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SUMr,~A~lY 

C:::::~;~'K" . 
This \'v:::>rl~ W.iS unoertaken at the request of H., D. Smyth t~) investi te 
the problems encountered in the design of an end shield f~r a 
heterogeneous ?-9 pile. The group consisted of engineers aod physicists 
and this report cov~r6 the work of the engIneering aspects only. It 
of course reflects the work of all the participants but does not 
undertake to cover the theoretical work except from an engineering 
point of view. A separate report is anticipated to cover the balance 
of the work. This will be issued through the Physics Secti~n. The 
work was terminated because of increased interest in a homogeneous 
pils v not because this study is considered completea 

The most important problems encountered are: 

A: ?roble~s involved in constructiona 

1. Provision to shield the inhomogeneities introduced 
into the shield by passage of coolant tubes. 

2. Support for the shield. 

B: ?roble:ns concerned wi th radiat i on. 

l~ Selection of materials 

2. rnoval of heat and of any gas of decomposltionD 
Impo~~nt Results~ 
Iron ~nd lead appear to be the most practical dense materials o 

~ater and ~asonite pressed wood are the most attractive wet ana cry 
hydrogenous materia!s. The inclusion of boron in the shield may 
be advantageous. The use of c~ncrete in ena shields is not 
attractive beca~se of the large thickness required" 

End Shields may be composed of either a single large structure or 
8 number of smaller units; each of these types has specific advantages. 
Prefabrication is desirable~ 

A wet layer-type shield offers a c~nvenient method of temperature 
control. while a dry one has c~nstructional advantages in the multi­
unit type. fi shot and water (uniform type) shield appears t~ the 
simplest to construct 0 

Possible ,schemes for shieldine; the inhomogeneities have been c~nsiderect 
but their effectiveness has not been l;,y'~:L!.:..::€'dc 

stress calculations for the design of the supporting members. 
e~vlsioned as either a large plate or a number of small beams n have 
bAen made. 'Phe shield framework~ in some cases~ can advantageously 
be made the $tipportrng member. 
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• Heat rem~val may possiblj be accomplished by c~nduction into the 
aile co~l .YlI.c~J!,ero_AJ,;t.x.illarv c:i:)Jina rnA" h:l\.'\1e;;er~ be f1oceGsaI'Y~ 

~mmendations; The termination of t.hiS investigatio,t while in an 
incomplete stage has prevented drawing the conclusions necessary to 
recomm~nd definitelv anv ~na tUnA of 8hi~ld fn~ ~ h~~A~~"OnAOUS ?-9 r11" 

Prepared by 

-~~~Q.-;::::-~ 

c&~I$,~ 
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II ~ Gener~Ll-i ~~.i2!: 

'JrJ~'i.Q of IQ,yestig9ti:Jl1: A shie1ding group was f""rmed to summarize 
the problems inVOLved in the design of the end shieltis of a 40 0 000 
KW, heterogeneous~ P-9pile and to investigate possible solutions. 
The shield i ng req ~.:tired was to be suff i.c ient t:J allow C ornplete 
accessibil1ty to the pile faces (a) at all times, or (b) only after 
the pile had been shut down for one hour. ~et and dry shields were 
to be considered. The group was SUbdivided into a theoretical secti~n 
and an engineering section. The duties of the former were to 
stipulate the critical dimensions of the selected materials. while the 
engineering section was to be concerned with the materials of 
con6truction~ design from the strud.ural viewpoint 8 methods of CJC1struc­
ti::,mv and removal of h'eat" 

piscus~: Because of decreased interest in the heterogeneous pi~e 
in view of the promIse Bho~n by the homogeneous type~ the w~rk on this 
shielding problem is being discontinued. This report, therefore~ 
summarizes the problems and possible solutions to them which have been 
cJnsidered to date. In marly cases~ because of the termination of the 
works it has heen necessary t~ leave certain problems witho~t satis­
factory solutions. On the other hand. in no case has an attempt been 
made to enumerate all the possible solutions to a given problem • b~t 
rather ~nly those Which appeared most attractive'because of their 
simplicIty and feasibilitYt the ~vailabillty of the required materlals» 
stc u ... 

• H~at rem~val may pOSSiblj be accomplished by c~nduction into the 
olle co~l !'J~t:.er .~JiJ.lxiliarv C:>:1] i nO' m~\r h~~"""~'AT" bA t-O'-'S"C."'I'y 

) ..... """" -- :.) v :. _ ..::Jt;JW <; 
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incomplete stage has prevented drawing the conclusions necessary to 
recomm~nd definitelv anv ~"m tvnA of shiAld fnT" ~ hAtAT"~"DnA0US ?_Q r11~ 

Prepared by 

-:b.t~{2.-r-:-~ 

~~I?.~ 
Submi tted by 
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simplicity and feasibility, the availability of the requ1red materials; 
etc ~ 
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Since accessibility to the pile f~ces has been made one ~f the 
criteria of design~ it muot be mentionad that the radio activity 
p~esent in ~he effluent cooling_ water from the running pile presents 
a separat.e problem in itself 0 l'ha ?ipe carrying this water requires 
a separate shielding system in the case where access to the pile face 
is to be permitted during operation. Acce~s to the water piping itself 
is possible only in the sense that valves and other mechanical devices 
may be operated through this separate shi~l"da 

The function of the pile shield is to di~inish the intensity of the 
pile radiat10n (neutrons and rrays) to a value fixed by some design 
criterion. In this work it was postulated that a man working at the 
face of the pile should receive no more radiation than the tolerance 
dose in an 8 hour day (O.lr). "hen access is required only after a 
period of shutdown, it is necessary to install two shieLds v - one 
bet~een the piping hpaders and the pile proper to protect against 
residual radiation and the second"between the headers and the outsiae of 
the pile site to pcevent radiation from leaving the system during opera­
tion. The design of the inner shield 15 essentially the same (except 
for thickness) as f)r tne c~se of complete accessibility. 

In order to slow down and adsorb neutrons, and to at30rb gamma radiation •. 
a shield, to function efficientlYQ should contain a hydrogenous material. 
a substance with a large cross-section for neutron absorption~ and a 
dense material 0 If n:Jne of these happens to be a substance with structUl'al 
strength. a structural m~terial must be a"ddee for support 0 Since the 
absorption of neutrons, once they ace decelerated to the thermal regions 
is -eadily accomplished, shield materials"are selected chiefly fQr their 
effectiveness in perf~rming the functions of rray absorption and 
decel era t i::>o ,)~' (!.l-:·u,Lt':"'ns <> 

The primary c~nsideration in the desien of a shield from the "protection 
against radiation" point of view is the selection of materials p both 
dense and hydrogenous~ the thicknesses of each type req~ired, and the 
physical arrangement of the two. lhe fact that the shield m3terials, es­
pecially those nearest the pile, w1L1 pDssibly become radioactive and 
req~ire shielding must be notedu lhe inhomoeeneities in the shield. 
introduced by the passage of the aluminum tubes~ provide gaps and 
weakly absorbing r8gions within the shield. These aGd to the physical 
complexity of the final shield assembly. ?iping connections may also 
become radi09ctive if subject to neutrons and reqUire aeditional 
shielding precButiJns. 

The chief 9roblems in shield design from constructiond considerations 
are those of meeting the shieloinE requirements as regards the a~lo~able 
SiZ8S of the clearances and gaps in the inhomogeneities. Meth~ds and 
procedures of fabrication ~~e of prime importance here. The most serious 
structur~l problem is the support of tne weight of the shie~d plus tue 
weight ~f additional equipment supported by it. Otner engineering 
problems ~f importance are those of removing the heat generatea within 
ttl\~ !?hield D in order to control temperature ano thermal expansion. 
Pr~vision for tne escape of any gas" that may be evolved from the shield 
materials as 8 result ~f the acti~n of incident radiation is an 
additional problere. 
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~lds at present in use or in the state of construction 
include th::>se at Arg::mne j at Site ;{ and at Site'Wo Since tbe 

go~ne and X piles are designed for considerably lower pO~Br 
outputs, the Site ~ shield is the most analagous to our present 
case. For these low-po~er piles, cJocrete of either standard or 
special mix is used. For the Site ~ pile, whe~e the radiation 
intensity iu muc~ gr0ater (though not as great as that expected 
from the P-9 pile) the shield oonsists of separate thermal ~nd 
bioloeical sections. The thermal section is a ten-inch thickness of 
cast iron 1n which over 99~ of all the radiant energy is rem~ved 
as heat" The bi::>logical shield cCJnsists 8f laminati:ms of ir::>n 
plates and !'::~is::>nltep a pressed w::>od ?I'oduct" the total tt1ici-;:,ness 
being abJut 4 feet. to reduce the residual l~ to biological 
toleranoe levels. 

