
11.0 
17.5 
13.0 
9^1 
6.2 

OCTOBER 

N 
NE 
E 
SE 
S 
SW 
w 

TOTAL 1+ 
PER CENT . 9 

1 
2 
1+ 
1 
1 
2 
2 
1 

1+ 
0 

2l» 
11 
17 
1+2 
61 

% 
35 

271 
5812 

22 

,2 
9 

59 

f l 
16 

170 
36,5 

6 
1 . 3 

1 
. 2 

1+6 
19 
31 
50 

121 
79 
50 
52 

1+1+8 
96.0 

?:? 
6.6 

10.7 
25.8 
17J 
10.7 
I I J 

48 
21 
35 
51 

121 
82 
52 
52 

1+62 

10J 
4.6 
7.^ 

11.0 
25.9 
17-5 
11.1 
11.3 

NOVEMBER 

N 
NE 
E 
SE 
S 
SW 

w 
NW 

TOTAL 
PER CENT 

-

-

-

» 
-

2 
.3 

\ 
3 
1 
1 
6 
4 
4 

26 
3.3 

33 
41 

t 
V. 
49 
51 

348 
45.1 

17 
27 

J? 
77 
69 

.373 
47.3 

_ 
2 
7 

11 

5 
32 

4 .1 

_ 
-
1 
6 
1 

8 
1.0 

\ 
136 
102 

761 
96,3 

8.2 
10,4 
6.4 
8.7 

17.2 

15.8 
15.6 

68 
86 

.1 
108 
137 
127 

787 

8,6 
1 1 . 0 
6,8 
8.8 

17.4 
13-7 
17,4 
16.2 
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TABLE XTI (CONT'D) 

DIR/VEL CALM 1-3 4-12 13-24 25-3I 

N 
NE 
E 
SE 
S 
SW 
w 
NW 

TOTAL 
PER CENT 

3 
3 

12 

32 
3.1 

34 
29 
61 

n 4 
121 

105 
67 

13 
23 
62 

359 
35.5 

1 
1 
5 

10 
7 

'5 

32-46 47 & 
OVER 

DECEMBER 

_ 
„ 

1 
-
1 
-

2 
.2 

-
« 
-

— 
-
-

_ 
-

TOTAL 
OBS, 

81 
33 
75 

!S 
144 
185 
159 

1000 
96.1 

4 MPH & OVER 
% 

TOTAL 
OBS, 

1032 

ALL OBS, 
% 

7.7 
3.2 
7.2 

13,2 
17.8 
13.9 
17.8 
15»3 

82 
3: 
78 

140 
197 
152 
189 
161 

7.8 
3.2 
7.5 

-J -

14.6 
18.1 
15.5 



TABLE Jl 

Joint Frequency Liistribution of Wind Direction 
and Wind Speed During Hours of Precipitation 

July 1949 - June 1954 

LU > 
UJ 

|_ 
O 
o 
u. 

1 

o 
in 

DIRECTION 
(16 POINTS) 

CALM 

NNE 

NE 

ENE 

E 

ESE 

SE 
SSE 

S 

SSW 

SW 

WSW 

W 

WNW 

NW 

NNW 

N 

VARIABLE 

MISSING 

TOTAL 

CALM 

14 

1 

1 

1 

1 

18 

1 - 3 

7 
2 

1 
9 
6 

6 
3 
6 

5 
9 
2 

4 
6 
2 

6 
6 
6 

2 
90 

4 - 7 

15 
21 

24 
31 
27 

23 
I ' j 
48 

24 
12 
19 

19 
17 
10 

15 
27 
13 

18 
378 

WIND SPEED 

8 - 1 2 

64 
45 

53 
129 

77 

&0 
6 1 

105 

68 
40 
54 

59 
4 i 
33 

60 
7^ 

Z 

33 

1 3 - 1 8 

93 
67 

82 
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Joint Frequency Distribution of Wind Direction and Wind Speed 
During Hours of Prreipitation and Stability as Indicated 

150-Foot Level July 1951 - June 19M 
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Joint Frequency Distribution of Wind Direction and Wind Speed 
During Hours of No-Precipitation and Stability as Indicated 

150-Foot Level July 1951 - June 1954 
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The d i r e c t i o n of the p r e v a i l i n g winds e x p r e s s e d in p e r c e n t a g e of 
y e a r l y t i m e i s r e c o r d e d a s fo l lows : 

N o r t h 
N o r t h e a s t 
E a s t 

6% 
17% 

9% 

S o u t h e a s t 
South 
Sou thwes t 

10% 
13% 
19% 

W e s t 
North-west 
C a l m 

1 3% 
13% 

0% 

The a v e r a g e w e a t h e r cond i t ions for t h i s a r e a fol low: 

