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Conferencia sobre ¢l uso de Andlisis por Activacién

en lIngenieria,

Centro de Educacién Continua
Facultad de Ingenieria, UNAM. Mayo 12, 1975

El ané|isjs por activacion es un tipo de andlisis que nos permite deter-
minar minimas cantidades de elemento presentes en una muestra dada {lamada matriz,
Su principio es muy simple y consiste en |la comparacion de la actividad inducida en
un patrén con una cantidad conocida del elemento a determinar, con aquella inducida
por el mismo elemento en la matriz. Esto es posible porque el nivel de radiactividad
producido por irradiacién neutrénica principalmente o con particulas cargadas o foto-

nes en aplicaciones especiales, resulta directamente proporcional a |a cantidad de

blanco presente si permanecen constantes los demds pardmetros que intervienen duran

“te la irradiacion. Asf{, considerando el proceso por el cual un elemento inerte A es

irradiado y por medio de una reaccion nuclear produce el elemento radiactivo B, que

puede ser un isétopo de A & bien de otro elemento, tenemos ;
reaccion nuclear

A -3 B

dNB .,
(+) = P-gNg In[P-gNg1= -)gt +InP

dN , P - yaN
____B__: dt AB'B = e-)‘Bt
P - )\BNB P
-)‘BdNB XBNB =P N 1 - e')\Bt]
P :)\Bdt
P -\gNg N

1gNg =0 —— =R}, P =foNy

NP -xNpy}= -»gt + C
)‘B B] B ’ Rl =f UNAE 1 - e')\Bt]
t=0 Ny =0 C=1IhP
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Tebricamente, podtiamos averiguar Na, numero de niicleos que nos
interesa determinar, si conocemos los demds términos de la ecuacion, pero en la
practica experimental resulta sumamente complicado detectar de manera absoluta o
100 % eficiente el nivel inducido de radiactividad Rly por eso se hace uso del mé-
todo de comparacion con un patrén o estandard, y entonces la cantidad de elemento
X a determinar es igual al producto de la cantidad conocida de eiemento en el patron
porOell cociente de los niimeros de cuentas obtenidas al detectar la actividad induci-

da en el problema y el estandard en idénticas condiciones de itradiacidn y eficiencia

en la deteccion. O sea que:

Ax Ac

Ahora bien, en todos los casos, es necesario separar la radiactividad
inducida en el elemento que nos interesa de todas las demds producidas en la matriz,
lo que se logra ya sea en forma por completo instrumental a través del caracteristico
espectro de energia de los rayos gamma lanzados por el radioisdtopo obtenido, valién

donos de analizadores de pulsos capaces de clasificarlos segiin su altura, y siendo

ésta proporcional a la energia disipada por los rayos gamma en el detector, o bien des-

truyendo la muestra y separando-el isotopo radiactivo en cuestion por medios quimicos,

introduciendo acarreadores inertes y precipitando, extrayendo por solvente, por inter-

cambio idnico o por cualquier otro método de cromatografia que nos permita obtener una

muestra radioquimicamente: pura, esto es, emitiendo radiaciones debidas a una sola es-

pecie radiactiva presente.
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La razén de la sensibilidad extrema de este tipo de procedimiento anali-

)

tico podemos encontrarla al examinar la ecuacién que nos proporciona la actividad indu-

cida en una cantidad de elemento inerte al ser irradiado. En efecto, un valor tipico de
n o « N '

fb es 6 x 1013
cm~ - min,

n

f=6x 1013
cm2 - min.
24 cm?

‘

o (bams) x 10 = (cm?)
barn
. ) 23
Na = X - 6.02 10

w

=0
(1-e A t)<]_ lim(l-e"2*Y =0 lim@-e *Y =1
t— 0 t =0

>

0.693

A= ————, Si t=6tl/2 at=4.158 (1-e4.158=0.990521 ix
£ t 1/2 \

100W '
X = R x W _ L3y w

g
6x1013x o x1072% x6.02x1023  36x0 x1012 o

10712 g% 3 x pg

Por tanfo, dependiendo del valor del peso atémico, de la seccién eficaz,
de la abundancia del isbtopo que se activa en la mezcla de isdtopos que forman los ele-
mentos, y del flujo disponible para la irradiacion, podremos determinar pesos de elemen-
to dentro de este mindsculo orden de magnitud. Al no ser posible disponer de otro tipo
de andlisis que reduzca el limite miimo de medicidn hasta estos niveles, 1a sensibili-

dad del andlisis por activacién resulta mds que una ventaja sobre otros procedimientos,
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una cualidad que lo convierte en un género especifico que es necesario adoptar cuando
se trata de identificar o cuantear trazas de elementos, a pesar de las desventajas que
presenta, las cuales son :

a) falta de exactitud, ya que en estos limites los resultados pueden variar por

factores de varias unidades y sequir sjendo vdlidos.

b) el hecho de ser necesario un reactor nuclear, un acelerador de particulas o

una fuente de neutrones con suficiente flujo.
O

¢) no proporciona datos sobre el estado de combinacién del elemento,

d) tiene la limitacion impuesta por la vida media del radioisétopo producido y la
seccion eficaz de activacién del elemento que actia como blanco, lo que no hace posi-
ble este género de andlisis para la totalidﬁgi de los elementos, sino tesolviendo difi-
cultades técnicas mds o menos graves. i

Ahora bien, las/‘aplicaciones del andlisis por activacién a la ingenieria
han adquirido-gral/ri/i’ﬁportancia en los dltimos afios, por el uso de trazadores activables
en vez de radiactivos. Esto es, en lugar de emplear como trazador un compuesto mar-
cado con una sustancia radiactiva, se usa una sustancia susceptible de difundirse en un
sistema y ser detectada por medio de andlisis por activacién, eliminando los riesgos y
precauciones imprescindibles que implica el uso de trazadores radiactivos. Por otra
parte, este procedimiento resulta una herramienta muy adecuada para realizar estudios
de contaminacion que permitan establecer las medidas mds efectivas para combatirla.

En esta forma, podemos examinar los siguientes ejemplos :

en Tokio fué determinada la contribucion de una planta termoeléctrica a

la contaminacién atmosférica por SO2, a través de la inyeccién de CoS04 en el lugar
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de liberacién de los vapores de combustién. Esto se realizé introduciendo rocio de
una solucién de concentracién conocida del trazador dentro del vapor de desecho por
medio de aire comprimido. Cobalto fué el trazador elegido debido a que :

a) tiene una seccidn eficaz de activacién relativamente alta. -

-

'b) el isétopo radiactivo-resultante-de-la irradiacién neutrénica es faciimente de-

tectable.

c) su concentracion en la atmdsfera es insignificante.

d) no resulta téxico.

e) se adapta facilmente a las condiciones de trabajo de campo.

Las particulas de trazador se incorporan a los aerosoles del gas libe--

rado y pueden ser muestreadas en lugares situados hasta mds de 10 km haciendo uso ‘

de bombas de aire y papel filtro. Un muestreo anterior al estudio demostré una con="" ;5‘, :

centracion de fondo de cobalto en el aire de 1 a 6 ng/m3. Sobre 1a base de que el
CoSO4 se comportard en la misma forma que el 502 en los gases de desecho de la -
planta cuando se difundan en la atmdsfera, la concentracion C de ambos se relaciona
con la velocidad de emisién conocida por medio de la ecuacién :

Cs:Ct—g.S_—

Qt
@}

donde los subindices s y t se refieren al SO,y CoS04 respectivamente. En esta
forma, fa concentracion de SO proveniente de los gases de desecho de la planta pue-
den ser medidos, si se determina C; en ese lugar por medio de andlisis por activacion
y Qs y Qt son conocidos. La concentracién total de S0, en el r[lismo lrugar puede ser
medida por otros medios, y la diferencia nos dard fa contribucion de otras fuentes a la

-

contaminacién de la atmésfera por este gas (1),

-
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Trazadores activables han sido usados también para medir el movimien-
to de sélidos en estudios tales como erosidon de costas, corrimientos de'litoral y azolve
de fondos. Un estudio de este tipo fue realigado en la playa de Mondello, en Palermo,
Sicilia. La arena de la playa considerada tiene un volimen aproximado de 9 x »1 o4

m3, equivalente a 2.5 x 10° toneladas. EI trazador elegido en este caso fué pla-

ta, de modo que usando 7.5 kg de este elemento, se obtiene-una dilucién de 30 ng/kg.
El marcado de la arena se realizé por su lavado primero, luego se agrego una solucion
de cloruro estanoso a fin de sensibilizar los granos para el siguiente tratamiento galva-
nico, en el cual 15a 20 % de la plata en solucidn se fija en la arena. De este modo,
fueron marcados 4 00 kg de arena y dispersados en el litoral. Posteriormente se toma=-
ron muestras de 1 kg de arena en los lugares en los cuales se suponia podia haber emi-
grado el material con el trazador activable, y fué evaluada la concentracién de Ag que
presentaban, segin el siguiente procedimiento ; .
a fin de determinar el rendimiento de la separacion de la plata contenida
en cada kg muestreado, se tomé una porcion de arena pura de 100 g y se les marcd con
lllAg radiactiva ( vida media = 7.6 dias, rayos gamma 243 y 340 Kev ) por medio
de su sensibilizacién con cbruro.esta;\.t;s;) y pos‘terior tratamiento galvénico en un baifio
conteniendo 100 MCi de 11]'Ag y 50 mg de AgN03 usados como acarreador. Esta
muestra radiactiva se mezcld con 1 kg de arena marcada con Ag inerte. Se tomaron
100 mg de esta mezcla ( C)i )1 ¥ su nivel de radiactividad Ay fué medido. Luego,
una solucién S conteniendo’ 5 nCi de 111Ag fué detectada en su forma liquida y su
nivel de radiactividad B medido. Se le agregaron 100 mg de arena, se evapord, y el
nivel de radiactividad B, de la muestra solida medida. Asi podemos saber la canti-

1
X
dad de Ci contenidos en la muestra C1 , correspondientes al niimero de cuentas por
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unidad de tiempo A1 , junto con la cantidad de Ag inerte depositada, P1 , @ través

de la fraccion de radiactividad deffositada sobre C)i , si la actividad del bafio se ha

~medido antes y después del proceso galvdnico. Posteriormente se lleva a cabo la ex~ - -

traccion de plata de las muestras tomadas a lo largo de la costa, por medio de una co- -
precipitacion usando talio como acarreador. Para ello, la muestra C);l es agregada

a cada muestra C de 1 kg de arena seca. Después del mezclado se agrega HNO3 y ‘
se filtra. Al filtrado F se le agregan 100 mg de TINO3 y HC! en exceso para preci-
pitar los cloruros de Agy TI. Este precipitado es disuelto con agua conteniendo

NH40H y a la solucion se le afiade (NH4)25 para formar sulfuros de Agy Ti. EIl pre-
cipitado es disuelto otra vez en HNO3 y el azufre separado, a fin de tener una solu-

cion tan libre de impurezas como sea posible para la irradiacion. Esta solucién cx ,

se lleva al mismo volumen de la solucién S y su nivel de radiactividad A2, debido a

foama men P an cerio oy
iSmas Co WGiCio €S Gue paia S

I re Y Py
1o que permite-calaula

' el

X

rendimiento R de la separacion, y la cantidad Po de Ag presente en la solucion 02 ,
2]

X 2 .

proveniente de C; , yaque R = ——— Si ahora esta muestra liquida es-irradia

P1
1
da y la actividad de 08Ag inducida se compara con la de un estandard conteniendo

una cantidad conocida de Ag, tendremos que el peso Px calculado y dividido entre el

rendimiento R en |a separacidn es la suma de Pl y la cantidad de X de Ag extraida del . o

kg de arena, la cual podemos calcular ahora (2).
Trazadores activables como lantano, han sido usados también para deter
minar el movimiento de las aguas en la Bahia de Sn. Francisco, encontrandose que

las aguas se renovan completamente después de un ciclo de 20 mareas. Este traza-

dor activable compite en precio con trazadores radiactivos tales como el tritio ¥ Jan-
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tano-40 y trazadores fluorescentes como la llamada Rodamina WT, para estudios en
los cuales el factor de dilucion es muy grande y se requieren cantidades de trazador

del orden de decenas de toneladas (3). No obstante, el lantano se ha usado también

incorpordndolo en pequefias cantidades a acero especialmente fabricado para poder rea- - -

lizar posteriormente estudios de desgaste en maquinas, por medio del cdlculo de su
concentracién en lubricantes a través de andlisis por activacién (4).

En México se uso bromo como trazador activable para rastrear las aguas
de la presa Endhg, del Edo. de Hidalgo, en el afio de 1969, a fin de verificar si el
agua de resurgencias aparecidas aguas abajo de la cortina provenia de filtraciones de

la presa o bien tenian otro origen. EI limite minimo de deteccidn del bromo en ané-

o« - «” -11
. lisis por activacion es de 10 g. De manera que si suponemos el volumen total

" de la presa igual a 180 millones de metros cibicos y una difusién total del trazador

ble por centimetro cibico :

3
180 x 10°m3 x 106 ﬂ"?— x 10711 -2 -18004.

m c.c
La sal usada para realizar el marcado fue NH4Br, debido a su aita solu-

bilidad y a que el i6n amonio no se activa en cantidades apreciables al ser irradiado,

. por la despreciable seccion eficaz a los neutrones térmicos que presentansus elementos
-y, por tanto, no interfiere de manera alguna en la determinacion del bromo por medio de

anélisis por activacién. Asi, la cantidad del bromuro de amonio necesario para lograr

la concentracién minima detectable serfa de :

1.8 x 97.9
= 2.2 kg de NH ,Br
79.9 4

$

i

V-

ot

en ella, necesitarfamos la siguiente cantidad de bromo para tener este minito detecta~ i "
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9
De hecho, una zona de gran filtracion fue delimitada con suficiente pre-
cision y ahi se realiz6 el marcado de las aguas, depositando a alturas cercanas al fon-
do un peso de bromuro de amonio igual a 100 kg, en bolsas de 3 kg convenientemente
distribuidas. O sea que suponiendo una difusién mdxima del marcador en toda la pre-
sa, aiin tendrfamos una concentracién por cm3 45 veces mayor a la minima detectable,

Pero como la difusion no es total y ademéds fue concentrado el bromuro de 3 its. diarios

~ - de las resurgencias en la resina intercambiadora, podemos afirmar que los niveles de -

marcador a ser determinados son varios miles de veces mayor al minimo necesario.
La técnica seguida fue pasar a través de columnas empacadas con una

resina intercambiadora de aniones las muestras cotrespondientes a una semana o sean

.~ 21 Its. Las dimensiones de las columnas fueron de 50 cm de longitud por 4 cm de

didmetro, aproximadamente, colocadas dentro de tubos de vidrio con una depresion en

el extremo inferior, donde se reguld el flujo al minimo posible ( 1 gota cada 5 s apro- -
ximadamente), mediante un tubo de goma con pinzas de Hoffman. EI extremo superior
se conecto a un garrafon donde se recolectaron los 21 Its. correspondientes a cada se-
mana, a través de un tapon de hule y tuberia de vidrio y goma, cuyo garrafén se coio-

cd sobre las columnas a una altura aproximada de 2 m. Se comprobd que la eficiencia

~de intercambio de éstas era de 100 %, haciendo uso de 21 Its. de sol. 0.1 N de NH Br

4

82 . . .
marcad&con Br, hecha con agua de la presa. Posteriormente a la elucién se toma~-
ron 400 mg de resina de la parte superior de las columnas y convenientemente secadas
se irradiaron con un flujo de neutrones térmicos iguala 1.8 x 10]'2 neutrones du-

cmé = S
rante 2 min.
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rece el espectro del

.. "al realizar activaciones con neutrones térmicos debido a la apreciable seccidn eficaz,

: 23
abundancia isotépica ( 100 % ) y amplia distribucion en la naturaleza del ~~Na,

10 ’
La férmula de la resina Dowex 1 usada, es como sigue :
g S s
CHy—— N CH, el .
AN CH3/ |

Aunque los elementos C, H y N no son activables con neutrones térmicos,

38

el cloro presente en las moléculas de la resina genera el radioisétopo Cl, afortunada -. ~:,;(;”'."-"*7

mente con una vida media de sélo-37.3 min, de modo que su total decaimiento ocurrird-

en un lapso en el cual la actividad inducida de 2Br; con una vida media de 35.9 h,

todavia permanezca. Ef tiempo de espera fue de 24 h, tiempo en el que decayeron todos ~\

los otros radioisétopos formados, tanto el 38¢1 como el 80mBr, y 82mBr,‘l se encon=

R

tré que la resina misma contiene bromo como impureza acompafiando al cloro. Al inte-
grar las cuentas correspondientes a 1 0 canales en la parte superior del pico con una ener-
gia de 0.55 MeV, se obtuvo un determinado valor para el que Ilamaremos fondo de bromo

en la resina, lo que se comprobd al tomar el espectro gamma correspondiente, donde apa- .-

24y 4

2Br, impurificado ligeramente con , proveniente del sodio

O
adsorbido sobre la resina y presente en el agua eluida, impureza radioguimica muy comiin

As{, una vez realizada la irradiacion de las 22 muestras de resina corres

pondientes a 17 semanasy a 5 muestras de resina no utilizada, fue identificado el 82p,
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por medio de la deteccion radiactiva en un cristal de ;:entelleo de Nal (T con un ta-
mafno de 2" x 2" acoplado a un analizador de pulsos con 400 canale’s marca RIDL, .
y el espectro de radiacion del 82y se trazé con un graficador anexo mismo que lle- |
g a ser triplicado en la muestra correspondiente a la 9a. semana después de la inyec-
cion del trazador (tabla 13. Graficando estos valores contra semanas de muestreo, se
obtiene un pico indicativo de la presencia, en la resina, del trazador usado (fig. 2&).

_ Tabla_l.a No. de cuentas inducidas de 82Br (0.55 MeV ) vs .
semanas de muestreo.

Semana o ‘ cpm

1 4509
2 4504 B L
3 4004 Lo N
4 4435 o .o
5 6371
6 5851
7 6155
8 14087
9 9867
10 4289
11 5974
12 5019
¥ 13 4178
14 5837
15 3498
16 4322
17 4167

Por otra parte, en nuestro pais también se han llevado a cabo estudios
para determinar la concentracion de contaminantes sélidos en el aire de la ciudad de

México. La recoleccion de muestras se hizo durante periodos de 24 horas usando

una bomba de aire Curtin, modelo 251-223, con un fiitro de papel con base de celulo-
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sa, grado C.1140, que demostrd un buen grado de transparencia a los neutrones tér-
micos. EI método usadd para preparar muestras destinadas a la irradiacién neutroni-
ca fué cortar un circulo de 4rea conocida de este papel filtro, usando un instrumento
ya sea de hueso o plastico, a fin de evitar contaminaciones susceptibles de activar-
se facilmente. Las irradiaciones fueron realizadas en el Reactor Nuclear Triga Mark
ill, con una potencia de 1 MW térmico y un flujo mdximo de 7 x 10124 em-2 s"l,

propiedad del Instituto Nacional de Energia Nuclear. Los espectros gamma fueron toma

" dos usando un detector'de Ge-Li, Nuclear Diode, modelo LGC 1.5-45, y un analiza_

dor de 4096 canales, Hewlett Packard, modelo 5401 B. Un factor que expresa la

concentracién de contaminantes inorgdnicos sélidos en nanogramos por metro ciibico de =

aire fue formulado como sigue :

At o
A ¢ fa

donde:

F = factor a ser multiplicado por el peso (ng) de cada contaminante determinado en
las muestras irradiadas. | '

At = &rea total de recoleccion de polvo en el papel filtro ( cm2)
Ai = 4rea cortada para irradiacion ( cm2 ) del drea total de recoleccion de polvo

fa =

La tabla Jensefia los 12 elementos medidos, junto con las caracteris-

ticas nucleares y los tiempos de itradiacion, decaimiento y deteccion usados para iden-
b

tificar cada radiois6topo. Ocasionalmente, para asegurar la identificacion de algunos

- de ellos, tales como 42K o 197Hg, fué necesario realizar una separacién radioquimi-

ca, ademds de observar las energias caracteristicas en el espectro y sus vidas medias.

flujo total de aire ( m>) pasados a través del papel filtro en un perfodo de 24 horas, . - :
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La tabla 2lensefia la concentracion encontrada en muestras recolectadas diariamente
por 3 dias en cuatro estaciones de muestreo en la ciudad de México y 1a tabla 3bel
promedio de estos valores. La figura 1bmuestra la concentracion promedio de los 12
contaminantes encontrados compardndolos con las concentraciones promedio de los mis-
mos elementos determ:inados en otras ciudades del mundo. De las muy altas concentra-
ciones de aluminio, calcio, manganeso, magnesio, potasio y sodio, puede comprobar-

se que en la ciudad de México la fuente mds significativa de contaminantes sélidos

e g gy 3een

" estd constituida por suelos salitrosos con un contenido de humedad muy escaso. Ta-

les syelos son los productores potenciales de particulas sélidas que pasan a la atmés-
fera facilmente, auxiliados por el hecho de que la humedad relativa del aire es también
muy baja ( menos del 40 % algunos dias de primavera’). Se propone la posibilidad
de usar cantidades masivas de CaCl, o alguna otra sustancia higroscdpica barata y
facil de producir industrialmente, para diseminarla sobre grandes éreas de lagos dese-
cados al noreste de la ciudad ( regiones de Texcoco, Chalco y Tldhuac ), ya que es-
tos terrenos salitrosos son de todas maneras completamente initiles para la agricultura

y representan una de las més significativas fuentes de contaminacién (6).

|

Referencias .-

1.- Nakasa H Ohno H., Application of Neutron Activation Anglysis to Stack Gas
Tracing, Radioisotope Tracers in Industry and Geophysics, IAEA, Vienna.1967,

2.- Cappadona C., Measurements of movements of solid substances in water by means
' of stable tracers and activation analysis. Modem Trends in Activation Analysis,
National Bureau of Standards. Washington. D. C., 1969.

3.- Channell J. K., KrgerP., Activable rare earth elements as estuarine water tra-
cers. Proc. 5th Int, Conf. Water Pollution Research, San Francisco, 1970.

4 .- Radvan M. Revenska B., Vezranovski E., Use of a new method involving labelling

with non radioactive elements and activation analysis to investigate wear, Radio-
isotope Tracers in Industry and Geophysics, IAEA, Vienna, 1967.
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TABLE 1 - g b
Measured elements : ' 3
- pd }
F lement Produced radioisotope Gamma energy Half 1life Irr.time Dec.time Count.time & !
- In,y/ /Mev/ : . o - -]
’ . - > i
. 4 - 5
- 28 ‘ 1 o H
Al Al 1.78 2.3 min ., 2 min 2 min 5 min 3 1 :%
76 4 - 1 £ L3
As As 0.6 26.5 h " 7h 3a 1h g £
- . . N N N
Br 82p, 0.618 36 h S min 18 h 1h é ;
N - i 3
Ca 49Ca 3.09 8.7 min 5 min 2 min 10 min
Cu €6cy ' 1.04 5.1 min 5 min 2min. 10 min
) c1 38y 1.64 8 min S min 2 min 10 min A
Mg 27Mg 1.01 9.5 min 5 min . 2 min 10 min A
Mn >6un 0.845 2.6 h 2 min 1.5 h 20 min
\ Ha 19744 0.077 65 h 7h 18 h 1h
K 42y 1.52 - 12.4 h 5 min 18 h 1 h -
Na 24ya 1.37 15 h 2 min 1.5 h 20 min
v . ~ 52v 1.43 3.8 min 2 min 2 min 5 min
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TABLE 2b 3 -
Concentrations. of contaminants in air /ng m-3l :
South St. North St. Center St. Easé St. ‘
Al 447 1144 4219 1049 2409 10233 990 2031 3866 1441 . 8486 6573 : R
as a a 5 9 .8 7 6 13 6 11 ;Z 11 12 , J
Br 86 308 684 774 a2 508 201 64 61 130 |\ 452 562 i 4
Ca. 8422 2746 1349 9814 3158 15692 22413 7151 4988 16253 ’ 19931 29475 ; 4 A
‘cu 130 100 171 284 307 214 126 218 257 97 . 152 1355 :
cL - 54 881 981 2775 1365 2563 1813 2525 3311 5243 2249 5839 ]
Mg 969 388 501 5047 1926 8471 2945 2750 1983 6277 1315 1520 g —
Mn 220 86 640 369 529 1616 1544 4106 1649 423 1409 2975 5
Hg 29 30 29 16 3 7 9 27 91 3 1615 .
R 897 843 6766 6928 800 1253 11109 388 1332 738 1979 1250 & .
‘Na 1613 9249 1419 953 1335 2583 3637 4739 4557 3605 2615 3678 é _ ‘
v 34 49 145 54 22 29 78 73 109 40 132 85 ;
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%g centro de educacion confinua Ny

facultad de ingenierfa, unam —

A los Asistentes a Jos cursos!deﬁ Centro de Educaciébn
Continua

La Facultad de Ingenlerfa, por conducto del Centro de Educacién Continua,
otorga constancia de asistencia a quienes cumplan con los requisitos esta
blecidos para cada curso. Las personas que deseen que aparezca su tftulo

profesional precediendo 2 su nombre en el diploma, deberdn entregar copia

del mismo o de su cédula profesional a mé&s tardar el Segundo Dfa de Clascs.

en las oflcinas del Centro, con la Sefiora Sénchez, de lo contrario ng scré
posible, |

El control de asistencia se efectuard a través de la persona encargada de
entregar notas, en la mesa de entrega de material, mediante llistas especia

les, Las ausenclas serén computadas por las autoridades del Centro,

Se recomienda a los asistentes participar activamente con sus ldeas y ex-
periencias, pues.los cursos que ofrece el Centro estén planeados para que
los profesores expongan una tésis, pero sobre todo para que coordinen las

opiniones de todos los Interesados const!tuyendo verdaderos seminarios.

Al finallzar el curso se har§ una evaluacién del mismo a través de un cues
tlonario disefiado para emitir Julclos anénimos por parte de los asistentes

Las personas comislonadas por alguna Instituclién deber&n pasar a inscribir

se en las oficlinas del Centro en la misma forma que los demds asistentes.

Con objeto de mejorar los servicios que el Centro de Educacién Continua
ofrece, es Importante que todos los asistentes llenen y entreguen su hoja

de Iinscripclén con los datos que se les soliclitan al Inlcliarse el curso.

ATENTAMENTE

ING,JOSE ELISEO OCAMPO SAMANC
'eds. COORDINADOR DE CURSO0S






Fecha Duracidn

Abril 16,18 y 21 3 Hs.

c/dia
sbril 23 , 3 Hs.
sbril 25 3"
sbril 22 y 30 3 Hs.

c/dia

O
(-

TECNICAS NUCLEARES APLICADAS A 1A INGENIERIA

Tema Profesor

TEORIA BASICA
Fisica Atémica . \
Interaccibén de la Radiacidn con la materia

Seguridad Radiolggic§, :
gg;gg%?;gfongDe secren .M. EN C. BRAULIO ANDREU IBARRA
ASPECTOS GENERALES SOBRE REACTORES NUCLEARES

Produccidn de Energia Eléctrica

Potabilizacidén de Agua de Mar M. EN C. SERGIO WALLER

APLICACIONES EN INDUSTRIA
Control de espesores,densidades y niveles en \
plantas industriales.
Determinacidén de patrones de flujo en sistemas
y eficiencia de mezclado.
Localizacidén de fugas en general
Estudios de ventilacién "
Estudios de desgaste de partes de e?uipo, etc. FIS. CARLOS GARCIA MORENO
N
MEDICION DE DENSIDAD Y HUMEDAD DE SUELOS
Control de compactacidén de terraplenes

APLICACIONES EN HIDROLOGIA Y SEDIMENTOV.OGIA
Determinacién de algunas caracteristicas de
acuiferos.

Localizacidn de zonas de fugas en presas y

canales.
Medicidén de gastos en rios y canales M. EN C. BRAULIO ANDREU IBARR!
Movimiento de sedimentos. M. EN C. OSCAR RUIZ PENA



FECHA DURACION TEMA PROFESOR

Mayo 7 y .3 Hs. IRRADIACION DE PRODUCTOS AGRICOLAS E INDUSTRIALES
Radio Preservacién de Alimentos Desinfestacidn y
Destruccidén de Pardsitos
Mejoramiento de Semillas
Esterilizacidn Industrial M. EN C. LUIS CABRERA

Mejoramiento de maderas y concretos
Mayo 9 3 Hs, Incremento de rendimientos en la fabricacidn
de papel M. EN C., GUILLERMINA BURILLO

Mayo 12 3 ¢ Andlisis por Activacidn y Produccidén de
Radioisétopos
Andlisis de Rayos X de Fluorescencia M. EN C. MANUEL NAVARRETE TEC
Contaminacidn FIS . CARLOS GARCIA MORENO

Jayo 14 3 GAMAGRAFIA Y RADIOGRAFIA CON NEUTRONES
Inspeccidén de soldaduras y piezas de fundicidn ING. SALVADOR GARCIA BORI

vayo 16 3 " EXPLOSIVOS NUCLEARES EN INGENIERIA CIVIL
' Movimiento de tierras para construccidn de
canales, puertos y vias terrestres.
Desarrollo de cavidades subterrdneas para explotacidn
o depdsito. DR. PAUL KRUGER
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"TECNICAS NUCLEARES APLICADAS A LA INGENIERIA.

" IRRADIACION DE PRODUCTOS AGRICOLAS E
INDUSTR [ALES "',
M. en C. LUIS CABRERA.

Tacuba 5, primer piso México 1, D. F. -
Teléfones: 521-30-95 y 513-27-95
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IRRADIACION DE PRODUCTOS AGRICOLAS E INDUSTRIALES.
i.- RADIOPRESERVACION DE ALIMENTOS.

Entre los campos de aplicacion prictica del uso de la radiacién en la
preservgcién de alimentos, se tienen las siguientes:
a).~- lInhibicion de brotes en tubérculos y raices comestibles.
b).- Retardo de la madurez en frutas y hortalizas.
c).- Esterilizacion de especias y aditivos de los alimentos.
d).- Esterilizacion de came, previa inactivacion de enzimas.
e).- Eliminacion de todo tipo de pardsitos en.carn_es.
f).- Eliminacion de salmonella en huevos, carnes, coco y harinas,
g).- Preservacion de quesos.
h).- Inhibicién de flora contaminante en mariscos.
i) .= Reduccién del tiempo necesario para la rehidratacion de 1as verduras y hortalizas
deshidratadas.
j).~ Mejora del olor de aceites esenciales.

k).- Aceleracién del proceso de envejecimiento de bebidas alcohdlicas.,




a).- Inhibicién de brotes en tubérculos y raices comestibles.

En este campo se han obtenido los primeros resultados con papas, ce-
bollas y ajos, cuya conservacidn en primavera e inviemo es dificil, En el caso de
las papas , se suelen emplear algunos productos quimicos con esta finalidad, lo cual
no deja detener riesgos para el consumidor,

La accion de la radiacion ha sido la inhibicién de brotes, con dosis de
10 Krad, con temperatura de almacenamiento de 5% y con una utilidad comercial de

2 afios o mds y con dosis de 50 Krad con almacenamiento a 20° C y una utilidad -

comercial de cosecha a cosecha.
@}

b).- Retardo de la madurez en frutas y hortalizas.

La irradiacion de frutas ha producido retardo en la madurez de pldtanos Q
de 16 a 20 dias y en pldtanos deshidratados hasta 3 meses. Naranjas sometidas a
dosis de 100 Krad a 0° C pueden durar hasta 3 meses sin ninglin cambio apreciable en
sabor y contenido de Vitamina C. Cerezas du lces sometidas a 200 ~ 300 Krad, se
pueden conservar de 2 a 3 semanas mds que las frutas control.

Los duraznos se mantienen perfectamente 14 dias a temperatura am-
biente y de 30 a 45diasa 4 - 5°C, después de irradiados. La duracidn de fresas
frescas almacenadas es de 7 a 10 dias, pero este periodo puede prolongarse hasta 2
semanas mediante Ig irradiacion, También se han obtenido resultados favorables con

mangos, papayas, manzanas, peras, citricos, uvas, puiias, melones, etc.

c).- Esterilizacion de especias y aditivos de alimentos.

O

Con la destruccion de las bacterias presentes, con dosis de 1 a 3 Mrad

en envase , hermético, para evitar la reinfestacién, almacenados a temperatura ambiente,



puede lograrse un tiempo de almacenamiento indefinido y utilizarlos cuando esto sea

v .
! \

L) '
g -b ' H , YA } ~ - § . . 3 . :" .’
necesario: (670mm/0t tr e T anenefe Anins, Fitr e avile, HT,

d).- Esterilizacién de came, previa inactivacion de enzimas.,
Combinando la inactivacidn de enzimas con color y destruyendo los
microorganismos (levaduras, hongos y bacterias ) y pardsitos, incluso esporas de

Clostridiumbotulinum, con dosis hasta de 4 - 6 Mrad, empacado al vacio, en envases

de hojalata, almacenados a temperatura ambiente, con un tiempo Gtil de almacenamiento
indefinido. .
E liminacién de quistes de pardsitos de triquinas en carne de puerco con

dosis de 2- 40 Krad. Esterilizacién de came fresca embasdda en bolsas de pldstico,

para la eliminacion de Clostridium botulinum, con dosis de 4.5 Mrad.

e).- Eliminacion de todo tipo de pardsitos en cames.

Destruccion de Trichinella spiralis y Cisticerus bovis, con dosis de

-5

solo 0.01 Mrad, en envase normal, a temperatura ambiente. Es necesario realizar
pruebas de degustacion para apreciar la calidad de las cames y detectar los posibles
cambios organolépticos.
f).- Eliminacién de salmonella en huevos, carne, coco y harinas.

!

. Con dosis de 0.5a 1.0 Mrad. almacenados a 0°C en envase hermético

G
y duracign indefinida.

g) Preservacion de quesos.

Por la destruccion de moho con dosis de 100 a 500 Krad, en bolsas

cerradas o permeables, almacenadas entre 0 -4 °C con un tiempo Gtil de almacenamiento




de 2. meses o méds. En general, se triplica o se quintuplica el periodo normal.

h).- Eliminacién de flora contaminante en mariscos. Con dosis de 200 Krad, com-

binados con refrigeracién continua ( 0 - 1°C ) con un periodo de utilidad de 17 dias.

i).- Reduccién del tiempo necesario para la rehidratacion de las verduras y hortali-

zas deshidratadas,

Por accion fisica o quimica de la radiacion con dosis de 250 Krad.

).~ Mejora de! olor de aceites/esenciales. _

. 7’ L . - -« 7 - \
Por accion quimica de la radiacion, con dosis'de 1.0 Mrad

k).- Aceleracion del proceso de envejecimiento de bebidas alcohélicas.

Por accibn quimica de la radiacién, con dosis de 1 - 2 Mrad, en enva

se normal y a temperatura ambiente.



Il.~ DESINFESTACION Y DESTRUCCION DE PARASITOS.

Esta aplicacién se ha realizado fundamentalmente en cereales, huevos y
cames.
a).- En la desinfestacién de granos, bastan de 20 - 40 Krad para la destruccién,
sin que queden residuos de ninguna clase y basta una sola aplicacion, para que en
condiciones normales de almacenamiento se conserven los granos de cosecha a co-

secha.

b).- Control de plagas. Técnicas del macho estéril.
o Para eliminar las plagas que dafian la agricultura, esterilizando al ma-
cho, para que la fecundacién se inhiba. La esterilizacién puede hacerse con radia

ciones, especialmente con rayos \ . Aunque haya huevecillos, estos son estériles

¢).- Esterilizacion de especias y aditivos de alimentos, por destruccion de las bac-
terias presentes, con dosis de 1 - 3 Mrad, en envase hermético para evitar la rein-
festacién y almacenados a temperatura ambiente, puede lograrse un periodo de alma-

cenamiento indefinido.