Shields that have been suggested f::>r the W pile (C£-407) 
and for the P-9 pile (C~-8J5) include the use of iron or lead 
shot and water» altern~1.e layers of ir'On ;?lst.e and water~ in 
which the water is als::> used for the coolant 9 and a c::>mbinati'On 
of !)(le of these wi th a large thickness ::>f water Q 'liater is 
attractive because of,its availability and easy mobility. HS well 
as its shielding power for neutronsd Each 'Of these types has 
been c::>nsider.ed here~ with the exce?tion of the ~tirge thickness 
of water» the use ~f which ,WOUld n~t satisfy the criterion of 
accessibility which was a c~nditi~n to be fulfilled by any design 
evolved in this studyu 

10 The ~verall reduction in intensity required is of the orcer of 
10 • 

IV~ 

A..L.JI;'aJ~.~r i ~ 1 s 

(1) Hyoroee~s ~ratEilr.ta.LG ~ The hydrogenous ma t.erial ma.y 
be either a s~lld or a liqUid dependine on the type ~f shield 
(see Section 1118 for advantaces of wet and dry shields) a Composlti~n 
and properties (b~t.h chemical and physical)a pric8 8 availability. 
suceptib:ility to structural incorporation~ decomposition and 
eas evolution under radiation. and co~roslve action appear to be 
the Chief cri t.aris by which hydrogenous mat.erials may be compi1red .. 
~ater or of a variety of oreanlc compounds are p'Ossible liquid-
phase hydro€~n~uG materials. The effects of radiati~n on the 
properties of several organic liquids have been measured by Burton's 
group (CC monthly report. s) " As a rule» t. he cnolec ula.r' wei gh t appeared 
to increase with the quantity of radiation absorbed. i. e. the 
viscosit:y increased, It is doubtful th-3.t a material will be found 
t fulfills tile r·eql.i,i.~·Ement8 ::11' a liqu.id hydrogenous material as 
well as w8ter. The typical effects of r~diati'On on water are 
dec8mp~sition and peroxide formation. 

'. 

.. 
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~ost of the experimental ~ork done thus f~r on dry 
hydrogenous materials (Cr.: 967) c:)nsisLs of meCisLiring the 
amount of eas evolved when v~rious m~terials are irr~diated 
by;5 rays and deuterons" !li]asonit.e pI'essed w::;od which c~ntains 
about et hydrogen and has a specific gravity of 1 0 3 appears . 
to be a suituble shielding material. h special Masonite product 
.(HD128) has been chosen for the ~~" Shi&ld; experiments i ieate 
~hat about 26 cubic feet of gas will be evolved per day from 
this material ~hen used in the "~" Shield. Since, however. the 
choice of a hydrogenous material is not an important factor in 
the engineering design of a shield~ this phase of the prob m 
was not investieated further than a review of the work that 
has b~en done to date on the subjectu 

(2) .Cense ~.';at(~rials. Because dense materials are 
severely limited by their-availability and cost~ the use of 
only two of them, iron and lea~, appears probablYr (concrete 
is discussed separat. y). Although its eaffiffia rays ab~"lori?tive 
po~ers make iron only about 75-80h as effective as lead; an 
inelastic scatterine effect in iron c~ntributes considerably 
to the reduction in neutron intensity. In addition, the 
structlA.ral strength of steel, as well as its availability und 
cost make its use almost imperative for the support of the 
hea vy shi eid 0 

(3) Concrete: The use of a standard or a special concrete mix 
(as in the SIte X .shield) i~ possible; however. a relatively thick 
shield is then necessary. For equal shielding against gamma rays. 
for example, a concreie shield must be 3-4 times as thick as an 
iron ~ne. 5y using a porous material such as Haydite for the 
fine aggre€;ate, tbe water content of a standard concrete can be 
cons i dera b.ly i ocr'ea.sed) th us 1 mproving the ef feet i veness of toe 
mix f~r decelerating the neutr~ns. The resultant decrease in 
denSity, however 9 must be compensated for by the sodition of u 
dense materla1 9 (eg~ barytes as in the Site X shield)~ to increase 
the gamma ray absorption. For end shields, ho~everJ the large 
thic}:ness requ-ired makes the use of c::>ncrete 'lnat,tractive 0 

(4) Special r,~ater!'!.!..!..; To reduce t,he induced actfvi ty in 
the shield material s and to Cl'e;ase the number of secondary gC1lTlma 
rays. the incl~~ion in the shield of a substance with a large 
neutron-absorption cross-section. ego boron 9 has been suggested e 

The presence of boron is most a.dvantageoQs when placed t~ward 
the outside of the shield where prevention of sec~ndary gamma rays 
and induced activity is more important because there is only a part 
of the shield thickness remaining for prot.ection~ Boron could 
be introduced into the shield as boron steel or: in a wet shield. 
as a s~lution of borax or boric acid. The disadvantages of its wse 
are: possible leak of solution containing borax; change In the 

sical properties ~f steel by the addition of bor~n. 
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lost of the experimental work done thus fHr on dry 
hydrogen:Jus mdterials (Ct: 967) consists :Jf meCisLtring the 
amount of eas evolved when v~rious m3terials are irr~diBted 
by;.5 rays and deuterons" f,;]as::;:.nit.e pi'essed w:)od which contains 
about 6~ hydrogen and has a specific grH vi ty ::.lI~ 1.,3 appea.l"s . 
to be a suit~ble shielding material. h special Masonite product 
(HD128) has been chosen for the H'/\, 1\ Shi&ld; experi ment s i nei Cd te 
~hat about 26 cubic feet of gas will be evolved per day from 
this material when used in the '''oR;'' shield 0 Since, h:)wever~ the 
choice of a hydrogenous material is not an important factor in 
the engineering design of a shield~ this phase of the problem 
was not investigated further than a review of the work that 
has b~en done to date on the Bubject. 

(2) .cense ~';Clteria~~ Because dense materials are 
severely limited by their availability and cost. the use of 
only t.o of them, iron and lea~9 appears probably~ (concrete 
is disCUSS8C.l separately) > Although its 128ffiffi8 rays absorptive 
powers make iron only about 75-BOh as effective as lead) an 
inelastic scattering effectln iron c~ntributes considerably 
to the reduction in neutron intenSity. In addition, the 
structural strength of steel, as well as its availability tind 
cost make its use almost imperative for the support of the 
hea vy shi eid 0 

(3) Concrete: The use of a standard or a special concrete mix 
(as in the Site X ,shield) i~ possible; however. a relatively thick 
shield is then necessary. For equal shielding against gamma rays. 
for examp~eD a conc~eie shield must be 3-4 times as thick as an 
iron ~ne. 5y using a porous material such as Haydite for the 
fine aggregate, the water content of a standard concrete can be 
considerably increased, thUB improving the effectiVeness of tne 
mix for decelerating the neutrons. The resultant decrease in 
denSity, however» must be compensated for by the aedition of u 
dense materia1 9 (ego barytes as in the Site X shield)g to increase 
the g9mma ray absorption" For end Shields, ho~ever, the large 
thic}:nes$ requtred makes the use of concrete ilUat,tractive" 

(4) Special r\~ateria!.§.; To reduce t,he induced activi ty in 
the shield materials and to decrease the number of secondary gamma 
rBys~ the inclu~ion in the Shield of a substance with a large 
neutron-absorption cross-section. ego boron, has been suggested. 
The presence of bOl'on is most, advan ta geo uS when placed t :)wa ro 
the outside of the shield where prevention of sec:)ndary gamma rays 
and induced activity is more important because there is only a part 
of the shield thickness remaining for protection. Boron could 
be introduced into the shield as boron steel or; in a wet shield. 
as a solution of borax or boric acid. The disadvantages of its yse 
are: possible leak of solution containing borax; change in the 
physical pr~perties ~f steel by the addition of bor~n" 
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(1) GeC1§~l .... rli.!!.!f'..9$io!!Ji~ F:)r the purposes of this investigar~ 
t10n. a heterogeneous P-9 pile was assumed to consist of a vertical 
cylindrical tank. through which. parallel to its axis on a 3.8 in. 
(9.65 em.' square lattice. were 456 al~mlnum tubes in which were the 
aluminum-coat active rods, forming an annular cooling wate~ passage. 
The diameter of the .coated rods was taken as One66 in. (2a2 em.) and 
the inner and outer diameters of the aluminum tubes as 1006 in. OL1 em") 
and 1.26 inft (3.2 em.) respectively. The d meter of the alwninum tank 
was about 8 feet (2.5 m.). Because provision must be made for the 
charging and removal of rods~ as well as tube replacement~ these tubes 
must pass through the shield to a point of accessibility. Therefore~ 
a leakproof connection between these tubes and thr~ aluminum ends of 
the tank (call the tube sheets) is required outside the shield. s 
may be aChieved by the provision of secondary aluminum tubes welded to 
the tube she~t: these extend through the shield and through each passes 
one of the replaceable cooling water tubes. A tube cloBure outside the 
shield provides the leakproof connection between the concentric tubes, 
and may also serve as a connection t~ the piping of the cooling water 
system. The shield design. therefore~ must accommodate the passaee of 
these 456 outer aluminum tubes of 3.8 inch spacing. Shielding the 
456 !)uter aluminum t.ubes on :3,,8 inch spacing. Shielding t.he inhomogenei­
ties introduced int!) the shield by their passage is one of the major 
problems involved in the design~ 