Sunshine : T o t a l h o u r s p e r y e a r 2,645 
P e r c e n t of y e a r 58 

A v e r a g e n u m b e r of days p e r y e a r : 

C l e a r 
P a r t l y c loudy 
Cloudy 
Ra in (over .01) 
Snow 
T h u n d e r s t o r m s 
D e n s e fog 

117 
120 
128 
124 

59 
38 
10 

The da ta i n d i c a t e t h a t when p r e c i p i t a t i o n i s o c c u r r i n g t h e r e a r e 
a p p r e c i a b l e d i f f e r e n c e s in the d i s t r i b u t i o n of wind s p e e d s and wind d i r e c ­
t ion a t 150 ft. d u r i n g p e r i o d s of s t a b l e and u n s t a b l e c o n d i t i o n s . F o r e x a m p l e , 
with p r e c i p i t a t i o n t h e r e i s a s u b s t a n t i a l l y h i g h e r p r o p o r t i o n of winds f r o m 
the n o r t h e a s t s e c t o r d u r i n g u n s t a b l e c o n d i t i o n s . A l s o , the wind s p e e d s 
a v e r a g e h i g h e r d u r i n g u n s t a b l e c o n d i t i o n s . 

IV. A t m o s p h e r i c D i s p e r s i o n of Noxious G a s e s (or P a r t i c u l a t e M a t t e r of 
L e s s than 10/a) f r o m a P o i n t G r o u n d S o u r c e . 

Tab le XXIII p r e s e n t s g round c o n c e n t r a t i o n s in un i t s p e r cubic m e t e r 
for a con t inuous poin t s o u r c e l o c a t e d a t the g r o u n d e m i t t i n g 1 uni t p e r s e c ­
ond. T h e s e c a l c u l a t i o n s a r e b a s e d on the e q u a t i o n d e v e l o p e d by S i r O l i v e r 
G r a h a m Sut ton of E n g l a n d which fo l lows : 

^ C y C ^ U X ^ - n ^ 

ip - concentrat ion in units per cubic me te r u = wind speed in me te r s per 
Q = source s t rength in units per second second 

Cy = horizontal diffusion coefficient x = distance in m e t e r s from 
C^ = ver t i ca l diffusion coefficient source along plume of axis 

n = turbulence index (0<n<l) . 



TABLE u r n 

OONCENTOATION IN UNITS PER ttlBIC HETEB FOR A GHOIHD SOUBCE EMITTING CWE UNIT PER SECOND AT VARIOUS DISTANCES DOWWIND. 

HEIGHT AND WIDTH Of CLOUD »HEBE CONCENTBATION EQUALS (WE-TENTH OF PEAK AXIAL CONCFSTHATItW ARE ALSO GIVB«. FROM 

THIS TABLE ESTIMATES CAN BE MADE OF DISTRIBUTHW DOINWIND Of COÎ TAMINATION 
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Calculations of concentrat ions were made for values of the diffusion 
coefficients and the turb\ilence index prevai l ing under s table and unstable 
condit ions. The p a r a m e t e r s used were a s follows: 

Cy C^ n 

Stable 0.10 0.06 0.5 

Unstable 0.37 0.21 0.2 

These values have not been definitely de te rmined for the a tmosphere 
under the var ious meteorologica l conditions and must be es t imated . Also, 
there is some question as to how valid the equation is over long d i s t ances . 
Measurements have been made at d is tances up to 14 mi les and were within 
the same o rde r of magnitude as calculated. The equation a s s u m e s that the 
wind direct ion remains constant throughout the t ime it takes for the cloud to 
reach the distance from the source in question. The calculated values will, 
the re fore , be too high except in the case of a pe r s i s t en t stable r e g i m e . Also, 
the concentrat ions and cloud widths a r e given for a 3-minute mean. Ins tanta­
neous concentrat ions will be higher and cloud widths s m a l l e r . Because of the 
var ious poss ibi l i t ies of e r r o r , i t is felt that the calculat ions of the above 
values f rom Sutton's eqtiation can only be c o r r e c t to a factor of ten. 

Es t ima te s for width and height of the cloud at var ious d is tances down­
wind a r e a lso presented , calculated from the same equation. The width is 
defined as the distance between points on the sk i r t s of the c ros s -wind con­
centra t ion curve at which the concentrat ion is 1/10 of the peak value. S imi­
la r ly , the height is the distance from the groxind at which the concentrat ion 
is 1/10 of the value on the ground. 

This equation mus t be used with some caution. It has been carefully 
checked with observat ions under average weather conditions at d is tances 
close to the source . However, the concentrat ion and width of cloud depend 
upon the values chosen for the diffusion coefficients and turbulent index. 