Hi.- MEJORAMIENTO DE SEMILLAS.
a).- Estimulo del crecimiento de plantas.

Irradiando semillas a bajas dosis (0.1 - 1.0 Krad ), antes de la siem=
bra, segumenta el rendimiento de algunas semillas como maiz, chicharos, lechugas,
calabazas, jitomates, etc., ya sea aumentando el tamaiio del producto, aumentando
el rendimiento de la cosecha o disminuyendo el tiempo de la obtencion de la misma.
Se ha conseguido la obtencion de variedades mejoradas de mostaza blanca,'guisante
de forraje y cebada en Suecia. Arroz mejorado en China.  Trigo mejorado en la In-
dia, 1a U.R.S.S. y en Japén. Variedades de habichuela, mani'y avena en U.S.A.
Una variedad mejorada de frijol en Alemania. Nuevas y mejores variedades de cerea

les en diferentes partes del mundo. Hasta 1968 se caocian 77 nuevas variedades

de mutantes en plantas, todas en uso.

b).- Aunento del contenido de proteinas en plantas.

La produccidn total de proteinas del mundo en 1968 se calculaba de
153,85 millones de toneladas métricas. Los cereales contribuyen con 68.5 % del
total ( 105.49 millones de toneladas métricas y las legumbre; con 18% (27.85
millones de toneladas métricas ), pues bien, estos dos grupos de productos pueden -
mejorar su calidad y su cantidad de proteinas con técnicas nucleares, para un mundo
cada vez mds necesitado de ellos.

Un caso patético de envenenamiento con plaguicidas:
En lrak hubo un caso de envenenamiento colectivo con trigo rosado que habia sido fu-

migado con un fungicida mercurial, murieron "oficialmente" 459 personas y hubo 6530

. e « . N , ”
casos de envenenamiento, aunque extraoficialmente-se calculd que el niimero de muertos

O



llegd @ 6000 y quizéd a 100,000 el nimero de lesionados. El trigo fue el Mexipak,
esto es-el trigo "milagroso" de alto rendimiento desarrollado como parte de la "Revolu
cién Verde". Este trigo fue tratado con el fungicida mencionado, por peticion expre-

'sa de -los clientes iraquies el grano se fumigd para prevenir las plagas durante su tra_s_/

lado 'y distribucién y al embarque de 16,000 toneladas se le vacid tintura para indicar
que no debia comerse y llevaba cada control una advertencia que decia “no usarlo para
alimentos". A pesar de todo, al cabo de unas cuantas semanas el grano se habia con-
vertido en harina para pan o alimentaban con él a los animales en tédo el pais. Esto

pudo haberse evitado irradiando el trigo con dosis bajas.

Un ejemplo optimista muy diferente al anterior.
© Un equipo internacional de hombres de ciencia estd logrando seleccionar una
notable variedad nueva de maiz,llamado Opaco-2, que contiene casi el doble de la pro
teina efectiva del maiz corriente, casi tanta como la carne y mds que la leche.
El Director General del Centro Internacional de Mejoramiento de Maiz y Trigo
(CIMMYT), de México, Sr. Holdore Hanson, encabeza los trabajos de selec
cion. "Si el gen del Opoco-2 puede transferirse al maiz de todo el mundo, serd como

agregar 10 millones de toneladas de proteinas al abastecimiento mundial, lo que podria

remediar la desnutricion de las muchedumbres que se alimentan fundamentalmente de maiz".

Un maestro rural que se enterd de los detalles del maiz, resumid sus observaciones con

estas palabras . "En nuestras fincas no tenemos leche ni carne que nos den proteinas;
|

pero ahora la came y la leche estdn en este maiz nuevo".




IV.- ESTERILIZACION INDUSTRIAL. O

a).- Esterilizacion de material médico-quirirgico para hospitales y clinicas, en lugar
de utilizar autoclaves o atmésferas gaseosas, en productos tales como, jeringas dese
chables, 'agujas hipodérmicas, bisturfes, gasas, algodén, cultivos enzimdticos o mi-

crobioldgicos etc.

b).- Esterilizacion de biomateriales.

Materiales que tienen contacto intimo y a veces prolongado con el orga
nismo vivo]que necesitan una esterilidad absoluta y segura, como hormonas sintéticas
en implantes, anticonceptivos de colocacién manual, drogas, fdrmacos y productos qui-

micos.

c).- Esterilizacién de dietas especiales.

Para enfermos en los que sea necesario que sus alimentos sean esténi
les. Los astronautas rusos de los vuelos Soyus y los americanos de los vuelos Apolo,
se alimentaron en sus viajes con alimentos irradiados. Las raciones militares en épo
cas de guerra o de emergencia pueden ser esterilizadas con radiacjones ionizantes, al
macenadas en condiciones ambientales y tendran una duracién indefinida. Muchas -

otras aplicaciones como aumento de la resistencia de plasticos al calor etc.
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V.- PRUEBAS DE SALUBRIDAD DE ALIMENTOS IRRADIADGS.

o En estudios de comestihilidad desarrotlados en U.S.A. por la Office

of the Surgeon General y National Academy of Science en cooperacion con la Food
and Drug Administration, en pruebas de toxicidad, carcinogénesis, actividad induci-
da y alimentacion balanceada en ratas, pollos, perros, monos y humanos voluntarios,
durante 1954-1960, con mds de 260,000 ejemplares, durante varias generaciones
de algunos de elles, con alimentos irradiados con dosis de 0.5 - 6 Mrad con 100
alimentos originale; y finalmente con sélo 22 de ellos pero extrapolables a los 100
iniciales, incluyendo cames ( res, polio, cordéro, puerco, jamdn y tocino, pescados
(camaron y bacalao), frutas (duraznos, limones, naranjas, frutas secas, bayos frescas),
hojas y vegetales verdes (ejotes, col brecol o brocoli), raices ( papas, zanahorias), ce-
reales ( granos enteros, harina) y leche de vaca). '
Los resultados fueron los siguientes:
No se forman productos toxicos.
En las grasas se forman algunos perdxidos (que también se forman con otros tratamien
tos), que se eliminan durante el almacenamiento.
Las vitaminas se degrad’an en cantidades semejantes a los demds métodos de preserva
cion,

Lista de productos que tienen aprobada la irradiacion con diferentes fines
y paises e instituciones que los utilizan:
Papas (patatas),- por 11 paises y laQ.M.S.* Inhibicion de brotes.

Cebollas por 5 paises. Para inhibir brotes.

Frutas secas .- Un pais, Para desinsectacion.
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Hortalizas y lequmbres .- ‘Un paiS. Para radurizacidn **
Setas (hongos) .~ Un pais. Para radurizacién.
Espdrragos.- Un pais. Para radurizacion,

Fresas .- Un pais. Para radurizacion.

Cacao .- Un pais. Para desinsectacin.

Especias y condimentos .- Un pais. Para radicidacion . ***
Granos y derivados . -~ 3 paises yal 0.M.S. Para desinsectacién.

Carmes y pescados.~ Un pais. Para radurizacion.

Pollo .- Un pais.Para radurizacion,

Aves sin entraiias .- Un pais.

Gambas .- Un pais.

Concentrados de alimentos deshidratados .- Un pais. Para desinsectacion,
Carnes congeladas .- Dos paises. Para radapertizacign, ****

Camarones .- Un pais.

Peticiones de muchos productos mds en muchos paises, ademds de estudios de la

0.M.S. ydel O.I.E.A, ¥k

* 0.M.S. Organizacion Mundial de la Salud.
** Radurizacion; pasteurizacién. Radiopreservacion

0.1 - 0.8 Mrad.
*¥k Radijacion : pasteurizacidn industrial.

*Hkk Radapertizacion : Esterilizacidn industrial, De 1 - 6 Mrad

skkick O, 1,E.A, « Organismo Internacional de Energia Atdmica,
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Vi.- RESULTADOS DE ALGUNQS ESTUDIOS EN EL C.E.N.

Producto Dosis (Krad) Periodo de utilidad
FresasTioga 350-400 *

Fresas Solana 350-400 xox

Mango corriente 25 7 dias mas de lo normal
Mango Manila 100 12 dias mds de lo normal
jito;ﬁate Bola 400 8 dias més de lo normal
Platano Dominico 5 okek

Naran jas Valencia 200 8 dias mas

Manzanas Delicia 50-100 wohek

Papayas Amarilla 25 7 dias mds

Tangerinas . 0.25-5 Fohok

M eiones Chino 0.50-10 ok

Pifias Cayena - 30-120 ook

Duraznos Amarillo 250-350 oy

* Se disminuyd en 27 % la putrefacién después de 10 dias al ambiente .
*% Se dismonuyd en 47 % la putrefacion después de 10 dias ai ambiente,

***% Silo se mejord el aspecto durante el periodo de anaquel.
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Vii.- GASTOS.

La mejor fuenteradiactiva para cualquier operacidn, estd determinada
por el tipo de alimentos a procesar, asi como su cantidad, por el tamafio de los en-
vases y el tiempo necesario para el tratamiento.

Costo de fuentes de ©0Co hasta juliode 1973, AJE.C.L. *

Base costo de instalacion de $ 0.45 dodlares/Ci.

Fuente de 0.5 x 106 Ci + instalacién $ 4,644, 562.00 M.N,

Fuente de 1.0 x 10° Ci + instalacién $ 7,457,062.00 M.N.

Fuente de 2.0 x 10° Ci + instalacién $ 13,082,062.00 M.N.

Actualmente es uno de los mejores negocios en U.S.A y en otros paises

Q

(Venezuela por ejemplo), la esterilizacion industrial con fuentes radiactivas.

* No incluye edificio o local para la instalacion, la cual debe cumplir con las espe~ O
cificaciones del 0.1.E.A. y de la Atomic Energy of Canada Limited.
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Aplicaciones Industriales de la radiacién
1.- Propiedades del material madera-plastico obtenido por irradiacién gamma.

2.- Propiedades y obtenci6n del material aserrin-plastico por itradiacién
gamma.,

3.~ Propiedades del concreto-mortero poroso impregnado con MMA y polimeri-
zado por rayos gamma,

4 .- Aumento en el rendimiento de la pulpa de papel por irradiacién de
astillas.



- | .- Madera - Plastico.

N

En los Estados Unidos hay. 3 compaiiias comerciales que tienen.ins-

L

talaciones para produccion de madera-pldstico por irradiacion, La American -
R N : ‘ i .
Novawood Corporation, Lockhud-Georgia Co..y la Universidad West Virginia

University todos los procesos estan basados en los trabajos iniciales de la

%

West Virginia University de 1961 .

La mayotia de la informacidn se ha desarrollado en los ditimos 6

b .
. - . v . .ty
e g . P . e~ "
i -

Entre los principales monémeros impregnados tenemos el MMA, es-
- ,I,: - . I » - . ‘ -
“ireno-acrilonitrilo y el cloruro de vinil.

* El procedimiento de impregnacién.en general cuenta con-los siguien~

~

tes pa§qs: T :a' A
O ' ‘ﬁ - eyacuaqién odevacio. - - i - M ’
- acii.cién dg mondmero R T sl T s
- ’cur_ado ro)_prep‘apjacjén._ S e E

presién con No

Las diferencias en los sistemas de impregnaci6n estan refaciona-

das con; tamafio'de equipo, inovaciones en el manejo de inipréghadores y de -

e gt [T [ ;i,% o

la madelza_: il JRETRTIEAS EE SN il

" Para obtener un material de carga parcialmente uniforme, las reco-

mendaciones son las siguientes:

1.- evacuar la presién minima, agregar Nz para dar la carga deseada de po-

¥

]
Iimero y retenerla 20 min. (la presién de impregnacién depende de la madera

T

[PRVUR




y el monémero en el sistema,
v/g madera de arce y metil metacrilato con una presién de 380 torr
dara un producto con 0.35 |b de polimero por Ib de madera; con pino y MMA

la misma presion dard 0.8 Ib de polimero/ib de madera.

2 .- Introducir el monémero

3.~ Introducir N» a presion atmosférica y retenerla 4 hr.

4.-; Drenar el monémero, incrementando la presion del nitrogeno 125 Jb/pul2
(3.8 hrs),

5 .- Reducir la presién a la atmosférica durante 1 1/2 hrs.

A continuacion se envuelven en papel aluminio, las piezas de ma-
dera, o se dejan en el mismo recipiente donde se impregné para evitar evapo-
racion (con juntas de elastémero) o en otro contenedor de irradiacién y se pur-
ga con No para evitar en lo posible el 62.

Algunos nombres comerciales de la dueia de madera-polimero es

|
" "Gammapar" "Permagrain"

American Novawood Co.

Los recipientes se mueven automaticamente para tener una dosis

uniformes., . !



Propiedades mecanicas de productos finales

Combinacién  Retencién  Brinell Side  Fuerza de Flexién
%% dureza comprension estatica .
Kp/cm2 Kp/cm Kp/cm
abeto sin
tratar 0 250 580 885
abeto/ MMA 102 2210 1110 1815
haya 0 390 770 1475
haya/MMA 62 1380 1300 2370
fresno 0 400 485 1160
fresno/MMA 55 1430 925 1230

Pruebas de Inflamabilidad del abeto

Retencion % Tiempo de quemado (min.)
sin tratar 0 3.75
MMA 120 - 17.5

Estabilidad dimensional en %

Combinacién Retencién % Cambio volumétrico %
abeto 0 16.5

abeto/ MMA 102 9.5

haya 0 14

haya/MMA 62 8.5




West Virginia University

Después de inpregnacién y cubiertas con laminas de aluminio, se
colocan en cajas de aluminio selladas, se introduce nitrdgeno y se introducen
bajo el agua a una fuente de Co()0 de 50,000 Ci. La dosis total requerida
varia con la especie de madera, monémero y razén de dosis.

v/g para arce con MMA a una razén de dosis de 40,000 rad/hr.
la dosis de curado es de 0.6 Mrad y para arce con estireno 60% y 40% acri
lonitrilo es de 2.6 Mrads.

La seleccién de razén de dosis es muy importante para evitar sobre-

calentamiento y degradacién de la madera.

Lockhud - Georgia Co.

Se han usado 2 fuentes de irradiacién de un reactor nuclear y fuente

de rayos g de Co60

de 200,000 Ci.
En México en el Centro de Estudios Nucleares se llevé a cabo la
impregnacién de caoba con estireno, MMA y acrilonitrilo; se escogi6 caoba

por ser mas homogénea,

Resultados de los ensayos con estireno

Dosis Mrads % conversién % absorcion Dureza Janka
agua Ky
0 0 62.0 455
2 18.0 53.0 500
49.8 47.0 490

10 82.8 41 .4 485



Con acrilonitrilo

La flexion estatica se mejora ligeramente excepto a 4 Mrads que es
la dosis maxima, las dosis van de 0.25 hasta 4 Mrads.

La absorcion de humedad disminuye notablemente llegando a dismi-
nuir hasta un 59.7%. Se mejora la estabilidad dimensional y la dureza. La

irradiacion se hizo en atmésfera de nitrégeno para los 2 casos anteriores.

Con Metil metacrilato

Dosis entre 0.5 y 5 Mrads, si se agregaron aditivos como CCI 4
y/0 benceno en diferentes proporciones aumenta la velocidad de polimerizacién.

Lom de Hg duran-

Aqui se usaron vacios del orden de 1y 5 x 10~
te 15 min y se purgd con N, se hizo a escala de laboratorio con el Gammacell
de 3600 Ci y se disefd equipo para escala semi piloto con el Gamma Beam de
50,000 Ci con las pruebas de flexion estatica en: esfuerzo limite proporcio-
nal al momento de la ruptura, moédulo de elasticidad y trabajo al Iimite propor-
cional, las muestras de madera se mejoran ligeramente.

La absorcion de humedad disminuyé.en 60% y se evitd el hinchamien

to de la madera en gran porcentaje.

Dosis Mrads % conversidn Incremento en Dureza Janka
, dureza en % en Kg
0.5 36.9 + 20 430
1.0 41.4 + 30 460
1.5 75.0 + 95 500
2.0 92.0 + 160 550

4.0 99.0 + 160 600
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2 .- Impregnacion de Concreto

La preparac:én del concreto-mortero poroso pelimerizado requiere
de la elaboracion previa del mortero-poroso, para llenar mas tarde con moné-
mero del metil metacrilato ios poros de éste y polimerizarlo posteriormente por
medio de radiacién gamma de Co-60.

El cemento-mortero es basicamente una mezcla de cemento portland,
arena y agua.

El tipo de cemento empleado fué el cemento portland tipo li; se uti-
liz6 arena de mina del D. F . de granulacién natural, 1a relacion cemento agua
fué de 0.750, el porcentaje de poros fué del 55% y su grado de capacidad de
0.45. Se agregd un aditivo en re;lacién de 30 g/ky de cementc;.

El mondémero utilizado fué metacrilato de metilo.

Para los ensayos se utilizaron probetas cilindricas de 10 cm de
alto x 5 cm de didmetro. Las vigas destinadas a pruebas mecanicas de fle-
xién fueron de 28.5 cm de longitudy 2.5 x 2.5 cm. i

Cuendo los especimenes cumplieron su tipo de curado, se secaron a

temperatura de 35°C la cual no afecta la estructura,del concreto-mortero poroso.

Impregnacion
| : g
Se hicieron dos tipes de impregnacion: en atmésfera de aire duran-
| -
te 24 hrs y a vacio durante 6 hrs,

La cantidad de mondmero a emplearse depende del tipo de porosidad

.
del concreto; después de impregnada, se cubre con una hoja de aluminio y se re

cubre con polietileno para evitar la evaporacién,




Irradiacion.

La irradiaci6n de los especimenes se efectué en un equipo Gamma
Beam 650 tipo IR 31, Unidad de radiacién de cobalto 60.

Los ensayyos realizados en los especimenes fueron esfuerzo a la
compresion y a la flexion, absorcién de agua y resistencia al ataque quimico.

L os valores maximos a la resistencia a la compresi6\r\1 se obtuvieron
para los especimenes impregnados a vacio y polimerizados a 1.2 Mrads, la
resistencia a la compresion se vié aumentada en un 600%.

Los valores del esfuerzo a la flexion mds altas se obtuvieron para
especimenes impregnados a vacio e irradiados a una dosis de 1.2 Mrads, la
resistencia se incrementd en un 80%.

La absorcion de agua se redujo a valores despreciables a partir del
tercer dia de inmersion, los especimenes tratados absorben 50% menos que los
de control. . . |

" | i )
Ataque quimico .~ La resistencia al HCI al 15% indica que el espe-
|
c imen es atacado en gran escala al principio, pero disminuye con la exposicién
continua al écido cﬁmparada con los especimenes de control.
La penefracién del monémero en especimenes impregnados en condi-
.ciones atmosi""éricasfué de 1.5 cm, y a vacio la penetracién fue total debido a
; ¥ K
la evaporacion de aire contenido en los poros.
Se encontré un valor maximo de 77I7.3 I(’g/cm2 para el esfuerzo a

la compresion, En vigas un valor maximo de carga de 91.6 Kg y de tensién

de 2.3Kg/(‘;m2. .‘ i



Aplicaciones

“Tiene aplicacion en la fabricacion de ladrillo o bloques huecos, pie
zas para techos y pisos, muros para edificios, vigas y zapatas para puentes,
etc., ya que proporciona ventajas como:’ peso‘bAajo, éstructura y carga de‘cem:en-
tacion re‘duci&a, mejor resistencia al'fuego, mejor aislante del calor, permeabi-
lidad reducida, etc.

Resultados de las pruebas de compresién en Kg/cm2 para
especimenes con 20 dias de curado.

Dosis total Compresion para probetas Compresidn para probetas
impregnadas en aire en Kg/cmz\ impregnadas a vacio en
. ! Kg/cm2
0.6 ; 204 , 348
0.9 306 ‘ 430
1.2 318 642

'
. I
't

En el Laboratorio de Brookhaven, New York se llevaron a cabo es-

tudios de impregnacion de concreto, los cuales consistieron en el secado a

105 °C de probetas de concreto, evacuacion de aire a menos de 3 pulgadas

de Hg; impregnacién del mondmero a presién y polimerizacion por medio de

, <
radiacién gamma del Co~60 o por iniciaci6n temocatalitica.

Se hicieron‘estudios con: etileno, acetato de vinil, actilonitrilo,

4

metacrilato de metilo, estireno, poliestireno y epoxiestirenb




Las mejoras encontradas fueron:

a} incrgﬁé\nto;len.la fuerza de compresién de 285% mﬁs que el control.
_b) incremento en la fuerza de tensién de 292% . .

c) incremgpto en el médulo de elasticidad de 80‘7;,.“

d) incrgmenté en el m6dulo de ruptura de 256‘7?.’ - S

e) absorcion de agua disminuye en 95%,

El concreto ~monémero polimerizado por medios termo-cataliticos

tiene valores de fuerza de 7 a 15% menos que polimerizado por radiacién.

L %
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Aserrin - Pléstico

El estudio fué realizado en el Centro de Estudios Nucleares con el
propdsito de utilizar uno de los desperdicios de madera méas abundantes en el
pafs (aserrin de pino y de encino), através de su impregnacién con MMA y po-
limerizacidn con rayos gamma para producir un material con las caracteristicas
necesarias para utilizarlo en la industria de la construccion.

El MMA fué lavado con Na, OH al 10% por agitaci6n cuando el
inhibidor fué hidroquinona o destilado a vacio cuando el inhibidor fué topanol.

Se preirradié el aserrin para eliminar en parte el efecto de inhibido-
res de polimerizacion de la madera (extractivos).

Se mezclé el aserrin preirradiado con VAZQ en diferentes proporcio-
nes segin la especie de madera 1%, y cantidades variables de monémero y
dosis de irradiacién desde 0.1 a 1.5 Mrad. |

La fuente de irradiacién fué un GammaiBeam de Co-60 de 50,000
Ci.

Se encontraron los siguientes resultados: los mejores resultados se
encontraron para una relacion de 8g/10 ml para pino y de 9/20 para encino. La
gravedad especifica se incrementa de 0.5 a 0.7 para pinoy de 0.6 a 0.7
para encino. Los demds resultados se pueden observar en las siguientes ta-

blas.,



Dosis

Dureza J

Dureza J.

. Abls"_(ln\'lr;'i;’m de humedad %
M(gds s Pino-(Kg) - .. .xencino (Kg) . pino,  encino . -
0.1 290 -—-- 33% ----
0.3 343 670 . 33 29
0.6 .-431 770 ) 26A ;16
0.9 450 710 23. 19
1.2 --- 580 --=- .25
1.5 800 - 11 ----
Dosis Variacién Vo‘lu_‘ ) F léxién esttica
Mrads 'mg’:trica /2 esfuerzo méxirao al momento de la
pino encino ruptura Kg/cm

L _pino : encino
0.1 \16, o= 3 B
0.3 10 10 19 32, ..
0.6 8.6 3 - 53
0.9 4.0 3 --- ) 37‘
1.2 --- === --- ---
1.5 2.5 4 80" |

aserrar, etc.

-

El material asi preparado se puede maquinar perfectamente, clavar,
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Respecto a las caracteristicas de inflamabilidad es menos inflamable\que
la madera sola, pero si se quiere eliniraroretardar mds ésta se pueden usar algunas sa
les o aditivos; se estudiaron mds de 30 combinaciones posibles y los mejores resulta
dos se encontraron para aquellas muestras en las cuales el aserrin fué impregnado con
formula de la AWPA tipo B para retardantes de flama (cloruro de Zn y Cr 80 %, sulfa-
to de amonio 10 % y d&cido corico 10 %) antes de mezclar con el MMA y polimerizar.
Al material ya acabado se impregna con una solucién de metaborato de sodio-acido
bérico (7: 3 )al 12 %.

Otra férmula es aquella en que al monémero se adiciona phosgard C-22-
R + CClg (3% = 107%).

Los mejores resultados encontrados se dan en la siguiente tabla.

|
aserrin sin pre~impregnar aserrin pre-impregnado con

férmula AWPA-B
j k ! B

anti inflamable .  tiempo de  veloci- tiempo de velocidad de
quemado dad de que  quemado quemado
! min. mado min cm/min.,
cm/min,
borax 4.26 1.78 4.91 1.54
metaborato-ac 4.90 1.55 8.53 0.89
bérico (7:3) |
phosgard + CCl,  6.58 1.15 7.70 0.98

control 2.67 2.88 4.25 1.78

O
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El matenal a5| termmado es de aspecto agradable asulante ternuco y
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_ absdrbe\ruidos En Japon se han hecho. algunos estudlos al reSpecto pero con, eI ma

=3 . N -
;S : s 1
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de puertas, pasamanos de escaleras puertas superficies de muebles y en paredes ex
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Las técnicas de laminacion pueden ser de extrusion, compresion y otras
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Incremento en el rendimiento de fa pulpa de papel por irradiacion gamma de

astillas de pino.

En recientes estudios se ha enco;ltrado que la‘irradiacién con un haz de
electrones de astillas de abeto Duglas incrementa el rendimiento de la pulpa en el pro
ceso Kraft entre 4 y 8' % y que esta mejora se mantuvo durante 8 meses de almacena-
miento convencional a la intemperie por lo que se postulé que el incremento en el rendi
miento debido a la irradiacién de las astillas, pudo deberse a un mejoramiento en la
retui.cidn del materia) celulésico en la pulpa.

¢ :
"En el Centro de Estudios Nucleares de la UNAM se estudié la posibili
dad de que por irradiacién gamma de cobalto- 60 también se aumentard el rendimiento,

con la ventaja de que debido a la mayor penetracion de los rayos gamma se podria irra

diar mayores volimenes en el mismo tiempo, disminuyendo el costo y sin importar el
tamafio ogrosor de la astilla, | N,

: Para investigar los _efectos de la radiacion en las hemicelulosas, se suje
taron a un tratamiento de hidrolisis con NaOH al 0.1N ya 100\°C durante 24 horas
en atmésfera de nitrdgeno, se observd la pérdida de peso y se cor‘nprobé con una mues
tra sin irradia:r. Las dosis de irradiacion a que se sometieron las muestras fue;on:
0, 0.012, 0.025, 0.05, 0.075, 0.1, 0.2, 0.5, 1, 1.5 y 2 Mrad.

En los resultados obtenidos se.encontrd que la madera sin irradiar did
una pérdida de peso de 23.46 % y en las astillas irradiadas hay una menor pérdida
de peso encontrandose un minimo a 0.025 Mrads de 15.33 % por tanto, el rendimien
to aumenta en 8.1 %.

| La dosis optima encontrada a 0.025 Mrads para madera de pino con

irradiacién gamma ed menor que la encontrada para abeto Douglas a 0.15 Mrads con

“irradiacion de electrones v con un aumento deliorden de 7 %.
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TRAZADORES EN LA INDUSTRIA.

El trazado significa que un cierto elemento, substancia, fase u

objeto cuyo transporte o transformacidn se desea estudiar, se

marca con un agente especifico que se comporta durante el proceso

investigado en la misma forma que la materia bajo estudio, y ade-

mds puede detectarse selectiva y ficilmente en un punto dado du-

rante o después del proceso.

£l empleo de trazadores radiactivos para estudiar procesos 1ndus-

triales ha sido obfeto de numerosas aplicaclones ya que presenta

muchas ventajas: sensibilidad, selectividad, posibilidad de hacer

mediciones in situ y a través de las paredes de los equipos, etc.

La técnica consiste en afladir una substancia radiactiva al mate-

rial que fluye al sistema bajo estudio y en registrar la concen-

tracidén de trazador en el efluente, como funcidén del tiempo. Esta

funcidn contiene prédcticamente toda la informacidn relacionada a

las caracteristicas del flujo y del recipiente, tales como flujo

volumétrico o volumen, tiempo de residencia, tamafio de zonas muey

txas, dispersidn, mezclado, ctc.

Estas técnicas se emplean rutinariamente en plantas piloto o en

fidbricas en estudios de diversa indole, tales como:

- estudios de transporte de materiales para determinar flujos,
distribucidn de tiempos de residencia y patrones de flujo.

- estudios sobre mezclado.

- determinacién de vollmenes. |

- localizacidén de fugas y de bloqucos.

- ecstudios de dispersidn de contaminantes.

- estudios sobre ventilacidn, etc.

O



Aiminiciggrun“estudio_con trazadores hay que seleccjgnar cuidado-

samente e1 rad101sotopo que.se ut111zara en funC1on de su t1po

- A
A + A -3

de de51nteprac1on, energia, vida med1a b4 costo, asi como su forma

3 B . Losiy ~ - A(\.‘, R -

flslca Y. qu1m1ca selecc1onar el equ1po de detecc1on asi como. el

A

equipo. para inyg§c1on del trazador y para toma«de,muestras ‘en

caso de ser necesario.

Medicién de gastos. ‘ B - ST

Er’sten varios procedimientos para determinar el gasto en tuberias,

y en canales o rios.

- Hetodo de plcos. Con51ste en anadlr al 51stema en forma instan-

.,
e .

tanea una cantldad de trazador y, determlnar con ayuda de dos”@e-
tectores colocados en puntos d1ferentes a 10 largo de unahfhberig;
el t1empo de paso del tr;zador Conoc1endo el’ volumen comprendldo
-entre dlchos pu#;;si AV al obtener la d1féfénc1a entre los t1empos

~

de paso, At =t - t puede determinarse el'gasto de la relacién
. ’ 2 1 -

1

. N - . : :
'..:r‘m'-S\’ ' k R : 1)
L N \

e e '

- InyeCC1on instantdnea: Si una actlvrdad conoc1da A de un radio-

H - . -

1sotopo se afiade al sistema y aguas abaJo se reglstra la concen-

trac1on del trazador como func1on del tlempo, c(t),‘el f1u30 vo-

lumétrico puede|determinarse‘de la relacién

‘ l ‘.-, _rjr — ‘ B - (2)

\ \ \u/
La relaC1on anter1or expresa 1a conservacién del trazador y para

“

que sea va11da se-.requlere que en el punto de deteccidn se tenga

) . [ .

1




una concentracidén uniforme de trazador en la seccion transversal
y naturalmente, que no haya pérdidas de trazador, ya sea por ad-
sorcién o por haber bifurcaciones.

Existen diversas formas de evaluar la integral que aparece en la
ecuacidén (2); una de ellas es la de ''conteo total''. Si se coloca
un contador en el punto de deteccidn, el nGmero total de cuentas

que se registra, N, esta dado por la relacién:

N TJ SRS (3)
en donde F es una constante que depende del detector y se puede
obtener calibrdndolo en condiciones iguales que las de medida;
por ello es conveniente colocar el detector no en el sistema mis
mo sino utilizar para la deteccién un contenedor con una geome-
tria reproducible por el que se hace pasar una parte del fluido,

previamente mezclado.

- Inyeccidén continua: Se inyecta al sistcma un trazador con una
concentracion C1 y un caudal constante q, Y aguas abajo se mide
la concentracidn del trazador, C, en un punto donde haya buen

mezclado; el gasto q en el sistema estard dado por la relacidn:

Distribucién de tiempos dc residencia.

Muy a menudo es necesario conocer en distintas industrias o labo
ratorios el tiempo promedio que permanecen una o varias sustan-

cias en un horno, un reactor u otros recipientes.



El tiempo de residencia depende del caudal de entrada, dimensio-
nes y forma geométrica del tanque y, de las condiciones de ali-
mentacidén y de desague, asi como de las caracteristicas fisicas
y quimicas de los productos que fluyen.

El tiempo de residencia nominal t se define como el cociente
entre la capacidad del recipiente V y el caudal o gasto que pasa

por el mismo, q. -

Este tiempo de residencia nominal es util para efectuar distin-
tas evaluaciones técnico econdmicas pero es preciso admitir que
esta informacidén es incompleta, ya que una parte de la materia
que fluye demora mis tiempo que el valor nominal hallado y otra
reside un tiempo menor.

Si esto ocurre por ejemplo en un reactor, significaria que parte
de la materia atraviesa demasiado rdpido el recipiente sin comple
tar la reaccidén quimica, mientras que otra fraccién permanece mis

tiempo del debido.

Si se¢ afiade una cantidad A de trazador en forma instantinea al
material que fluye a la entrada de un recipiente y se registra
continuamente la concentracidén a la salida del sistema, se obtiene
practicamente la llamada curva C. .

El area bajo la curva comprendida entre t y t + dt representa la




fraccidon de material a la salida que tardd un tiempo comprendido
entre t y t + dt en salir, a partir del momento de la inyeccidn
del trazador, o sea la curva C nos da la distribuciodn de edades
a la salida del sistema o sea, la distribucidn de tiempos de re-
sidencia del fluido dentro del sistema.

La curva de respuesta a una inyeccidn instantdnea de trazador
para el caso ideal de un flujo de tipo pistdén y para el de un

recipiente perfectamente mezclado se ilustran a continuaciodn:

.—————-_-/——": 1
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El tiempo,de residencia promedio o sea, el centroide de la curva

de concentracién vs tiempo puede encontrarse dé la relaciédn:

- A \‘\%f)‘it
§oed e

Comparando el tiempo de residencia observado experimentalmente
con el nominal se puede obtener informacidén sobre el patrdn de
flujo dentro del sistema; por ejemplo, si Eo< EN es indicativo
de que se tienen zonas muertas en el sistema y el volumen muerto,

Vm, puede encontrarse de la siguiente forma:



O

Volumen efectivo =V - Vm

. '> ’ . . .
1, < VAl o - SO | .. .

2]

1~

Andlogamente puede encontrarse la existencia de un '"by pass'.

En un sistema con recirculacidén puede determinarse el flujo re-
circulantg: si se afiade una cantidad A de trazador, la actividad
que verd el detector en la primera pasada del material serd A y
en la segunda pasada serd x A; o sea que de la curva de actividad
obtcnida puede determinarse x que es la fraccién de material que

recircula. ®

 mmm e . t

En algunos sistemas es posible mediante inyecciones instantdneas
de trazador en distintos lugares del sistema obtener informacion
sobre corrientes o flujos preferenciales, zonas muertas, tiempos
medios de eliminacidn, etc. En otros sistemas es posible obtener

en tiempos diferentes, curvas de isoconcentracidén de un trazador




inyectado previamente y de ellas es posible determinar las ca-
racteristicas del sistema, en particular en estudios de disper-
sidén de contaminantes o de movimiento de arenas.

En general la curva de respuesta a una inyeccibén instantdnea -
puede usarse para evaluar pardmetros de un modelo especifico de

A
flujo propuesto para el proceso.

.
/

Lstudios de Ventilacién.

Los trazadores radiactivos se han empleado frecuentemente en estu
dios de ventilacidén. La rapidez de ventilacién o de cambio de aire
R, puede definirse como el cociente del flujo volumétrico de aire
que entra a un cuarto y el volumen de éste, suponiendo que el aire
en el cuarto estd perfectamente mezclado; si esto no ocurre, la -
ventilacién no es uniforme en el sistema.

En el caso de mezclado perfecto, la curva de salida de trazador
que se¢ ha inyectado en forma instantdnea scrd C = Co e-Rt

(R = %); o sea, la pendiente de la curva graficada en papel semi-
logaritmico es la rapidez de ventilacibén; si se conoce el flujo
volumétrico de aire puede determinarse si existen o no zonas - -
muertas, asi como su magnitud. Colocando el detector en diversos
puntos de un local bajo estudio pueden determinarse con precisién
aquellas zonas en las que no se tiene un mezclado perfecto. En -
esta forma ha sido posible disefiar difusores o rejillas cuya geo-
metria sea la Optima para asegurar una perfecta ventilacién y en

cuartos piloto o en grandes espacios piblicos cerrados, se ha en-

contrado su colocacidén d6ptima.