(2) Constructional fxpes of Shield: From the construction 
point of view, the shielding of the 8-foot diameter faces of the pile 
ma~ be accomplished either by a single structural unit ~bich accommodat~s 
the 456 aluminum tubes. or by a number of smaller units would be easier 
to handle ~nd fabricate, but d shield CJnslsting of many small units 
must provide for the shielding of the CLearance between tftO adjacent 
units, say by overlap~ing sections or by staggering layers of small 
units. Smaller clearances between the aluminum tubes and the shiela and 
less alignment difficulty can be expected with sma~ler units. In the 
alignment difficulty can be expected with sma~ler units. In the c~nstruc­
tion of the top shield t for example. the lowering of a large slngle-
unit type shield over a "forest" ~f 456 t~bes so the clearances are small, 
is a p~oblem which could be simplified by the use of smaller units. Also~ 
less difficulty with thermal expansion may be expected with the smaller 
units. In a wet shield, however, the us~ ~f these units would require 
a large number of water tight boxes and ~ou!d introduce piping difficulties 
if the liquid were t~ be circuletodo 

'''' .'"''-y" ....... u .... ,·UI:;;U 1.'l1.J.-.::Hlt,SLi.t t.o "ni~ St:I..1.eJ..o ,see :;lec. ill L)p 
to protect the a1 uminum tubes from damage in assembling or 
c::>rrosion by the shield materials (eog. w3tAr)~ to make the 
shield uni t 1 Pa},::proof in the case of a wet shield 3 and tn prov1.(l.e 
a concentric cylindrical surface around the aluminum tubes in 
which a C10B0 fit can be made» steel pipes or tubes on the same 
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(1) General Di mens ions {. F:)r tJhe P Ll.:C'poses of thi s invest i ga~ 
tioD 8 a heterogeneous P.~9pile- was assumed to consist of a vertical 
cylindrical tank, through which, parallel t~ its axis on a 3.8 in. 
(9.65 em.' square lattice. were 456 al~minum tubes in which were the 
aluminum-coated active r,ds, f~rmlng an annular cooling water passaee. 
The diameter of the coated rods was taken as OD866 in. (2~2 Cffiry) and 
the inner and outer diameters of the &lurninwu tubes as 1006 in. (2.7 em.) 
and 1.86 in. (3.2 em.) respectively. The diameter of the aluminum tank 
was about 8 feet (2.5 m.). Because provision must be made for the 
charging and removal of rods D as well as tube replacement, these tubes 
must pass through the shield t~ a point ~f accessibility. Therefore, 
a leakproof connect i on between the se tube s and thr~ 81 umi nUff! ends of 
the tank (called the tube sheets) is required outside the shield. This 
may be achieved by the provision of secondary aluminum tubes w81ded t.o 
the tube she~t: these extend through the shield and through each passes 
one of the replaceable cooling water tubes. A tube closure outside the 
shield provides the leakproof connection between the concentric tubes 3 

and may also serve as a connection to the piping of the cooling water 
system. The shield design, therefore, must accommodate the passage of 
Plese ~156 outer a1 uminum tubes of :5 ,,9 inch spacing. Shielding the 
456 outer aluminum t.ubes on 308 inch spacing~ Shielding t.he inhomogen.ei­
ties introduced into the shield by their passage is one of the major 
problems involved in the designo 

(2) Const.ructio~lal. T~pes of Shield~ From the construction 
point of view, the shielding of the 8-foot diameter faces of the pile 
may· be acc-.:>mplished ei ther by. a single structural unl t wh.i ch accommoda tes 
the 456 aluminum tubes, or by a number of smaller units would be easier 
to handle and fabricate, but a shield conSisting of many small units 
must provide for the shielding of the Clearance between tftO adjacent 
units, say by overlap?ing sections or by staggering layers of small 
units. ~maller clearances between the aluminum tubes and the shiela and 
less alignment difficulty can be expected with sma~ler units. In the 
alignment difficulty can be expected with sma~ler units. In the c~nstruc­
tion ~f the top shield~ for example. the lowering of a large single-
unit type shield over a "forest" ~f 456 t~bes so the clearances are small. 
is a p~oblem which could be simplified by the use of smaller units. Alsov 
less difficulty with thermal ~xp6nsion may be expected with the smaller 
units. In a wet shIeld: however, the use of these units would require 
a large number of water tight boxes and ~ould introduce piping difficulties 
if the liquid were t, be circulatcdo 
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to protect the al wminum tubes from damaf!.e in assemblino or 
, - t.l corros .. on by the shield materials (e ,go wat·~r) D to make the 

shield unit lra?::proof in the case of a wet shield. and tn P!'ovtcl.e 
a concentric cylindrical surface around the aluminum tubes"in . 
will ch a close fit. can be ffii::lde» steel pi fH::S or tubes on the same 
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spacing as the. aluminum tubes are made an integral part ~f the 
shield. These pipes are welded t~ the ~nd plates of the shield. 
See Figure I~ p. In the construction of a large unit of this 
type. the lowering of the final plate of the shield over the large 
number of [)"lpes and the ootaining of smaJ.l clearances such that the 
pipes may be welded to the plate presents a considerable alignment 
problem. Figure II~ p~ shows a possible means of lessening 
the difficulty. A tapered collar 1s v.elded to each pipe; then tne 
plateD dril~ed and tapered to fit the collars can be lowered over 
the "fore~t" much mars ~asily since precise ~lignment before lowering 
is not necessary. As the plate is lowered p it wi~l ~end to align 
itself properly on the tapered collars. 

The procedure used to insert the outer aluminum tubes into 
the steel pipes of the shield has several alternattves,,' The 
tubes may be inserted through the shield indl vidually a,;ld subse~ 
que.ntly welded to'the tube sheet; the tube sheet with the tubes 
all"eady attached may be int;>',)Quced as a unit Q The former met,h:)Q 
will probably allow the cleararice between the tube and pipe to be 
smaller» which is desirable for several reasonso Unless prefabric~tian 
of the tube sheet v tubes 0 the bottom pIa. te of the shield an.d the 
shield pipes is pOSSible, however.'the procedure of inserting the 
tubes individually is not a desirable one in the case of the top 
shield ~ b(~r.::e.use it w:;uld requi re overhead IJ'ljsldi ne of aluminum p whi ch 
is not recommended., HO'Jllf.:"Jer. if the multiple unit type 1$ used for 
the top shield g a close clearance may be obtained by lowering a shield 
unit over a single tube!} the re""erae of the other procedurso 'l'he 
lowering of a single ... uni t top s!.1.ield over the 456 aluminum tubes is 
undesirable because of the difficulties of alignment, obtaining 'small 
clearances D and of handling of' a heavy shield without damaging the 
tubeso In the bott.om shield~ however!) the tube .sheet,t punched with 
th~ appropriate holes. may be laid on the ~hield and the tubes. then 
pushed t.hrough and welded to it" 

Smaller clearances may be obtained between the plates and pipes. 
alignment difficulties ~ay be simplified, and the oomplications ~f 
shrinking rings on the forest of pipes can be appreciably reduceo~ 

"by p:r.~~fabrlcatine the entire shield with t.he aluminum tubes and tube 
sheet before setting it in place. The chief disadvantage of complete 
prefabrication is the large weight (50-80 t~ns) of the complete uni't o 

(3) Shie.l<!~ee~) From a ahielding ... matertals viewpoint ~ the 
types of shiRld may be classified into two groups; layer type» in which 
the shield ts composed of alternate layers of dense and hydrogenous 
materials, and the uniform type~ a more or less homogeneous mixture 
of the two substances. 

(a' Layer type shi~ "ids ~ Layer shields may "be e1 tb.er wet or 
dry, a.no are constructed by (a) wl31dlng vertical steel tubes or 
pipes t~ the bottom plate and then (b) slipping over these pipes the 
alternate layers of the tWD-.hielding materials, unless~ of course. 
as in the case ~f wet Shield, the hydroeenous material may be introduced 
later~ In the wet shield o spacers may provided t:J keep the metal 
plates at the desired spacing. These spacers may be long rectangular 
steel strips welded to the plates and running between two rows of 
tube holes: they may 81so be made to guide the flow of the hyaroGenous 
liqUid in the event it is to Circulated as coolant4 An alternative 

spacing as the. aluminum tubes are made an integral part of the 
shield. These pipes are welded t~ the ~nd plates of the Bhield Q 

Sea F'lgur-9 I, p, In tne const.ruotion of a lilrge unit of this 
type. t~e lowering of the final plate of the shield over the large 
number of [)'lpes and the obtaining of smal.l clearances such that the 
pipes may be welded to the ?late presents a considerable alignment 
problem. Figure II~ p? shows a possible means of lessening 
ttle difficulty" A tapered collar is welded to each pipe; then tne 
p!ste o drilled and tapered to fit the collars can be lowered over 
the "forest" much mors ~asily since preCise ~lignment before lowering 
is not necessary. As the plate is lowered. it wi~l ~end to align 
itself properly on the tapered c~llars. 

'T'he procedure used to insert the outer al uminum tubes into 
the steel pipes of the shield has several alternattves,,' The 
tubes may be inserted thr.·ough the shield individually aod subse-~ 
quently welded to' the tube sheet .. the tube sheet wi th the tubes 
already attached may be intJ',)d\..wed as a uni t. The former met,hod 
will probably allow the clearance beh~een the tube and pipe to be 
smaller, which is desirable for several reasonso Unless prefabrication 
of the tube sheet'i t .. :tbes ~ the bot t, orn plate of the shield and the 
shield pipes is pos'sible~ however~' the procedure of inserting the 
tubes individually is not a desirable one in the case of the top 
6hield~ because it w~uld require overhead welding of aluminum, which 
is not recommended., HowF.lver. if the multiple unit type 1s used for 
the top shield,! a close olea.ranee may be obtained by J.oweJ?ing a sl1ield 
unit !Jver a single tube 9 the re""e1'86 of the other procedure~ '1'he 
lowering Qf a singU:-uni t top sh.ield over the 456 aluminum tubes is 
undesirable because of the difficulties of alignment, obtainlngsmal1 
clearances, and of handling Of"8 heavy shield without damaging the 
tubeso In the bott.om shleld~ however!) the ·tube .sheet t punched with 
th~ appropriate holes. may be laid on the ~hleld and the tubes. then 
pushed t.hrough and welded to it., 

Smaller clearances may be obtained between the plates and vipes. 
alisnment difficulties ~ay be simplified. and the compllc~tions of 
shrinking rings ~n the forest of pipes can be appreciably reduceQ~ 

. by prt)fabrlcatine: tht::" entire shield with t,tle aluminum tubes ana tube 
sheet before setting it in place. The chief disadvantage of complete 
prefabrication is tb.B large weight (50-80 t:;ns) of the complete IAni,to; 

(3) Shi~.1s.2.xeeE!.~ From a ahielding-matertals viewpoint ~ the 
types ~f shield may be classified into two groups; layer type i in which 
the shield :tS composed of alternate layers of dense and hydrogenous 
materla~sJ and the uniform type, a more or less homogeneous mixture 
of the two substancesu 

(a' Layer type shit' ids ~ Layer shields may be e1 ther wet or 
dry, ana are. c:)nstructed by (a) w!)lding vertical steel tubes or _ 
pipes to the b~ttom plate and then (b) slipping over these pipes the 
al ternate layers of the two-)5hielding materials ~ un!ess" of C::Hlrsr~ il 

as in the case of wet sh1eld j the hydroeenous material may be introduced 
latero In the wet shield 9 spacers may be provided tCl keep the metal 
plates at the desired spacing. These spacers may be long rectangular 
steel strips welded to the plates and running between two rows of 
tube holes: they may als'O be made to guide the flow of the hyaroEenous 
liquid in the event it is t~ be ciroulated as coolant. An alterndtive 
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t~ the ~se of these spacers is to bQild up the shield by altern)tely 
laying plates and chann~ls ar~und the periphery. the channels serving 
to keep the p.Lates spaced. and the plates supporting their own 
w~i ght ~ One diff.i cuI ty enCDuntElred in this ty pe of shield ~ however ~ 
is the escape of radiation through the clearances between the plates 
and the steel pipes 0 If standard c::>nstructi::mal procedul'"'ss cannot 
provide a sufficient~y small clearance. the condition may be remedied 
by the use of shrink rings or collars. These ere met~l anriular rings 
which are shrunk on to the p~pes after each plate is lowered into 
position; they may also serve as the spacers to support the we~ght 
of the plate above (See Figo 1119 pa ) D An outgro.th of this 
idea is to enlarge these rings sufficiently to provide the shielding~ 
thus eliminating layers of large plates. Such 8 scheme is sketched in 
Figure IV D po ~. The shield pipes have welded to them D on 
a.ppropriate spC:\cing~ squ.::are fllates or collars drilled to accommodate 
the pipe; the length of the side of the squate plate 1s equal to the 
tube spacing. These pipes with the collars welded on can be easily 
prefabricated; they are then inserted 1n the lower end plate of the 
shield and welded to it as in the usual constI·uction. The clearance 
between the collars on two adjacent pipes may be shielded by sliding 
long metal strips between t~e rows of t~bes such that they extend across 
the Shield. The strips on the next layer would be inserted perpen~ 
dicular in direction to the former layers such that in two laye~s no 
gap is unblocked. This type of construction eliminates the difficulties 
:)f sliding heavy plates over a number of pipes and keeping the 
clearances small; it also leaves no clearance between plate and pipe. 

The advantages· of a wet layer-type shield are: (1) the hydrogenous 
material may be the coolant. permitting good temperature control 
throughout the shield D (ii) the hydragenous liquid wiLl fill all 
cornersp clearances, etc.,:) (iii) in c~ses where the hydrogenous· 
liqUid is the coolant~ any decomposition products may be removed 
from the shield a~ the coolant is circulated. Ho~evera ~hle type of 
shield requires a lea.'{..;proof construotlon D and care must b~ tal~en 
that no sizable gas pockets are present ·within the shield. Also)) the 
ooolant may ce use corrosion of the other material and may bee ~me 
active itself. In a dry la;yer~type shield&' although t.he leak,,:p.roof 
a~nstruction is avoided (except where ctioling water must be circul~ted). 
~rbvision for adequate removal of evolved gas must be madea .Grooves 
or corrugations 1n the p~ates may be a s~tisfactory solution· to this 
problem, Hi gh temperat ures in the poorly~·c:: onduct lng hydrogenous 
material must be aVoided by careful designo . 

(b) Uniform shields: Two possibilities have been considered 
in this categorYD viz. concrete and the shot ty?e. the concrete may 
be a standard mix or one of special composition. similar to thctt used 
at Site X. The shot type consists of small pieces of metal, (leBd 
or iron) with wate~ or other hydrogenous liqUid as the surrounding 
medium. The sha?e of the shot pieces may be varied to provide· 
sufficient free volume so that the requi~ed water-metal ratio is attained. 
If this is impo~sibleJ screens may be used to increase the free 
volums 9 Either of these two materials may be poured into a water 
tiCht box consisting ora bott~m plBte with the steel pipes welded 
into it and enc16sing walls on the sides. The c~nstruct1on of this 
type of shield is probably the simplest of those discussed a 

t~ the ~se of these spacers is to bQild up the shield by altern)tely 
laying plates and chann~ls ar~und the periphery. the channels serving 
to keep the p.Lates spaced. and the plates supporting their own 
w~i ght ~ One diff.i cuI ty enCDuntElred in this ty pe of shield ~ however ~ 
is the escape of radiation through the clearances between the plates 
and the steel pipes 0 If standard c::>nstructi::mal procedul'"'ss cannot 
provide a sufficient~y small clearance. the condition may be remedied 
by the use of shrink rings or collars. These ere met~l anriular rings 
which are shrunk on to the p~pes after each plate is lowered into 
position; they may also serve as the spacers to support the we~ght 
of the plate above (See Figo 1119 pa ) D An outgro.th of this 
idea is to enlarge these rings sufficiently to provide the shielding~ 
thus eliminating layers of large plates. Such 8 scheme is sketched in 
Figure IV D po ~. The shield pipes have welded to them D on 
a.ppropriate spC:\cing~ squ.::are fllates or collars drilled to accommodate 
the pipe; the length of the side of the squate plate 1s equal to the 
tube spacing. These pipes with the collars welded on can be easily 
prefabricated; they are then inserted 1n the lower end plate of the 
shield and welded to it as in the usual constI·uction. The clearance 
between the collars on two adjacent pipes may be shielded by sliding 
long metal strips between t~e rows of t~bes such that they extend across 
the Shield. The strips on the next layer would be inserted perpen~ 
dicular in direction to the former layers such that in two laye~s no 
gap is unblocked. This type of construction eliminates the difficulties 
:)f sliding heavy plates over a number of pipes and keeping the 
clearances small; it also leaves no clearance between plate and pipe. 

The advantages· of a wet layer-type shield are: (1) the hydrogenous 
material may be the coolant. permitting good temperature control 
throughout the shield D (ii) the hydragenous liquid wiLl fill all 
cornersp clearances, etc.,:) (iii) in c~ses where the hydrogenous· 
liqUid is the coolant~ any decomposition products may be removed 
from the shield a~ the coolant is circulated. Ho~evera ~hle type of 
shield requires a lea.!{..;proof construotlon D and care must b~ tal~en 
that no sizable gas pockets are present ·within the shield. Also)) the 
ooolant may ce use corrosion of the other material and may bee oltle 
active itself. In a dry la;yer~type shield&' although t.he leak,,:p.roof 
a~nstruction is avoided (except where ctioling water must be circul~ted). 
~rbvision for adequate removal of evolved gas must be madea .Grooves 
or corrugations 1n the p~ates may be a s~tisfactory solution· to this 
problem, Hi gh temperat ures in the poorly~·c:: onduct lng hydrogenous 
material must be aVoided by careful designo . 