@,
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Localizacidén de fugas.

Existen varios métodos para detectar fugas en redes de distribu
cidén de aguas o en drenajes. Uno de ellos consiste en aiiadir un
trazador al sistema y observar la direccién del flujo con la 1i
nea bloqueada, de modo que el liquido fluya solo hacia la fuga,
sabiéndose asi si la fuga se encuentra hacia la derecha o hacia
la izquierda del punto de inyeccién; procediendo asi repetida-
mente en direccién hacia la fuga, es posible aislarla.

Otro método consiste en poner un trazador en el agua y presuri-
zar la linea de modo que el fluido marcado fluya por los sitios
de fuga y quede adsorbido en el terreno, en cuyo caso, desde la
superficie puede detectarse la fuga; en oleoductos, el procedi-
miento es el mismo salvo que la deteccidn se hace mediante un
detector, acoplado a una grabadora que se mete dentro del ducto;
l1a posicidn se determina en relacidn a las sefiales obtenidas -

cuando la,sonda pasa por fuentes de radiacién colocadas a distan

cias convenientes, por fuera de la tuberia.

En algunos casos en 1las ”unidades>raspadoras o diablos' que se -,
emplean para limpiar tuberias se incorpora una fuente radiactiva
para que si se atoran se pueda detectar su posicidén exacta desde
la superficie y se procede a reparar la tuberia en donde se pro-
dujo el bloqueo.

Fugas cn intercambiadores de calor se pueden detectar fédcilmente
si se sigue la trayectoria de un trazador soluble; su magnitud

puede determinarse por la técnica de conteo total.



ANALISIS DE RAYOS X DE FLUORESCENCIA.

El andlisis de rayos X de fluorescencia consiste en excitar
la muestra éon una fuente adecuada de radiaciones detectando si-
multidneamente los rayos X caracteristicos emitidos por los diver-
sos elementos presentes en la muestra.

Con la disponibilidad de materiales radiactivos es posible
seleccionar radioisétopos que emitan rayos X 6 y con energias
adecuadas para excitar varios elementos. Se han hecho diversos -
intentos para realizar andlisis de rayos X de fluorescencia en
forma tal que la geometria permita compensar la relativamente
baja intensidad de emisidén de las fuentes radiactivas.

Con detectores de centelleo o proporcionales no es posible
resolver rayos X de energias cercanas y al emplearlos, ha sido ()
necesario recurrir a técnicas especiales, como la de los filtros
de Ross, en que se utilizan dos absorbedores tales que el borde
o discontinuidad de absorcidn por efecto fotoeléctrico de uno de
ellos esté a una energia ligeramente menor y el del otro a una
energia ligeramente mayor que la energia de los rayos X cuya in-
tensidad se desea determinar; con cada uno de los filtros se toma
un conteo y la diferencia de conteos es proporcional a la inten-
sidad. En esta forma se hizo ya rutinario el andlisis de rayos X
con radioisét0p6é y en casos muy favorables se tienen limites de
deteccidn de 100 ppm para algunos elementos.

Paralelamente se desarrollaron los detectores de estador--
561lido cuya resolucidén permite separar los rayos X Ka de casi todos

los elementos, aln vecinos; con un analizador multicanal de altura (;



de: pulsos ‘es-posible analizar simultdneamente todos los elemen-
tds“preSéhtéS“en una muestra, en forma cualitativa y/o cuantita-
tiva. A esta-modalidad del anallsls de rayos X se le denomlna

de»”dlsper51on‘de energlas" asi como a 1a tecnlca convenc1onal

v

se le conoce como de dispersién dé 1ong1tudes de onda.

Eguipo.

La conf1gurac1on geometr1ca fuente muestra detector utlllza

N X ~

dé, se 11ustra en la f1gura 1 La fuente rad1act1va esta b11ndada

o~
Y.

en su parte 1nfer1or y em1te rad1ac1ones solo en d1reCC1on a la -
it
muestra M, en donde una c1erta fracc16n produce rayos X caracte-

. s
gt 4 L

rlstICOS que son emitidos en todas d1recc1ones, algunos de ellos
llegan al detector Yy también- parte de la rad1ac16n pr1mar1a dis-

persada en 1a muestra.

i ¢ - . VL « 4‘
La fuente de excitacion se selecciona en funcidén de la ener-

“gia-del borde- de ébsorciénﬁfotoeléctriébﬂde 16s elementos ng se
desea analizar.:En la tabla T §E<ﬁh¢%ﬁ}én las Garacteristicas so
bresalientes de: los radioisétopos mis émhieadoé.

En elnDepartamento-de'Isétop034del,P%ograma'de”Techologia
del: INEN se.cuenta con unwdeteétor,dé’Si(Li) de 30 mm? de &rea x
4 mm de profundidad que tiene una resolucidén‘'de 180 éV a 5.9 keV;
con &1 es ﬁosible diferenciar rayos~X 'de cualquier elemento de
nﬁmg?o 9§6$ico;hayorlqgeugl dei aluminio (2%13). Los pulsos pro--

-ducidos en, el detector, adecuadamente amplificados, se procesan

en un analizador multicanal de altura de pulsos, en el que se -

¢
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obtiene el espectro de energias de los rayos X emitidos por 1la
muestra; el drea de cada uno de los fotopicos es directamente
proporcional a la intensidad. Este equipo se estid empleando -
principalmente para andlisis de elementos presentes a nivel de

trazas en muestras muy delgadas.

Excitacidn de Rayos X.

Se han formulado diversas teorias semiempiricas para obtener
la intensidad (IA) de los rayox X de un cierto elemento A, exci;
tados en una muestra. Para un haz de radiacidén monoenergética
que incide perpendicularmente en una muestra homogénea que con-
tiene una ¢oncentracién Ty del elemento A, puede demostrarse que:

-4 Lku TS )1‘1’: Vi
I = XSA __L.__, © e e —— l f\h.

?L (H' Tf“ )')l'{

en donde: IA es un factor que depende de la intensidad y energia
?

de excitacién, de la geometria utilizada, y del -

nimero atémico Z del elemento A.

|

u? , u? i son los coeficientes de absorcidén de cada uno de los
} r
elementos presentes en la muestra para la energia de
excitacidén y para la energia de los rayos X del elemen-
to A, respectivamente.
T. , es la concentracidén en peso de cada uno de los elementos

presentes en la muestra.

' [

m , es el espesor de la muestra, expresado en mg/cm2
Para muestras ''gruesas' (I (u§ + ,u?) T.m > 4), la ecuacidn

anterior sera:
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Para muestras delgadas, ( Z(u%
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+ u?)"rim;i 0.1, la intensi-

.-dad de:los rayos.X del elemento A excitados en la muestra seri:
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O sea, en el caso de muestras gruesas la intensidad de los
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rayos X de un elemento en el detector no es una func1on lineal
- ¥
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de su concentraC1on en la muestra, 51no que depende tamblen de
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la concentraC1on de los otros elementos presentes en la nlsma )
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muestra, o sea, se t1enen c1ertos efectos de absorczon de rayos X
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en la muestra m1sma, que es necesar1o tomar en el anallsls cuanti-
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tat1vo 51n embargo, en el anéllsls de m1nera1es es generalmente
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fac11 obtener curvas de callbraC1on adecuadas Yy de ah1 .que este tipo
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de anﬁl151s en el que se emplea tan solo un dctector de VaI(Tl) y
"
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un contador de pulsos, es una tecnlca ya rutlna ia
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El analls1s de muestras delgadas es un caso partlcularmente
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adecuado para el ana1151s de rayos X de fluorescenc1a ya que no

-t wihy

'se t1enen efectos de absorc1on o 1nterfemenc1a de otros elementos

LT -

y 1a rnten51dad de rayos X exc1tados es proporc1ona1 a la concen-

traciodn del elemento que se»desea determlnar. -
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Anélisis de contaminantes colectados enﬂfiltrosw >

«. -, Un;aspecto muy.importante en los estudios de contaminacidn

ambiental es el 'anidlisis multielemental de las particulas de polvo

colectadas en un papel filtro mediante muestreadores de aire, ya




que permite conocer el origen y movimiento de los contaminan-
tes.

El filtro con las particulas colectadas puede analizarse
mediante cualquier técnica: absorcién atdémica, espectroscopia
’de emisién, activacién con neutrones o andlisis de rayos X de
fluorescencia; las dos primeras requieren de tratamientos previos
en la muestra que ademds de ser laboriosos y tardados pueden ser
una importante fuente de error, ya que puede contaminarse la -
muestra o perderse parte de los contaminantes colectados. El -
andlisis por activacidén es una técnica muy sensible para cier-
tos elementos pero es muy costosa y requiere de un reactor nu-
clear; ademads, es dificil ver elementos como el Pb, Fe y otros
que son importantes contaminantes.

El andlisis de rayos X de fluorescencia en muestras delgadas
es una técnica no destructiva; no requiére de preparacién de 1la
nmuestra excepto cortar un trozo del papel filtro, el cual sc -
pucde guardar como referencia después del andlisis; en un corto
tiempo (10 a 20.min) se determinan en forma simultinea priacti-
camente todos los elementos presentes en el filtro. Con un cambia
dor de muestras y una pequefia computadora se puede tener un siste
ma completamente automidtico capaz de analizar mds de 100 muestras
diarias a, un costo inferior a $50.00 por muestra.

Con el equipo que se tiene para el andlisis de muestras del
gadas, la cantidad minima detectable en un tiempo de andlisis de
10 minutos de elementos tales como Fe, Zn, Pb, etc. es ds décimas
de microgramo por cm2 de filtro.

Referencia: |

Radioisotope XqRay Fluorescence Spectrometry, Technical Report
Series No. 115, IAFA, Vienna, 1970.
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Medicién del espesor de recubrimientos.

En un, sistema metal -base-recubrimiento es posible medir

) . ; .
el espesor del recubrimiento por uno de -dos procedimientos:
excitando rayos. X del recubrimiento y midiéndolos directamente

0 excitando rayos X del metal base y midiendo su absorcidn en

e

el recubrimiento. . . oo e o R

v o

En el prlmer €aso,: si elarecubrlmlento es con un metal

puro, como - por eJemplo zinc - (lam1na galvanlzada), estano (hOJa

lat }, etc., la- ecuac1on 1- se’ reduce a la forma. w
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en donde m-es ahora el espesor del recubrlmlento. e
R ‘," PRI

- Em el segundo caso se exc1tan rayos X del metal base, por»f

N

e)emplo f1erro, que se supone t1ene un "espesor 1nf1n1to" y 'se

mxde la 1nten51dad de estos rayos X una vez atenuados en el re-

t
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cubrzmlento. Entonces tendremos. ‘ .
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Energia nuclear
y tecnologia

La industria, la agricultura,
la medicina y la

investigacion cientifica han
encontrado en
los radioisGtopos

Carlos Garcia Moreno*

Los radioisotopos

Al hablar de la aplicacion pacifica del atomo,
mucha gente considera que es sindnima de la
produccion de energia eléctrica a partir de com-
bustible nuclear.! Esto es comprensible, ya que
ése es uno de los grandes objetivos de muchos
paises en este mundo avido de fuentes de energia.
Hay sin embargo, otro aspecto importante: los
radioisotopos y sus usos en la industria, agricultu-
ra, medicina e investigacion cientifica.

Los materiales radiactivos, o radioisotopos, son
aquellos cuyos nGcleos emiten radiaciones. Estas
pueden ser de tres tipos, que se distinguen por su
naturaleza y su poder de penetracion: los rayos
alfa (a) estan constituidos por particulas con car-
ga eléctrica positiva y tienen poco poder-de pene-
tracion en la materia por ser particulas pesadas;
los rayos beta () son en realidad electrones, es
decir, particulas relativamente ligeras con carga
eléctrica negativa; y los rayos gamma () son de
naturaleza electromagnética (como la luz o los
rayos X) con una energia mas elevada, y un gran
poder de penetracion.

Existen muchos elementos radiactivos en la na-
turaleza; sin embargo, con la disponmibilidad de
reactores nucleares en 1940 se abrid un mundo
nuevo ante nosotros: materiales estables pueden
tornarse radiactivos al ser sometidos al flujo de
neutrones de un reactor; de esta forma el hombre
ha podido fabricar radioisotopos a volumen, es
decir, materiales que emiten determinadas radia-
ciones, que hoy en dia se emplean en una infini-
dad de actividades en bien de la humanidad.

Los radioisdtopos producen beneficios tangibles
en la industria y ésta es ia principal explicacion

*Carlos Garcia Moreno es investigador cientifico de la
Comision Nacional de Energia Nuclear y se ha dedicado a
las aplicaciones industriales de los radioisOtopos. Trabaja
también en el Laboratorio Nuclear de la UNAM,

! NR: ver Fisica, vol 1, No 8.

una poderosa ayuda

que puede darse de su uso extendido y creciente.
Mediante el uso de radioisdétopos puede lograrse
.una mejor calidad del producto elaborado, un
ahorro de materia prima, de desperdicios y de
mano de obra, y una mayor eficiencia de otros
factores de produccion que en seguida analizare-
mos, en funcién de algunas de las aplicaciones
mas importantes de los radioisbtopos. Para ello,
dividamoslas en dos grupos:

—Uso de fuentes selladas e instrumentos.

—Uso de trazadores y técnicas de activacion,

Instrumentos de medicion con fuentes selladas

Como la cantidad de radiacion que absorbe o
dispersa un material depende de la naturaleza del
mismo, midiendo el grado de absorcion o disper-
sion podemos determinar ciertas propiedades del
material en cuestion, como son espesor, densidad,
composicion, etc. Los instrumentos que nos per-
miten hacer estas determinaciones consisten basi-
camente de una fuente radiactiva sellada y de un
detector de radiaciones acoplado a un indicador
que muestra la cantidad de radiacion detectada.
La ventaja mas importante que presentan los
instrumentos con radioisbtopos es que no se re-
quiere ningan contacto con el material que se
mide. Por tanto, se usan para mediciones en ma-
teriales que son delicados, como el papel, o en los
que el acabado superficial es importante. Esta
técnica permite también determinar propiedades
de materiales producidos en forma continua, a
alta velocidaq 0 a alta temperatura. En la indus-
tria alimenticia, las mediciones sin contacto garan-
tizan las condiciones sanitarias necesarias en el
proceso de manufactura. Ademads, las mediciones
pueden realizarse ya sean continuamente en el
material producido, o en muestras extraidas del
mismo, sin alterar el material en modo alguno.

Medicion de densidades

Otra ventaja de los medidores con radiois6topos
estriba en que la gran penetracion de la radiacién

19
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material radiactivo

- placa fotografica

Un iman permite distinguir entre los tres tipos de amisiones radiactivas.

game de alta energia permite realizar medicio-
nes a través de recipientes cerrados aunque sus
paredes sean muy gruesas. Asi, desde el exterior
podemos determinar la densidad de una sustancia
que estd dentro de una tuberia, o el nivel de un
liguido en un tanque de almacenamiento, con io
que se facilita la instalacion y el servicio de
mantenimiento. Por ejemplo, en un oleoducto
pasan diferentes productos de petrbleo y es nece-
sario distinguirlos; esto puede lograrse con un
medidor de densidades de radiacton gamma.
Cuando el instrumento falia puede reemplazarse o
repararse sin detener la operacion de bombeo, ya
que el medidor esta montado por fuera del ducto.

Cuantas veces nos hemos encontrado con que
la salsa de tomate embotellada que acabamos de
comprar no sale.de la botella, o que el cigarro
que encendemos se apaga por estar el tabaco muy
flojo o muy apretado; estos problemas pueden
eliminarse facilmente con un medidor de densidad
con radioisOtopos.

Analisis no destructivo

Varias caracteristicas de los instrumentos con
radioisdtopos los hacen particularmente adecua-
dos para emplearse en la industria minera, tanto
en la prospeccion como .en el ensayo de minera-
les, El bajo costo, las pequefias dimensiones, la
independencia de la corriente de linea y el facil
manejo, son las bases ideales de un instrumento
portatil para uso-en el campo. Con un equipo de
esta naturaleza se pueden realizar anélisis no-
destructivos de rayos X para determinar el conte-
, .

|

nido de ciertos elementos en los minerales lo-
grandose en algunos casos una sensibilidad hasta
de 40 ppm (40 partes por milldon).

El costo de los medidores con radioisotopos
varia grandemente segun el grado de complejidad
que se requtera, desde $10 000.00 MN para uno
sencillo, hasta $ 250 000.00 MN para uno que
permita automatizar una fabrica. Normalmente, la
inversion se amortiza en corto tiempo.

Medicion de espesores

Consideremos un ejemplo para comprender mejor
la importancia de empleo de los radioisdtopos en
la indusiria: medicion del espesor de recubri-
miento de zinc sobre lamina de hierro. Al produc-
to final se le denomina lamina galvanizada. El
propésito del galvanizado es proteger la lamina
contra la corrosion, y el grado de proteccion
depende del espesor del recubrimiento de zinc.
En laminas que estaran expuestas a la intemperie
se requiere un recubrimiento de aproximadamente
0.05 mm de zinc para que tengan una duracion
de por lo menos 15 afos en buenas condiciones;
en aquellas que se usen en interiores, un espesor
de 0.01 mm de zinc es suficiente.

Todos hemos visto el empleo de |dmina galvani-
zada en la construccion de techos, ductos de aire
acondiconado, tuberias para desague y drenajes,
tinacos, latas, cubetas y botes de basura, asi
como en muebles metalicos, refrigeradores, lava-
doras, etc.

El galvanmizado puede realizarse, ya sea por
inmersion de la ldmina de hierro en una tina con




Poder de penetracion de algunas radiaciones nucleares.

zinc fundido (para espesores mayores de 0.01 mm
de zinc) o por electrodeposicion (para espesores
menores).

En el proceso de galvanizado por inmersion en
caliente, la ldmina negra se hace pasar por un
bafio de zinc a una velocidad de unos 60 metros
por minuto o mayor y a continuacidn pasa a una
cortadora; la temperatura del bafio es del orden
de 450°C.

Este es un caso tipico de un proceso en el que,
para asegurar la uniformidad del producto termi-
nado, es conveniente medir continuamente el

1||l|l|
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medidor de radiacion

\ M
contador de radiacion \
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espesor del recubrimiento. Este se controla varian-
do el tiempo de inmersién. La rapidez, la elevada
temperatura y el acabado superficial del producto
obligan a que esta medicion se efectue sin contac-
to alguno con el material que se mide.

Si el fabricante desea producir una ladmina
resistente a la intemperie el espesor del recubri-
miento de zinc debe ser superior a 0.05 mm;
cuando no se dispone de un medidor adecuado es
costumbre fijar las condiciones iniciales del proce-
so en forma tal que el espesor sea el doble, con
lo que se puede asegurar que si el tiempo de

el medidor controla el ajuste
de tos rodillos
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Medicion continua del espesor de materiales laminados.




introduccion de isdtopo radiactivo
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el flujo es funcion del conteo de radiactividad

Madicion del flujo en una tuberia.

inmersion disminuye por alguna razoén, el espesor
del zinc seguira siendo por lo menos igual a lo
necesario. En este caso el fabricante estd consu-
miendo practicamente el doble del zinc que re-
quiere. En el momento en que se instale un
equ , . de medicidon continua, podra ajustar ins-
tantaneamente sus condiciones de operacion con
lo0 cua! obtendrd un producto mas uniforme,
menos ‘desperdicio de material y un ahorro de
materia prima. Ahora bien, si el volumen de
produccion es tal que el consumo de zinc es de
10 toneladas por semana, el ahorro en materia
prima sera de 5 toneladas o sea $ 20 000.00 / sema-
na aproximadamente. En este caso, un medidor que
cuesta $ 200 000.00 quedaré pagado en 10 sema-
nas de operacion.

En este ejemiplo, la' técnica de medicion del
espesor mas adecuado consiste en excitar rayos X

introduccion de
isotopo radiactive: iodo 131

caracteristicos del zinc y en cuantificarlos. e!
namero de rayos X depende directamente de!
espesor del zinc, dentro de ciertos limites.

Radiografia gamma

La técnica moderna exige un control minucioso
de, por ejemplo, las piezas destinadas a la cons
truccion mecanica. Por ello, los métodos de con-
trol no destructivo han encontrado un dominio
considerable de aplicacion. Entre ellos el de ga-
mmagrafia ocupa un primer plano, aumentando
su importancia dia con dia. Su uso es rutinario
en la inspeccion de soldaduras y de pilezas de
fundicion, para revelar la presencia y naturaleza
de las discontinuidades y ios defectos. Numerosas
fallas en tanques de almacenamiento, en recipien-
tes de presion, en tuberias, en barcos y aviones se
han debido a fracturas en el acero, asociadas a

la medicton de la radiactividad sefala la
localizacion de la fuga |
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defectos de soldadura. La radiografia con rayos X
puede emplearse para verificar que no existan en
las uniones roturas ni otros defectos como poros,
escorias y falta de penetracidon o de fusion de la
soldadura.

Otras aplicaciones

Son tantas las aplicaciones de los radioisbétopos,
como fuentes de radiacidén, que seria imposible
mencionarlas todas aqui. A manera de ejemplo
citemos brevemente algunas mas. Los radioisoto-
pos se pueden emplear en sistemas de alarma
contra incendios, en la eliminacidon de cargas
electrostaticas de materiales aislantes, en la fabri-
cacion de pinturas luminiscentes. . .

Empleo de trazadores y tecnicas de activacion

El rastreo significa que una cierta sustancia, cuya
transformacion se desea estudiar, se marca con un
agente especifico que se comporta en el proceso
investigado en la misma forma que el material de
interés y que, ademas, permite su deteccion selec-
tiva y rapida en un momento dado, durante o
después del proceso. La aplicacion del principio
de rastreo se ha desarrollado extensamente con la
disponibilidad de sustancias radiactivas como tra-
zadores.

No existe una clasificacion de las diversas for-
mas en que se utilizan los trazadores en la
industria, pero pueden agruparse en las siguientes
aplicaciones: estudios de transporte de materiales
y de mezclado, determinacién de voliumenes, de-
teccion de fugas, estudios de corrosion y desgaste,

fuente sellada
' de cobalto 60
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y analisis por activacion. Los experimentos con
trazadores radiactivos se han hecho en una gran
diversidad de sistemas, incluyendo entre otros,
motores, pozos de petrbleo, torres de destilacion,
tuberias, reactores quimicos, mezcladores, siste-
mas de engranes, rios y canales, hornos rotato-
rios, etc.

Algunas de las ventajas de los trazadores radiac-
tivos son las siguientes: la medicion de radiacion
se hace con una gran sensibilidad, por lo que la
cantidad de trazador empleada puede ser tan
pequefa que no produzca interferencia con el
proceso bajo estudio. Los detectores de radiacion
tienen una respuesta rapida. La radiacion nuclear
puede medirse, continua o discontinuamente, sin
necesidad de extraer muestras y perturbar el
sistema estudiado, ni parar el proceso. Cuando se
usan emisores de rayos gamma, fa medicién puede
efectuarse a través de las paredes de recipientes y
tuberias. El material radiactivo y la instrumenta-
cion de deteccidbn son generalmente baratos y el
costo de realizar una aplicacion es generalmente
insignificante en relacion con el valor de la infor-
macioén obtenida.

Estudios de friccion y desgaste

Los estudios de corrosidbn y desgaste requieren la
medicion de cantidades muy pequefias de mate-
rial. Actividades especificas moderadamente altas,
obtenidas al irradiar el material, dan una sensibili-
dad suficiente para realizar las mediciones. Esta
técnica se'ha utilizado en el estudio del desgaste
de herramienta de corte, troqueles y dados, bali-
nes, engranes, pistones, contactos eléctricos, mo-

| ajuste vertical de la fuente
y el contador

]
fg ———— contador geiger

A
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medidor
de radiacion
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Determinacion del nivel de un tiquido en un recipiente.
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anillo
radiactivo
en el piston
hecho con

Estudios de friccion y lubricacion.

tores, llantas, ceras y barnices bajo condiciones
nc —ales de operacibon. Se emplea también para
determinar el desgaste de recubrimiento de hor-
nos de fundicion.

Analisis por activacion

Un gran namero de las aplicaciones industriales
de los radiois6topos pueden considerarse esencial-

mente como técnicas de analisis. Sin embargo, el

analisis por activacion con neutrones es la mas

conocida y la mas poderosa de las técnicas de

analisis de elementos quimicos. Actualmente ha
alcanzado una etapa en la que se le considera
parte de la herramienta normal del quimico ana-

fuente
rachactiva.
' cobalto 60

Radiografia con rayos gamma.

muestra de aceite lubricante

medicion de contenido de
Fe 59 en la muestra

lista. Esta técnica consiste en irradiar la muestra
en un reactor o en un generador de neutrones y
en determinar, con un equipo de contec de
radiaciones, la cantidad de radiactividad induciaa;
En algunos casos no se requiere de separaciones -,
quimicas, por lo que puede considerarse como
una técnica de analisis instrumental, no-destructi-
va, icon la que puede obtenerse una sensibilidad
hasTga de 107! g para algunos elementos.
Distribucién de tiempos de residencia y velocida-
des de transporte

De la distribucidon de tiempos de residencia en un
sisterma, como un recipiente o un reactor quimi-

fisura en el cuerpo de la
placa fotografica

la placa revelada
muestra los defectos




co, puede obtenerse informacion sobre los patro-
nes de flujo del fluido y de su relativa importari-
cla.

Estos estudios son necesarios en el disefo de
plantas, para probar que el equipo se usa eficien-
temente, que el producto es uniforme en calidad,
vy en la identificacion y localizacion de diversos
funcionamientos erréneos en procesos industria-
fes.

Dentro de este grupo pueden incluirse aplica-
ciones tan variadas como la determinacion de
velocidad de flujos (o gasto) en sistemas de
enfriamiento en plantas industriales, o en rios y
canales de riego, estudios sobre ventilacion para
determinar la rapidez de renovacién del aire y
para obtener patrones de su movimiento, estudios
sobre el movimiento de aguas subterraneas y
superficiales, estudios sobre el movimiento de
arena y sedimentos en puertos y litorales, etc.

Otros usos

Con radioisdtopos pueden realizarse estudios so-
bre mezclado de materiales, con objeto de mini-
mizar el tiempo de' mezclado y optimizar las
condiciones del procéso; pueden determinarse pe-
sos 0 volumenes por medio de dilucion isotopica
y pueden localizarse fugas en recipientes cerrados
o en tuberias enterradas, asi como fugas de un
sistema a otro. ‘

Conclusion

Hemos mencionado algunas de las aplicaciones
industriales mas importantes ‘de los radioisotopos

I 4
I ’
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Mecanismo de la luminiscencia

y hemos visto que, debido a los beneficios tan
importantes que producen, su uso es cada dia
mayor. En México, el reactor nuclear de la Comi-
si16n Nacional de Energia Nuclear tiene como uno
de sus objetivos el producir radioisdtopos de vida
media corta que, por ser activos durante poco
tiempo, deben ser producidos cerca del lugar de
utilizacion, no siendo posible su importacion des-
de el extranjero. Los primeros radiois6topos pro-
ducidos por este reactor fueron empleados en el
hospital 20 de Noviembre del ISSSTE para una
aplicacion de tipo médico que, por falta de
espacio, no hemos tratado. La Universidad Nacio-
nal Autonoma de México y e! Instituto Politécni-
co Nactonal también han hechu uso de radiois6to-
pos producidos en el pafs.

Con el funcionamiento continuo de este reac-
tor, y con los proximos que se instalen en el pars,
el empleo de los radioisotopos en la industria y
en otras areas como la medicina y la agricultura
crecerd vertiginosamente.
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rayo luminoso

particula beta

Centro luminiscente
' (Zn § Cd)
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INSTRUMENTOS CON RADIOISOTOPOS

Medidores

de

espesor

yde .
recubrlmlentos

Medidores
de,
densidad

Medidores
‘ de nivel

y .
monitores
de
paquetes

@
Instrumentos
analiticos

Otros

Laminas de aluminio, de cobre, de fierro, papel y
plasticos, recubrimientos de hule, de plastico o de
abrasivos en papel y textiles; recubrimientos me-

. talicos tales como hojalata y lamina galvanizada;
‘lacas y pinturas en ldminas metalicas.

Alimentos en evaporadores (jugos, miel,. leche
condensada), densidad de tabaco en cigarros. Den-
sidad. de pasta de pulpa en fabricas de papel; de
solucion de latex en hule, de mezclas de asbestos
y de cal en la industria del cemento, densidad de
hidrocarburos en oleoductos; densidad de éacidos
corrosivos o0 concentrados en la industria quimica
en general, ‘ ' Lo

L

\Para controlar el llenado de latas, botellas, v

paquetes de sopa, café, cerveza, etc. Se usan me-
didores de -nivel en tanques de almacenamiento,
reactores y hornos, en casi todas las ramas de la
industria alimenticia, papelera, hulera, quimica,
petrolera, cementera, etc. ’ ‘

-+

Contenido de. cloro en hidrocarburos clorinados.
Andlisis de azufre, de cobalto y de plomo, .y
proporcion de carbono e hidrégeno en productos

del petroleo. Analisis de plata, estafio, cobre, zinc

y otros elementos_en minerales.

~ Analisis de -aceros especiales y aleaciones (ej: de-

terminacion de wolframio, cromo, niquel, manga-
neso y otros elementos en aceros).

. . i v

Detectores de humo, fuentes luminosas, elimina-
dores de electricidad estatica en productos lami-
nados.




Usos

Transporte
de
materiales

Mezclado

Desgaste

Y
corrosion

Analisis
por
activacion

DE TRAZADORES EN LA INDUSTRIA

Medicion de flujos, patrones de flujo v tiempos
de retencion de solidos, liquidos y gases en diver-
sos sistemas empleados en la industria. Velocidad
de solidos en suspension y estudio de procesos de
flotacion.

Fiujo de agua, de pulpa y de fibras en la industria
del papel.

Movimiento de virutas en digestores.

Dinamica de torres blanqueadoras, vy eficiencia de
lavado.

Tiempos de residencia y patrones de flujo en
extrusores. Perdida de catalizadores.

Homogenizacion de materiales en mineria.
Eficiencia de mezclado en alimentos, distribucion
de vitaminas.

Distribucion de aditivos y de pigmentos en la
fabricacion de hule y pinturas. .
Mezclado de aditivos en concreto.

Distribucion de componentes en aleaciones.

De piezas de molinc, de asbestos, de llantas, de
piezas de maquinaria, de engranes, pistones, ani-
llos y herramientas de corte; desgaste del recubri-
miento refractario en hornos de fundicién; corro-
sion de tanques y recipientes industriales.

|
Analisis de impurezas en semliconductores; de so-
dio, vanadio, bario y fosforo en hidrocarburos, de
oxigeno en aceros, de,aluminio y de magnesio en
catalizadores, de aluminio, cloro y fluor en plasti-
cos y hules sintéticos, de pesticidas en cosechas y
alimentos, etc.

!

'
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ALPHABETICAL LIST OF I\IDUSTRIES WTTH TYPICAL PANALYZER APPLICATIONS

Aerospace Chemlcal T Ore Proce 58 ors 1Rubber

Aluminum Electric -‘Power Co. Paper : " Steel

Analytic Laboratories Foundry Petrochemical- .; . Synthetic Fibers

Battery Manufacturers Glass L Photo Film Mfgs .- Wood Preserwvation

Cement ' Metal Processors Pollution Monitoring ' ¢

Industry 4 rkw Element 'Syn‘l. Z Matrix +S _Range ' Remarks N

Aercospace 'Molybdenum ~* Mo 42  Ni based alloy . 1% 0-59 28
Neodymium Nd 60 Mg based alloy .05% 0-5% - 31
Nickel Ni 28 Rocket fuel . 05% 0-7% .33
Praseodymium Pr 59 Mg based alloy .05%  0-5% - 31

Aluminum Copper Cu 29, Alalloy ..017% 0-5% ) 19, 20, 21
Iron ' © Fe- 26 Al alloy .. 04%  0-5% 19, 20, 21
Manganese = Mn. 25 Al alloy . 01% 0-5% : 20,21
Zinc c Zn 30+ Al alloy T L ..03% 0-5% 19, 20, 21

Analytical Labs Chlorine Cl 17: "Poly\vir;yl_ chloride . 05% 0-5% — 7 14
Cobalt Co 27 Hydrocarbon L 01% 0-2% 49
Lead ' Pb 82 Hydrocarbon .001% 0-5% . NF, T=64 24
Mercury Hg 80 Hydrocarbon ", 001%  0-5% . NF, T=64 49
Palladium “-Pd 46 Hydrocarbon .01%  0-5%  NF, T=64 49
Potassium K 19 Hydrocarbon . 02%  5-10% NF, T=64 49
‘Rubidium’ Rb '37 Hydrocarbon — . 01% 0-15% ., NF, T=64 49
Selenium Se 34 .Hydrocarbon . . 01% 0~5% NF, T=64 ~ 49
Silver ' Ag 47 Hydrocarbon . 01% 0-5% NF, T=64 49
Strontium  Sr_’38 Hydrocarbon . .01%  0-15% NF, T=64 49
Tellurium Te' 52° "Hydrocarbon . . 01% 0-5% NF, T=64 49
"Thallium "Tl 8l Hydrocarbon .001%  0-5% NF, T=64 = 49
Thorium " Th™ 90 Acid solution .02%  0-5% . 49
Titanium Ti 22 On filter paper 30p. gm 0-100p gm 14

Uranium U 92 Acid solution . 02% 0-5% 49




Industry Element Sym. Z Matrix 458 Range Remarks N

Battery Mfg. Antimony Sb 51 Lead CL.0% 0-12% 2
Gallium Ga 31 Indium alloy .. 3% 0-59: 22
Germanium Ge 32 Indium alloy . 3% 0-5% 22
Cement Calcium Ca 20 Cement raw mix - ,2% 30-50% 11
Iron Fe 26 Cement raw mix . 05% 1. 54, 5% 49
Chemaical Barium Ba 56 Polymers . 1% 0-15% 4,5,6
Cadmium Cd 48 Hydrocarbon C L 01% 0-5% NF, T=64 49
Cesium Ce 55 Hydrocarbon . 1% 0-5% NF, T=64 49
Calcium Ca 20 Polymers L 15% 0-5% 4,5,6
Aliphatic alcohols = .1% 0-5% 7
Oil I 1% 0-507(‘ 8
Chlorine Cl 17 Tin organics L 2% 0-5% 5
Iodine I 53 Hydrocarbon .02% 0-5% NF, T=64 49
Sulphur S 16 Polymers . . 8% 0-15% 4,5,6
Titanium Ti 22 Hydrocarbon . 02% 0-5% 43
Zinc Zn 30 Polymers . 05% 0-10% 4,5, 6
: Rayon ZnSOy " 1.0% 35-40% 46
Electric Power Sulphur S 16 Coal . 04%: 0-5% 41
Foundry Antimony Sb 51 Brass T 0-5% 1
Copper Cu 29 Brass -1, 0% 50-60% 1
Lead Pb 82 Leaded Brass L 12% 0-49% 49
Silicon Si 14 Iron silicate - 2% 20-60% 35
Cast Iron Y 0-5% 37
Tin Sn 50 Bronze b 2% 0-11% 49
Zinc Zn 40 Brass 1. 0% 25-30% 1
Glass Calcium Ca 20 Glass 0 .03%  0-5% NF, T=64 10
Tin Sn 50 On glass lp in, 0-10u in. NF, T=64 10
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Industry ‘Element Sym. Z" . Matrix +8 . Range ‘Remarks N
Metal Processing  Cadmium Cd 48 Plated on wire 2y in. . 30-200pin. 49
Chromium Cr 24 Ni based alloy . 2% 0-5% ‘15
Plated on steel 50n'in.  120-320y in. 49
B Gadolinium  Gd 64 - Alloys - ' . 05% 0-5% 49
Gold Au 79 Plated on Ni 2 in,  0-100p in. 14
Lead Pb 82 Plated on Fe - 2u gm 0-100pgm  NF, T=64 25 '
Platinum Pt 78' Plated on Ti- 2uin.  0-50p iny 49
Silver Ag 47 Plated on Cu - 2p in.  30-200u in. 39
Tin Sn 50 Hot dipped steel 2u in.  20-60p in. 49
Plated on'Cu 2 in.  0-100w in. 42
Plated on steel It in.  0-40u in: .49
Vanadium V 23 Ironalloy .02% 0-5% 45
Zinc Zn 30 Plated on steel 2p-in, . 20-80u in. 49
Zirconium Zr 40 Plated.on. steel 10 m 20-500un in. 49
Ore Prlogessing Barium Ba 56 Ba/Pb‘ore . 1% 1-10% 49,
Cadmium . Cd 48 Ore. Kl . 1}% 0-5(7(‘ 49
Calcium Ca 20 Magnesite ore . 1%’ 0-5% 9
Cobalt- Co 27 Ore tailings « 2% 0-5% 49 -
- . Copper Cu 29 Ore flotation - . 2% 0-5% 16
- : Ore'tailings L% o L 0-5% 17,18
Gold Au 79 Ores ‘ . 1% 0-1% 49
Iridium Ir 77 Ores 1% 0-1% 49
Iron- Fe 26 Ore (clay) % 0-5% 9,16, 17
Lo .- Titanium ore 1. 0%. 10-50% 23
Lead Pb ' 82 Ore - 19 0-20% 49
Mercury Hg 80..Ore . 1% 0-5% 49
Molybdenum Mo 42 Ore .02% . 0-5% 29
Nickel " Ni 28 Ore "o 2% 0-5% 16,18, 32
Palladium Pd 46’ Ore ° . 19% 0-5% 49
Phosphorus P 15. Ore 2. 5% 5-10% 34
Platinum Pt 78 . Ore. A 0-1% 49
Rhenium Re 75 Ore . 05% 0-5% 49
Rhodium Rh 45 Ore.. .02%  0-5% 49
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Industry Element Sym. Z Matrix +S Range Remarks N
Ore Processing Ruthenium Ru 44 Ore .02% 0-5% 49
(continued) Silver Ag 47 Ore « 1% 0-2% 49
Sulphur S 16 Cu-calcine mix . 5% 0-5% 40
Tantalum Ta 73 Ore . 05% 0-5% 49
Thulium Tm 69 Ore . 05% 0-5% 49
Tin Sn 50 Ore . 01% 0-2% 49
Titanium Ti 22 Ore 1. 0% 5-50% 23
i Tungsten w 74 Ore . 05% 0-5% 29
Zinc Zn 30 Ore . 04% 0-1% 49
Paper Bismuth Bi .83 Hydrocarbon . 01% 0-7% 12
Titanium Ti 22 Paper . 02% 0-5% 49
Petrochemical Chlorine Cl 17 Chloroparaffin . 1% 0-5% NF, T=64 49
Lead Pb 82 As TEL in gas 15mg/1l 0-700mg/l 49
Molybdenum Mo 42 Catalyst .02% 7-16% 30
Nickel Ni 28 Catalyst . 5% 0-5% 30
Photo Film Bromine Br 35 Hydrocarbon . 01% 0-5% NF, T=64 8
Silver Ag 47 Film emulsion  2mg/ft2 0-100mg/ft2 36
Zir conium Zr 40 Water . 01% 0-15% 36
Pollution Monitor Lead Pb 82 On filter paper 100 gm 0-800p gm NF, T=64 24
Rubber Chlorine Cl 17 Rubber . 3% 0-5% NF, T=64 13
Tin Sn 50 Polyvinyl chloride .O01% 0-5% NF, T=64 13
Steel Iron Fe 26 Steel making slag .2% 6-467; 49
Lead Pb 82 Steel . 05% 0-.3% 49
Manganese Mn 25 Steel . 15% 0-5% 26
Molybdenum Mo 42 Stainless steel . 05% 0-5% NF, T=64 27
Nickel Ni 28 Iron alloy 1, 0% 0-5% 27
Niobium Nb 41 Steel 1% 0-5% 26
Tungsten A 74 Steel . 2% 0-10% 49
Vanadium v 23 Steel . 1% 0-.2% 26 -
Synth.etic Fibers Titanium Ti 22 DPolyesters . 005% 0-5% 44
Wood Preservation Arsenic As 33 Sawdust . 01% 0-5% 3
Chromium Cr 24 Sawdust . 02% 0-7% 3
O Copper Cu 29 Sawdot . 029% 0-5% 3 O
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, fundamental similarity between Bergner's results and those given 1n
s.(4.1)-(4. 8) 1s evident. Noting that b¥ and bg (0) can be interchanged
Eq.(1.41) 1t 15 also clear that the Stewart-lHamilton equations
qs. (4 39)-(4.10)) are contained inthis formula, Bergneralsodiscussesin
ra1l which restrictions have to be placed on the injection for the relation-
1p 1n Eq (4 41) to be valid. The shape of the equation underlines an
portant fact: we have to observe the whole tracer retention curve b(t) and
nnot, without additional hypotheses, draw conclusions from 1solated
ctions of the curve.

The residence tinie distribution describes the overall properties of
~ontinuous flow system, but it does not rev eal where the actual flow
ths arc located within the system. The existence of various flow regions
. mixed models) and of special deficiencies, €.g channelling, can be
rified from the residence time distribution but the underlying causes,
ructural or otherwise, cannot be brought to light. To achieve this, 1t 1is
cessary to map the flow patterns inside the system Some knowledge
the 1nt2w'nal flow patterns can be gained by external measurements for
stems having more than a single inlet and outlet, since, in principle,
acer esperiments can be arranged to determine tracer carry-over and
sidence time distributions by injecting tracer into one inlet at a time
d recording tracer concentraiion at each outlet as a function of time.
this was, residence time distributions pertaining to any given pair of
lets and~outlcts can be established as well as the branching of tracer
nd process chemzticals introduced™in the same way) from the inlet to each
e of the outlets; a tracer balance can be established by means of Eq.
.39) 1f the flow rates v at all exits are known.

Qualitatively 1t 1s also possible to gamn insight 1nto the local flow
itterns of a sy stem of not too large dimensions by placing external

ctors at different points close to the vessel walls and recording the

:te
racer

tensity variation at these points after introduction of a y-emitting t
to the system 1inlet
For a detailed elucidation of flow patterns, 1t 1s, however, necessary
. arrange measufements inside the system, either by placing detectors )
by sampling at various points 1n order to obtain local concentration-vs.
me relationships. This aspect has been treated theoretically by
anchwerts [92] who points out that the average age of material at any
ven point inside a process vessel can be found as

LY

- r
1= te(t)dt (4.42)
]

v
Q

ter a sudden injection of the quantity of tracer Q@ at the intet. This
ge 1s a measure of local rate of replacement and can thus
ate the possible exsistence of stagnant or by-pass

al to assume values approaching zero
¢ of material

‘erage local a
- expected to 1ndic
nes. One would expecttheintegr
:ar the system 1inlet, and to tend to the value of the averaget ag
the outgoing stream near the exit By drawing contour maps of .

‘erage (or median, which may be simpler) ages over the volume of the

‘stem, areas of stagnancy of channelling would readily show up.
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4.2. Investigations of industrial plant systems e

4.2.1, Flow of fluids

Information from tracer investigations characterize continuous flow
systems as to their 'concentration dynamics! using a term suggested by
Gilath {93] Vaiuc o knnowledge on the steady-~state and transient be-
haviour of a system can be derived from such results and may lead to a
better understanding of the physical processes taking place in the system
and a check on the effectiveness of practical designs. When the residence-
time distribution of the fluid particles in the through-flowing stream has
been established, the conversion yield of any given first-order chem:cal
reaction can be directly calculated and the bounds for conversions of non-
linear reactions can be set [51,53, 94, 95].

It 15 also possible to calculate the response of the system to distur-
bances of various kinds and to estimate quantitatively the degree of uni-
formity 1n quality for systems where the process requires a minimum of
spread in residence times, 1.e. plug flow. The existence of very long
turnover times in stagnant zones can be revealed and the risk for adverse
phenomena assessed, e g unwanted condensations or deposits.

Among 1nvestigated systems are pipes, continuous blenders, pulp
bleaching towers, digesters, contactors, heat exchangers, holding tanks,
packed packed beds, fluidized beds, flotation cells, catalytic cracksrs,
stills, glass furnaces, 1n all of which the transpcrted medium 1s a fluid
(or at least fluirdized), and rotary kilns and driers, furnaces and digesters,
to mention a few where solid materials are conveyed.

The dispersion in pipe flow, as mentioned 1n section 2, can be studied
conveniently by using radioisotope tracers. Such results can be used,
either directly or by calculations (using dispersion indexes established
in measurements) for assessing the intermixing between two fluids
transported one after the other through the same pipeline. The inter-
mixing determines the degree of contamination which occurs at the
interface (14, 96].

Mixing 1n continuous blenders can easily be assessed by radioactive
tracers that are injected rapidly into the inlet of the system. Gardner
et al.[97] used '3In™ as the chloride to investigate an aqueous mixing
system consisting of three tanks connected 1n series thereby demonstrating
the usefulness of the pulse testing method. The WM was obtained by
'milking' a source of 1!13Sn,

A large-scale test has been carried out by Stemerding et al.[98] on
a stirred vessel used for contacting a hydrocarbon and an aqueous stream.,
Simultaneous tracing of the hydrocarbon phase with *C-labelled n-decanec
and of the aqueous phase with Nal3l [ was performed.

In petroleurn refineries an impressive number of tracer investigations
have been carried out. Hull et al.[99] have used 59 Co-naphthenate and a
chelate compound of % Zr {as oil-soluble tracers) to check the mixing in
stills and surge tanks, respectively. The study i1s a practical demonstration
of the use of Danckwerts! concepts of scale of segregation and degree of
segregation to describe the performance of continuous blenders {50]
General surveys of the use of tracers in refinery control have been given
by Hull [100], King [101] and, very recently, by Mott [28]. King [101]
describes a test of the relative efficiencies of an old jet injection device

-
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nd a modern jJet tray in back-mixing in an olefin alkylation plant . 0
Ausman et al, {102] have used ground firebrick impregnated with Na
, evaluate the mixing performance of a fluid coker.
Much interest has been devoted to studies of flow patterns, mixing
nd loss of catalyst material in fluidized catalytic cracking units. Essen-
al information has been obtained by tracer investigations on the following
28]: (a) imtial loss of fresh catalyst after addition to a unit; (b) mixing
attern and mixing rate of fresh catalyst with the catalyst material 1n a
nit, and {c) the long-time loss of catalyst from a unit. Tagged catalyst
s 1njected into the umt and activity variations subsequently followed from
utside the unit or in samples taken at appropriate points. Such studies
ave been published by Hull (103}, Hull and Ball [104], Singer et al.[70],
suinn [105], Kinsella and Mitchell {106], Hull and von Rosenberg {107] and
y Todd and Wilson [108]. Counting techniques for such studies have been
lescribed by Guinn et al.[109], ~ - - .
Handlos et al [110] have investigated the gas mixing characteristics
f a fluid bed regenerator. They used helium as a tracer but point out
hat the large volume 1njections, which sometimes had to be made, changed
he actual gas flow within the system significantly According to the
wuthors, 85Kr would have eliminated this disturbance
Fractionation 1n refining processes can be investigated to advantage
by addition of radioactive tracers and subsequent measurement of the
yctivity 1n a product stream. Tries et al [111] used hydrocarbons
abelled with ¥C or 3H as tracers and a flow liguid-scintillation counter
vhich monitored a continuously drawn sample from the relevant product
stream By applying the total count principle one can, 1n this way, deter-
mine what fraction of a given, labelled compound comes out each product
11e. . .
l Investigators 1n Poland have developed a range of organometallic
compounds based on germanium (active nuclide 711Ge) from which a useful
tracer can be selected for almost any given hydrocarbon fraction [112,113]
Mott [28], on the other hand, emphasizes the general usefulness of bromo-

benzene (with 32Br).

Flow patterns 1n liquid systems have also been studied; the flow distri-

bution across the trays in a large vacuum distillation column has been
mapped using triphenylstibne (12¢Sb) [114].

To provide for high quality of the distillate from refinery vacuum
distillation units, a low degree of contamination with non-volatile feed
constituents must be achieved, and therefore entrainment within the unit
has to be kept small. By using 140,140 [ a as a tracer in the form of a
phenolate and monitoring the activity of distillate, prtch and runback line,
the magnitude of the entrainment could be estimated by considering the
tracer balance [115]. Similarly, entrainment in an alkylation plant has
been measured [32].

Very short residence times have been studied in a sulphuric acad
alkylation system containing a circulation pump, a heat exc?sz;nger and a
tank [116]. !37Ba™ with 2. 6-min half-life, milked from a Cs column

d as a tracer,
e .Zgneextenswc study of the flow characteristics 1 a fluidized-bed
reactor has been made by May [117] who used 1321, impregnated onto the
solid catalyst material, and helium gas as tracers. Measurements wefrc.
made of the gas flow rates, of gas volumes in bubbles and cmulsion, 0
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mass transfer between bubbles and emulsion to obtain the 'cross-flow' and
of catalyst mixing to establish dispersion coefficients

Yavorsky and Gorin [118] used irradiated coal particles of various
sizes to study movement and disposition in a fluidized bed reactor. Both
the rate of segregation of various si1zes of coal particles and their equi-
librium disposition could be studied using an external scintillation counter.

De Maria and Longfield [119] have attacked the problem of determining
local residence times in the gas phase of fluidized beds.

One large field of tracer application 1s the study of liquid or gaseous
flow through packed beds and columns of various kinds. Markas and
Backman [120] used 1odinated triolein (131]) to label the dispersed toluene
phase 1n a packed counter-current liquid-liquid extraction tower. The
main purpose of the investigation was to measure the hold-up character-
1stics (fractional volume of the dispersed liquid phase) when different
s1zes of Raschig rings were used as packings, and conclusions concerning
channelling could also be drawn,

Sater and Levenspiel [12] have measured the axial dispersion coeffi-
cients 1n both gas and liquid phases 1n a bed packed with Raschig rings
or Berl saddles. In the gas phase *'Ar was used as a tracer while
Nal31] served the same purpose in the liquid. Empirical relations were
obtained for the dispersion coefficients in terms of Reynolds number,
axial flow velocity and size of packing.

Another example of investigations on the liquid flow through a packed
bed can be taken from the cellulose industry, where the circulation
through two types of sulphite digesters for pulp-making was studied by
means of repeated residence-time measurements for the circulating
cooking liquor during the digesting [122]. It became evident that the flow
rate decreased towards the end of the cook and also that one of the digester
constructions investigated, having a bottom counter-current liquor circu-
lation, was superior to the other as in this the variance of the residence
time distribution was much smaller at the end of the cooking. The di-
gesters are schematically shown in Fig. 3,and the variance of the residence

Detector 49" Detector o
.

Heat Heot

exchanger axchanger
Pump
injection

of trocer— |

=

Pump

injection of tra\:er

Digester 1 Digester 2

FIG.3. Schematic drawings of two sulphite digesters, demonstrating the different circulation systems

O and the measuring arrangement 1n the tracer 1nvestigation, (After Burchardt et al | ReO‘Z])
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FIG.4. Vanance of the residence-tume distributions versus cooking ime for digesters 1and 2of Fig 3
The sharp incre1se towards the end of the cook for digesters 11s noticeable this corresponds to a proportional
\ncrease (n the disperston coefficient (Eq 4 25). (After Burchardt et al , Ref.[122])

tune distribution as a function of time 1s given 1n Fig 4. Similar studies

on Liquor flow in continuous digesters have also been made [123]‘.

The pulp and paper industry has made much use of radioactive tracers
to test the efficiency of various process units and to reveal deficiences
affecting the production capacity or the quality of the product. In the
majority of reported investigations attention 1s focused on the flow of the
cellulose fibre rather than on the aqueous phase carrying the suspended
fibre. Therefore, the tracer used must have properties identical with )
those of the natural fibre. One way 1s to tag the cellulose fibre by 1n-
corporating a suitable radioactive substance Allen et al.[124] incorpo-
rated 1311 into the fibre by first precipitating silver chloride inside the
fibre and then letting the chlorine exchange with radioactive 1odine. This
fibre has been used for investigating fibre flow in paper fnakmg machines
when comparing differently designed headboxes [125,126] and for fvalu—
ating centricleancr performance at different pulp consistencies [127]. The
preparation of the labelied fibre by this procedure 1s, however, a tedious J
operation and this tracer, for most investigations, has now been abandone
in favour of glass fibres cut i lengths to resemble the cellulose {ibres
Thest glass fibres form %i\a 1n sufficient specific activity when irradi-
ated with neatrons Lo seiie as a most useful and readily producible tracer
The tar er - 0t C pravlt o7 the glass compared with the cellulose has not

Peeo ol - 416 (v s or e representative behaviour above concen-
tratios Wb 0 3%
it has become an €stablished routine to investigate the flow 1n
hleacranyg towsrs v=vd for pulp and 1n chests used for mining or storing the
pulp §123, 126 A vleachang tower 1s an excellent example of a umit which
Ve~ sl flov churacteristics, while most of the investigated
che o Lo eaps b oan efficient mixing of various qualities of pulp
e = To 1 .'r-awn constancy in product quality it 1s also
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essential that a mixing chest 1s capable of smoothing concentration
variations which may appear in the feed streams. Ryti1 [129] has made a
systematic study of the ability of mixing vessels for pulp of different
construction to attenuate disturbances of various duration appearing at th
inlet.

Gilath et al.[130] have studied the mixing in a pulp chest. With the
mixed model approach of Wolf and Resnick [76] (i.e. plotting In(1-F) as
a function of t/0) they were able to state that 83% of the chest volume gav:
perfect mixing, 12% represented dead volume, and 5% plug flow.

In mineral concentration or leaching plants, there are numerous
operations amenable to evaluation by tracer techniques. Dorr-type agi-
tators in a pilot plant for leaching uranium ore were investigated for
their mixing efficiency [131]. Four agitator tanks connected in series
were 1nvestigated by introducting tracer into the feed of the first tank.
The 1nvestigation 1s one of the first to compare theoretically derived
residence time distributions for series-connected mixers with experi-
mental data obtained with radioactive tracers.

Eichholz et al, [132] studied the transport of the material 1n a flotatic
circuit using irradiated zinc ore as well as 64CuSO(; as tracers (copper
sulphate was used as a surface activator in the process). They were able
to derive various retention and contact times 1n the circuit together with
figures on the consumption of copper sulphate, Recirculation within the
circuit caused some difficulties 1n the processing of the experimental
curves.

More recently, two studies of the dynamics of flotation cells have
been reported by Niem: [133,134]. The mass transportation both 1n
mechanically agitated and in pneumatic flotation cells were studied using
24NaoCOj3 as a tracer for the fluid, 1rradiated tailings (producing %Na
as the dominating activity at the time of measurement) for the gangue
components and irradiated chalcopyrite for the floatable components. The
experimental results were fitted to theoretically derived models and 1t
could be shown that the residence time distribution of the pulp body 1n the
mechanical cell corresponds to that of an 1deal mixer 1n series with a
small plug flow region. The tracer investigations established the
essential transfer functions of the system. It deserves mentioning that,
in the evaluation, the residence time distributions obtained experimentally
had to be corrected for recirculation.

An interesting study has been made at a nuclear reactor installation
into the function of a delay tank designed to retain the circulating water
long enough for its induced ®N-activity to decay to a harmless level befor
the water reached the heat exchangers [135]. Considerable axial mixing
was found to exist which would have led to a prohibitively high 2% N-activity
level, but the error could be eliminated by reconstruction.

Several investigations have been made of flow patterns and residence
times in glass furnaces [136-139]. Several different tracers were used:
32 P incorporated in glass, tantalum ovide (as inactive tracer), *Sc 1n-
corporated 1n glass and, most frequently, 24Na induced by irradiation of
actual glass taken from the process.

Radioactive gas tracers (85Kr, 41 Ar, 133Xe, 82Br-labelled methyl
bromide) have been used for various investigations of air turnover and
flow patterns in ventilation problems 1n houses [140], 1n hay drying in
hay lofts by forced air circulation {141, 142] and in mixing and dispersion
of dust and gases in coal mines {143, 144].
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The through—Ov of the various phases in Dorr thickeners, used 1n
refiming step in the estraction of sugar from sugar-beet and in the

ayer process 1n the production of aluminium, has been investigated
[ 45-147].

.2.2. Flow of solids

The theoretical models for evaluating results from residcnce time
tudies are derived for fluid systems and are strictly applicablc only to
hese. For solid materials, some of an entirely used become obscure and
annot be univocally defined: volume, volumetric flow rate etc  They
ave, on statistical grounds, a simple meaning when dealing with very
arge numbers of identical particles, as in a liquid or a gas, but become
ess clear when we are confronted with limited numbers of particles in
he volume under observation, which are furthermore non-identical, e g.
v1th respect to size. Volume and volumetric flow rate more or less lose
heir meaning for solid particles; instead mass and mass per unit time
lave to be used. In line with the different phenomenology, an entirely
I\fferent situation arises when solids are to be labelled radioactively.

The labelling has to be made judiciously so that the tracer material

s truly representative of either the average properties of a non-

iomogeneous material, or of the properties of some especially 1nteresting

fraction of 1t [1]. It 1s noteworthy, however, how useful practical infor-

mation can be obtained also from investigations where the quest.on of de-

finming the tracer material has been treated rather lightly The {ollowing

methods to accomplish labelling of solids have been used:

(a) irradiation of the actual process material to induce usefual activities,

(b) affixing a radicactive substance to the surface of the process material
by adsorption or impregnatiod,

(c) mechanical tagging with a radioactive source;

() making a physical imitation of the material under study which 1s
easily rendered radioactive.

The first two methods are generally used when a large portion of a fine-

grain material 1s to be labelled for obtaining statistically valid results,

whereas the third and sometimes the fourth alternative are used when

windividual large lumps are to be followed.

The movement of coal in continuous vertical retorts was stucied by
means of small %°Co sources as early as 1n 1951 {148] Measurements
of the rate of descent of the charge 1n blast furnaces and other furnaces
have been reported by many authors {29, 149-152]. A similar study of
the mosvement of iron ore pellets in a Wiberg-Séderfors sponge 1ron
furnace was made 1n conjunction with measurements on the distribution
of reductive gas flow across the furnace [153]. , '

Comprehensive studies of material transport 1n rotary Xilrsin man)—
industrial processes have been made with radiocactive tracers. Rutle [154]},
1n 1855, 1nvestigated the transport 1n a rotary kiin for mnk:rag_{_’ortl_and
cement, and this study was followed by sc.eral others {153, 17:,‘1 6]
Some 1nsestigations were also concerncd with the circulation o a‘hali in
the kiln (153, 157] Similar studies have Leen made on drying kilns in
the fertilizer industry {158, 159]

Very extensive mnvestigations mnto in
for various industrial purposes have been carried out

ateral transport in rota: kilns-
in Polanag [160,161],

and 1t was pointed out that knowledge of the actual remdQe time in
various zones of the kiln 1s of importance, not only for choosing optimun
operating conditions for existing kilns but also for reconstructing
kilns and designing new units, Kilns for the following purposes
have been 1investigated: (l) decompos:tion ot calcium sulphate

to SOp and cement clinker; (2) sintering apatites with soda during
production of thermophosphate; {3) reduction of acidic 1ron ores, (+) 1€
enrichment of zinc ores; {5) calclnation of soda in rotary calcinators,

(6) oxidation of chromium ores; (7) processing barites in rotary kilns,
and (8) production of cement clinker.

In the cellulose industry, continuously operating digesters have been
introduced on a large scale 1n the last decade or so, and more than half
all the paper pulp in the world 1s now being made 1n continuous units,
Radioactive tracers played an important part in the introduction of these
digesters because they enabled the chip transport 1n the digester to be
studied. It 1s absolutely essential to ensure that all the chips are trans-
ported through the digester at the same speed, 1rrespective of their
position in the cross-section, so that the uniform cooking necessary for
the production of high-quality pulp 1s obtained. Fineman [162] has descril
a method where pieces of radioactive copper wire were inserted in the
wood chips. Because of the radiation characteristics of %Cu, the r rhiod
can only be used for small to medium-sized digesters, and alternative
techniques using 40 L.a 'baked' 1nto plastic chips [163] or ?*Na enclosed
1n small Teflon containers [123] have been developed and used on digester
of up to 4.3-m diameter.

Diamond imitations, made of an aluminium-cobalt alloy of exactly
the same specific gravity as diamond, have been used to check the
operation efficiency of diamond concentrators [164].

4.3. Investigations of natural systems

There is a far-reaching analogy between tracer 1nvestigations of
material transport made i1n i1ndustrial plant and in natural systems as
far as the principal arrangement of the 1investigations and the evaluation
of the results are concerned. Sumilar transportation mechanisms act on
the tracer and traced substance in the plant, and 1n the water, ground or
atmosphere around us. However, there 1s usually a difference i scale
While plant investigations are himited to the size of the studied systems -
and thus the amounts of tracer required — natural systems are not con-
fined 1n the same way and sooner or later dilutions are reached which
lower the concentration of tracer below the limit of detection unless
copious amounts of tracer are used, as in the global tracing of tritium
of atmospheric origin and from nuclear weapons tests., The applications
of radioactive tracers to natural systems extend over wide arcas in
geology and geophysics, soil science, hydrology and metcorology It
1s not possible to give a full review of these applications n the present
context; the account will be limited to some methods and investigations
related to the in-plant applications described earlier.

The applications in geology and geophysics are covered by other
reviews in these Procecdings {165, 166].

A general survey of the use of radioisotope techniques in hydrology
was given by Payuac et al [167) 1n 1964 and a more recent report was
published after a Working Group meeting 1n October 14965 {42]
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E!l reactor nuclear ha venido a ser hoy en dia un dispositivo de uso co-
min y cuyas aplicaciones se ven limitadas solo por la imaginacién del usuario. Es
indudable que el papel mds importante del reactor en nuestro tiempo es como fuente de
energia.

Para mejor comprender que es un reactor nuclear y por ende hacer una
mejor utilizacion del mismo, procederemos a mencionar aquellos conceptos y principios
fundamentales sobre los que se asientan las bases de disefio y operacién de un reactor.
Consideraremos también los tipos de reactores existentes y sus caracteristicas mas
sobresalientes. Finalmente, apuntaremos algunas de sus aplicaciones destacando

entre estas la generacién de potencia y la potabilizacién de agua de mar.

Fision Nuclear.- La fisién es un proceso en el cual el nicleo de un elemento
pesado sufre un rompimiento que tiene como efecto la formacién de dos o més niicleos
ligeros y la emisién de neutrones y radiacion gamma. Usualmente hablar de fisiones
de orden superior al binario tiene poco sentido ya que experimentalmente se ha mos-
trado que la fisién termaria, con formacién de fragmentos de tamaiio comparable, es
un evento que se da 5 veces por cada 10° fisiones binarias.

E! primer estudio tedrico del proceso de fision se debe a Bohr y Whee
ler. Actualmente el modelo se denomina de la gota liquida (liquid-drop model). Ba-
sicamente establece que si consideramos al nlicleo como una gota liguida, la forma de
esta depende del balance que exista entre las fuerzas de tensién superficial y las colur
bianas de repulsién. Si de alguna manera se le adiciona energia a la gota esta dara
razgn a oscilaciones en el interior de nuestra esfera, las cuales intentardn distorcio

narla pudiendo bajo ciertas condiciones alcanzar una forma elipsoidal. Mientras que
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grande la gqta)podrfa,ra,lcan;aﬁ la formadé unas mancuernas gimndsticas y en .este
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itico las fuerzas-de repulsion columbiana pueden -apartar los extremos hasta
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La secuencia grafica-del proceso

de fisién se muestran en la figura 1. - ...
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. . .El proceso de:la fisién.nuclear-segiin el modelo de la gota Ifquida.
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La.energia potencial del nicleo en-diferentes etapas del proceso puede

ser calculada con la teoria de Bohr-Wheeler, como una' funcién del grado de deforma-

cion de

E"‘LA

la gota. .Los resultados se muestran en la figura 2.
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2. Energia Potencial-de dos productos de fisién como funcidn de la distancia -
entre sus centros.

Cuando el niicleo se ha dividido_en dos fragmentos, r es la distancia

entre s'us_:c\entros; Para ¢ = Ry + Ry, donde Ry R, son los radios de los cdos




3
productos de fision, nos encontramos en el punto cuando los nicleos esféricos de los
productos solo se estan tocando fig. 2 (b). Para valores de r menores a Rl + R2,
¢ representa el grado de desviacién del ndcleo original de su forma esférica. Para
valores de r mayores aRy + R,, Ia energia potencial esta dada por la energia eles
trostdtica resultante de la repulsion mutua de dos fragmentos nucleares cargados posi-
tivamente. Al igual que en electrostdtica elemental cuando la separacién de las car
gas es muy grande, r — 00, la energia es tomada como cero. En el puntor =
R1 + Rp la energia se denota por E y dada por

Zl Zz 62

R1+R2

Para valores de r menores a R + Ro, la energia depende de las fuerzas elestros

taticas asi como de la tensidén superficial y obviamente los calculos se vuelven com-
plejos. De estos cdlculos se obtienen los resultados A, By Cen lafig. 2 (@). Es
importante notar que para r = o, cuando consideramos la gota nuclear esférica origi

nal, nosotros contamos con una energia potencial E0 dada por
_ 2 - _
Eo = €2 [ M®A,2) - MAL,Z1) - MA,,Zy) |

donde M(A ,Z) es el peso atémico del niicleo que podria experimentar fisién y los sub-
indices se refieren a los posibles fragmentos de fision. De la figura 2(a) se puede
distinguir que para la curva A E; D> E. paraB  EgX E; yparaC Eo < E..
Nucleos que se ajustan a la curva A sufren fisién espontanea. Para aquellos cuyo
comportamiento se ve descrito por B, por ejemplo U-235, PU-239, U-233, la ener

gia de activacion E_ - E, es del orden de 6 Mev. Para los nucleos restantes ia ci-

O



ferencia en energias es de aproximadamente 50 Mev. La energia de activacidn reque
rida para inducir fision en los nucleos tipo B, se ha calculado con la ayuda de la teoria
Bohr~-Wheeler y son comparables a la energia de excitacion resultante de la captura de
un neutron, otra particula o un rayo gama.

Los neutrones que se emiten como un resultado del proceso de fisidn
se pueden dividir en dos clases, los neutrones inmediatos y los retardados. Los pri
rﬁeros, que cuentan por el 99 % de los neutrones totales de fisidn, se emiten en un

1

intervaio de tiempo no mayor a 1 o4 seg. del proceso de fisidn. Los segundos se
han asociado al decaimiento de algunos productos de fisién, esto es los fragmentos
formados durante la fisién poseen muchos neutrones en su niicleo lo cual les coloca en
estados excitados, para alcanzar la estabilidad nuclear algunas de estos neutrones
en exceso son expulsados los cuales son acompaﬁadoé por radiacién gama. De ma
nera similar se habla de radiacién gama inmediata y retardada.

Uno de los aspectos importantes del proceso de fision es la cantidad
de energia que se libera. Sin embargo hay que hacer una distincién entre la energia
total liberada en fision y la energia que puede ser recuperable, por ejemplo en un reac
tor, y por tanto disponible para la produccién de calor,

En la tabla siguiente consideiamos un caso particular, U-235, que

nos permite conocer las contribuciones y sus ordenes de magnitud a cada una de las

energias,emitida y recuperable.




Tabla 1.- Energias emitidas y recuperables para fisién

de U-235,
Forma Energia Energfia
emitida (Mev) recuperable (Mev)
Fragmentos de Fision 168 168

Decaimiento de
productos de fisidn:

£ 8 8

> ; ;
neutrinos 12 ---
& inmediatos 7 7

Neutrones de Fisidon
(energia cinética) 5 5

Captura de N --- 3-12

Total 207 198-207
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Conceptos Bésicos de fisica de reactores.-  Entendemos por.un reactor nuclear un

dispositivo, conteniendo un suministro suficiente de is6topos fisionables, también lia

mados .combustible, que-una reaccidn en cadena autosostenida es posible.

SR L.as reacciones que se dan en el reactor son muy simples, a saber (para
U-23572. = K ‘ ’

235

Fision n+ U A+ B + vn'

Captura }adiéctiva n + UZ,BS—;—- u23 Y

en donde A y B denotan los dos nucleos. ligeros resultantes de fisién, V .ndmero

o

promedio de neutrones resultantes de fision.
' [§

.. - N _.esuna funcién ( insignificante ) de la energia del neutrén que

causa la fisién'y una funcién ( fuertemente dependiente ) del isbtopo fisionableiu i

S \ ... Como no todos los neutrones inducen fisidn se requiere de.un factor que

nos de el numero de neutrones emltldos por neutron absorbxdo por el combustible. A
este factor se le a519na el S|mbolo Vl y se Ie reflere como la efxcxencxa del combusti_

ble. Yl esta dado por : i : i
r
=V —E
i 0

donde 0;) ,0-; son las secciones transversales de fisién y absorcion respectivamen-

te. La seccién eficaz:de absorcidn esta dada por la suma de las secciones de fision

y captura radiativa.. En las tablas 2 y 3, se dan algunas caracteristicas de combus

tibles nucleares. '

aQ
—_—




Tabla 2.- Energias de activacion para algunos isdtopos

fisionables.
[sétopo Energia de Activacidn Energia del neutron para
(E._-E_.) MeV fision,
¢ o

Th-232 6.2 1 MeV

U-233 5.7 térmico *

U-235 5.7 térmico *

U-238 6.3 1 MeV

Pu-239 5.1 térmico *

* neutrones cuya energia corresponde a una velocidad de 2200 m/s., ( 0.025eV)
a una temperatura de 20°C.

Tabla 3.~ Valores de ¥V y Yl para algunos combustibles.

Combustible v \.(‘uk
U-233 2.51 F 0.02 2.287 0.02
U-235 i 2.437 0.02 2.07 ¥ 0.01
PU-239 2.89T 0.03 2.08 T 0.02
U= natural . 2.47 F 1.34

introducimos ahora el factor de criticidad, k. A este factor asociamos el siguiente
fendmeno fisico, Para k > 1, decimos que el reactor es supercritico, la poblacién
de neutroncs en el reactor se incrementa como funcién del tiempo. Para k < 1, de

cimos gue e. reactor es subcritico, la poblacion de neutrones decrece como funcién cel
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ticmpo. Parak =1, decimos que el reactor es critico, la poblacion neutrdonica es
independiente del tiempo. Entonces podemos pensar en k como la relacién de neutio=
nes presentes en una generacion dada y aquelios en la inmediata anterior. Para acia-
rar este concepto, discutiremos brevemente el “ciclo del neutrdn” o la reaccion en ca
dena del neutron en un reactor nuclear. Supongamos que un solo neutrdn inicia nues-
tra reaccidn en cadena ( ver fig. 3) en un sistema que usa U-natural cano combustible.
Como resuitado de la fision del U-235 se formarén V\ neutrones, estos neutrones

se caracterizan por sus altas energias (™~ 2 MeV ). A estas energias existe una
probabilidad de que el U-238 existente en el combustible sufra fision la cual denota_
mos por & . Los neutrones resultantes, serdn por tanto, YZE . Como el reactor
tiene dimensiones finitas algunos de estos neutrones se escapan del sistema, los que
permanecen estardn representados por ﬁofg. . Lo cual nos deja con Vlé ijr_
neutrones que inician el proces';) de moderacién. Este consiste en la pérdida gradual
de la energia de los neutrones por colisiones con los nucleos del medio .