(b) Uniform shields: Two possibilities have been considered 
in this categorYD viz. concrete and the shot ty?e. the concrete may 
be a standard mix or one of special composition. similar to thctt used 
at Site X. The shot type consists of small pieces of metal, (leBd 
or iron) wi t.h wa t.er· or other hydrogenous 1 i qUid as t.he surround ins 
medium. The sha?e ~f the shot pieces may be varied to provide· 
sufficient free volume so that the requi~ed water-metal ratio is attained. 
If this is impo~sibleJ screens may be used to increase the free 
volums 9 Either of these two materials ma~,' be Doured into a water . . 
tiCht box consisting ora bott~m plBte with the steel pipes welded 
into it and enc16sing walls on the sides. The c~nstruct1on of this 
type of shield is probably the simplest of those discussed a 
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T concrete mass may be cooled by embedding oooling water pipes at 
appropriate polnts~ or water may be clrculated through holes in the 
concrete itselfc In order that'the wat.er content ::>f" the concrete be 
kept higha it may be desirable t::> keep a concrete shield flooded with 
w~ter at all timesc A problem whioh requires Borne care in its sOlution 
is that of the strains introduced into the shield pipes by any change 
in volume of the concrete upon s(atting" Relatively thick cor1Crete 

ields would required. (See Sec. III-A) D 

In an iron shot shield boron introduced easily as boron 
ate shotD In form of shot trle strength of the material 
is unimportant. the boron content need not be limited aa it ~OUld 
be. for examplSh in the case of self-supporting p!ates in s wet layer 
ty 6hield o 

(c) Separate thermal shield~ The shield maYD 86 &t Slte 
w~ be divided into two sections; thermal and biological. The two 
sect ions may be physically and structurally separated ,; The 
biological section may be anyone ot' '/jhe types discussed above; the 
thermal shield may be made of a thick plate or of thick cast iron 
blooks in e1 ther of which over 99~of the incident energy can he 
removed. Blocks appear more attraot1vea The~e blocks fall into 
the multi-un1t classtflcatioo D (see Sec. !V'-B ... {n and ml).st overlap 
::)oe another to pre11entradiation leal(,age between two adjacent bloCKS" 
(See Fig. IX~ po )0 The advantage of euch a construction i6 that 
any local ·thermal expanst ~n or at.rese i a not directly transmi t.ted 
to the remaj.nder ::)f the shield 0 ]:!;ach block may be made t,C 1'i t. over 
any number of t~beB; however) it may be desirable to provide 8 

blook f:)r eaoh tube for two reasoos; (a)les6 difficulty with thermal 
expansion and (b) easier essembly of the top shield where the blocks 
must be slid down over the aluminum,tubesD d possible stem 1s 
sket,ched in Figur€l: V~· po 0 

The previous sections have c~nsider~d the main b::)dy ::)f the shield 
and the inhomogeneities introduced QJ1tl1e st.eel pipes which pa~,6 through 
the shi~~ld and enclose tl'l.e aluminum tubes ... "JVithin these pipes~ 
however» there are three gaps through whlch l"adiation could escape; 
(ll between the outer aluminum tube and the steel pipsD' (2) between 
the trmar a:1d outer aluminum 'tubes J and (3) instde the laner alumlnunJ 
tube o' (See Sec" IV -8 ... 1) ~ , 

Blocking the gaps between the tube anG the pipe and betfteec the 
inn~r and outer tubes is difficult un~ess the clearances cen be made 
sufficie.ntly small that, the escaping ra.diation is tOlerablSG The 
cloarance between the ::)uter tube and the pipe may be decreased if 
er;.ch aluminum t':t.be can be separately introduced ihrou.gh the shield 
tubes and then welded to the tube sheat or if. in the ca.e of the 
multi-unit type shield~ the s~ield unit can bo slid down over a sma~l 
li.U-i.ibe:r- 01' t \.lOBS· j) (see Sec", rv. .. B-2) III or j, f the sh.ield9- tubes. and tube 

~ sheet can be prefabricated into a single unit. lhis clearance may 
be fux·thel' reduced by expanding the tube against the !}Jall th.e deal 
pipe by a rolling procedurec Shrinking the tubes into the pi 6 is 

-9'.e::> 

The concrete mass may be c~oled by embedding oooling water pipes at 
appropriate p~ints~ or water may be circulated through holes in the 
concrete it,seli' Q In Qrder t,bat· the water content of tl1e concrete be 
kept hie;h~ it may be desirable to keep a concrete Shield flooded with 
w~ter at all timesb A problem which requires some care in its solution 
is that of the strains introduced into the shield pipes by any change 
in volume of the c'Oncrete upon s~ttingo Relatively thick coricrete 
shields ft~uld be required. (See Seco III-A) Q 

In an iron shot shield boron m~y be introduced easily as b'Or'On 
ste shot, c, In the form of sh'Ot where trie strength of the material 
is unimportant. the boron content need not be limited as it ~OUld 
be a for examplej:> in the 0 ase ~f self-sl.lPpol't,ing p.la'tes in a '~1iat layer' 
type shield" 

(c) Separate thermal shield; The ehield maYt as &t Slte 
W~ be divided into two sections; thermal and biological. The two 
sect ions may be physically and str-ucturall;y separated Q The 
biological section may be anyone of' 'the types discussed above; the 
thermal shield may b·e made of a tbick p.l.ate Dr of thick cast ir'On 
blocks in either of which over 99~of the incident energy can be 
removed. Blocks appear more attraotive. Theie blocks fall into 
the multi-unit classlficat1on o (see Seo. ~-B-2) and must overlap 
one another to pre'IJentradiat i on ler:dtage bet V'veen two adjacent blocks" 
(See Figa IX, po )Q The advantage of auch a construction is that 
any local thermal expansion or stress is not directly transmitted 
t,o the rema5.oder of the shield 0 Each block may be made to 1'i tOiler 
any number of tubes; however) it may be desirable to provide 8 
blo!)k f'Or each tube for two reasons; (a) less difficulty .wit.h thermal 
expansion and (b) easier essembly of the top shield where the blocks 
must be slid d'Own over the aluminum tubes. d possible system is 
sket,ched in Figur~ V,. p\)O 

~e Irhomogeneities~ 

The previous sections have cJnsider~d the main body of the shield 
and the inhomo~!.eneities introduced l:.>ythe s'ueel pipes which pee.s through 
the shield and enclose the aluminl..1ID tubes .. ·~nthin these pipes u 
however» there are three gaps through whtch radiation could escape~ 
(1). bet'!lreen tlle out,er aluminum tube and the steel pi pe (). (8) between 
the inner aad outer aluminum tubas» and (3) instde the lnner alumlnum 
tube,,·{See Sec. lV-S ... l)0 ' . 

Blocking the gaps between the tube and the pipe and between the 
inn~r and 'Outer tubes is difficult unless the clearances cen be made 
suff1c1s.ntly small that, the escaping ra.diation is tOlerable The 
clcarance between the 'Outer tube and the pipe may be decreased if 
e~~ch aluminum ti;J.be can be separately 5.rJtroduced throu.gh the shield 
tubes and then welded to the tube sheet or if. in the ca~e of the 
ruul t 5..~uni '(, ty pe Shield ~ the s~1.i,eld uni t. can bo slid clown over a smaJ.l. 
u.l.i.£.1t~e:r- 01' t'-loesj) (see Sec" I\i: ... B-Z):. or if the shielcl. tubes,. and tube 

,. sheet oan be prefabric~ted into a single uni'~ ~ J.his clearance may 
be fLu:·ther reduced by expan.ding the tu))e against the 1,"Ja11 of th.e s.eel 
pipe by a rolling pr'Ocedure c Shrin.king the tubes lnt:.) the pi is 
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another means to the same end. Another possibility is thdt of 
me. chi ni ng t.he tube and pi pe such t.hE:: t an oV8:rlappi ng sis 
introGuced. Other than making tho o~ieinal Blecr~ncE b ween 
the inner and outer aluminum tubes as small as practicable. no 
suggestion has as yet been made for shie.iding thts weakly absorbing 
regiODa Shielding the clearances inside the inner aluminum tube 
presents"'differen'\i problem at each -2nd 'Of the pile,. Any blocking 
scheme at t end through which the roda are charged into and 
removed from the pile 9 must provide sufficiefit room to permit 
passage of the rodo 

A possible scheme which may satisfy these conditions (see Flg~ 
VI + VIlv pages ) is that :;If expanding into the aluminum tube v 
at a positi.on corresponding t::> the plJ.e face of the shield g a 
hollow cylinder whose walls wi.!.1 shield the greater part of the 
water annulus around the ~tive rod. and whose inner diameter 11 
permit passage of the rod. The diameter of the rod extention at this 
section may be decreased to compensate for the reduced area for 
water flowa This cylinder! which may extend about one-half the 
distance through the shield~ must be made ofa or coated ~ithD 
aluminum for corrosion resistance. Beyond this cylinder. toward 
the outer face of the shield, the rod extension itself will 
~.11.ct'0<?se in diameter until the :)" D ' is larger than the 1 n D" of 
the aforementioned cylinder. there~y completine the blocki of the 
water annulus around ths rod. Sufficient free area for water fl~w 
t.hrough the rod extension must be pr:Jvid by using 50me sort of 
ho~low cylinder for the rod extension at this pofrit. As shown 1n 
Figure VI~ p. ~ ~he central section of the tube may be shielded 
by a metal plug attached to the end of the active rod. At the 
opposite end of the pl1e~ the co~plicBtion ot rod removal is 811mlnated 
and the shielding llDecomea more simple,. He:ra an e"'''ger or ~ series 
of cylinders as above may be used. The physics of these systems 
has not been investigated to determine their efficacy. 

D: ~ftiel£...Supeort: 

A common feature of end shields on a vertical pile is that they 
must support a large weight. This consi B 'Of their ORn weight 
plus the wieght of additional equlflment to Which they are attached 
(piping) 'Jr \'Vhich they «lay support. (aluminum tank containing thE-) 
P ... 9) 0 Because Of. the large number of closely spaced pipes emergil1g 
from the ahields~ support around the edfes appears mosi practicaL. 
lhe shieJ,.d. can be supported either by a thick plate extending across 
the face of the pile. Dr by a series ~f indi7idual beams running 
across the shielrj between the rDWS of tubes 0 

+ ; Pl<;lte ~ "rhe shi. eld was a ssuqisd to be 6i ther a 
ten-foot square or a circleD ten feet in diameter» freely supported 
at the eq 5" 

The approxlmatestresses in the square plate were calculatea by 
using the equati3ns for a freely supported circular plate whose 
diameter was that of the circle circumscribed about tho squareu 
Square plate stresses calculated in this way are estimated to 
high by 50 per cent. In the event that the lower steel plats.of 
the shield must su?port a weight of W tons. the stress. S(lbs/sq.in.), 
develo d at t.he center of the plate and on its surface i8 esti:-nated 
A' . IJO not greater t~Hm that given by 

S "" Eti!,' 
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another means to the same end. Another possibility 1s th~t of 
machining the tube and pipe such t.h;;:,t an ove:;:lapping s·~e is 
iniroGtiJ:;ed n Other' thC:\n ma.king tho 0':;:igi:1e.l alet.:l'E..nC2 b !!'isen 
the inner and outer aluminum tubes as small as practicable. no 
suggest! on has as yet been made for shie.i..ding this weakly ab~wrbing 
region. Shielding the clearances inside the inner aluminum tube 
present.sadtfferen'\j problem at each snd of the pile" Any blocking 
scheme at the end through which the rods are charged into and 
removed from the pile g must provide sufficiefit room to permit 
passage of the rod~ 

A possible scheme which may satisfy these conditions (see Flg~ 
VI + VII, pages ) is that of expanding into the aluminum tube 9 

at a posit i;;n corresponding t:J the pl.L.B face 'Of the shield ll a 
hollow cylinder whose walls wi.L.l shield the greater part of the 
water annulus around the ~tive rod. and whose inner diameter will 
permit passage of the rod. The diameter of the rod extention at this 
section may be decreased to compensate f'Jr the reduced area for 
water flOWn This cylinder, which may extend about one-half the 
distance through the shield. must be made ofl or coated with. 
alumin~m for corrosion resistance. Beyond this cylinder. toward 
the outer face of the shield, the rod extensiJn itself will 
l,(1C"(,00.38 in diameter until the :)" D.,' is larger than the 1 n D" of 
the .:;f'orementioned cylinder~ there,by completing the blocking of tl'H.:l 

water annulus around the rod~ Sufficient free area for water flQW 
through the rod extension must be provided by using some s~rt of 
hO.L.low cylinder for the rod extension at this pofrit. As shown in 
1"1 gure VI:l P ~ J the central sect i::)L1 of t he tube may be shielded 
by a metal plug attached t~ the end of the active rod. At the 
opposite end of the pl1e g the oo~plic8tion ot rod removal is 81imlnated 
and the shielding ilDecomes more simple., Hel'i! an e'",ger or tl series 
of cylinders aa above may be used. The physics of these systems 
has not been investigated to determine their efficacya 

D~ ~i:'tiel~L Sut2eort: 

A common feature of end shields on a vertioal pile is that they 
must support a large weight. This consists of their ORn weight 
plus the wieght of additional equi?ment to IiYhlch t.hey are attached 
(piping) or which they may support (aluminum tank containing the 
P ... 9)~ Because of, the large number of closely spaced pipes emerginG 
from the ahield5~ support ar~und the edges appears most practicaL . 
.I.he Shit9~d. can be supported either by a thick plate extending across 
the face of the pile, or by a series ~f indi7idual beams running 
acrOBS the shield between the rows of iiubes" 

4- ~ Plat~ J:.yp~.l '-Phs s11i. eld was a ssuaied to be 6i ther a 
ten-foot square or a circleD ten reet in diamet~r» freely Bupported 
at the eqgs::; v 

The approxlmatestresses in the square plate were calculatea by 
using the equations for a freely supported circular plat~~ whose 
diameter was that of the cirole circumscribed about the squareu 
Square plate stresses calculated in this W8J are estimated to be 
high by 50 per cent. In the event that the lower steel plate.of 
the shield mUDt su~port a weight of W tons. the stress. S(lbe/sq.in.), 
developed at the center of the plate and on its surface is estimated. 
t obe not· g.r.'eater t~H.m that g1 ven by 
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where K, a function of t~ 
in the following table: 

10 foot souare 
tin.) 'K 
2 625 
4: 156 
tl 70 
G 39 
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the pl&te thic~ness in inches p is given 

c Lrcl e 
t in 0 

2 
4 
6 
8 

10 feet in diameter 
Ie 

398 
100 

44 
25 

;\s ;-statea in Secti~n !v- B ~2, to pro'teet the a1.umlnum tubeG D 

steel pipes are made an integral part of the shield (see Fig. I, p. )~ 
these may affect the stresses induced D as follow8~ In the event 
that the weight, ~ t~ns~ is supported by the top and bottom plates 
of t.he shield 9 each of thickness t inches e spaced at a distance r. 
inohes (center to center)~ and c~nnected by 456 steel plpes g such 
that the whole may be considered as on~ be&ru g the moment of inertia 
is so considerably increased that the values ~)f K elre appreciably 
reduced ~ K i 8 now, 11 owever:fA functi on of both t and To Estima ted 
coriservative values ar~i 

~, in Q 

2 
4 
6 
8 

t io" 
2 
-4 
6 
8 

10 foot square 
T ': 60 in. 'I' .. 36 in. 

K ·t in" K 
6,,2 2 306 
3.1 4 108 
20:3 6 1 0 3 
1,,8 e 100 

circle 10 feet in diameter 

'1' :! 36 ioo 'T' :: 60 in" 
Tr 
1\ 

t . ." J. no K 
309 2 203 
2,,0 4 102 
104 6 008 
1"J. 8 0.0 

It is apparent from these result~, that the connecting of the 
tW;) pli:lt~'lS by the steel pipes ie. most desira.ble from the structural 
point of view- In this system, however, the steel pipes and the 
alum:Lnum t.ubes wi thin them are deformed an amount proportional to the 
dev1a.t1~n of the plates from the horizontal. The streEs in the 
al,uminv!Ti. tube is approxtmat,ely one f:)urth that in the steel 
pi pe ,3u.rround lne; i t-e Using the same fo:rrnula 9 S ::: RW. and tabula t j, ng 
the estim&ted values of K foX' the 'liiteal pipes we have: 

10 foot square 
T:: 36 in. T :: 6::> in. 

tin" K t in n K 
2 200 2 0043 
4 101 4 0.22 
6 O~77 6 0015 
8 0,,61 8 0<12 

" 

where K, a function of t~ 
in the following table: 

10 foot souare 
tin.) 'K 
2 625 
4: 156 
tl 70 
G 39 
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the pl&te thic~ness in inches p is given 

c Lrcl e 
t in 0 

2 
4 
6 
8 

10 feet in diameter 
Ie 

398 
100 

44 
25 

;\s ;-statea in Secti~n !v- B ~2, to pro'teet the a1.umlnum tubeG D 

steel pipes are made an integral part of the shield (see Fig. I, p. )~ 
these may affect the stresses induced D as follow8~ In the event 
that the weight, ~ t~ns~ is supported by the top and bottom plates 
of t.he shield 9 each of thickness t inches e spaced at a distance r. 
inohes (center to center)~ and c~nnected by 456 steel plpes g such 
that the whole may be considered as on~ be&ru g the moment of inertia 
is so considerably increased that the values ~)f K elre appreciably 
reduced ~ K i 8 now, 11 owever:fA functi on of both t and To Estima ted 
coriservative values ar~i 

10 foot square 
'I' 36 in. ",,' 60 in. s 1 -.. 