En ciertos intervalos de energia se presentan resonancias en las sec-
ciones transversales de absorcién del U~238 lo cual aumenta la probabilidad de que
los neutrones sean atrapados sin ningtin beneficio a |a economia neutrénica, Si desig
namos por p a la probabilidad de que un neutron escape a las resonancias, ios tieutro
nes que continuan en el ciclo estardn dados por \’Z & p g 4 . Una vez que,
los neutrones alcanzan la energia térmica, inician su difusion en el medio, Nueva-
mente hay una gran probabilidad que los neutrones se fuguen del sistema mientras se
difunden, para tomar en cuenta esta situacion introducimos un factor de no fuga, i-- .

Fod ” - ' -
Lo cual resulta en Yl c P i 4 i"ﬁ neutrones que ain se mantienen en ej ciclo.
[] .
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Finaimente, no todos los neutrones son absorbidos en el combustible y por eso hay
que catregit por el uso del factor de utilizacién térmica, § .  Ahora podemos es-

cribir.

k= VlE’f’P oC{-‘STR

si tuvieramos un reactor con dimensiones infinitas las probabilidades de fuga ( | - j’ )
i
y (] - i.m) serian cero y por tanto
ke = M € P
a Ko selellama cte. de multiplicacidn infinita.

Es importante notar que k depende solo de las propiedades fisicas de
los materiales usados en el reactor (combustible, moderador, etc.), mientras que el
producto I+ Jm es solamente una funcidn de las dimensiones espaciales del sistema.
Para una geometria con dimensiones dadas la cantidad de combustible necesario para
tener k= 1 se denomina masa critica.

Los procesos fisicos que gobiernan el comportamiento de un reactor nu-
clear incluyen cambios en la distribucion de neutrones en el reactor. La descripcion
matemdtica de la distribucion de neutrones se basa en una ecuacién de balance {lamada

la ecuacidn de transporte de neutrones. La forina integro-diferencial esta dada por

—:-T a_o-t_ é(r, &,t) + ‘f—1°vé(\:1&'/t) o (x,u) @(\:"‘j"t)
3 ‘ ‘
= (Y, u,t) + jc“u S(r,u,6) L (W= u; 0 —a)

donde g(f_ w ot)= w g% x) 5 (//("C,L_E)'t) representa la densi-

dad de neutrones por unidad de volumen en espacio-velocidad en el punto X  con

—

veiocidad . eneltiempot. £ esun vector unitario en la direccién de la ve-

locidad del neutrén (u =u Q). ’}_’__r (‘«_jj Wy es laseccion macroscopica
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oal, S (‘:, "_L}'t ) término de fuente. 2 (- “; Q'~Q) es la seccién macros
” - - .’ . . . " e o« , .
cdpica de dispersién de neutrones con rapidez inicial u’ y direccién L que termi-

nan con rapides u y diraccion L .

La ecuacién anterior es realmente una forma linearizada de la-ecuacion
de Boltzmann, familiar en la descripcion de gases. Debido a la complejidad de la ecua
cidn, solo existen soluciones para modelos fisicos muy simplificados y ciertamente de
poco interes practico. Una aproximacién llamada de difusidn (one speed aproximation)
ha resultado mas util para ‘el cAlculo de reactores nucleares. También, con el adveni
miento de las computadores electronicas el método de diferencias finitas y mds reciente
mente el método de elementos finitos han mostrado su superioridad sobre las técnicas
analiticas conocidas.

No obstante las numerosas variaciones en el disefio y componentes de

reactores nucleares, hay sin embargo un nimero comin de caracteristicas que todos

ellos comparten en mayor o menor grado. Un bosquejo de [os componentes de un reac

tor se muestran en la figura 4.

Refrigerante.

Nicleo. 1}
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Fig. 4. Representacion esquemdtica de un reactor nuclear.



En el nicleo se dan las reacciones de fision autosostenidas y muchia
ce la energia de fisidn se libera como calor.  El niicleo contiene al combustible nu_
clear. Si se desea que la gran mayoria de las fisiones se deban a la absorcion de
heutrones térmicos, entonces la presencia de un moderador se hace necesaria en el
nicieo. La funcidn del moderador es degradar la alta energia de los neutrones de fi-
sién, principalmente como resultado de reacciones de dispersién eldstica. El nicleo
se encuentra envuelto por un reflector de neutrones. EI propdsito de este refleclor
es disminuir la fuga de neutrones del niicleo y se lleva a cabo utilizando un material
cuyas propiedades sean tales que muchos de los neutrones que escapan del nicleo se
vean dispersados por el reflector hacia el nicleo nuevamente.

El caloy generado en el nucleo del reactor es removido por la circula-
cidn de un refrigerante adecuado. Si [a energia liberada se va a utilizar para gene-
rar electricidad, entonces el calor del refrigerante debe ser transferido @ un fluido de
trabajo para producir vapor o gas caliente. Este vapor o gas caliente resultante se
puede enlonces usar en un sistema generador-turbina convencional. El algunos reac
tores, el refrigerante se hace hervir dentro del nicleo del reactor, asi que el caior de
fision se utiliza directamente para producir vapor. Por razones termodindmicas es es=

s}
pecialmente importante el trabajara altas temperaturas el fluido de trabajo, lo cual im-
plica que las temperaturas de operacién del reactor deben ser tan altas como el siste-
ma lo permita. Mds aidn, desde el punto de vista econémico, la potencia especifica
del reactor, esto es la razén del calor generado por unidad de masa del isétopo fisio -
nable deberia ser grande. Con respecto a consideraciones nucleares, no hdy ifmite en
la temperatura o el nivel de potencia que se puede alcanzar, Las condiciones prdcti-

cas de operacion estan determinados por limitaciones de ingenierfa, mds que por fac
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tores nucleares. Algunas de las limitaciones de ingenieria consisten en evitar tem-
peraturas que den razdn a esfuerzos térmicos, temperaturas de fusién de componentes
del nicleo, etc.

El control de un reactor, incluyendo encendido, operacién a cualquier
nivel de potencia deseado, y apagado, se alcanza variando la densidad de neutrones
en el nicleo. Esto se hace moviendo barras de material absorvedor de neutrones,des-
plazando partes del nicleo del reactor o reflector. A las primeras se les conoce co-
mo barras de control y es mds comdn su uso en reactores. La otra alternativa traba

ja bajo el principio de permitir una mayor fuga de neutrones del sistema.

=~

Tipos de Reactores.- Desafortunadamente una clasificacién Unica de reactores no es

posible, esto debido bdsicamente a que los disefiadores utilizan diferentes criterios
para agruparlos. Nosotros consideramos los mds usuales y describiremos las carac
teristicas sobresalientes de algunos reactores tipicos.

Los reactores se puden clasificar de acuerdo a :

1) proposito general o funcién.

2) tipo de moderador.

3) tipo de refrigerante. o

4) energia de los neutrones.

5) tipo de combustible.

6) disefio interno del nicleo.

En ef inciso 1 se habla de reactores de potencia , investigacion, entre
namiento, cria o una combinacidn de ellos. Todas las descripciones son obvias con

exceocion de la dltima, reactor de cria.

),
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La captura radiativa de neutrones por algunos nucleos resulta. en-und se-

tie.de reacciones.que-culminan con-la formacién de un isGtopo fisionable. A estos-nu-
' . 7| : - / . - - ’ - ~,,‘

cleos.se.les.conoce-como-fertiles. ‘Desrelevancia a reactores: tenemos el U-238 y -

- /- P - 3 -t . D PP LA
el-Th=232y: ambos nucleos fertiles. - Las reaccionésue se observan por‘la:captiira

radiativa son las.siguientes : : ' BETEVIS RIS P

o e andog U238 —_— u239 + . X\
0 92 92

U239 5 __Np239 4 _eo

. 927 C . 93 -1 .
” . Na239° 239 o
e : Lo 93Np e oo 94Pu * -Ale

" 1 , i 2\3:2 LY . -4 ' .\,f;égéi s
nt 4 goTh ——’-—@‘90\Tﬁh + O

: e TF R AT D RIS S B

AT R TR S L U S S A I LR N

L iThe33 ,rglP'az?"%tr]—‘ ne® ot g el ol n
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Pa —_— U + e
. Taret o hi .~91 S 92 PR -]r' R NN : :
B IR deetrTe g i TR NI U A . 4 . ;o v . T e

Los ‘isatopos fisionables resultantes,son el Pu=239 y el U-233. A este proceso se’

le:denomina conveérsion. Wn reactor en elique se forman isotopos fisionables difereéntes

a .!ps originales en el nicleo se |laman convertidores. 'Si un reactorproduce mads iso--
topos-fisionables.:que-los que consume-o si*pféduce isétopos fisionables del mi;smo 4=
po queclos originales-en.el niicleo entonces lo-llamamos de erfas - - = = rae s Tent o
.-~ u s+ Envlac2a:clasificacion tenemos moderados por agua ligera, agua pésé\-')
da, compuestos:organicos; hiduito de zirconio; polietileno,'grafito, ete. .. ¢ "o it
e Si el refrigerante es el criterio-utilizado para su réconocimiento enton=c

3

ces-hablamos de reactores refrigerados por agua-ligera, agua pesada; metales liguidos
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gases, etc.

La clasificacién por razén de la energia de los neutrones es quizas la
mds afin a los conceptos fisicos. En esta, |a energia promedio de los neutrones que
causan el mayor nimero de fisiones se usa para diferenciar un tipo de reactor de otro.

Asi tenemos;

- « 7 Td
Tipo Region de energia
Térmicos ev
intermedios : entre ev y Kev
’ s
Rapidos Mev

El quinto criterio nos define a los reactores por la clase de combustible
que utilizan, esto es combustible sélido, liquido etc.

La dltima clasificacion se refiere a la forma en que se conjuntan los ele
mentos que forman el ndcleo. Basicamente hay dos tipos el reactor homogéneoy el hete
rogéneo. En el primero no existe una interfase bien definida entre el combustible, el
moderador ( si lo hay) y el refrigerante. Por el contrario, en el heterogéneo esta defini
cién de interfases es precisa.

Reactor de agua a presidéon ( PWR, Pressurized Water Reactor). -
Todos los reactores de agua a presidn tienen muchas similitudes independientemente
del tamafio, tipo de combustible carreglo del nicleo. Por definicion, en un PWR el
calor de fision es extraido de los elementos de combustible por agua, que juega e} pa-
pel de refrigerante, sin que ocurra ebullicion en el seno de la misma. Esto implica un
sistema de transferencia de calor de dos circuitos. Uno el primario, que contiene el

reactor y el lado Iiquido de un generador de vapor, el otro, el secundario, que contiene

o
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el 'as vapor del generador de vapor y |a turbina~generador.

Se puede hablar de dos tipos de reactor PWR, los de recipiente o vasi
jaa presion y los de tubos a presion. En los primeros la vasija del reactor soporta toda
ia presion del refrigerante en el circuito primario, en los Gltimos el nicleo del reactor es
penetrado por tubos que conducen el refrigerante y que soportan toda la presion del refrige
rante mientras que la vasjja se encuentra a menores presiones.

El uso de tubos a presién permite la construccidn de niicleos mds grances
que los posibles con el disefio de vasija a presion. Al mismo tiempo, el disefio de tu~
bos « presién permite el uso de un moderador diferente al refrigerante y que ademds se
puede operar a temperaturas méds bajas con respecto al refrigerante.

Los PWR con disefio de vasija a presion emplean agua como refrigeran
te y como moderador, sin que exista una separacion entre ellos. Esto permite un di-
sefio del niicleo y la vasija directo y simple con una preocupacion minima por los esfuer
zo0s y expansiones térmicas.

Como la.temperatura de! agua no puede elevarse por arriba de la tempera
tura de saturacién el vapor producido en el hervidor se encuentra a relativamente bajas
temperaturas, Esto impone una limitacién en la eficiencia térmica de este tipo de -
reaciores. Debido al bajo grado de sobre calentamiento del vapor se hace necesario el
uso de turbinas con cuchillas especiales y separadores de mezcla en el circuito de va-
por.

Reactores de agua hirviente (BWR, Boiling Water reactor).~- A
diferencia de los PWR en el BWR ¢! refrigerante, que extrae cl calor del niicleo, sufre
ebullicion presentandose el fendmeno de tlujo a dos fases. Algunas ventajas potenciales

de los BWR sobre los PWR son evidentes:
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- Sistemas de mds baja presidn reducen los problemas de construccidn de la

vasija y por tanto disminuyen los costos.

- El intercambio de calor puede ser eliminado y si se emplea circulacion na-
tural las bombas del circuito primario no son necesarias.

La fascinacidn del ciclo directo no es dificil de apreciar. Es la forma
mds directa de usar el calor del reactor, ya que el vapor se alimenta del reactor a la
turbina inmediatamente. La caida de temperatura debida al hervidor intermedio se evi-
ta, aumentando por elld’ la eficiencia para una misma temperatura del combustible. Los
BWR se presentan a si mismos para ser operados en un nimero diferente de ciclos. Ya
sea circulacion forzada o natural los siguientes ciclos pueden ser usados:

- Ciclo directo, en el cual el vapor va del reactor a |a turbina.

- Ciclo indirecto, en el cual el intercambiador de calor se coloca entre el
reactor y la tu.rbina.

- Ciclo dual, en el cual parte del vapor se genera de agua saturada del sepéra-
dor de vapor primario (Primary steam drum).

La formacién de huecos (voids) en el nicleo de un reactor debido a la
aparicién de burbujas de vapor bajo condiciones de ebullicién tiene los siguientes efec
fos

- Ui decremento en la reactividad ( _%Z‘:l___) debido al incremento de absor
cidn por resonancia cuando el moderador es expulsado.

- Un decremento en reactividad debido al incremento de la fuga de neutrones
cuando el moderador es expulsado.

- Un incremento en reactividad debido al incremento de!l factor de utilizacion

tévmica por la remocidn de la absorcidn de neutrones en el refrigerante.
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[

2o v s Lasmagnitid de estos cambios- depende del disefio del reactor - tamaiio

del reactor; relacion de" moderador a combustible, enriquecimiento del combustible y-tipo

i Ao

de* -agiia*isada,;pesada‘oligeta: - B T LT

~

2 !JC?W i pefuitdisenis adecuads de los-varios parﬁnietro‘s los BWR: se -’pu"éden
la et alto- -reg ados( ‘esto es que a-un increménto de potencia seda un decremento en
Feactividad el cual'a suvez reduce‘lapotencia. - ‘..

Tarito'en PWR vcomo en BWR el accidénte base dedisefio co‘n‘éi_ste en.

Tattuptura def"'sistema’ primario 'sequido-por-1a pérdida’de refrigeranteres.usual.el desi-

W

‘ghariofor lastsiglas L 0-CA - (Ioss of Coolant Accident). - « s iv
put @ Oped b IE Stelaccidénte’ basikde disefid se- Utiliza*para mostrar que bajo téles con=
d‘jciones, muy improbables, el riesgo de dafios aliplblico general &suminimo, v ciertar
ment& déntro-dé las recomendacionés iritérhacionales detpiotetcion radioldgica. - -
=0 felnd e wUReactores *dg-agua.p ésada HWR 5 (H éa;/y2~Wa'te‘n‘redE£0r\).:«’: Los HWR-
'$6n redElores Gue usah:agua pesada como moderador. Obviamente los HWR pueden
ser del tipo PWR® o BWR « Los hay también enfriados por:gas‘y h'quidoé organicos.
v et ‘Ynawentaja.de-los'HWR les su. capacidad.de.extraccion de relativamen-
t”e“é"lwt”iié'—ifedituos’» de energia, hasta’20,i000-MW d/t ,.con.elementos de-combustible a
'bdsérde-urariio natural:.- Esta-cualidad-de:los HWR. es un.factors\ importantepara paises
«¢n‘abastecimientoslimitados de:uranio enriquecido:-. 0 tro;fac'tor»\impor\tantexha'zsido la
iperspectiva de que reactoreé alimentados con uranio natural sean com\petitiyos con los
“de<ura’nio“em;iduecido»'.~3 l.a-excelente economia ﬁeutﬁénigé delos HW.R - se deriva de la

‘muy<bdjat absoreiontde meutroieS en agua.pesada. e ta. o - L L w, s

O ezl _El-udoidecagiia pesada comormdderador permite la construccion, en con-..

“fraste-al'uso de grafito}de reactores alimentados con uranio natural de tamafio modesto.
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La economia neutrdnica se mejora manteniendo el moderador a baja temperatura. La O
gran mayoria de los HWR proveen una separacisn del moderador y refrigerante, aun
cuando agua pesada sea usada para ambas funciones. Esto permite operar el refrige-
rante a temperaturas suficientemente altas para ser utiles en produccion de potencia
mientras que el moderador se encuentra a baja temperatura.

Los mayores problemas mecénicos con reactores de tubos a presidn es
el tomar provisiones para la expansién diferencial de los tubos de la calandria y los
tubos a presidn, las conexiones entre tubos a presién y tuberia externa, mecanismos
de realimentacion capaces de operar mientras que el reactor esta a potencia, y fugas
del agua pesada. Una area de preocupacion relacionada a la fuga de agua pesada es
el riesgo que se presenta por la produccidn de tritio como resultado de la absorcion de

NN

un neutron en agua pesada. El control de HWR esta afectado por la variacion en el O
volimen y temperatura del moaerador, siendo las barras de control usadas solamente para
seguridad y control shim .

Reactores rdpidos de cria (F BR, Fast breeder reactor).~ Este tipo de reactores
se caracteriza por producir mds combustible del que consume. Existen dos disefios,
bdsicamente, los enfriados por un metal [iquido y los enfriados por un gas inerte (Helio).
Los primeros se encuentran en una etapa de mucho mayor desarrolio. Aqui nos limitare-
mos a hablar de los reactores répidos de cria enfriados por metales liquidos ( LMFBR,
Liquid metal fast breeder reactor). Entre sus caracteristicas sobre salientes notamos las
siquientes. El nicleo de un reactor rdpido puede ser muy pequefio. Por razones econé-
micas el reactor debe ser operado a densidades de potencia mucho mayores que los reac-

tores de fision ordinarios. El voldmen activo del ndcleo es por tanto de unos pocos metro@

clibicos y es aproximadamente proporcional a la potencia producida. La densidad de po-
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tencia es alrededor de ~.0,5 Mw. por litro. Para transportar fuera el ca—lor mientias
quéesel combustible se mantiene a una.temperatura razonable el sodio debe fluir-através:
del.niicleo a una,velocidad de miles de metros cdbicos por hora. Para proveer canales
nera el flujo de.sodio el combustible‘seidivideaen,mi!esﬂl de barras verticales : esbeitas.
Cada barra es.sellada en acero inoxidable o-en.otra aleaccidn de-alta temperatura., El
combustible es preferiblemente en forma.cerdmica tal como 6xido o carburo; ya que estoé
cerémicos son estables durante grandes periodos de exposicién.a calor y radiacién.. El
isétopo fisionable del combustible puede ser Uranio-235 enriquecido; plutonio-239 o
una-mezcla:de los dos. . Tipicamente el combustible es diluidoicon uranio-238, asi
que parte de la cria toma lugar en.el niicleo: Otra caracteristica sobresaliente.de-el . |
F;\BRi es el cobertor (bianketkque; rodea wahnﬂ:c!eo;.‘; uMucha, de da cria se da aqui y esa
es«la razon para usar uranio-238:en tubos-de acero:inoxidable (puede ser.también uranio
agotado en el isétopo-235). Como en el cobertor tambiénhays algunas, fisiones este
debe ser enfriado por el flujo de sodio..- El.cobertor cumple otra funcidn ifnportan-teAen
la;economia neutrdnica, el reflejar-algunos.neutrones nuevamente hacia el nicleo. El
sodio liquido posee excelentes propiedades.de itransferencia de calor,y requiere poten=
cias de-bombeo més bajas que losigases y.el agua.  Algunas desventajas del sodio li-
quido son su alta reactividad quimica, 'su activacidn en presencia de.campos neutrg-.

\
nicos..: Las barras de control.son generalmzate de ‘carburo de bord.olta’n talo metalico..
Actualmente existen dos. diferentes disefios del contenedor para el ensamble del niicleo,
cobertor v el sistema primario.de transferencia de calor. El tipo circuito y el tipo al-
berca. En el primero solamente la vasija del react/or se {lena con sodio y el metal I{-

quido se hace circular por bombeo através de los circuitos de intercambio de calor mon-

tadas fuera del contenedor del reactor. En el tipo alberca, un gran tanque se llena con
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sodio el cual rodea a la vasija del reactor, las bombas que toman el sodio de la alberca
y lo mueven através del niicleo y el cobertor y también el intercambjador de calor inter-
\

medio que transfiere calor del sodio radioactivo a otra cotriente de godio. El tipo alber.
ca tiene la ventaja de una mayor capacidad calorifica en el evento de una falla de la bom-
ba, pero también requiere un inventario de sodio mucho mayor.

Reactores enfriados por gas y moderados por grafito (GCR , Gas cooled reactor).-
Este tipo de reactor ha recibido_gran atencion en el Reino Unido y en Francia principal -
mente. Se los encuentra alimentadospor uranio natural y enriquecido, enfriados con -
anhidri do carbénico ( COo )y moderados por grafito. En los Estados Unidos se utili-
zan combustibles enriquecidos y helio como refrigerante ( HTGR, High Temperature
gas reactor). El atractivo de usar gases como refrigerante yace en el hecho que en ge-
neral los gases son sequros, relativamente\faci! de manejar, tienen reacciones macros-
copicas muy bajas, los hay en abundacia y baratos (a excepcion del helio) y se pueden
operar a altas temperaturas sin que ello implique el tener un sistema a presion.

Las principales desventajas son sus pobres caracteristicas de transferen-
cia de calor, los cuales requieren superficies de contacto muy grandes, y sus requerimien-
tos de bombeo (entre 8 y 20 % de la potencia bruta de la planta), necesitando cuidadosa
atencién los problemas de flujo, caidos de presion, etc.

Para sobteponerse a las desventajas inherentes por el uso de gases co-
mo refrigerantes y al mismo tiempo obtener altas eficiencias termodindmicas, es necesario
operar los elementos de combustible a temperaturas tan aitas como sea posible y permitien_
do una gran elevacién de temperatura del gas en el reactor por la reduccion del flujo ma-

sico y elevando la presion del gas. Debido a que el combustible opera a altas tempera-

turas, la seleccidn del material del combustible y el encamizado y su fabricacion pre-

O

O
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sentan un problema mayor, es la tendencia actual usar combustibles cerdmicos.més. -
que combustibles metdlicos. - . _ : DR
sawsw Los GCR .son usualmente muy grandes asi que son particularmente.ade-

cuadas para plantas de poten'cia:de gran capacidad. -.El reactor en-si:mismo- puede impo=
para plantas' de pote g p V , p p

nériproblemas esiricturales y'de cimeiitacién.: El tamafio de:las unidades, zobviamenté, _

fiiede ser reducido-en cierta medida:por el incremento del enriguecimiento-del combusti-.
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pleted fudility

sife involeed the andlysas and ilepia-
tion of  several often confintimp re-
dquirements Here s o synopsis of the
process,

Firse e status of the  physical
conditions of the wite, geology, hydro-
ogy. ccology and meteoralogy, etc,
were assembled 1nto 4 composite pie-
ture of the ndtural setung. Socond, a
prchminary site plan based solely on
these natural influences was prepared
In this step, the flood plan arca wis
identified, the drainage basin for the
on-site ccologically significant mar<h
was marked, a protection bufler zone
along the top of the river bank clay
clifis also was set aside Taken to-
gether, these considerattons  consti-
tuted a general site development plan
Then,  the  gencral  arrangement
schemes, which were o engincenng
cvaluation,  were el tested  and
found to be weil accommodated with-
in this plan framework, s pirelim-
mary plan then set the development
himits for all detaled planning which
followed

While the process of sclecting the
final general arrangement scheme pro-
cceded. u system of site security zones
was developed and ntegrated into an
internad airculation road network This
step produced a tghtly organized 290
acre zone of restricted access within
which the entire power generation
and transmission faality could con-

Table ¥ Estimated acreago of use zonos

Powaear gonorating transrission

Generating <tation 200
Transmiss,on nght of way on sita 30 5,290
Undevelopod reserve G0
Ponmulor buffor

Rivers dge screnming 501 13
Raad and norh boundary screening BOf 30
Protactod dehh)

Impiovind marsh hatatat 150}870
Undisturboed Iand 690
—— e —
Putlic uvao

Recrestion 140 150
Ecological/education centre

Sito total i 1440

vemently be o placed This Teft 1180
acies (whnch s the ol site nea ol

PEPCO S nest Lupest stabon, Chalk

Pomnt Maylind) avalable for other
functional uses A plan for creauvely
utihzing this large parcel of land has
been developed with the intent of re-
turning as much as possible to usage
which will directly benefit the public
The included table 1s a tabulation of
the land use acrcage which was finally

developed in the designated use zones
of the Douglas Point site

Devcloping a4 programme of
supplemental land use

In many respeets, the supplemental
land use programme which PEPCO s
prepaning for Douglas Foint will be
quitc innovative

First, a programme of close co-
opcratton with the Biology Depart-
ment of Charles County Community
College (whose campus 1s located near
LaPlata, Maryland, approximately 15
miles from the sit¢) has been under-
tahen m order to micasare  and
cviduate the coolomenl systems pre-
sently existing on the sfe, and to de-
velop an on-poanp progiamme  lor
momtonny the chanpes winch will 1e-
sult frony the construchon of o pro-
gect of thes magniude Such a detinled
ceological evaluation has neser heen
dttempted, to date, for a nuclear plant.
PEPCO intends to provide a perma-
nent on-site ecological rescarch and
teaching facility for this programme.
A total of 870 acres of this site has
been set aside as a protected ecological
zonc for this programme

Sccond.  discussions  with  the
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by 1. Jacobson, General Electric Conipany

In the boiling water reactor (BWR) the

reactor asscinbiy confains

the cquipment and instrumentation accessary to produce and

confain the steam power required by the plant. The nujor
and components are as follows:

equipment categories
¢ Fuel—fuel

asscmbhcs and channels.

o Instrumentation—

neutron sources, in-core monitors, in-core guide tubes and in-core
housings. @ Control—control rods, rod drives, rod drive housings,
rod guide tubes. o Steam gencrating—fecdwater spargers, jet
pumps, steam scparators, dryers and associated pressure vessed
nozzles. o Structural—pressure vessel, shroud, shroud hea
shroud head bolts, core plate and top guide. o Core cooling
protection systems—core spray lines, core spray sparger, iow
nressure coolant injection connections and various other pressure
vessel nozzles for safety system conncctions.

4
in the bottom head of the reactor ves-
The core plate provides lateral

Standardized modular components as-
sembled g single pressure vessel with sel
its sett contamed structure best charac-
terizes the reactor assembly (higure 1)
Maor parameters of the reactor as-
sembly are shown in Table 1
Individuat fuel assembhies that make

Table 1 Reacter assombly chorseteorstics

Roactor assembly height 33t 7 in
Pressure vessel nominai inside hoight 701t 3.un
Pressure vossol minimum insioe

A . d fuel diamoter 19t 10.n
up the core rest on ontticed el sup Procsuro vessel approsimate weight 365 tons
ports mounted on top of the control Nunmibar of hini assembling 752

L N rONUI T . v Wi Numbor of control rods 177
vod puide tubes Each guide tube, with Nimbor of in Cora momitor sinngs 41
ite fucl support piece, bears the weight Numbor of neutron sources 7
of four assemblies and 1s supported by Number of jet pumps 20

Numbor of steam soparators 263

a control rod drive nenetration nozzle




Charles County Recreation Commis-
ston and Board of Fducation have
dentilicd the need for a0 niver acuess
pornt o bhoat Lnndchimge campan Has
portian af the county Flus and other
minimiim lk'LlL‘Illllll.ll l.lLlllll\_‘\ AR
now beme inteerated into the county’s
master planine programme - Abouat
140 acres have been provided for the
long range development of active re-
creational purposcs

Third. PEPCO ntends to deveclop
an ortenting/nature trail, closc to the
mver bank along which will be placed
several energy/information pavillions
as well as anterpretive displays con-
cerming the ccological systems which
enist on-site This trail will lead to
arcas where plant overlooks will be
provided Lhe traul system will con-
tinuc (elevated) into  the protected
arcas of the marsh which lies at the
south cdge of the property.

This three-fold programme has
therefore attempted to utihze local re-
sources — both cultural and natural—
to the maxumum cxtent in the develop-
ment of a sound programme of de-

velopment of 1150 acres supplemental ~

land use zone at Douglas Point.

gwidance at the top of cach control rod
guwide tube  The top guide provides
lateral support for the top of cach
fuel assembly.

Control  rods occupy alternate
spaces between  fuel assemblies and
may be withdrawn into the guide tubes
below the core during plant operation.
The rods Are coupled to control rod
drives mounted within housings which
are welded to the bottom head of the
reactor vessel T'he bottom entry drives
do not interfere with refuctling opera-
tions A flanged joint s provided at
the bottom of cach housing for ease
of removal and mamtenance of the
tod dive assembly

ANt mteros! components ol
the teacton assombly v be ronmoned
eaoept the e proonp dilbosars, Hee con
shrond, and the b pannp and haph
pressure conlant tgection it prping
Lhe removal of e top gde assembly
and the cote plate assembly s magod
tash and s not expected that these
components  would  require remaoval
during the 16 of the plant The ramo-
val o other components such as tuel
assembhes,  In-core  nstrumentation,
control rods, fuel support preces, ete. 1s
accomphished on a routine basis Ex-
cept for the Zircaloy in the reactor

Douglas Point BWR/6

Steam dryer

Feedwalter sparger
Shroud head stud
Core spray sparger

LPCl coupiing

Inlet
Jet \ Brace -
Pumps ‘ Mixer
Diffuser

Onhiced fuel
support

Control rod
quide tube

Control rod dnive
housing

Support control
rod drive housing

Control rod dnive
housing restraint
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Douglas Point BWR/6

core, the teactor assembly components
arc stamless steel or other corrosion
resistant aoys

Core arrangement

The core favout for the reactor s
<shown in {igure 2 An enlarged view
of the basic tuel Jattice 1s shown n
Figure 3. Same key features of the
core arrancement are as follows,

2 Maxina.m Lincar heat generation i
the Toci o ioss than TVARW/

O T ocud power poaking ctons ate ge
duced by the vse of several wanmm
eanchiments

2 low distnbution among the lucl
assembhes 1 accomplished by fixed
orifices in the fuel support

9 T he upward fow s conlined to cach
fucl assemnbly by the fuel channel

© The bottom entry cruciform control
rods consist of B,C in stainless steel
tubes surrounded by a stainless steel
sheath Bads of this design have been
irradiatea wor more than 12 years in
the Dresden-1 reactor and have ac-
cumulated thousands of hours of ser-
vice without significant fa:lures 1n
opcrating rcactors.

® The control rods are suflicient to
provide reactivity control from cold
shutdown to full load. Supplementary
reactivity control in the form of gado-
hria 1s used to assist in providing reac-
uvity compensation for fuel burnup.

© The fixed n-core chambers pro-
vide continuous power range flux
monitoring.

© Source und intermediate range mon
tors are located in code and are axially
retractable

Fuel assembly

The fucl assemibly consists of 63 active
rads and a smgle “water rod™ i an
8X & square yrray The Zircaloy-2 clad
18 0439%n od, 160250 Jong  and
003 thick Active fuel heght s
148in. Eight e rods are used to e
the lower tie plate to the upper e
plate Seven spacers fixed to a water
rod provide required lateral spacing
along the length of the rod A Zir-
caloy-4 square shaped channel. 0:120in
thich. 166 875in long and 5518in
square on the 1d completes the as-
sembly The channel has a shding seal
on the lower tic plate and 1s screwed
to the upper tie plate  The channel 1y
reusable

Controf rod

The crucitorm shaped control rod con-
tams 84 stomiess steed tubes (21 b
in each wing of the cruaform) filled
with boron carbide powder compacted
to appronvimately 700, of theoretical
density  ({Tigure 4)  The tubes are
0188 od 144 6in long and 0025n

ibick The cantrol rade Bave 9m netiun

Uigure

fuel latiice

3, Basic Fuel assemply

00O
Q00O

OOOOO I
()(h(NW()(N(Mj
Ef_'_" T ;I

HOOO0OO00
O0000000
00000000
O00OROO00
00000000
O0000000

\\
0000000

OOOGCHD00
Q00O COOO
QOOO®O0O
0101001010101
O0O0OOCO00
YOO YOO
Q’)()()H()()\ T

N e

e Y

OEOOIOOE

OOOBOHLOD
ORRODEO®
DROOOOO®
ODOOODOD

(OOCOL700)

HOOOO®OEN
DOEHGHODOO!

WOODEODE)

< Channe!

® Woater rod

length of 144in, a span of 9 75%n and
an oveiall length of 173 7510 The rods
are designed to be uncoupled from the
drive from either the bottom or top of
the reactor “The veloaity imiter 1s de-
signed o himat the free fall veloaty
and reachivity ansertion rate ol a con-
trol rod so that fuel damage would not
oceur in the event of a low probability
rod drop acaadent,

Control drive line components
‘I he control rod movement in the core
s mnded by the four adjacent fuel
channels ity moedular care unt
Blow the core, the rod v withdrawn
o a control rod guxdy tube which
shields it from reactor recirculation
cross flow The control rod drive
micchanism Jocated in the control rod
drive housmg at the bottom of the
pressure vessel, activates the drive One
hydraahe control unit for cach drive
activates (frrom the control room) the
drive pipes to move up to move
down, to held position, or scram. A
master hvdrauhc power supply system
provides the reqinred hydrauhe flurd
pressures and umlmg waler to com-
plete the system, The drive moves in
Omoanaements at ¢ speed of about Un
per second

Koy characterstics of the drive hne
componctils are;
@ “The drives do not interfere with re-
fueliing and are operative even when
the head isremoved from the reactor.,

S Thoe inclimes vmrctmm bauddrasilie movmtem)

(00000009

~-—Control rad hlade

rod drive mechanism provides the
highest scram  forces and operating
force margins of all known types of
drive mechanism. Lhis provides high
operational rehability  particularly in
the seram function

@ | he drive uses reactor quahity water
as the drve coolant and  operating
flud

© Ihe drive utilizes
seals which allow  [eakage to drain
back to the reactor vessel Lxternal
leakage through the static scals s es-
sentially zcro.

9 Control rod entry trom below the
reactor provides the best anial 1lux
shaping and resaltant fucl ecconomy for
the boithing water reactors

O The drive 1s essentially the “thrd
generatton”™  of  the  Jocking  piston
drive The diive has demonstrated re-
habdity and ma.ntainability and 15 de-
livered as a standard component to ali
reactors going into service.

@ Each duive and each hydraulic con-
tiol wit s factory tested for por-
formance

internal piston

Reactor sessel

Fhe reactor vessel s designed, fabrica-
ted, and tested i accordance with Sec
uon I, Class {, of the Amcrraan
Socrety  of - Mechenwal Enamneers
Botler and Pressure Vessel Code the
vessel 1s designed to accommodate pio-
visians of the Code for Iascrvice in-

spection of Nuclcar Reactor Coolant
Curctomae Tlho s oo P T T T

B ey
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tor vessel s manganese molvbdenum
michel steel (ASEM A S Goade B,
Chiss T oand ASTM A SR, i )
Intermal suvbacon exeept the s ca ) hieadd
aned nogzles e wold o ovadlid wath
antombie standoss stoed The otoprated
cxposite topouhrons of enorpy preatar
than § MEV s ostimated to be loss
than 1 X 10Y nvt 1o 40 full power years
of vessel ife The jomnt between the
vessel head and vessel s sealed using
two mctal O-rings with a high pressure

leak detection system.
AV}

Core shroud

The shroud is a cyhndrical stamnless
steel structure which surrounds the
core and provides a barrier to separate
the upward flow through the core

from the downward flow in the an-

nulus. The shroud head 1s bolted to
the top of the shroud by the shroud
head bolts. The steam separators stand-
pipes are mounted on the shroud head
The lower end of the shroud 1s welded
to the pressure vessel by mecans of an
annular water-tight shroud support
plate. The support legs extend
down to the bottom hcad of the pres-
sure vessel The jet pump discharge
diffusers penetrate the shroud support
plate below the core elevation to in-
troduce coolant into the inlet plenum.
The shroud support plate and support
legs are designed to carry the weight
of the shroud, shroud head, top guide,
corc plate, the steam -eparators, the
jet pumps and the seismic and pres-
sure loads 1he fuel weight 1s suppor-
ted on the bottom head of the pres-
sure vessel by means of the fuel sup-
port casting, control rod gude tube
and control rod dove housing ‘1he
shroud s penctrated i the vicaty of
the top gutde by the supply lines for
the low pressure coolant injection sys-
tem” The core spray sparger supply
enters through the top guide

Steam scparators and sicam dryers
The steam water muxture exiing the
rcactor cnters the standpipes mounted
to the shroud dome which covers the
core Each standpipe termunates in
an axal flow centrifugal separator.
The steam water nuxture first impinges
on vanes which give the mivture a
spin to establish a vortex wheremn the
centrifugal forces scparate the water
from the «team n cach of three stages
Steam leaves the separator at the top
and passes into the wet steam plenum
below the dryer The separated water
exits from  the lower end of each
stage of the separator and centers the
pool that surrounds the standpipes to
join the downcomer annulus flow.
The stcam dryer assembly 1s moun-
ted in the reactor vessel above the
steam separators and forms the top and
sides of the wet steam plenum The
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Figure 4, Control rod

drver assemblv 1s supported by pads
extending mward from the vessel wall
and 1s held down 1n position during
operation by the vessel head. Steam
from the separators flows upward and
outward through the drying vanes.
Moisture 1s removed and carried by a
system ot troughs and dramns to the
pool surrounding the separators and
then into the recrrculation downcomer
annulus flow The dry steam exits the
pressure vessel through the steam out-
et nosrles in the main body of the
prossure vessel,

Jet pumps

High performance jet pumps located
within the reactor vessel are used 1n
the recirculation system. The jet
pumps, which have no moving parfs,
provide a continuous internal circula-
tion path for a major portion of the

Douglas Point BWI['6

coolant flow The system was fiist in-
carpotated 1 the Drosden 2 plant Ap
provinadely onc thind of the total um'@
How s prumipod tooa hiphor prowsane
e extornal centrtugal pump loopy and
tnad as the dovane Tow for the el
pumps  The overall denpth of the et
pump s approvmately 1900 Insdig
mentation s used to monitor indivae
dual and collective flow rates of the
jet pumps,

BWR/6 improvements

The Douglas Point reactor utihzes a
General Electric BWR/6 reactor. Thig
rcactor s the latest in a continuing
series of commercial botling water re-
actors supplied by General Electric
Company-U S A. Some of the key fea-
tures of the BWR/6 rcactor over its
immediate BWR/S predecessor arc the
following:

@ 8X 8 fuel bundlc'in place of 7x 7.
© Use of “water rod™ introduced.

© Active fuel length increased to 148in
from 144in.

© Power density increased to S56kW/
Iitre from S1kW/litre.

® Approximately 207, greater output
for the comparable size reactor pres-
sure vessel,

o Usc of a uniform water gap between
channels of 0 482in compared to 0-75in
and 0-37Sin gaps.

© Use of channels 9-120in thick com-
pared to 0:080n.

© Control blade thickness reduced to
0260in from 0312in by reducing
sheath thickness.

@ Ulse of a new 10in diameter steam
separator reduced from 12750 dia-
meter,

© tise of a S hole noszle et pump of
higher cefhiciency. In addition, the dif-
fuser outlet diameter has been re-
duced.

©Scismic capability of internal com-
ponents designed for 0-3g ground ac-
celeration when housed in a specificd
containment and building.

B
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Phifadelphia Flectric Company™s annmmcement i August 1971 dhat they were negatiating with

Genesit Momtie Company fo budd a 2306 MW (e} twin Hhigh

i emperafe

Coas-coticd Reactor

(it 1 GR) plant herakded the artival of the Large THEGR as a competitive foree in thie reactor market-
it

place.
utibity.

!
i

¢ kulton Station HIEGRs were the first in the 1000 MW({e) range ordered by 2n clectric
e plant is to be located in Lancaster County, Peansylvania, ULS. A, Tt will be built dircctly

i
across the Susquehannah River from Peach Bottom!, a 40 MW(e) prototype FII'GR in commercial
power operation for Philadelphia Electric since June 1967. The outstanding safety and veliability

record of Peach Bottom® was a major factor influencing the decision in favour of the HIGR

for Fulton Séction.

Fulton Stauon will have two HIGRS
rated at 1100 MWi(e) cach The nuc-
lear steam system (Nss) and nuclear
fucl nave been purchased from Gen-
eral Atomue Company (GA). Stone &
Webster Enginecring Corporation has
been oelected as  architect/engineer
and censtructor. Unit 1 of the plant
1s so' “usled for commercial opera-
tion 1 1981, and Unit 2 will follow
in 1983,

1. Viee Presdent,  Philadeipha 1 ledine
Cempany,
2. Tviton Stanon Project Mnmpcr Phila-

delphue §lectnie Comnany,

Vice President, O rencral Alnmu. Com-
pany.

F ulton Station Project Manager, Geacral
Atemic Company,

o

5. Vice Picudent, Stone &  Webster
Fngineenng Cornoration
6. [ulton Siation Prowedt Pngincer, Stone

& Wehdter | nginecning Corporation

General  Atomic Company  began
developing the 111aGr nuclear system
m 1957 This system has advanced
through the desien and operation of
the 40 MW(e) prototype Peach Bot-
tom Atomic Power Staton Uit 1 and
construction of the 330 MW(e) Fort
St Vrun Muclear Generating Station
for Public Service Company of Coloi-
ado. The large Hi1GRs (770 MW(le),
1160 MW(e). and {500 MW(c)) being
offcred commeraially are  currently
under design

Parallel 11Gr programmes
tahen place in Europe  Two proto-
type anstalletions, the 20 MW(@Q)
DRAGON rcdctor 1in the U K., starling
in 1965, and the 15 MW(e) AVR in
Germany, starting in 1966, have been
operating successfully. A 300 MW(e)
demonstration plant, the THTR, a fol-
Jow-on {0 the AVR, is now under con-
struction in Germany. Under an in-

have

system

formation exchange agreement  be-
tween the US. Awmce  knergy
Commission and the Orgamization for
Economic Co-operation .nd Dcevelop-
ment, High Temperature  Reactor
Project Dragon, General Atomic has
matntained  acltive  liuson  between
Peach Bottom and Dragon projects,
contributing significantly to the tech-
nology of GA’s 7GR design.

Philadelphia Flectric’s requirements

Muladeiphin Electric Company seryves
a 2475 squarce mule arca including the
city of Philadelphia (population 2 nul-
fron), i southeastern  Pennsylvania
and northern Maryland, Total instal-
led capacity is approximately 6650
MW(e), which includes hydro-,
pumped storage-, fossil-, and nucicar-
power generation The Peach Botiom
Atomic Power Station is bcing en-
farged by the addition of two 1050

OO0 tmportant reason Plila-
delplua 1 lectne Ceonnpany chose
the THEGR or dton Statron iy
iy streme envirommental advan-
fave, 18wl have the highest net
operaung elficiency of any lurge
commercial nuclear plant in the
world and 1y designed 1o micet and
surpass  all state and  national
enviromuental criteria 1he lugh
efficiency, whicl iy eqravalent 1o
the  meost modein fossid-fueled
plants, wil result in substantialiv

lovwer thermal  diselrge 1o the
cuviroiment  than  from  other
types of nuclear planits.  {t will

wse much less cooling svater in an
area where water for His purpose
i hecommg less plentiful. Addi-
tiemaliy, the wse of thoramn in the
FIGR fuel evele will conserve
vaitable supplies of uranium.”

J fee Frerett
foresiddent
Uhidcdelplia Electric Company
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A

MW(e) BwRs, Peach Bottom 2 and L,
to the cuinting 40 MW ier Uit
215 now an operaton A furthier addi-
ton.  DLimenich  Generating Station
(connusting of two TOSQ MW MRS
v presentiy scheduled for mitied oper-
Abon m 1979 Major tossl fudd station
additions (twa 0O MWIeHn will be
placed i operation an 1974 and 1975

Phaladelphia Hedne Company s
part of the Pennsylvama-New Jersey-
Muaryland  (PIM)  Interconnection,
which has a total installed capacity ot
about 37000 MWi(c)  Although cach
member company generally provides
for its own needs, bemng part of
large system cnhances the attractive-
ness of large nuclear units. When the
HI1GR became avadlable in the 1000
MW(c) range. the company was ready
10 gIve SCrious consideration to such
a plant,

In addiuon to the promusing opera-

ting eapenience with the Peach Bot-
tom HIGR, specific attractions of the
niGR to Philadelphia Electric were:
© Less heat rejection per hilowatt—
an aimportant Tactor in a geographical
arca where cooling water 1s becoming
scarce.
@ The reactor design. with the pre-
stressed  concrete  reactor  vessel
(pcrv) and the large mass of graphite
in the core, which result in jnherent
safety advantages.

In 197i. an ecconomic cvaluation
was performed which formed the
basis for negotiation with General
Atomic. A letter of intent was issued
in August of that year, and design
and licensing activities have been pro-
cceding since then. The preliminary
safety analysis rcport and environ-
mental 1eport were docketed by the
USAEC in November 1973 The
schedule presumics the recapt of a
construction pernut an mud-1975; in
that cvent, construction of the first
unii will be complete in 1980, with
full commercial operation 1n the fol-
lowing year.

Plant arrangement and featurces
Fulton Station will be consiructed on
360 acres 17 miles south of Lancaster,
Pennsylvamia Philadelphia, 1 59 miles
to the cast-portheast of the plint;
Balimore, Mayland, s Y6 nules
southwest  he sie s on hapeh proonnd
overfooking Conowmpo Pond, o 11
nule tonp hady ol water tonmed by
Conowinpo Pam on the Susquehianna
River 1 he  estmated  populabion
within the low population zone s &9
and within § nules s GH43, 1 ancaster
1s the nedrest poppulation centre of
sigmificance.

Tre siation is a complex of struc-
tures nterrelated in a compact func-
Gonal plan The dominant features of
<se staton related to power produc-
1105 are arranged in a V-configura-
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Fig. 1. Schematic flow diagram of large HTGR

tion, with the twin reactor contamn-
menis, common reactor service build-
ing, and common control building at
the base of the V and the turbine
buildings formung the flaring wings of
the V. Forward of the control build-
ing is the administration building,
which contains offices, personnel ac-
commodation, and maintenance ser-
vices. Natural draft hyperbolic cool-
ing towers arc situated behind the
buildings to realize optimum founda-
tion conditions. Other structures on
the site include a common auxiliary
building, safety related diesel gencra-
tor buildings, and reactor plant com-
ponent cooling water and core auxil-
jary cooling water system air-cooled
heat exchangers. The major structures
cun be seen in the plot plan on the
foldout drawing (page 643).

The swilchyard contains the neces-
sary S00 RV and 220 KV switchgear
to provide connection of the plant to
the transmission system A total of
five 500 kV hnes will rudiate from the
plant sate  An additional 220 kV line
will provide a start-up source of
power,

Twao hyperbolic cooling towers will
serve the plant, one dedicated to each
umt.  Muake-up requirements for
cooling tower losses as well as for
condensate makeup will be drawn
rom Conowmgo Pond at elevation
i b (plant prade W7 1Yy The
walet treatment plant wiall be Tocated
e the ausiluay buddmg, which will
alse howse the auvihiaey boilers

frach of the W00 MW reactons
will diive two 600 MW() rated tur-
binc-generators ‘Lhe  reactor PCRvs
are Jocated in reinforced concrete con-
tainment  buildings designed to be
operated at slightly positive pressure
with respect to atmosphere. The re-
actor service building contains the
fue!l storage facility, shipping and re-
ceiving cquipment, the helium purifi-

cation system, radioactive waste dis-
posal systems, and health physics and
chemustry  laboratories.  The centre-
hnes of the turbine bulldings for each
unit are at an angle of approximately
60 dcgrees to facilitaic access during
construction  Each building houses
the two turbines, deaerators, fced-
water hcaters, auxiliary switchgear,
and other related equipment.

The control building adjoins the
reactor service building and 1s con-
venient to both wurbine buildings The
control room tself 1s on the third
floor and connects with the operating
level of the turbine building by means
of enclosed walhways. Other fioors
of the control building house switch-
gear, instrument and control equip-
ment, and ventilation systems. The
admintstration  building, adjacent to
the control building, contains offices,

shops, laboratories, storcrooms and
locker facihitics.

Construciion

Preconstruction activities have con-

sisted of soil borings, geological re-
fraction surveys, the excavation and
backtill of two test pits, the crection
of two mecterological monitoring tow-
ers, and land surveys. Activitics at
the station site that will start follow-
ing recaipt of the construchion pernnt
melude, cleanmg of Lind, installation
ol sedimentation basins, ecarthwork
(cut and HID, tock excanvanion, cone-
stnchion o poads and ndlrond spugs,
intalbiition o saombiry treatment Lo
Bties and peometer teaamg e mitial
site preparation achvibies we expee-
ted to be completed 1n mine months
Excavated material, consisting of soil,
toose rock, and blasted material wili
be pliced as {itl 1n the Tow areas of
the site to provide the necessary space
for the power station and construction
facilities. Top soil wii! be stripped
and stochpiled for later use as sced

NUCLEAR ENGINEERING INTERNATIONAL



O

3
Hetum l‘lllvfl(:'\'lcl‘.—"‘—/)?‘

wells R
AU g
IR el R
I i ‘ i
'/Vﬁ‘ 4 jll, 1|‘:|\| i ‘ ‘\{}1 E [TERTI A
« i Pl . S '
A -- el e p e A
irtline , e ol il o ).\J: \ AL A , R
E“lf’l .'f ]15- n‘l‘ lﬁ‘l ! ! . Verte alprealios,
R R T ‘}4 N
1 é '*I:."%' 5} &k "A
5 i;‘ i "'ﬁ‘::gw.*:ri;;é} J \—*il ’
{‘_1\1 ! l Lmg b1 :‘ :4‘ a0y
Coremsdary F :d T ;uﬁal e - ,‘? - li; ;} Steam generalor
| - ~ ] (o
heat exi b er l ER Hh I M, T‘Q,, ,|£ 54 tendons
v . [ wndelt] [ S
I f E'h ! lﬁf } 3]« Prastress channels
| [t w,}
" Luld'ﬁ “'
5 / [ ‘-4\,"; PCRV support
mf(rossn(honcutc ; h\ structure
cactor vessel N “r L
i
Fig, 2. Mudiear steam systen for /r\"/l

3000 MW (0 Fuiton HTGR unut

anle 1 -~ Major parameoters of 300

MW (e) Fulton HTGR Unit
Gonora!
Net unr N 1160 MW/(e)

2979 MW(t)

38 6%

8843 Btu/kWh
(2217 kCal/xWhj
2 250 Hga

(57 mm Hg)

Net N5S nutpui
Neat plant ef‘iciency
Nat plant heat rate

Turbine back pi.essure

Reactor coro

Number of fuel elements 3544

Fuel residence time 4 years

Average fuet burnup 98 000 MWd/
tonne

Primary coolant system

Helium charge 17 300 Ib
(7850 kg)

Total hehum flow rate to 1123 10°Pb/h

steam generators (508 10"kg/h)
Helium pressure at crculator 725 psig

(51 kg/em)
605 F (318 C)

discharge
Core inlet helium temperature

Core outlet hehum 1366 F
temperature (741 C)
Number of steam generators [}
Number of circulatorns o
-
System hehum prossure diop 20 7 pa

(t 9 kg/em=}

bed to restore eaposcd areas to green-
ery

Exatensine preconstruction planming
and scheduhng are under way, aimed
a4t mavimizing prefabricatton and pre-

assembly  work,  anticipaling  and
studying the construction  problems
dassociated with the large twin HIGR

stition. Completton of the contun-
ment mat will be one of the carhost
milestones, followed by simultancous
construction of the pcrv and the re-
actor contammment  Construction of
the other major buildings witl follow
closely behind  The diesel penerator
building construction will be delayed
to facilitate access to the larger build-

ings. Construchion of the hyperboiic
cooling towers will begin obout {wo

yeais prior to the commercial operat-
ing date.

. e e, a

Contootraaiive
/.vv!'r‘lmlnu

peneinabons

Nuclear steam system

The e 15 characterized by o
uranivm-thonum fuel  contained  in
graphite blocks, which alvo serve as
maderator  The core 15 housed in a
PCRV which  also provides essential
shielding The enoling fluid s helium
circufated from the core through aix
steam generators i cach 1160 MWe)
unit  Figure 1 shows a sumiplfied flow
dragram of an 1mi6r - Table 1 sum-
manizes the principal plant  para-
meters  The perv, core design char-
acteristies and fuel eycle, nuclear com-
ponents, and  plant nstrumentation
and controls arc covered in detil in
accompanying aricles in this issue.

Presivessed congerete
reactor vessel

A hey featore of the Tulton Station
NSS s the rorv, which will contain
major components of the Nss [his
lype of reactor vessel was first used
in the Unmitad States for the tort St
Vram reactor but has been n use n
the UK and France for many yeurs
The perv contains the entire primary
coolant system It is constructed of
high strength conciete reinforced with
bonded remnforang  steel and  pre-
stressed by stee! tendons  Eaternally,
the pcrv as 91 0 (27 7m) high by
100 1t (30°Sm) diameter  The major
components housed 1n the PCRV e
tne reactor core, steatn gensrators,
helnum coolant crirculators, controf rod
drives, and the auailiary  crrculators
ind hicat exchangers for the core aua-
iy cooling ssstem (cacs)  Figore 2
shows a wross section of the rorv
used 1nan 6O MW(e) 11or unit an-
dicating the location of major 1n-
stalled components Nine peripheral
cavities surround the central core cav-
1y Sixvoof the ade cavities each can-
tun a main helim dreulator and a
steam genesator The (ACS 15 ocated
in the remaning three side cawvities,

FHITON DIAUoHh ria Lk

cach contimng an auniliary araibas

tor and o heat exchange:
Core and fuel
he Faiton Shibon teadtar cole s
tade npe ob A8 hes vy shiapad
omonts bk 0 et s ap
Fhan (b
(/8 Moo

Tl
oty
It aawd A
Tk sy ihe
ol araniony dhicarbidos -
material aed thonm
tertiie matenal, which are bondad 1n
a graphite matnix o form fuel rods
that are located 1n vertica!l blind holes
i the fuel clemenss Vertical coolunt
holes are provided for hehhum tlow
thiough the fuel elemients  The tuel
ciecments are stached 1in columns ¢ight
clements high, so that the active core
height v 208 ft (6 1my  The core s
made up of 493 colunins, giving an
acthive core mean dizmeter of 277 ft
(8dm) The actine core s divided 1nto
73 regions and 1s suitounded by
graphiute reflector elements The en-
tire assembly 18 mounicd on o graph-
ite block floor, which in wrn s sup-
poried by graphite columns. Each of
the 73 fuel rcgions 1s composed of
central control fuel column surroun-
ded by six columns of standard fuel
elements, except at the core peripbery
where reflector columns replace some
of the fuel columns

Core heat removal 15 accomplished
by the downward flow of the hehum

actoss e
i by
ed g hicle s
the
oxde

hivehy
oo ol
Livle

as L hie

coolant through the tucl columns.
Variable flow control valves mn cuach
retuelhing  region help balance  the

cootant flow through the various core
reglons in o proportion o region power
production und thereby regulate the
fuel temperatures in the wore

The reactor as controlled by mcans
of 73 control rod pairs A goserve
shutdown systenmy s provided thay re-
leases reution absorbing pellets, con-
tunming boron carbide into the core,
Neutron flux informatton for moni-
loring, proiecaon, and control systems
15 provided from ncutron detectors
located tn wells 1n the rerv wall out-
side the limer  In-reactor neuiron de-
tectors and thermocouples at cach re-
fuelling region outlet provide  addi-
tional information for flux momitonng

and contiol Burnable poison 1 the
formv of ‘wraphite rods contuining up

to 5 per cent wt natural boren n the
form of B.C s used o contiol part
of the core excess reactivity and to
flatten the transverse core power dis-
tnbution  The fudd temperature co-
cthetents and the isothermal temper..-
ture cocicient are negative for il
fuel cycle and all normal and trans-
enl temperatures

Fuel foading s based upon a four-
year c¢ycie® that is, approxiately
one-fourth of the core will be re-
placed on an annual basis. The initial




fuel Toadme will consst of appron-
mately 1725 0 ot hizhlv ennchad
uramium (93 per cent U235 and
37 9% kg of thornium  As the U-235
15 fisstoned, fissionable U-233 s
formed from the thorium The aver-
age burnup at equilibrium s about
98 000 MWd) tonne of uramum and
thorrum  The U-233 remarming 1n the
spent fuel at refuelling can be recycled
to the Fulton Station reactors or 1t
can be sold for use in other reactors,

Steam generators
The Fulton Station 111GR has six cool-
ing loops located within cavities of
the pcrv. Each of these loops hus
one steam generator and 1s capable
of producing sufficient stcam for ap-
proximately 500 MW(t). The hchum
gas flows down through the reactor
core where 1t 1s heated {rom about
605F (318°C) to about [1366°F
(741°C) and then flows into cach of
the steam ‘generators where the hehum
is cooled during stecam formuation. The
cooled hehium 1s drawn into the cir-
culator inlet located at the top of the
steam generaior and returned to the
core. On the steam side, high pres-
sure feedwater enters the steam gen-
crator through penctrattons n the
bottom of the pcrv and s superheated
to 955°F (513 C at 2515 psa (1768
kg/cm?®) in the steam generdtor before
1t leaves through the samec penctra-
tions to flow into the high-pressure
section of the main steam turbine.
Cold rcheat steam used to drive the
crculators 1s rcheated in the steam
generator to 1000°F (538°C) at 585
psig (41 kg/cm?®). The steam then
flows back to the intermediate-pres-
surc section of the main steam tur-
bine

The steam generators are designed
1o operate continuously at full or part
lead. The steam generators are abso
used to remove decay heat during
periods of plant shutdown (although
the cacs may also be called on for
this purpose). at these times the evap-
orator and superheater sections are
flooded and the superheater dis-
charges heated water to the flash tank.

The design of the Fulton Station
stcam gencrator draws on industry-
wide eapericnce  with  conventional
boilers and heat exchangers as well as
eaperience with steam generators for
gas-cooled reactors, especially those
used i Peach Bottom Umit 1 and
Fort St Vrain. Stcam generator test-
ing programmes that have been con-
ducted by GA n support of Pcach
Dottom Umt | and Fort St Vramn
supply a sigmificant part of the data
upon which the large 1HrGRr steam gen-
crator design is based  An extensive
test programme is being carricd on
m support of the steam generator de-
sign for the large HTGR. The testing
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progrtamme s provided to venify spe-
“une dewign features of the  large
HIGR  As a part of the test pro-
gramme, boiling stability and vibra-
tion testing on full-size components
will be peiformed in France by the
CEA

Helium circulators
Heliwm coolant 1s circulated within the
PCRV  using s1x steam-turbine-driven
cairculataes Each circulator consists
of a single-stage axial-flow compres-
sor driven by a single-stage steam
turbine. Each circulator 1s mounted
above a steam generator in the same
PCRV cavity. The crculator drive tur-
bines are in series with the main
steam turbine and operate on cold
rcheat steam, which s reheated and
returned to the intermediate pressure
turbmfﬁc

Circulator speed 1s controlled by
circulator-turbine throttle and bypass
valves o achicve proper system con-
trol and permit individual control of
ciach circulator. The opcrating char-
acteristics of the circulator are such
that during part-load plant operation
cxcess steam 18 bypassed around the
arculator turbine.

Helium purification system

The hehum  purification system  re-
moves radioactive material and chem-
ical impunities from the reactor cool-
ant system by continuously purifying
a side stream of the primary coolant.
The purified hellum is used for purg-
ing helium circulator seals, control
rod drives, nstruments and valves,
and PCRV penetrations. The purifica-
tion system also purifies hehum trans-
ferred from the reactor coolant sys-
tem to the helium storage system dur-
ing depressurization of the reactor for
mantenance or refuclimg  Chenucal
mmpuritics, particularly those impuri-
Lies contaming oxygen, are maintaned
at a low level The system maimtains
the 1mpurity levels 1n the primary
loop to less than 1-ppm (CO+CO:+
H.0) and less than 40-ppm H. during
normal operation  The helium punfi-
cation system consisis of two 1dentical
purification trains (one 1s normally
off stream): two compressors cross
connected so that erther one can
operate with either tram, a regenera-
tion scction, and a hydrogen removal
section Each tran contuns.

© A high-temperature charcoal filter-
adsorber to remove fission-produced
1sotopes (other than the noble gases
krypton and aenon) and triium by
adsorption on charcoal and to remove
dust that cnters the purnfication sys-
tem,

< @ A water-cooled helium cooler.

© A hchum purification dryer to re-
move carbon dioxide and water.
© A Jow-temperaturc gas-to-gas ex-

changer to cool the gas 1o about
=288 F i—176 )

2 A lhquwd-nitrogen  cooled, fow-
temperatuie adsorber to remove mm-
punitiecs such as krypton, xcnon, car-
bon monovide. methane, and some
hydrogen and trittum.

® A purified-hehum dust filter to pro-
tect the purnified-helium compressors

Balance of plant

The twin turbine gencrators and con-
trols {or each rcactor unit uare de-
signed to permit start-up, synchroniz-
ing, loading, shutdown, and tripping
of the turbinc generators simultane-
ously or independently in the cvent
that one turbine generator 1s out of
scrvice. Normally, the twin turbine
generators  are  started and  loaded
simultancously. The load 1s shared
essentially equally, and the rcactor
follows the load demands of the tur-
bine generators  Each turbine is a
3600 rpm, tandem compound, four
casing  machine  with double flow
high and intermediate pressure cle-
ments, and twe double flow low pres-
sure clements, The low pressure tur-
bine  last-stage  blades are 285 in
(724mm) long Extraction connections
are provided for four stages of feed
water heating and for two steam gen-
crator feed pump turbine drives Lach
turbire has 1ts own lube o1l system,
gland seal system, and electro-hyd-
raulic control (eHc) system. The gen-
crators are cach rated at approxi-
mately 680000 kVA and 09 power
factor and are inner-cooled with hyd-
rogen. Each excter is shaft driven
from the generator.

Systems and auxiharies associated
with cach turbine geacrator include
(sizes are related to wingle turbine
generator capacity):
© Single pass steam surface condenser
¢ A condensate system consisting ol
three one-halt size vertical condensate
pumps. full flow polishing denuineral-
izer, three stages of closed low pres-
sure  feed water heaters, a drain
cooler. an clevated deacrating feed
water heater and storage tank, and
three one-half size mechanical vacuum
pumps
© A feed water system consisting of
two onc-half size auxihary turbine-
driven steam generator feed pumps
and feed water booster pumps
© A hot rcheat stecam bypass wystem
The wurbines share the following
¢ A stand-by motor driven steam pen-
crator feed pump capable of 25 per
cent rated reactor feed water Tow !
rated pressure
2 A mam steam bypass system 1achid-
ing desuperheaters and two flash tanke
@ A closed loop circulating water sys-
tem  consisting  of four circulating
water pumps and ‘a single natural
draft cooling tower
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S AR aUNTATY steaom system wingh
18 supphlied by cuner the bypass flash
tanks, the coid reheat system, or the
statton auxtizary boilers,
At rawed reactor power,
mately, & < 10 b h X
of cuperebrated steam at
(198 he'e v’y and 950 F°
delivered 1o the

approv-
10" kg h)
2400 pag
(510 Oy are
inlets of the muan

turbine<  After expansion through the
high prossare turbines, the cahaust

steam edrives the helimmy areulator tur-
bimes, winnh e sepilated by the
combipaboon al throtthing amd hypoes

vilve o Bl sl then owe thioup
the aehieator fehes ol e shoam pon
ctadors Reheated steame at appron
mately 350 pone (W Lpdom) and
1000 | (S38 ) enders the antameds-

ate pressure turbinces
pansion  through  the  mtermediate
pressure and  low  pressure turbine
sccttons s discharged to the con-
denser. The I*':.u given up 1 the
condensers s carried by condenser
crrculaing water to the cooling tower
and rejected to the atmosphere. The
conde e s mitrally deaerated m the
condenser. It a5 then extracted by
condensate pumps, and, after full-flow
denuneralization, 15 regencratively
heated by extraction steam from the
main turbines Direct contact heaters
with storage tanks are included in
the cycie for the dual purpose of
final deaeration and ready avalabihity
of eclevated feed water storage
There are two main condensers
per reactor. one for cach turbine
generator. They are two-zone, single-

and, atter ex-

pass  condensers  with  their  tubes
parallel 10 the turbine ams  The
average bachpressure at  the rated

lond  conditions 18
40 Hg (102mm Hg) Wuh a ar-
culaung water nlet temperature of
9S 5 IF (37 ) airthe rated conditions,
the heat rejected to the crrculaung
water s approximately 3 X 10" Btu/
h {075 x 10" KCal/h) per condenser.
The 23660 gpm of arculating water
to cach condenser undergo o 28 1
(155°CY nise 'n absorbing the design
pomnt heat Joad. Normal operatng
level capacity 18 3 mun of full load
flow  Air is removed from each con-
denser by two one-half size. two-stage
mechanmical vacuum pumps A third
onc-half size mechamcal pump s pro-
videda for cach condenser for standby
Three one-half size condensate pumps
are provided, one of which 15 a standoy
pump Condensate from cach hotwell
1« pumped through the gland steam”
condenser, the polshing demincral-
1rer system, the dran cooler. and
three stages of low pressure heaters,
one of which s located m the con-
denser neck The full flow conden-
wite  denmuneralizer o each  lurbine
cycie provides the n.gh punity feed
waier required by the oance-through

approximately

Avinact 1974

NISIE Fromy  the  fow

thie condensate

LONe, dinrs

piessure heaters flows

through>a devel coatrol vane (o the
deacrator and then to the deaerator
water storage tank tor feed

pump
suction The deacrators are combin-
ation spray-lray tvpe units with staip-
fess steel tays They aie designed to
reduce the oxygen in the effuent to
0005 ppm or less The deacrators are
mounted directly on top of storage
tanks which provide a 5 nmun elevated
water supply for the steam generator

fecd pump soctions at 105 poy ceny
ded rcactor doad

e e pencraton deed pamp
coppiied consisds ol [wo o hoosker

pamps amd tso steam generator feed
pumps o cach turbime  pencrator,
Fach set ol booster and dced pumps
Iy driven by a varable speed. double-
ended auxihiary steam turbine drive,
This equipment s Jlocated on the
turbme operating floor The auxihary
turbines operale on cxtraction stecam
from 1p-L¥ crossover, with back-up
steam ovidged by aumibiary steam
and nmm steam. Each auxiliary tur-
bine exhansts (o 1ts associated main
turbinc condenser. Feed water is
supplied through redundant feed
water hnes to the containment build-
ing The temperature and pressure of
fecd water at rated load are man-
tatned ot anproxsmately 370°F
(188°C) and 2970 psig (209kg/cm?),
respectively, at the steam generator
inlets,

The steam generator feed pumps
are horizontal, muliistage, centrifugal
type, direclly driven from the end of
the auxiliary turbines opposite the
booster pump drive end The speed of
the turbinc-driven stcam  gencrator
feed pumps s vared to maintain the
required flow and pressure (to  the
steam generators The booster pumps

B LU Ee v TuksaaNsEe e = oA N e
are henzontal,
diven thiough

AN I LT
\pgcdchuung [

A standby o motor-dinven steom
geacrator feed pump capabie of 25
per cent of rated reactor feed water
flow 1s provided Thiv pramp s located
on the ground clevat.os wnd can tane
stuction from aither deacr tor and dis-
charge through either {edwater dis-
charge header, This pur; s operated
during statup or f one aunthary
turhine-dinen pump s ot of service

Fach tiebine pencerator has o bot
Dy s syston tha diverts steam hoom
the hot rehaat e too tn
Contiol ol the Iypass
intcprated swath the
syatemoan orded o
opetation with the
turtbine  cambined reheat (stop and
intereept) valses  This provides stable
outfet conditions for the maun hehum
circulator turbines as  the flow 1
transferrcd between the combined re-
heat valves and the bypass valves
duning  start-up,  shutdown, and
following tuibine trips A main steam
bypass systeinr 15 provided to bypass
the high pressure sections of both
turbines during start-up. shutdown
and following turbine trips.

The flash tanks separate the steamy/
water muxture during start-ups and
shutdowns, and  recerve  superheat
steam bypassed during load rejections
after appropriate desuperhecating

The design of the balance of plunt
is closely integrated with the wNss
to provide a total HiGr plant that
will. meet all of the government
safety  and licensing  requirements,
satisfy the cnvironmental concerns of
the residents of the area: and provide
the Philadelphia  Eleciric Company
with a station that will mecet ther
criteria of high rehabihity, case of
operation, and ready maintainability.