K ~~. 

in" K \I 
A ina 1, 

2 6,,2 2 306 
4 3.1 4 108 
6 20:3 6 1 0 3 
8 1,,8 e 100 

circle 10 feet in diameter 

'1' 36 ioo "fI ... 60 in" :! 1 -t io" Tr 
1\ t J. no K 

2 309 2 203 
-4 2,,0 4 102 
6 104 6 008 
8 1"J. 8 0.0 

It is apparent from these result~, that the connecting of the 
tW;) pli:lt~'lS by the steel pipes ie. most desira.ble from the structural 
point of view- In this system, however, the steel pipes a.nd the 
alum:Lnum t.ubes wi thin them are deformed an amount proportional to the 
dev1a.t1~n of the plates from the horizontal. The streEs in the 
al,uminv!Ti, tube is approxtmat,ely one f:)urth that in the steel 
pi pe ,3u.rround lne; i t-e Using the same fo:rrnula 9 S ::: RW. and tabula t j, ng 
the estim&ted values of K foX' the 'liiteal pipes we have: 

10 foot square 
T :: 36 in. T :: 6::> in. 

t in" K t inn K 
2 200 2 0043 
4 101 4 0.22 
6 O~77 6 0015 
8 0,,61 8 0<12 



tin., 
2 
4 
6 
S 

T = 36 In .. 

K 
0.87 
0.46 
0032 
:'.>026 
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circle 10 feet 1n diameter 

T ::: 60 1no 

t lno 
2 
4 
6 
e 

K 
o a l.~~ 
0009 
0.06 
O~05 

In order to est 1ma te stressef?'p . the total. vve~ ght of any proposed 
sy stem must be calculated" Rough estlma tea for a shield l' iva feet 
thick. composed of iron plates and water» and supporting the pile 
tank and the piping at the bottom. indicate that the shie~d must be 
support a weight of approximately 110 tons¢ 

Only 1n the case where this load is supported by one plate are the 
stresse~ high.. For example» with a ~eight of 100 tons~ a 4 inch plate 
would develop a stress of 10-15~OOO Ibs./sqoin. 

In the event that large thick plates are not av~ilable or cann~t 
be handled g the support may be either by beams or several thin 
plates placed one on top of the other. ' 

~~_.~~~~ Typ~~ Since there are 24 r~wa of tubes and the d1st~nce 
between them limits. the width of the suppo~tlnB beams~ there will 
probably be 25 beams used to BUp?Ort the shield (See Fig. VB p. .) 
Assuming that the beams have a rectangular cross-section 9 are -
10 feet lon8~ and are freely supported at the ends, the stress. 
S (lb/sqDin~)o developed at the center of the beam and on its 
surfaces may be expressed as 

S :-; K\"J 

where W is the total load in tJns v and K is a function cif the 
number of beams N~ the beam thloY~.ess ·t J and the beam width bo 
Typical values for K are given in the ~ollowing table: 

N ::: 25 N :: 25 N = 25 
b = 1 b :: 1.5 ·b :: 2 

t 1110 K t. tn. K t in. K 
2 1800 2 1350 2 900 
4 450 4 3~:O 4 230 
6 200 6 150 6 100 
S 110 8 85 8 55 

• 
To'support 100 tons, f:)r exampleD the beam thickness should be about 
six i nches ~ From the table above D thi s thi ckness will kee? the worl.d.og 
stress at 10-20,OO~ IbsQ/sq~1no Beams of other cross-sections may 
also be used v the stresses being the same for equal sectlon modulL" 

tin., 
2 
4 
6 
S 

T = 36 In .. 

K 
0.87 
0.46 
0032 
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circle 10 feet 1n diameter 

2 
4 
6 
e 

T ::: 60 1no 

K 

0009 
0.06 
O~05 

In order to est 1ma te stressef?'p . the total. vve~ ght of any proposed 
sy stem must be calculated" Rough estlma tea for a shield l' iva feet 
thick. composed of iron plates and water» and supporting the pile 
tank and the piping at the bottom. indicate that the shie~d must be 
support a weight of approximately 110 tons¢ 

Only 1n the case where this load is supported by one plate are the 
stresse~ high.. For example» with a ~eight of 100 tons~ a 4 inch plate 
would develop a stress of 10-15~OOO Ibs./sqoin. 

In the event that large thick plates are not av~ilable or cann~t 
be handled g the support may be either by beams or several thin 
plates placed one on top of the other. ' 

.§J.:...._.~Sl.!:..1!l Typ'~ ~ Si nee there are 24 r:::)WfJ of tubes and the d1 stl.:\rlce 
between them limits. the width of the suppo~tlnB beams~ there will 
probably be 25 beams used to BUp?Ort the shield (See Fig. VB p. .) 
Assuming that the beams have a rectangular eross-section 9 are -
10 feet lon8~ and are freely supported at the ends, the stress. 
S (lb/sqDin~)o developed at the center of the beam and on its 
surfaces may be expressed as 

where W is the total load in tJns v and K is a function cif the 
number of beams N~ the beam thloY~.ess ·t J and the beam width bo 
Typical values for K are given in the ~ollowing table: 

N ~ 25 N .~ 25 N - 25 - -b - 1 b "'" 1.5 ·b :: 2 - -
"- 1110 K t. tn. T( t in. K u 

2 1800 2 1350 2 900 
4 450 4 3~:O 4 230 
6 200 6 150 6 100 
S 110 8 85 8 55 

• 
To'support 100 tons, f:)r exampleD the beam thickness should be about 
six i nches ~ From the table above D thi s thi ckness will kee? the worl.d.og 
stress at 10-20,OO~ IbsQ/sq~1no Beams of other cross-sections may 
also be used v the stresses being the same for equal sectlon modulL" 
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For eX5!mple~ T-shaped beams mtgl1'u be ffl::)re b:.mvenicmt in supi?Qrtine; 
the cast ... iron block,s of the the.l"'l'l'zsJ: shie1d (see Seot. Q IV f3..,3 e:Hld 
Flg~ VIII. p~ ) where the leg ot th~ T ~iBbt fit into an 
accommodating slot 1n the blocksu 

E; Heat Removal ~The amaurrt of' l"adial'.,t energy inoident. on i~tle 
c;hieldF.a'S~~l?OLlghlY EH;;'~illiated by Fl"iedsnan eU3 342. watts/sq "em" 
(150K~!;; for eaoh ·ana shiel.d).. P,rac·P.c~lly all of this enel-"SY wil~ 
be converted to heat in the first foot ot the sbleld. In the' W 
p11:.--)*Z' for eX:;::tmple t all but about one (,plur't 13I' of one per centot 
the incident enersi appears as heat 1n th~ ten inch blobke of cast 
iX'on which c:::.mp:r1se the thermal shl~ld" 'l'his heat ms.y be rem~)\;ed 
by ·the pi-La c~~J.ing waters a~\ i~ d::Hl.e at. !No or by a 1,jx11iary cO:Jling 
water introduced f-:>l\ that' pUrp~a€L> 1i'or a given syat,eru 9 whether the 
heat may be removed by the pile cooling water without developing 
eXc0sr.:,tve templ:')1"a t J..ll'>eH' v depends on t.he rate at ,which heat 3. s gsner'a'(,ed 
through t,he shield and on the overall heat, transfer coefficient 
obtainable from the shield mdt~rinl to the pile coo11ng watero From 
the appr~xlmate equations gi~art by Woodiobtai~ed by initlally 
ignor-ing radial temperature erad1ents and le.t,er inserting a fact,or 
to correct this omlssion e itappear~ that, of thetwO a the overall 
heat transfer co~frlclent iathe more i~portbnt tsetaro ApprOXimate 
calculations were made for ah ,inCident enersy6f 3.2 watts/sq.ama 
being converted to heat exponent.fall.y in a cast iron 'thermal shield" 
The dimenSions assumed for the t~bes. etc •• Were: 

I~ Do inches .Q4 v" in.ches 
Inner tube (Al) lo06~'i.005 lo26~Q005 
Ouier ·tube (Al) . 1~m8Of;';J05 1.080 ..... ,,005 
8::>re ;.n irof! block 1.~OCL .. ~05 '. 0 "', 
Overall coet fl.cient I)' U, PCU!nr ~-f b" of tube... C:: 4: 

(btjsed on c:>nductivi'\iies of tube and sap materia!s) 

Since the rate at which '(,he heat will appear 1n t.ne shield is n::>t 
definitely lCl'lOVlln at this ti!U~u calc",l.atlons were made for several 
~aseB. Assumtnl an exponential. absorption of the radlan~ energy 
acoordlng to. e- ~i where'b 18 the abB~rption c~efriclent and x the 
tUst,ance from the pile face of tlle shi.6.Ld a the following table gives 
val usa of 4ii, t.he maxlmt.\ffi tempe.rat ure ,difference between .the 0:>01 ing 
wst,er sod t.he point of highest temperature in the shield fOl"VS1"i:;)us 
values ::>1' be> 