\thl(‘ll‘\(‘l
vabves s
tithane condiol
va-ondimate then
vperation of the

-i‘l I {i ;'ﬁ.’
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Core des;
characteristics
and fuel cycle

by R. C. Dahlberg!
and L. H. Brooks-.
General Atomie Company

The 1160 MW(e) HTGR
cores are a straightfornward
scale-up of the 330 MW(c)
Fort St. Vrain HTGR. The
fucl clement configuration is
very similar to that of Fort St.
Vrain and fuel performance
expectations are essentially the
same. The fuel cycle has been
adjusted to be commercially
more competitive, the power
density being about 8 W/cc
instead of 6 W/ce. The fuel
lifctime is correspondingly
shortened. Uranium-233  re-
cycle is an integral part of the
HTGR fuel cycle. Shipping
casks, reprocessing facilitics,
and recycle fabrication facili-
ties are being designed. Exten-
sive technology programs are
currently underway on both
reprocessing and refabrication.

v
Yy M e T

-

Ihe olton Stabon nar core desien
v veay sumndar to that of the Toot St

Nram ek core doseribod i Nuedlea

! neinecine hiernational in 1969 D
Lhe basic fuel element (g 1) s a

fiexagonal graphite block 1nto which
biind longitudinal holes are drilled to
hold rods of fucl particies bound to-
gether by a graphie matrix Other
holes are drilied through the block for
helium coolant flow  With such an
clement. 1t 4y relatvely casy to scale
up the plant size The 330 MW(c) Fort
St Vrae H1GR has 247 columns of fucl
clements, cach column having s x cle-
ments In the Fulton Station each of
the two 1160 MW(e) HIGR umits has
493 columns, every column having
cight elements The layout for a Ful-
ton HTGR core v shown in Fig. 2
For refuelhing purposes. the columns
of fuel clements are generally arranged
in groups of seven, as an Fort St
Vrain Each group. called a refuzlling
region. rests on a graphite support
block and 1s located drrectly below a
refuelling penctration that houses
control rod drive assembly. Within
the centre fuel-clement column of cach
region. two larger parailel channels
are provided for insertion of a paur of
control rods that move as a umt. Re-
fuclling regions are grouped nto four
segments for refuclling purposes, with
one segment being refuctled ench year
in the reference cycle Fig 2 defines

1. Ducctor, HTGR Fuel Devetopment Divi-
won, General Atomie Company

Senion Technical Advisor, HTGR Fuel
Piocess  ond  Manuficturning  Dvision,
General Atomic Company

)

the fuel sepments designated A B €
ind

Comparative data an the core con-

freuration of the 30 MW Peach
Bottom i1er Port St Vean (330
MWie) and the Fulton Station are

<hown in Table |

Fuel configuration

Two types of fuel particles will be
used 1n the Fulton plant@ Al the
highly enriched uranium feed will be
contained as UC: in the kernel of the
fissile particle. which has 4 IRIS0
coating All the thortum will be con-
taned as ThO: in the kernel of the
ferule particle. which has a BISo coat-
ing TRisO and Biso are acronyms de-
notirg a4 type ol coating TRiso con-
tains three types of coating livers,
low-density pyrolytic carbon around
the kernel to act as a buffer and SiIC
and high-dens ty sotropic pyrolytic
carbon which retun {he fisston pro-
ducts  Biso contans two types of
coating layers, a low-dersity pyrolyuc
carbon buffer and high-density 1vo-
trop'c pyrolytic carbon to retain the
fislon products Photomicrographs of
BIso- and iRIso-coated particles are
shown in Fig 3 This choice of par-
ticles facihitates fabrnication, effectively
rewuns fissron products within the fucl
element. and results 1n a high conver-
sion rato and low fuel depletion
costs 9 The fuel particles arc biended
in suttab'e proportions and formed
into fuel rods using a graphitic matnix
as a binder The fuel rods are about
1 6em in diameter and 5 to 6cm long
Fhe fuel rods are loaded mto a
graphite block to muke a completed

Fig. 2. Core configuration,
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Table 1—Comparison of HTGR characteristics

Poach Bottom

Power | evel

MW O 15

MW (e} 40
Efhierency () I
later gas teasperaturd { C) 340
Quitet gan semperaturg ( C) 715
Care canbguration

Active height (m) 2728

Equivatent diameter (m) 279
Number ot ceerol rods 36
Number of owmants 804

Nuahar of columns
Elnmnnts a0 column

Basic Luet componaont Particlos i a
qraphite compnct
wihin a
cyhindncal purgo
sleove

Element hetght tem) .

o 360

Eiement width (cm) 8 9 (dismetor)

o

Fort St. Vrain Fulton 1160 MW(e) Unit

842 3 000
310 1160
19 386
ANY g
780 741
475 6 34
594 847
17 paus 73 paurs
1482 3944
247 493

6 8

Bondnd rods of
particies within
a hexagonal

Bonded tods of particlos
within a hexagonal
graphitc element

element

793 793

35 9 (across 35 9 (across tats)
flats)

fuel clement. This fuel has been ex-
tensively tested to design exposures,
and ‘performance has been eacel-
lent..%
Fuel eycle parameters'V
The * >l inanagement scheme with the
lowest iuel cycle costs consistent with
current thermal iind muaterial perfor-
mance hmuts 1s definéd in Table 2,
where comparative data from Peach
Boitom and Foft St. Vrain are also
shown. The fusi cycle for the Fort St.
Vrain plant 4and the Fulton pl.mt are
“very stmular. A fraction of the core
1s replaced each year. The shorter fuel
Iifetime and higher power density’ of
the Fulton 'plunt give ubout the same
fuel exposure. as the longer fuel hfe-
" lime but lower powcr density dl Fort
St. Vr.un

All ‘nTGr plants opcrate on the
‘thortum cycle. The relative Jdv.m.ngc
of the thorium cycle is due in large

Y UL PARTICL
i rv—"r‘*rz,w‘

W

Y

~
™ Buffer

. Outer 1solropic
pyrolytic carbon

Silicon carbride
barreer coating — '1

inner isotiopic
pyrolytic carbon © -~

pyrolytic carbon

part to the fact that the neutronic
charactenistics  of U-233 are far

supenior to those of either plutonium

or U-235. Uranium-235 yields about
10 per cent fewer ncutrons per absorp-
tion thun U-233, and Pu-239 yiclds
about 20 per cent few neutrons per
absorption than U- 233, As a.result,
the conversion ratio ,of an HWIGR
operating on the thonum cycle can
berup to SO per cent greater than that
pussible with the uronium cycle Speci-
ﬁcn!ly the HIGR conversion ratio is
062 wilhout recycle and 066 with -
bred uramum recycle. The U-233,
U-234 and U-235 bred -from the
thorum will be continuously recycled;
the turnaround being about 12 months.
- Excessive: buwildup. of. U-236- is
avoided by hmiting the recycle of feed
uramium remaiming in the discharged
fuel. The U-236 is a’ neutron, poison
formed by radiative ncutron capture

'

- \;

'-/

Fig. 3. HTGR coated fuel p:irtjcie.:.. BISO type pariicle left, rTRlSO right._(

Tablo 2 - Comparative fuel cycles

Fuol Hlatia st BO% ¢oapadly facton, y
Hotaotluyp syl v

Paaclon ol vaode dpbes od e oy tn
Niovhar ol twlaolbing snglonm

Avonags Jiower dunally W
Carhonabotmpn aths fespathbiiinn Cyoln)
Fuel veposirn, MWd/tennn

Paak faat thuancae 10?Y iy

Peach Fort
Bottom 8t. Vrain Fulton
§ i q
i 1 !
| ' 1/4
| v nn
1 [{I] 4
37 A 240
XA 100 000G oy ool
40 1 i)

Fulton Station HTG
i U238 By wsmg Dasile and ferble
partic o with ditferent typos o coals
ings it s possihle to separate the bred
U233 from the  rescdual enniched
uramium  at the reprocessing plant
Speetheally, the SiC coating iy the his-
sile particles. which casiain the res-
dual ennched uranmmm provides the
mechanism for separ o the hssale
particles  from  the fertile particles
Fhis v discussed” more {ally Later an
this article The contents of the fertile

particles  are  reprocessed  and  the
12233 48 recydded - the contents ol the
fisstle particles are reprocessed  and

the residual ennched traniim s ether
sald or reeyeled to the Falton anor.

The most important ndependent
fuel management variables are, power
density, fuel lifetime. and carbon-to-
thorium (C/Th) ratio, the elfects of
these on the fuel cycle cost are illus-
trated 1in Fig. 4. The dotted hnes in
Fig. 4 define those fuel cyciés yieldmg
acceptable fuel temperatuies, For the
same fuel lifetime and C/Th.rato, an
increase in power density ruulls n
some lowering of the fuel cycl‘. costs
due 1o the reduced qummv of fuel to”
be pracéssed each year, For example.
an increase from 8W/cm! to OW/cm®
for a four-year fuel hfetime lowers
the fuel cycle cost by about ¢OImill/
AWh and generally “also results in
lower plant ‘capital costs: At shorter
fuel Iifetimes. the ceffect of po»\cr den-
sity on fuel cycle oSt 15 more pro-
nounced.

A fuel’ llfellmc of fOU" vcnr\ with a
power denuty of about 8W/cm re-
sults 11 a maximum fast fluence of
aBout 8% 102! nvt, a reasonable design
point for the type of gmphnc used 1n
'the Forte St. Vrain WiGK" A higher
power density would rceult ai o fast
fluence pmpnruonatclv, IH'LLF than
§X 102! nvt The possible adoption s
the ncar future of tmproved near-
1sotropic gr.lphllcs for the Tael bBlock
mahes a strelch cap.lblhlv of, 10 per
cent to 20 per cent powolc wnh rch-
pect to fast ﬂucm.e . )

_The C/Th ratio 19 also an important
vartable An anerease in C/TH radio
(reduced (honum loading) will lead 10
i reduction in two components of the
fuel cycle cost: P
© A smaller fissile mventory, require-
ment will lead to redyced, working
capital costs e
® The smraller thorium and uranium
loading will lead to reduced fabrica-
tion and reprocessing costs,

However, two adverse
also occur: .
e A wmilles conversion ratio witl lead
to nere ysed Tael deplenon costs
O | he Tower fisstie inventory will tend
to plve higher power poahing
i besh dued wod agher fued tonpora
tues.

A C/' h vatue of 240008 close 1o the
cconomic optimum  and yel sabisfies

clfecis will

lict as
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the design requirements Recent trends

toward higher projected uranium costs
favour lower C/Th ratios and cycles
with higher power density potentials

The fuel hfetime and C/Th rato
influence the power peaking and peak
fuel temperatures through the age
peaking factor The age peaking factor
1s caused by the distribution of fuel
of different ages 1n the core, which re-
sults from a graded fuel cycle without
fuel shuffing Due to its higher than
average urantum load, new fuel has a
higher than average fission density.
This can be cxpressed as the age peak-
ing fuctor, 1.e, the power peaking
factor apphcable to new fucl The age
peaking factor 1s increased by a longer
fuel lifctime and higher C/Th ratio.
Both lead througi »ut life to lower
conversion ratios and larger fractional
changes n the fissile content, and
therefore larger relative diffcrences in
fission rates for fucls of different ages.
The current region  of acceptable
power pedahing shown in Fig 4 has a
limiting age peahing Tactor of about
1 4. Clearly, the reference design pomnt
C/Th rato of 240 with pewer densaty
of BW/em' v well withan the region
of acceptable power peaking

Fort St. Vrain expericnce

The Fulton Station will benefit directly
from the cxperience gained at the
Fort St Vrain Nuclear Generating
Station, now 1n the final stages of
preoperational and startup testing for
the Public Scrvice Company of
Colorado. In particular, core perfor-
mance 1 Fort St Vrain can be
directly related to expected perfor-
murce at Fulton since the fuel cle-
ments, fuel matenals, and core
arrangement are so similar. Although
full power operation at Fort St. Vrain
won't occur until late-1974, the results
of the imniat loading and test program
have been extremely encouraging The
Fort St. Vrain core was loaded in
January 1974 and 1mtal cntcality
was achieved at essentially the pre-
dicted critical rod position on January
31. Shutdown margins were slightly
larger than predicted and the
measured flux distributions 1n  the

) recycle
" shipping ecask (72

Testand vent
connection

j///”‘/’/ll///’ Z
(@ @

Qs

Fig. 4. Relative
fuel cycle costs,
cquilibrium cycle.

Shipping
contaner (12) N

Stainless steel

Fig. 5. Spent and
fucl  rail
bashket
clement capicity). Depleted uranum
cold critical core agreed with pre-
dicted distributions to within about
+ 5 per cent

Fuzl recycle
Fuel recycle consists of shipping the
spent fuel to a reprocessing plant, re-
processing the spent fuel to separate
the hission products and heavy metals
from the wiamum, relabrnicating the
putthed bred uramnm o new fuel
clements Tor recycle into the reactor,
and then shipping the recycle elements
back to the reawtor in the same cask
used for transporting spent fucl, The
H1Gr spent fuel shipping system® pro-
vides the method and equipment
required for recmoving and transport-
ing spent fuel elements from a nuclear
clectric gencerating plant to a storage
or reprocessing plant The  system
cquipment s designed so that all
regulations of the US Atomic Encrgy
Comnussion, US  Department  of
Transporiation, and individual states
are satisfied

The ratl shipping package consists
of a cask and twelve containers. Each
container holds six spent fuel clements
or five refabricated fuel elements and
protective packaging The cask (Fig.
5) is fabricated in three layers. a
stainless steel inner layer. a mddle
layer of depleted uramum, and an
outer sheli of steel. The cask weight
is 160 tons. and 1t 1s transporied in
the ncar-horizontal position on a
special rail car weighing 60 tons. The

.
\\\

LRI

|

«

(

¥

\

e
7
Al

A)

N [ Je

=
Aluminium

2tin

Yevryoavery

AN S A A AL 474 A YA A e P S

cask 1s finned for improving the re-
moval of decay heat gencrated by the
fission  products. The cask s not
removed from the car for loading or
unloading operitions but is jacked
into an upright position when the [id
can be removed and the fuel trans.

ferred Truck shipping cask and ral
shipping cash difTer in size “The
truch-mounted cask will aceept one
contamer dentical 1o the ones used

i the ral cask,

Reprocessing is based on the crush-
burn-lcach flowsheet  sllustrated in
Fig 6 A three-stage crushing svstem
has been adopted for the reprocessing
plant, based on the experimental test-
ing at General Atomic Company of
modified  commercially  available
cquipment using full-sized fuel ele-
ments  The crushed product 1s %in
(4 8mm) ring size or less and s suit-
able for feeding to a fluidized bed
burner Primary reduction is done by
feeding the fuel element vertically mito
an overhead cceentric jaw crusher that
produces four inch lumps Sccondary
reduction is also performed in an
overhead eccentric jaw crusher which
produces less than jin (19mm) Jumps
Tertiary crushing 1s done 1n a double-
roll crusher to produce less than %in
(4 8mm) burncr feed, which is pneu-
matically conveyed to the fluidized
bed burners Some resulis of crush-
ing are given in Table 3.

The burning operation is carried out
by pneumatically feeding crushed fue!

NUCLEAR ENGINEERING INTERNATIONAL



to a continuous primary fluidized bed
burner
matically at constant temperature by
controlling the oaygen supply from
the centie-bed temperature sipnal. and
the product rate 1s controlled from
the  bhod-depth diflerential pressure
signat The feed rate is mamntiined
ds contant as possible The primary
boraer product s fed 1o o baten-
opur, ied secondary burner where the
remainng carbon is removed, the final
prodiet bemng onde avh and SiC
coaicd particles  Sccondary  burner
opei.aen cannot be sustaned. due 1o
the low concentration of carbon re-
quired in the subsequent processing
sweps, without the use of heat supphied
by means of an electrical furnace Heat
generated during the burming opera-
tion 15 removed by {orced-gas cooling
in a clunshell jacket surrounding the
buracry  Off-gases pass through a
cyclone and sintered metal filters for
fincs removal before being cooled and
scrubhed for release to the atmos-
ph e+ Tanes [rem the filter systems
arn oyded 1o the primary burner,
Rewttic of a tymceal burpiog test are
given sn fable f

A posable afteinsbhive 1o aasdung
ad hadized Bod bigsing i whole
Dlach burmng The advantape ol this
waoeuld be the absence of the arashing
stage The fechnolopy, however, s not
sutheiently advanced for whole-blodk
burning to replace fluidized bed burn-
ing at the present time,

Two approaches are posuble n
processing the carbon-free burner pro-
duct One, the reference case. s to
leach the muxture with leach liguor
and separate the solution from the in-
soluble Si1C coated particics. The other
is to “classify the burner product by
some mcthod, the nuxed oxides going
to the leacher. An clasgfication s
bemg studied eaperimentally at GA
and Idaho Chenucal Processing Plant
(1CPPY as the second approach and
bachup to the reference case

The burner or classifier product 1s
leached with mitric acd, alunimum
nitrate. and hydrofluoric acid (Thorex
haguor) The solution s clartfied by
centnfugation  The clarified solution
15 fed to the final step in fuel repro-
cessing, which tihes the highly con-
tannaited U-2%3 and thorium and
sepatates them cleanly both from cach
other and from fission products These
separations are performed by solvent
eatraction  After adjustment of <on-
centrations,  the  resuitant Ldqueous
solution 1 equilibrated with mis-
able soluvons of tnbutyll phosphate
(1) n n-dodecane The PBP soln-
tions  preferentially  extract uraninom
and thormum mitrates, leaving fission
product ¢nd other mtrates in the
agucous phase. Subsequently, concen-
trations are  adjusted so that the

The burner s operated auto-

Speng Crushea
fuet fuel P
element 3/16m
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Table 3 - Scroon analysis of product
after crushing a whole fuol elomont
biock {(Double-roil gap 0 057 in)

Screon
sizo Cumulative
Nao. Woight - %
35 196
4 4 483
7 28 24
14 55 98
18 64 64
35 77 82
60 85 40
120 91 3
120 100 00
thormum  feaves the TBP phase to

enier an aqueous phase, leaving only
uramum n the TBP phase  Finally,
the uranmim s stopped  into an
agueois phase in the form of uranvi
nitrate for use n fucl particle fabri-
cation operations

Solvent cxtractton is being studied
at GA as part of the cold pilot plant
work and in hot cell studies at Oak
jlidge National Laboratory (ORNL)
to ensure that all questions regarding
fission product precipitation. product
purity, camnpment specifications, and
process safety are answered

Fhe refebrcation process consiss
of taking the purthed uranyl mitrate
solution prodoced in the reprocessing
plant and  converting it {0 micros
spheres by the resin bead process (Jhig
7) These nmcrospheres are then dried
and cataned The resin process for
forming microspheres has been de-
veloped at ORNLUO The feed to the

Tabio 4 — Primtary Burner oporation

Burner diameter, cm . 10
Burn rate g/ ’/h 32
Supetticial vetocity, cm/s 64
Bed s1z0, g/crn® 52
Bed temperature, "C 1015
Oxygen conc inlet, % 87
Fines carryover raie, g/g burned 104
Oit gas concentration
e % 0

CO, % 45

CC: % g3
Final bed

Average particle size (surface/
" volume) pm ; 600

Carbon, % €63
resin process consists of two parts

the wranyl mitrate solution jecovered
in the reprocesang plant and the resin
beads, which have been saicened to
produce a very narrow siz¢ range.
The objective of the latter process 18
to ensurc ihat the final kernels-aie
umiform wiih virtually nonc undersize
or oversize The resin and solution are
contacted n a countercurrent Hiemng
contactordD to load the resin o 100
per cent of theorcetical The denuded
solution s returned for reconcentra-
tion, and the beads are removed for
drying  and  high-temperature  treat-
ment At 1200 °C, the resin has de-
compuosed and the product v a0 e
ture of UO: and carbon “The hinal
temperature s IR0 C when the jto-
duct s UCAUOFaarbon Tfiie pro-
portica of U0,y and cacbon v smnli

The kernels are then conveyed to
the fluidized bed coaters where
TRISO coaltng is apphied The nissle
particles produced in the refab.ication




plant re blerded with coated terule
particles and moulded mto 4 luel rod
The rtody wie than Josded mmto o
graphite bloch 1o form a recydice Inel
clemient The reevele fuch element s
shipped to the reactor site i o return
trip of the spent fuel clument ship-
mine cash Because of the piesence
of U232 and e daughter products
i the U230 4l relabiication opera-
tiors are warred out remotely noa
shielded facihty
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High temperature gas-cooled
reactor (HTGR) components
are designed to rigid specifi-
cations for long life and low
maintenance. Rigorous testing
programs have been completed
and others are under way to
ensure reliability of equipment
in this modern nuclear system.
The components will undergo
prcoperational testing before
startup of the Fulton Station.

The ecquipment described here 15
used in the mam and auxiharv prim-
ary coolant systems. the reactor con-
trol and ornfice system. and the fucl
handling system of the Fulton HTGR
plant. The stcam generators and the
nam helum circulators are the major
components 1n the man coolant sys-
tem. Circulation of hehum in this
sysiem transports heat from the core
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to the steam generators, which pro-
vide main and rehcat steam for the
two 600 MW(c) turbme generaters
used 1n cach unit of the twin HTGR
station  The main coolant system in
cach 1160 MW(e) unit consists of s1x
loops, cach comprising a circulator
and a steam generator, both of which
are located in a peripheral cavity of
the prestressed concrete reactor ves-
sci (PCRV). The six mamn loop cavities
(about 14 ft diam or 4 3 m) are spaced
symmetncally around the central core
cavity.

The auxiliary cooling system, which
provides core cooling 1f the man
Joops arc nactive. consists of three
loops. each having o crrculator and a
hecat exchanger Whnen 1n operation,
this  system  circulates  the primary
coolant through the reactor core and
aunthary heat exchangers where the
heat s dissipated  Any two of the
three auxihary loops are capidable of
cooling down the core from full
power The three auxiliary loops are
focated n perniphetal pcrRvV  cavities
(7 ft diam or 2 1 m) distributed around
the reactor core cavity.

Reactor reactivity control and the
distribution of primary coolant flow
to the core 1s accomplished by 73
identical control and orifice assem-
blies, cach including a control rod
drive (for one pair of control rods). a
primary coolant orifice valve and
drive, and a reserve shutdown umit.
The major componenis for refuelhng
the reactor are the fue! handhng
machine which, under remoie con-
trol, removes and replaces fuel ele-
ments, and the auxihury service cask
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which handles control and orificing
asscmblies

Steam generator
The stcam generators are designed to
deliver stcam at modern conditions n-
cluding full reheat  The ntegrated
primary loop within 1n the PCRY in-
fluenced the adoption of the once-
through type steam gencrator with the
high-pressure section dehivering 955 F
(513 C) and 2515 pvia (177 kg/cm )
steam and with an integral reheat see-
tion rcheating the stecam to 1000 F
(538°C). Each steam gencrator con-
sists of a main steam bundle, a rcheat
bundlc, tubesheets and interconnect-
g tubing, and nternal supports.
shrouds and baflles The arrangement
is alfustrated 1in Fig. 1. Hot hehum
from the 1eactor core enters a plenum
located above the rcheater From
here. the hehum flows downward
through the rcheat bundle, which
located at the lower end of the steam
generator. After leaving the reheater.
the helium 15 turned 180 degrees. flow-
mg upward through a central pipe
into the mam steam bundle nlet
plenum  Flow through the main
stcam bundle s downward, <o thi
counterflow heat transfer 15 achieved
m concurrence with uphifl boiling
thercby enhancing boiling stability At
the bottom of the bundle, the helim,
now cooled to its lowest temperature
in the cycle, 1s discharged nto the
annular duct lying between the pory
cavity hner and the steam gencrator
shroud, through this duct, the helium
flows upward 1nto the circulator nlet
The steam generator tube bundles
are composed of helical coils that are
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By C.L.Moon

The heavy water nuclear power reactor
pregramme in Canada is moving vigorously
ahead. At the prototype Douglas Point Station
a series of mechanical ditficulties which had
beset the station has been overcome and
on-power refuelling has been ';uccessfully
achicved at equilibriur rave. The progress
being made both with the construction and
initia} commissioning at Pickering has been
highly satisfactory. The first unit is
scheduled to produce power in 1971

ESTIMATED COSTS L
Costs for Pickening Generating. Station reflect its planned-
base load application at 80 per cent capacity factor With no
credit for plutonium, costs have .been calculated in 1969
doilars (US) based on actual expenditures prior to 1968
expressed in 1968 dollars and revised to allow for major
escalation to 1970 1n costs of labour, materials, interest, taxes
and other significant cost change which developed in 1969
A full cost estimate in 1969 doliars, however, has not been
made. For reference purposes, comparative costs for Nanticoke
and Pickering Generating Stations are shown, Nanticoke'is
under construction by Ontano Hydro on Lake Erie near Port
Dover. Plans call for 4 units in service by 1974 and an
additional four by 1977,
Pickering MNanticoke
Nuclear.
Plant.type HWR-PHW  Coal fired
Station net capacity, MW(e) 4 x 508 4 x 488
Station hfe in years 30 30
Net efficiency, % 291 37-9
Interest rate, % 75 75
Fixed-charge rate on capital, % < 8-47 8-47
Specific capital cost, §/net kW(e) 275 143
O&M M §/a 4-97 3-65
D,0 capital cost for umts 1&2
$/kg ‘ 5726 -
D,0 capital cost for units 2 & 3,
$/kg 4172 —
D,0 upkeap—U M C., $/kg D0 37-00 -
D,0 upkeop, rate, kg/h 13
B 0,0 upkeop, M $/a 168
Nuclam fusl 1M C
»hy U a2 Lb
i MNurnp
MWh/kg U 221
Conl UMC, Y/ahort ton 0491
Hont contont, 111H/iD 13,200
Conta/MBTU 3100
Unit enorgy cost —miii/k¥Wh
Caputal 3-32 174
Operation and maintenance 0-35 0 27
1 0,0 upkeep 012 -
! Fuelling 066 2-88
Total UEC 4 45 4-89
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THE PICKERING GENLRATING STATION has;been considered
from the outset to be 4 fully compettive and cconomically
sound production unit in the 11 000 MW(c) sysiem ot The
Hydro-Electric Power Commission of Ontario. With a
planned approach which forecasts that the nstalled
capacity will be more than doubled within the next ten
years. the historical dependence of the Province of Ontario
on hydraulic power s being tilted in favour of thermal
power. Betwceen 1971 and 1978, the thermal capacity of the
Ontario sysiem will be increased by 5200 MW(c) of nuclear
power and 6300 MW(c) from fossii-fired conventional
stations. The Pickening Generating Station thus becomes
the first commercially competitive nuclear station of a
series which will place Ontario Hydro among the world
lcaders 1 the percentage of nuclcar power commltmcn!s
in relation to system size.

Location

Located on a 500 acre site on the north shore of Lake
Ontario, the Pickering Generating Station 18 20 nules cast
of downtown Toronto, a city of approximatcly two nullion
people. A number of smaller communitics, some with
sizable populations, arc located ‘within a lesser radius, and
restdential - developments, holding  approximately 20 000
people arc located within 3 mules of the Pickering site. A
3000 ft radius exclusion arca is maintained around the
present station and any future extensions of it. Lake
Ontario, some 200 miles long and 35 miles wide, offers a
first-class supply of cooling water on a year-round basis.
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PICKERING

Station layout

The Pickering Generating Station consits essentially of
four separate reactor-turhme-genarator umts, cach having
a net clectrical output of SO8 MW(g)  The units whidh are
hasically independent ot each other m thar operation, are
supphied with certn common essentiglservices Some minor
common services are dalso supphed  The man group of
butldings fornung the tour-unit station consists of the four
reactor bulddings, the vacuum bullding. the powcrhouse
which icludes the turbine hall and turbine aunihary bay
runnimg the full Tength of the station, the reactor auxihary
bay which s attached to the south side of the powerhouse.
and the service wing and the admunistration building at the
castern end A sngle mtake channel. screen house and
gravity feed intake duct for condenser cooling water and
process water serves all four umits The intake duct 1s built
on roch between reactor builldings No. 2 and No. 3. The
cooling water intake duct divides into two separate ducts at
the turbine aunailiiry bay, one running to the cast for units
Iand 2 and a seeond (o ihe west for units 3 and o The
condonser cooling walcr pamps and process wader pumps
nredocated o those docts whndcoran the lenpth of the turbine
mnilouy bay he condonser cooling waler s diseliped
Into covered doic iy e dintoly nonle o the poserlionse
aned retirned G the Tk nt the westom end of the four unis

A spent fuel bhay, which s designed for the underwater
storage of fucl from four reactor units, 18 located at and
below grade level directly above the intake duct. The
station control centre 1s located on the second floor of the
reactor auxifary bay, dircctly above the spent fuel bay.
This location is central to the four-unit station.

The separate vacuum huilding which forms part of the
containment system is connected to cach reactor building
by a large pressure relief duct located at the level of the
boiler room on the south side of each reactor building.
The vacuum building provides reserve volume for contain-
ment of any high energy fluids released within the reactor
"burldings.

The service wing, which s attached to and serves the
powerhouse and the reactor auxihiary bay, contains stores,
Jaboratories and workshops both for active and uncon-
taminated operations. It s situated at the east end of the
four-unit station, which give 1t a central location n an
ultimate eight-unit station. The size of
the service wing and 1ts layout are
planned to be adequate to handle the
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Station layout

MAJOR FGUIPMINT AND RUPPLIERS
Coobant Pabws Clyams Brana B G opypsen il
f o buing Hodios Caneebon Cartees Weight P,
1ok Dittingy Annombling Ceotnd Com 4l

Sl et Holo Boring & Taosingg Hd,

4 adanhin Shinlln Dioaniedon Paadge Ca il
Calandin et Sdneddn Canndon Vi kora ligdusteinag Ll
Calandrn Tubes  The Carponter Steel Co

- -Canadian Westinghouse Co Ltd
Pumary Coolant Pumps--Byron Jackson Division, Borg-Warner (Canada) Ltd.
Boilers -~ Babcock & Wilcox Canada Ltd
Tubing for Boiller Heal Exchangers— Vereinigte Deutsche Metallwarke A G.
Fuelling Machine Heads— Standard Modern Tool Co Ltd
Turbine Generators—Howden & Parsons Ltd
Condensers—MLW—Worthington Ltd
Feedwater Heaters—MULW-Worthington Ltd
Main Transtormers—Canadian Genera! Electnc Co /(1d
Fuel—Canadian General Eiectric Co Ltd ¢
4 kv Switchgear—i-T-E Circuit Breaker (Canada) Ltd
Standby Generators—Qrenda Ltd
Digital Computer Controllers—tnternational Business Machines Co Ltd
Condenser Circulating Water Pumps—Canadian Ingersoll-Rand Co Ltd
Reactor Building Arlocks—Dominion Bridge Co Ltd
Reactor Coolant Assembly Shielding Plugs—Canadian Westinghouse Co. Ltd
Coolant Channel Closure Plugs—Standard-Modern Tool Co Ltd
End Shieid Rings~Canadian Westinghouse Co Ltd
Moderator Heat Exchangers—Toronto Iron Works
Prnimary Cooling System Valves—Velan Engincering Ltd
Hoat Transport System Feeder Pipe—Domimion Bridge Co Ltd
Heat Transport System Reactor Headers—Crane Canada Ltd

—Babcock & Wilcox Canada Ltd

Standby Cooling Heat Exchangers—Montreal Locomotive Works
Standby Cooling Pumps—Bingham Pump Co Ltd

Safety and steam release valves i, Separator

work load from such a station. The
main  passageways of the reactor
auxthary bay provide clear access on
both floors betwcen the service wing
and the reactor buildings, and it 18
intended as a general practice that
equipment will be brought to the ser-
vice wing for any decontamination and
shop work.

The statton administration buildmg is
connccted by a bridge to the upper
floor of the service wing  This bridge
constitutes the main entry and. exit
route for station personned to all work
arcas and wiil contain the final moni-
toring point.

The 230 AV swuchvard is located on
the north side of the station in a con-
venient location for connection to
transmission lines.
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Vacuam builaing and rehef duct

1—Vacuum bu:dding internals, 2—Pressure aciuated water displacement system
inlet header, 3-—Pressure actueated water displacement system outlet header,
4-—-Vacuum chamber, 5—Distnbution and spray header, 6——Emargency water
storaga tank 7 - Penmeier wall, 8 --Basement, 9- Vacuum ducts, 10 -Monorad
and ho'st 11~ Emergoncy water hing, 12 Pressure rohof valves, 13 Shiaiding
wails, 74 Persannal awlock, 15 Peossure ronof duct 16 Roofjwall sosl,
17 - Whaior (ank accoss hateh, 16 Rasnmont accass ramp, 19 Vacuem pumn
suction neader, 23 Vacuum duct diain pipe 23 Vacuum duct fill pipa,
22 - Reacter buillding prassure rehief louvres 23 Service tunnel, 24 Equipmont
airlock, 25-- Penimetar wall monorail, 26 -Jib crane

The location of the buildings on the site permits the con-
struction of an additional four-unit station to the cast of
the central service wing at a later date. Provision is made
for a 500 kV switchyard to the north of these units when
built.

Reactor systems and equipment
The four Pickering reactors are identical, except for details
described in a subsequent article on the reactor core They
are designed to use the heavy water moderated natural
uranium fuel cycle which was developed and refined as a
power producing system in the reactors in the npp and
Douglas Point stations The coolant 1s pressunized heavy
water. which transfers the nuclear heat to a light water
sccondary system an twelve heat-exchanger borers  Tthe
reactor 15 a honizonta! pressure tube type, using zirconium
alloy pressure tubes within the reactor to housc the fuel and
contam the hot high pressure prusary coolant  Located
within a heavy concrete vault in itv respective reactor
building. cach reactor consists of two stainiess steel vessels
The principal vessel is the calandria. which holds the D,O
moderator and in which the nuclear reacticn takes place
Dircctly below the calandria and connected te it by dump
ports 1s the dump tank nto which the moderator can be
dumped when not required in the calandria The calandria
15 penetrated by 390 Zircaloy calandna tubhes, which form
leak-tight joints with the imner tubeshect of cach end shicld,
thus providing 390 fucl channet sites spabially located n
the moderator  These fuel channel sitee are tully accessible
from both ends of the reactor as the end shields contam
correspoading penetrations

Lach fucl channel consists of a pressure tube attached
at each cnd by a rolied joint to a stawnjess steel end fiting.
The end fittings are supported by the end shields, and n
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A full view of the reactor face of reactor umt 1 with all feeders
installed
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turn support the pressuice tube, with ats load of fuel and
primary coolant The outer end ot cach end fiting and
cach of ity working componants are designed 1o work n
compunction with the fuclhing machines which form an
essential part of the fuel handhing system

The heat transport system, which remaoves the heat pro-
duced 1 the fuel to the boilers, conssts eof two dentical
foops, cach of which serves one half of the reactor | ach
loop, cemplete in setf, consists of a balanced figure-aight
arrangement which circulates the coolant through adjacent
fuel chanrels in opposite directions  The principal com-
ponents are grouped closely to and above each end of the
rcactor  For each loop six hcat-exchanger boilers, cight
circulating pumps and two pump suction headers are i
the botler room while the connecting nlet and  outlet
feeders and their headers are located ncar the caling n
cach fuclling machine vault  Thus for the whole sysiem
twelve boiers and sixteen pumps are provided, The headers
for each toop are physically separate, although the outlet
headers have a small diameter valved connection between
them  The division of the primary heat transport system
mto two ioops provides some practical bencefits in that
it reduces the length of each headar and hence the effedis
of axial thermat eapansion 1t also 1 beneficial from the
safety aspect i that the hypothetical mavimiuim credible
veardenr nvolving a gross failure of a primasy systum
header would only cause early voiding of one half of the
reactor.