··1 
b A t at x :: 0 At at x :.: :3 inches 

em rt",l ~c Oc 
003 9,,2 145 
CL5 15.3 J.53 44 
OQ7 2104- 157 

These results sh::>w that, in addi t i:>n t" a high 1lemperature ~ a sh;;lrp 
10ngttuc1inal t,emperature gradient will exist in the iron bloak. If) 
now. as in the W Shield. U t~e transfer coefficient oao be increased 
to about 20 by deQreasin~the gap sizes or filling them-with materials 
of higher thermal aonductlvlt1es a the maximum t at b = 003 em:l is 
near 600 C" Xf such high temperatures are allowable on the pl10 t'e.ce 

it- Memo W g Ko f~'Voods t.o Hood Wortb.1ngton p "'I'emperatUl'ea at Cen:t,er ,:,f 
Face Shields ~f W P11e n o 8/24/43 

For eXe;njp10~ T-shapecl beams ml.gll't be m~re IDovenioi.1"t: in supl?Qritne; 
the cast-iron block.s of the thermal: sh1e1d{see Seot. IVa ... ;:> and 
[o"lg" VIII~ p.. ) where i1he lag of the :1', might fit 1ll'to an 
aocommodating slot in the blocksy 

E; ~~i....E.§!LnO'lla~.~ 'Th.S &rnoun:t of' 1·E.HH~1i':rt energy, incident. on 1~he 
ohield has been roughly estimated by Friedman as 3.2,.atts/sq.cm~ 
(150K'!~ for each ,end shield) h p.1."6o·P.r.all:f all 'If this energy v~iL~ 
be converted tQ heat in the first foot of the .hisld. In the' n 
p11e*, for examp10 t all but about one quarter df one ~er cent of 
t.he incident energy appears as heat ;to the ta,n i.nch bloc.Ks of C(ist 
il~on which comp:rise the thermal sh~~ldo This heat. ms.y be removed 
by -the pLLe c':)~~.ing vJ£lter~ a~, Li'! done at. Wa or by au.xiliary eo::ling 
water introduced f :)1' that'purp:;:,se.) F'o:r. Ii gi van syst,em~ whether the 
heat may be removed by the pile oODl~nB wate~ without developing 
eXCeSl?)l va tempt;;rra t 1J1"€3S v depends on Ula rate at ,which heaJIJ i. s ger.le1"ated 
through the shield and on the overall heat. transfer. coefflciel'1t 
obtainable from the shield ma·t~riv.l to the pi 1e cooling water 0 From 
the appr~xlmate equations gi veri by ';'iooo,$obta1rted by initially 
ignoring radial temperature gradients and lat.er inserting a fact,or 
to correct this omlssion o it appear~ that, of thetwD a the overall 
heat tra.nsfer coefficient is the more i£.tlpo:r.tant fector., Approximate 
oal.cule.tlons were made f':>r an .inciaent enere:yof 302 watts/squcme 
being converted to heat exponentially in a cast Iron ther~al shield. 
The dimensions assumed for the t~bes. etc.~ were: 

Ie Do *nct1.6S .0" DQ in.ches 
Inner tube (Al) 1.06~~o005 1.2So.i,,005 
Outer tube (Al) . 142SO'f;,:::>05 1.580.;t,,005 
Bore in iron bl~ck 1.600 .005 . 
OV(3l"all coefflcien·t I) U, PCU!iu' ~':ft" of tube ... 

(b<;:lsed on conduct1vlijias of: tube materials) 

Since the rate at whiob the heat will appear 1n the shieLd ie not 
dei"initely 1{J10\l!in at this tilll~o calr.H.,l.atlons were melde for laeVEJ.ra.\. 
CI:lHiles. ASS1.;unto§ an exponeo·tta1.. abao:r:pt.i0':l of the radiant energy 
aC90rding to e- ~ t whe1'e 'b 1$ t.he absorptlon coeffiCient and x the 
ais~ance from the pile face 'Jf the shl.e.t.d 3 the fol.lowing 'table gi ves 
v.lues of ot, the maximum t8mp~ratl~e ,difference between ~he cooling 
wQter snd the point of highest temperature in the shield rorv&ri~us 
values of bo 

··1 
b At ai .x ... 0 At at x =o~ inches 

ft-1 
o¥ 

em ::Ie 
0.3 9,,2 145 
0.5 15 u 3 153 44 
0,,7 2104 157 

Tbese results show that, in addition to a high temperature& a sh.::ll<p 
long1tuciiOQl t.emperatu:!.'.'$ gradient will exist iL, the iron bloaK. If) 
now, as in the W Bhield~ U the transre~ coefficient oan be increased 
to about. 20 by decreas lag the gap sizes or filling them- wi th mater~als 
of higher thermal conduativities. the maximum t at b = 003 om:1 1s 
near 60°0 'J If such high temperatures are allowable on the pile f6;ce 

·n- Memo ~N" Ie Woods t.o Hood VVorth1ngton p tI'remperatUl'ee at Can-t.er of 
Face Shil::ilde of '1</ Pile f

!" 8/24/43 
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o! the thermal shield, p!'ovisi~Hl must be made '(,0 tnsulate "this face 
fl'>Ofl} the a.luminum temk con'~ainlng the ?-Sl" In ~he event thet ~. 
Bufficiently high coeffic~l.err~ is not attaio.abJ..e~ aux.:U.ler;y cooling 
must be provided. 'bis is moat easily accomplished in the U932 of 
t'. wet shield in which the 11~drogeool"ls liquid coul.d also ee1"'lld af;i co:)J.e 
in other types, howeverg cooliog water lines would be required at 
appr t)~:'riat e places ~ J.he tempera'~uras developed in a plate- or blocK ... 

. type thermal sh3.eld.o which. remo'ved 99~ of the inc::d.dent 6!'lSI"BY 
e;~ponenti!:llly have b'~en eS'(,imated for various methods of' co:)11ng" 
In ·t.hese calculatl!l1oB a th,e he~t removed by the. piLe coaling l(later 
WilS ignored'J If' only the t':~qYlt fac~ is cooled, the m,ax1mum temperatt.U"1;I 
difference d~veloped in the ~etal 18 about twlce tbat for the cass 
of cooling both front ~nd rear faces. If'only the rear face ie 
o 0::.>1 eo ~ hOf/ever ,l the 'tempel"ature ~irferenaa i.e about e:tght-fold 
th~t for the tftc-faced Dooling. bigure I. p. illustrates how the 
front face of a plate type ther~al shielG could be aooledQ 

If sufficient heat is generuted in the hydroBsnous material of 
a dry layer tjlpe r;:>hleid& i,ts low. t,h(:)rmr~l c~mductiv;ay might C~\(~:3e 
hJ.gh temp~rat\,l,res t~ de.velop~ On 'the'b::.jt3is of the Q;;dculati;onc 
made on the ''V shi'eldl\ 'howevel"; it, appe.ar;" that very Gmall tempt::l"'i,;\turE.: 
differences will. :rea\~.Lt in tha .. ~ s;,:;..~eldo When the heat dhri'Jr,ibLl,~,ion 
i~) definit,ely k.n~'V'1in fol" '~he P-9 case, tn,ls fact.:!!' must be C0i1s1.dere6. 
in deciding lI.?1yer thic~nesse6 and ar·rangements .. 

o~ the thermal shield B p!'~visi on must be trlade to tnsulate '~his face 
fl"om the aluminum tank ooo'ijainiag the 1'-9" In '~he event t.het ", 
sufficiently high coefficlen:t is n~t e.ttainabJ .. e v aux.U.le.ry co~ling 
must be provldedo 'his is moet easily accomplished in th~ ua3~ of 
f. VlIet shield in which. the hJ/drogeno\.ls liquid coul,d aJ.so eer'il(i af';; cCl:)l~HI'i~" 
in other types, however. cooling water lines would be required at 
appropriat e places ~ J.he temperatures developed in a plate or block ... 

. type thermal shl.e.ld.o which removed 99~ of the inch1ent energy 
Emponenti~lly helve b'3€m e:~'~j.mC:'lted for various methode of cool1ngo 
In theBe calOulationol tbe he~t removed by the piA. cooling water 
wa s ign:lred ~ If" only the t~qnt fac~ is cooled, the ffi!1xlmum tempera .. t t:!I"t;; 
dif ference developed in the met.al j, $- about twi.ce that for the case 
of cooling both front and rear faQes~ If"only the rear face ie 
cooled~ however.', the temperature ~ifference 1.5 about eignt..,fold 
that for the two-faced cooling_ DiBure I~ p. illustrates how the 
front faoe of a plate type ther~al shlal( could be 0001ed o 

If sufficient heat is BenerutB~ in the hydrogenous material of 
a dry layer type shield!) i.ta low 1~hermal c~nduct,1.v:U~y might c ... nt:3e 
htgh t.emp,eratL1l"eS tl~ de.velopo 0(1 '~he b0!l31S of the (')i.:,dculationo 
made on the ~ sh1~ld. however~ it appears that very Gruell tempGrature 
differences 'tlj.lJ. res\l.lt in tha';;' st;i,elda When the heat d1.s'(Jr,ilh\t,~O£A 
i~) definitely kn~wn for t.he P-9 case, tp,ls f'act.!'.)r must be considsref 
in <lec:~ding l;~yer tbic},nes.ees and &rrangHmentso 
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