Cach of the twelve boilers consists of an integral U-tube-
in-shell heat exchanger and steam separator head, The
overail height 18 46 ft 71n The diameter 15 5 {1t 8 1nat the
heat exchanger and 8 ft 20 at the steam separabing head
The heavy water coolant s passed through 2 600 monel U-
tubes having a total heat transfer tength of 152 800 t per
bosler  The tubes are 05 in culside diameter and have a
wall thickness of 0049 1n On the hght water side, the
recirculation-to-sicam  formotion ratio is eight  Steam
separators in the boiler head gave a steam quabily of 99 8
percent. The sxteen heat transport pumps are centrilugal,
vertically mounted single stage unuts, rated at 10 100 jgpmn
at 480 ft head, Fach pump gland has two mechanical face
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Three of the five moderator circulation pumps—the system for
unit 1 was installed and running by March 1970

type seals as the prmvuy barnia apanst loss ol the heavy
wilet coolant s oy bached up by an itostape D0
collection systom amd wdey wie prossieed oo senl sl
e bach pomp ecocpnpped wath e hyswleel to provade
pnping power duepr sandown e the event ol loss ol
stihion checttcal powa,

Fhe materd used tor the pipes pump bowls and Hitings
for the mam coolant et of the heat ransport system s
carbon steel, cquinatent o ASITM ALO6 Grade B This
piping ranges from the anlet and ontlet headers which are
manufactured from 20 foot lengths of 16 1 outside
diameter schedule 160 pipe down to the feeders which
range 1 diameter from 15 to 292 n and from 20 ft
to 60 ft in length  The piping system s of welded construc-
tion and complies with the requirements of Section 11 of
the ASME Boiler and Pressurc Vessel Code or to other
corresponding Codes as applicable. To provide a coolant
flow through each coolant assembly appropriate to its heat
output, the fecder pipes are designed with various resist-
ances. The feeders are arranged in banks with up to 10
feeders ina bank at the reactor end and with a maximum
of five feeders at any section at the header end. The system
1s designed for a pressure of 1600 psig The use of carbon
steel for the mamn arcuit piping and for the main pump
bowls 15 associated  with ddose control of the water
chemistry  The pHoof the pnmary coolant s mamtained
at close to a value of 10 The primary coolant 18 kept an
a pressurised hquid state by a pressurizing flow supphied
by two multi-stage high pressure pumps. Under steady
state conditions a flow of 12 Igpm cnters the primary sys-
tem through thD glands of the main circulating pumps and
is bled from the system through bleed valves. On demand,
feed valves in the system are opencd automatically and a
net wnflow of up to 160 Igpm can be achieved The feed
and bleed valves are mterconnected through the station
control system and function to mamntamn the primary
system pressure within the design set points

An overpressure rehief arrangement s provided for the
primary heat transport system It consists of instrument-
actuated opening of rehef valves which would discharge
into the condenser system which normally handles the bleed
which 1y extracted as part of the pressure control arrange-
ment, The bleed condenser s sized o accommodate all
known transients including the full efiects of sudden closure
of the turbine stop valves,

A charactenstic feature of the Pickering reactor and its
predecessors 15 a heavy water moderator system i which
heavy water is maintained n the calandria by a helium gas
balance system which permits 1ts ready discharge into a
dump tank below the calandria when dewred. The system
also permits the moderator to be maintained at any inter-
mediate level. The support is obtained by connecting the

504

A fuelling machine head was extensively tested under service
conditions 1n the Shernidan Park laboratones of AECL

calandrin to the dump tank thiough honzontal S shapd
ports and tamtimipe helim at o prossie ol 2% pain m
the dip tunh - A Toom dueneter hiehiome badance hipe s
connedled to the top of the ealmdin theop s muliple
sels ob 1w bchuny domp salves and seis of smallor con
trol valves i puraliel. Hehum bleeds through this system
under normal aperation and s withdrawn from the top-ot
the calandrna to the suction side 6i the helium compressor
systemi Opening of the large dump valves permuts the
hehumy pressures to be equalized above and below the
moderator, thus allowing it to discharge by gravity into
the dump tank.

In CANDU reactors the moderator 1s mamtained at
nominally atmospheric pressure and at a temperature well
below botling It is thus mamtained in a system which s
entirely separate from the hot high energy system of the
primary heat transport system During full power reactor
operation there 15 an nput of approximatcly 92 MW of
 heat cnergy to the moderator and this i removed in a

“Jerrculation and cooling system. The circulation systum
includes five pumps and two heat cxchangers. A cooling
flow of approximately 11500 Igpm s provided.  The
maoderator 15 drawn from the bottom of the calandria,
cooled and re-enters at a number of points along the side
The system provides an average moderator tumperature
of approximately 150°F within the calandria, and due, to
the circulation system within the calandria this temperature
Is mamntamed  within close himits at all pomnts, ‘The
modcerator circulation system  provides several auxihary
functions. Onc of these 15 to supply part of the moderator
input through a series of cooling spray nozzies inside the
calandna and dump ports These are arranged in locations,
which, if the calandria 1s empty, will provide a drenching
spray of cool water on all surfaces to prevent overheating
Part of the moderator supply 1s also fed through reactivity
control devices to remove any heat formed within them

Fue! handling

The Pickering reactors and thair fuel handhng cquipment
arc designed for the on-power once-through refudhing
system using natural uranmium  fuel which has been a
characteristic of the canpu power reactor famuly. Asso-
ciated with the use of relatively <hort fuel bundics 1t
results inan apprectable fuelling ecconoiny. This 1 reabised
by mamtaining the nuclear system i an cquibibrium con-
dition having small excess reactivity. The fuel handling
system meets this condition by providing incrementat
refuething to individual channeis selected on a baws of local
power production and burnup. The need for refuelling
shutdowns, with thar attendant thermal cycling of the
equipment as well as the cost of lost power production, is
thereby avoided. Each Pickering reactor s equipped with
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ity own et of fud Joadimg and untoading cquipmicnt,
although on the spent fudd discharge side of the system the
four reactars are served by the common contradly located
spent fudd storage bay Inothis bay the spont fudh s maan
Laned noades 2 nunmaam of 12 10 ot watar for an mdddaate
perted orountld ranosed for sale or reprocessing for
recovaey o the ressdual plutonum

The eding and unloadmg cquipment at the face of
cach reactur consists of two co-ordinated fucthing machines.
one i wach end of the reactor  Fach miachme consists
essenttacy of a magazme type head which s capable of
contair.. ¢ ien fuel bundies, mounted on a bkrdge and
columinn combination  Suspended in a carrlage below the
bridge, oo fuelling machine heads are capable of honung
on o aria meaking a pressdare dght conncction to any ead
fitung  With one macihune acting as a loading machine and
the other as an unloading wachine. fuel 15 pushed pro-
gressevely through the reactor without nterference (o the
coolant fiow  The fuelling machines are pressurized to (he
conditions of the prmary heat transport system Combina-
tion mochanieal hydravhe rams which farm paat of cach
fuctlimg madihune head provide the motive force to move the
fucl  the 1two fudhng machings are whontical and are
arranges 1o refue! adjacent channels in opposite directions,
thus giving a balanced patlern to the arrangement of fucl
min the reactor This results i a level of rcactivity m the
fuel wiich s constant along the length of the reactor.

Fac " uiling machine is housed within the area at the
end of ‘he reactor known as the fudiling machine vault.
The floor of the fuelling mach:ne vaults, some 20 ft above
zrade, contains a slot nte which the fueiling machine
bridge hits when i the fally Jowered posiion  In this
position the fuclling machine head projects into a fuciling
macnine service roem helow, which under these conditions
is shielded by wvirtue of the shiclding materials attached to
the fuclling machine bridge Serviemg of the fuelling
machine may thercfore be carrnied out while the reactor s
operating  While in this fowered condition the fuelling
machine head may be rotated 907 to be attached to a fucl
trapsfer port from which it can obtain new fuel or into
which 1t can discharge spent fuel  The fuel transfer ports,
once at cach end of the rcactor, provide mechanisms to
conncet to a new fuel foading arca, or allernatively to a
spent fuel transfer mechanism and a spent fucel elevator.
The spent fuel clevator lowers the spent Tuel through a
watcer-filled compartment on to a spent fucl conveyor which
travels 1n a common duct conneeted to the spent fucel
inspectnn and storage bays.

The fuel handling processes are treated 1n the control
systems as programmed scequences of operations (or steps)
with various options. Normally the options are made by
switch sclection before the sequence starts. Once the
sequences have been started the movements "and other
paramcters of the actuators and devices of both machines
are called up step by step by the appropriate programs in
one of the station computers. Each slep must be completed
satisfactonily before the succeeding step s imitiated Alterna-
tively, semi-automatic or manual modes of conirol may be
used Individual operations may be selected manually at
the computer keyboard or at the fuel handivg pancls in
the control room.

Reactor and systems containment

The design of the containment systemy for the Pickening
Generatmg Station s based on the pringiple that {ollowing
a hypothetical major failure of any of the high energy
systemis i the reactor buwilding. accompanied by failure of
the reactor protective system, there shaii be no significant
escape of harmful cffluent to the atmaosphere Within less
than thirty seconds after any accident resulting .nover-
pressure 2 reactor building the discharge from the faslure
shail be retamned withmn the containment at sub-atmospheric

Vs e % New fuel

Fuel handling equipment

1— Fuehng machine bridge, 2—New tucl load'ng aiea 3 Pacumatic host,
4—New fuel ioading mechanism, 5—Shield gate 6--iYew fuel magazing,
7~Transter mechamsm, 8 ~-Fuel transfer porr 9 —Fueling mezhine, 10—
Reactor, 11—Spent fuel clevator, 12—Spent fuel conveyar 13-—Conveyor
untoader, 14—Storage loader, 15—Baskel 10 storage bay

pressure  The faciities which provide for this are known
as the negative pressure containment system

An outstanding feature of the system 1s the use of a
common vacuum bullding which has a clear volume of
2 9% 10% {t' and which 1s maintained at an absolute pressure
of 1 pse (51 mm Hg) to provide the negative containment.
This vacuum building 15 connected through twelve 6 ft
diameier vacuum ducts and a corresponding set of pressure-
aciuated relief valves to a pressure rehief duet This duct
s an turn connected through 25 ft diameter louvered open-
ings to the boifer room of cach reactor building In the
top of the vacuum budding an emergency water storage
tank, contamning 350 000 ft' of water, 1s located  Associated
with the tank 15 a water distribution system which dis-
charges the water in the form of a dousing spray if the
pressure o the vacuum buildding exceeds an absolute
pressure of 62 ps

A maor fature in the hugn encrgy systems aa any of the
reactor butldings will cause the pressure in that reactor
building to rise  This rise n pressure will be communicated
directly to the twelve pressure relief valves located in the
pressure rchief duct. The valves respord automatically to
a rise 1 pressure of 1 opsi, aliowing the aifluent to be dis-
charged nto the vacuum building The valve openings arc
sufcently jarge that the pressure in the reactor buillding
aiffected will be broughi rapidly down to the range O to ~0°3
pstg The outward opening louvres ' the other reacior
buildings prevent them from being affected by the back-
pressure from the pressure rehief duct "The vacuum bund-
ing and the pressure rebef system are designed collectively
to contain all the energy which could be refeased mside a
reactor building following any postulated accident to the
reaciot or its heat transport system. The crergy that can
he absorbed within the vacuum buading, including the
stored water theromn, s 1n eacess of ali the energy m the
prmary system (hguid. and stored in the fuel and the
piping) and i the secondary system (liguid, steam and
stored i the piping) and that which would be generatud by o
reactor for one half hour following a reactor shutdown This
energy s approximately 500 X 10° Buu for cach reactor Tre
contamment system Las a heat cnergy absorption capability
moexcess of two and a half times this amount, alternatively
its capacity 1s more than ten times the heat ¢nergy refeased
by the failure of a single reactor primary system header.
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The Picikering reactors are of a horizontal type with By C. A. Simmonds

zirconium alloy pressure tubes. The heavy water moderator

and reflector is contained in a low-pressure calandria.

The calandria, with the dump tank below it, is built into a heavy

concrete reactor vault. Reactivity control mechanisms operate from '
above. The nuclear fuel is located within horizontal fuel

channels each of which is itself located within one of

390 calandria tubes forming part of the calandria.

Tuere AR TWo quite independent heavy water systems n
the Pickering reactors. the primary heat transport system
and the modcrator systemi. The coolant channcls are part
of the primary system. The calandra forms part of a
scparate moderator system. Both the coolant channels and
the calandria are designed 1n detail by Atomic Energy of
Canada Limuted Both parts follow the intem of the ASME
Boiler and Pressure Vessel Code Section 11 for Class A
Vessels, although the calandria 1s only a Class C Vessel
according to its function The general arrangement of the
reactor core 1s shown in Figure |. The matenial of con-
struction of the major items 15 as follows:

Pressura tubes
End hting
Cafandra sholt and dhumys bink
Tl slonld aboliimg nlnlis
£ alandiin s
Ualamdiia tuhag
Headtivity e heasiang
tulde tathioa
Reactar vaull

Fuel channels

Zircomim alloy
403 type stinnloss stenl
WAL nosteaiin stonl

{ mlnuy stool
Carduur niood
S nliy

e alny 1o tem o {041 avateniln

atned aut ol gendclin

B "l
Hoavy coneon
4

The 390 tuel channels, contaming tuel and primary heavy
water coolant, are 4.0 diameter zirconium alloy tubes By
comparison. Douglas Point with 407, of the power output

{per reactor)
fittings,
bundles and coolant

uses 3}

. nommal
shown n [hgure 2, provide for passage of fuel
Lach end fiting 15 carried by two

duameter

tubes  L.nd

shiding bearings located within the end shiclds

Pressure tubes

The pressure tube dimensions and properties are as lollows;
Units 1and 2 Units 3 and 4

Matonal

Zucaloy 2 cold  Zr

worked and
stress rehovod

2 5%Nb cold
worked and
streess relievad

Minimum wall thickness 0 1965 0 160 1n
Length, approximately

(tnmmed for installation) 201t 81n 20ft8in
Ulimate Tensile Strength min at 572°F 48 000 pst 63 000 pst
0 2% yield strength min at 572 F 39 000 psi 47 000 psi

When selecting the pressure tube material, 1t was recog-
nized that the zircomium 25", miobium alloy would be
preferable to Zircaloy-2 because of its higher strength and
superior creep propertics cven at higher stress. Hs use
would offer the doyble benefits of a reduced wall thickness
and therefore less parasitic absorption of neutrons, and a
longer service Life based on creep as the controlling factor.
It was not used for reactor units 1 and 2. however, because
at the time of ordenng it was felt that there was in-
suthicient manufacturing expenance and madeguate data
on the corrosion properties of zircomm 2 5+, mobium to
permit its selection  Those conditions had been recificd by
the time the pressure tubes for reactor units 3 and 4 were
ordered, and the Zircomunmi-miobium atoy was selected

A constderation an deadmg the wall tinckness of the
pressure tubes has been what allowance, o any, must be
madc for the posaible effects of fretting and wear between
the pressure tube and the fuel bundle residing within it:

608
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Fig. 1 Arrangement of the calandna vessel and:reaclor core

also what will be the effects of corrosion Based on exten-
sive development tests, both with the earlier Douglas Pomnt
fuel channcls and with those for the Pickering recactor, it
has been determuned that with the coolant flow conditions
sclected there will be no fretting of the pressure tubes The
design of the fuel bundles 1s such that wear on the pressure
tubes caused by sliding of the bundles 1s not an appreciable
factor in design.

Corrosion of the intertor surface of the pressure tubes
1s virtually chiminated by close control of the chenistry of
the hcavy water coolant. The exterior surface of the
pressure tubes s n contact with the dry nitrogen atmo-
sphere of the msulating gas gap between the pressure and
calandria tubes  Under active serviee conditions it s
expected that the combinad ciects of corrosion and wear
over a 30 year period wili be fess than 001 n. Y apphes
to the zircomum. 2.5 mobiwm maderial, which has g
greater corroston rate than Zircaloy 2 :

As shown m Ligure 2. roll expanded joints are usced to
attach the pressure tubes to the end fittings. These roll
expanded joints have strengths close to thosc of the tubes
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themselves  Teakage i heliont tests of those joints s
numimal,  Sinular rolled  joints have a lengthy history.
having been m operation since 1962 n the nucloar
power  demonstration reactor. s, oand  ance 1967
in Douglis Point Thermal cyching of the primary sysiem
imposes cyvehic thermal stresees at the rolled joints because
of the diterential expansion of tube and end flimg A
test. which was carried out to check the fatigue hic of the
tubes Lt the jonts, simulated over 150 years of reactor hife
withoin o detectable change to the jounts and was then dis-
coniinus.d

There are two intermediate supparfs between [ essure
tubes ardd calandria tubes  These supports are n the form
of »iree sm miobium copper alloy carrer sprimgy jceated
approrsately one-third span distance I ois posaibie that,
after 15 years for Uniis 1 and 2 and 30 years for Unas 3
and 4. the tubes in hugh lux channels could creep (sag
across tiwe gap provided, iy should oceur, the fuel
channel woeuld sull function bt some heat would be lout
to the moderator by conductivn through contact with
calandria thbes

The most significant remaming design question concern-
ing b pressure tubhes s that of diametral creep This
influences direcily the permisable Wife of the tubes The
current design hfe s for 27, cicep The Zircaloy-2 tubes
may aved replacing after 15 years” full use because thes
stage -~ have been reached, The zirconium 2 57, nwobium
tubes Pichering Units 3 and 4 should take 30 years of
full use to reach the same stage. The matter of replace-
ment of the tubes s purely one of ccononucs, not of
feasiihity. The feasibility was demonstrated at Douglas
Poimnt where a pressure fuhe was removed and replaced
after some months of criticality

End fittings
The end fittings have to be at least a< hard as the pressure
tubes to make good rolled jomts  This requiremcent 15 met
using 403 type stainiess steel, with appropriate heat treat-
ment to retam switable impact properties

The shape of the end fittings 1s set by functional requite
ments. The overall length is 8 ft 4 in. The diameter ranges
from 6 25 1n to 681 in. There 1s a passage for the fuel
bundles and a 39-in long 410 stamnless steel shwld plug A
removable channel ciosare ncar the end has a pressure
actuated seal dise to contain the pomary coolant  An cuter
annular passage assures full flow of primary coolant at all
ttmes indduding durmg refuelling operattons. The connec-
uon to the feeders s accesuble  Bellows at cach end are
altached 1o the end fittings and the end shaelds. These seal
the annuh and prevent high torque loads being apphed to
the pressure tubes from the weight of the feddens

Calandria

Fhe catandra shell amad the emd shitelds e fold sobdet 1o
form an avdopral shructuee
ny foblows

Fhe calimdia SQooonaons we

Sholt dimimetm
Overall Tongth
Inside longh
Dumy parts  at calandna shetl

BRI TANTH
St
IARE IR AT
3bdm«2NM0m

Catandna whe (2ircaloy) diameter 5 150 1n
End shield drameter 221t 90
End shield length 3195
Weight empty 6C5 tons

The use of 3041, austenitic stamless stee! avords embrittie-
ment problems, Fhe Tow pressuress -aormally atmosphienic
pressure at the top—-alow a shell +f only 1.0 thickness,
In operation the moderator and the shadl are mamtamad at
a low temperature The heavy water coyle the shell and
the immergent heat s fow because of wtornal shidding and
the thun <hell Part of the moderator circulation fow s
continuously directed to spray nozzles insde the calandria.
There are two such sndependent sysiemis. Lacn of these

Tube ™ @ Pressure tube

spacer_)

PICKERING
fully wers areas of shelloanternal shields, end shidlds and
calandr tubes which become cxvposed duning dumping or
low moderator icvel operation

The corner cut-ouls of the calandna, orniginadty mtended
to chmunate heavy water from an arca where it has no
cconomic value, permut Iimated movemens buiwveen the
tube shects This provides for retaive dhicine” cxpansion
between the shell and the calandma tubes 30 Pickerine
calandria 1~ hung from the top of the concigerr ractor vauit

s
P\

Ny
o ST
/ End f'm)ng

body

Fuel Calm’\d;)lé \
bundle_s wbe

Fig. 2 Pressure tube and end fitting
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Fig. 3 Pressure tube beinglinstalled in unit 2
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by four pairs of carbon steel rods which are attached to
the end shiddd structure “The rads ase 35 dameter and
28 ft long  Thermal and radiation ellects on them are
reduced to magnificant Tevels by Jocating theny within the
heavy concrete walls of the reactor vault

the calandon tubes e made from eactor pade
Zucalov e tobes Bave o tiagor stenciniead effoot bocanis
of the osabahiey of the wvalan pladcs we dhe calanadon shicll
Phis avnanpeincnt s shown sohennbically i Vygage 1 The
calandin tabes aluo cary pact ol the wepeld ol e il
channels swhich s transnntted thiouph the pgaste uings
The thichness of 0061 m s, however, set by the need to
avard buckhng and plastic deformation due to external
pressure on the lower tubes The effect of a permanent
increase - ovality due 1o plastic deformation would be to
cause earhier contact between a pressure tube and a
calandna il as the pressure tube sags under creep action
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Fig. 5 Inside view of unit 2 calandna after assembly in tield The
lower ends of the reactivity control mechanisms and in-core
flux detectors passing vertically between the calandria tubes are
shown

@
r.'“ Shut o rod element
L :

Water cempar tment

- U

————— Calandsia shell shields — ___ M

-—

e

—

——-—Calandna shell . _______ ,‘__7.  ————

Fig. 6 Zone control rod (left) and shut-off rod (nght)
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A small amount of Reat would be lost to the moderator
under this condiion. The jomts between the calandna
tubes and the tube sheets are roll expanded joints as shown
in Pigure 2. The form s based on the sandwich type joint
developed for Douglas Point The high diameter-to-thick-
ness proctudes the use of polled oints wathout the ansert
Lhe gomds Bave provad e tests 1o be stronpesr than the
Any Toakapc Trom iose rolled jomts wonld show g
Fhe annnlus pas svalom

Inhs
vapot an the annobos pas sysdem
will nornally bhe Biphitly pre canneed

the miodorator andel opemimnpes e the calandina are o
arrangad that the cool moderator rctuim s mpedted sa
tically into the reflector space at the sides of the calandria
to promote good airculation This method avoids direct
impingemcent on the calandnia tubes or on the reactivity
mechanism guide tubes. Figure 5 s a photograph of the
inside of the calandria of reactor umit No 2 after assembly
n the ficld.

Reactivity control mechanisms

The reactivity control devices have accessible mechanisms
which are located outside and above the reactor vault
Operation of the devices inside the calandrnia 15 within
vertical Zircaloy guide tubes. These are situated o the
spaces between the horizontal calandria tubes. All except
the largest dhamcter guide tubes are tensioned to avoud
vibration. Outer stainless steel guide tubes extending
upward outside the vault to the operating mechanisms pro-
vide atmospherc control.

The zone control rod shown in Figure 6 comprises a
Zircaloy outer tube with welded mner bulkheads and inner
tubing to permit flow of water to each part of the rod
The rod consists of Tight water.

The shut-off rods use a tubular element of cadmium and
stainless steel, The element s raised and lowered by a
sheave and cable arrangement it also has an electro-
magnetic clutch and snubbing arrangements  The clutch
may be operated at any time, including the performing of
partial drops for testing. The drop time 1 about 17 sce,
using gravity acceleration only. Figure 7 shows the design
fcatures.

There are 18 cobalt adjuster rods, which arc aperated by
a drum and cable arrangement similar to that of the shut-off
rods, except for the gravity drop facility  In-core flux
monors are also mstallcd to provide an indication of the
flux i cach control sone within the core  All of the
reactivity control mechianisms are replaceable, as are the
Zircaloy guide tubes in which they are housed

1

Reactor shielding
Thermal shielding of the core radiation is provided by the
I in thickness of the calandria shell and a 44 n thickness
of austemtic steel which 1s located circumfcrentially inside
the calandria adjacent to the shell. These slabs, known as
the internal thermal shields, are kept cool by the moderator
in which they arc immersed Thermal movement of the
internal thermal shicld slabs is not restricted (See Figure 1)
The calandria and dump tank are housed witinin a heavy
concrete vault, internally 35 ft 2 in long by 19 ft 6 1in wide
by 54 ft 10 in lugh The four-foot thick heavy concrete
vault walls. as well as the ceithing and fioor, have a angle
row of cooling water pipes near therr anner surface to
remove the radiation heat and bimit the maximum conerete
temperature to 130 £ for structural reasons An addiional
crcumferential water cooled ring thermal shidkd s requored
adjacent to cach calandria shell annular plate. The roof of
the vault contains a steel hatch plug. partly filled with
heavy conerete This is used for location and ahgnment of
the reactivity mechanism drives and guide tubes, Axaal
shielding within the dameter of the core s provided by
the integral end shields. These permut access to the {ucliing
achine vaults when the reactor 1s shut down.
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Group 0L (TNPG). The station outnut of 250 MW (¢} is based on the requirement that tiv reactor

svstem should be

sapable of pr()vldm

data which could be confidently extrapolated t provide

hie inforantion necessary for the installation and operation of commercial fast reaciors in the
U.K. in the 1970s, After consideration of the fucl development, physics, enginecring and safety
aspecis o1 the reactor it was decided that a minimum thermal power output of 600 MW was
necessary to provide this information,

The ¥ir «hion i beomg bt -
mednitely o the west of the exvisting
faalities ot ter which ndude the
M MWL) D eOHhe veadtorn, and ol
the may o plant itams, are located in
a sngle Lrpe bulding The resctor
woin o a ateel tramed  buiidimg, Jdad
with pic-vast concrcte panels to pive
the destred strength and low Jeakape
rates nev ossay, smee sl forms the
seconda L ontainment boundany 1o
designed o contam the pressue and
ahivity  release which could resals
fiom an acuudent n the eacton or
during fuel handling e primapal
plant units reactor, seconduary circuits,
steam generators and turbine generator
are arranged n that order. as close
together as possible on a common
centre hine. This layout minimizes pipe
and cable runs and simphifies opera-
tional staffing, Fig. . Since the rIr
will fulfil an 1mportant 1ole 1in the
development and irradiation testing of
fuel  sub-asseimblies for  commercial
fast reactors, it has been cquipped with
extensive cave facilities for the hand-
Img and examination of both new
and irradiated fuel. The control 1oom
s situated at the south side of the
muan building in o wing which alvo
houses the man change rooms and
administiation oflices

The main features of the design are
the use of ceramic fuel elements,
mixed plutonium-uranium oxide
the reference design, the single tank
prlmdry circuit  contarnment, single
wall steam gencrators. and the adop-
tion of operating temperatures which
permit the use of modern standard
design turbine generating and auxth-
ary plant. working at 159 kgyem?
stcam pressure and 538 C,

Core design

The core s made of an array of
heaagonal sub-assemblies (see Thg 2)
142 mm across the flats, 384 o long,
contmining 325-UO. PuO. fuel pins
The pins are S8 mm O 1 with 938
mm wall thickness cans as deseribed
in Ref. 2. The piny within the sub-
assembly are supported by grids over
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Fig, | General Lavout of the PFR plant
1See alvo cut away drawing facing p.636)

the 915 mm fuel fenpth and at either
ed of the top and bottom  axial
breeder scctions  Below  the lower
brecder section 15 a 190 mm long
fissson gas reservoir section

The sub-assemblies wie nstalled 1n
groups of six nto a carrier which also
has a central leanming post which car-
ries the absorber rod guide wube The
bottom gwde bush ap the carrier 1y
olfset away from the ieaning post so
the bottom sprhe of the sub-issembly
v compelled (o bend i this direction
and foree the sub-assembly wrapper
against the leaning post Wear faces
are provded  on o the  sub-assembly
wreppers and the feaning post at the
poirts of contact The upward thrust
ot the coolant on the sub-assemblies
i halaced usng  cenventional hy-
dravnhie hold-down design No mech-
anical hold down s provided but the
imnstrument tubes suspended 1n o grd
arrangement from the rotating shield

Link building

L
[THITIT

Ma'n entrance

Adnministration budding

himut the eatent to which the fuel as-
semblies may rise.

The fuel 15 of two ennichments.
that of the nner 30 assemshlics being
iower than that of the 48 outers The
core 1s surrounded by o radial breeder
of natural or deplcted UO.. a ncu-
tron shreld and reflector of nuld steel
rods, and an ouater region of thick
steel tubes containing graphite. Con-
ol of the core 18 by means of five
tantalum control! rods, five boron car-
bide shut off rods and one safety 1od
The former are distributed  around
the centre zone and the latter around
the periphery of the outer core rone
The salety rod will operate in the cen-
tre leaning post positton Fodilities
are also provided for the imstallation
of an oscllator and a neutron source
The operanng mecharisms for all the
absorbers are «ituated above the top
shicld and they and the drop ofi mag-
nets can readily be removed  for




maimntenance The control and <hut-
oft rodv are de-lutched and remam
in the core during fuel changing
operations The saletv rod can 1e-
main coched during retuclhng

A sample of the coolant flow 18
taken trom the top of cach sub-assem-
bly for burst pin detection. This flows
down through the leaming post and
diagnid to the delayed neutron detec-
tion equipment Bulk coolant and n-
duidual sub-assembly wignals are pro-
vided

Experimental  sub-assembly  posi-
tions have been provided in the core
with additional burst pin detection
take-off point A special demountable

Potential instrumented
expertment position

Conl(ol rod
© Shut-ofl rod

Leaning post
© not used lor
reactor control

Fuel sub-assembhes
O or un-mstrumented
experiments

Zone 1 Quter core
Zone Il inner core
Zone (Il Radral breeder
Zone IV Breeder reflector

Fuel charge machine
parked posttron

sub-assembly contaiming up to six
separate clusters of fuel pins has been
designed for use an these positions,
The clusters can be quickly 1emoved
From the teactor after nradiation T
eviummntion, unhhe the 1l soade sub
assemibbies whtc b have 1o anderpo an
appreciable coobing period betore e
moval from the pomaty vessed,

Primary circuit
The whole of the pomary cireut,
pumps. intermeduite heat cxch.lngcr\.
etc 1s contained within a cylindrical
stainless stecl vessel 122 m diameter
and 152 m deep of 127 mm wull
thickness It 1s suspended (as shown in
the detail on the chart facing p636)
from the outer periphery of the fixed
roof structure. All the other mam
components of the circuit are also
suspended from the roof, thus mim-
mizing the stresses on the primary
vessel A separate low alloy steel
tank or leak jacket surrounds the lat-
ter. This 1s also suspended from the
roof and its purpose is to prevent an
excesstve fall in the liguid metal level
in the main vessel in the unhkely
event of the lutter being breached.
The main design problem was to
limit the thermal stress at the top

O

August 1971

strake region of the vessel The pro-
vision of  graded  thichnes-es of n-
suliion  gives an acceptable  anial
temperatere pradient in the region
between the free sodium surface and
the roof

The core and diagnd are supported
on o ¢yhndncal support structure also
welded to the roof A free standing
shirt wts on the bottom of this strue-
turc and has three compartments on
1ts peniphery into which the wix nter-
mediate heat exchangers are fitted
The internal surfaces of this skirt are
clad with quilted stainless steel in-

« sulation packs to limit the heat trans-

fer between the hot core outlet so-

Fig. 2 Plan of PFR
core showing the
arrangement of
hexagonal fucl
assemblies, breeder
clcments, and shut
off rods

<

¢ : S
Fig. 3 PFR fuel
assembly (see also
p. 642)

dium and the bulk sodwum in the
outer regions of the vessel. The neu-
Hon  shiekd  rods surrounding  the
cote and hieeder glso test on the
duapinl support stractane,

Phe thiee prnioy pumps ate sl
il in ”h' tepan llq'l\\‘\'('ll |||('\(‘ fwaor
Olndiead skits The pumps are
diven by conshant speed AC. motors
through  vanable  speed hydrauhe
couphings and use an ol lubricated
face seal to provide a leak tght bar-
ricr between the reactor argon cover
gas and the atmosphere The pump
shaft and double inlet type impeller
are supported by a conventional taper
roller bearing at the top of the pump
piug and a sodwum lubricated hydro-
static bearing just above the impeller.
Sodium 15 fed to this bearing from
the pump discharge casing.

The six intermediate heat exchang-
ers are of the counterflow shell and
tube type contaiming 1540 tubes, 19
mm in outside diameter and 457 m
long in a shell 1220 mm in diameter
Primary circuit coolant flows through
the tubes and expansion between the
tubes and shell 1s accommodated by
having sinusoidal bends in the former.
The exchangers are supported from
flunged plugs in the reactor roof, and

a ° G

cach contuns a decay heat removal
copl connected to an wir cooled Nak
cocwmt The latter are designed to
maintain safe temperatures wathin the
primary cucuif i the event of fulure
of power supphes Any ntermediate
heat exchanger can be solated from
the main curcuit by means of a sleeve
valve fitted above a top tube plate
The valve v operited by means of
clectiically driven push rods

Under normal full power conditions
the primary sodium flow of 2920
kg/sec s drawn at 400 C by the
pumps from the bulk sodium and
delivered to the diagrid at 89 kg/cm-
Leaving the core at 560°C the cool-
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ant flows through the neutron shicld
rods to the mntermediate heat cx-
changer, where 1t is cooled to 400 C
before passing again into the bulk
sodium.

Fuel handling system

Irradiated  sub-assembhies  from  the
core are removed to a fuel store
within the primary vessel and  re-
placed by new fuel from the tore
After an appropnate decay period
say 30 days—the spent fuel 1y re-
moved from the rcactor vessel in a
sodium filled bucket and taken 1o
the fuel handling cave., This Iatter
operation can ve done with the reac-
tor at power. The system is made up

833
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Fig., 4 Charge machine with chute fully
retracied and at maximum radius

of u ~ingle rotating shield mounted
concentric with the core, within which
15 mounted a charge machine having
radial movements. and a storuge rotor
A combination of movement of the
shield and charge machine enables any
sub-assembly or radial breeder clement
to be sclected  All movemenis arc
made under the sodium level

The charge machme a8 about
128 m long and comprises a system
of Iinks producing purallel motion of
a charge chule (Fig 4) The latter
incorporites 4 grab mechanism which
is moved within o tube by means of
a rearculating pall screw The lateh-
ing and delatching of the grab i Jdone
by means of fixed cams and can ondy
be affected when the pab s gf the
lower hovt of s fiaved The s he
et be travensed inwnids to g
teactor and foltowig ratation of th
aachine thiough 1807 can he ovien-
ded outwards thiough o slot in the

rodial <hicld fo a pestien above the
sarage rotor

VThe charge madiine s removed
from the reactor after fucl handling
and s therctore only required o
operat an sodium at a temperaturs
ol 150 C Extensive testing of bear-
g materiale, shiding parts ete . n
wdiom ot 400 ¢ and  above, pre-
ceded  the <election of  steels o be
used  The tuel handlimg system has
been desipred to enalble normal fael
loading operations ol up to {3 ~ub-
assemblies every 60 davs to be com-
pletedd within o weekh-cnd «hut down
period

The mirin addition to fulfiliing its
tole  ay  a demanstration sodium
cooled fast reactar will also be used
for the desclopracnt and testing of
advanced fuels for future fast reac-
tors Extensive cave facilities have
therefore been provided which have
facihtiecn for breaking down sub-
assemblies 1o individual pins and for
carrying- out a full range of post
irradiation  exannnations  of  these
These include decontamation, met-
tology, tidography and visual exami-
nation,

Sodium purity control

The required sodium punty levels for
both pomary and wecondary crrewits
are mamtamed by means of cold
traps which precipitate hivdrides and
onides and some other nnpurities by
reducing  the  sodium  temperature
below the saturation temperature 1o1
these conshituents The primary cold
trap loop which s situated within a
shickded compartment  comprises o
7 ku's pump toliowed by a regenera-
tive heat exchanger which reduces the
incommg sadium femperature to ap-
provimately 1400 C, before 1t enters
the top of the eaternally cooled cold
trap vessel The sodium flows down-
wards through o 525 mm coohng
annulus where 1t reaches a mimimum
temperature of 110 C before passang
upwalds thioueh the central section,
which contans a stanless steel wire
mesh, on which the precapitated 1im-
punities are celiceted The system s
designed to reduce sodium ampurity
levely to 5-10 ppm Sodium monttor-
‘ny and sampling favilitics are provi-
dec on the loop mecluding an auto-
matic plugging meter The secondary
circuits are provided with a similar
clean-up sydem

Secondary wna sfenn circuils

Fhere are thive secand iy foops con-
intermediate
hoat exchanpers and with the exeep
voen ol conmon damping and dean

nected toocach pasi ol

up dacihibies these e \nlnc!_\ SO
ted trom cach other fhe sceondary
circwt pipework ts made from thin

walled welded
statnless steel Lach secondany foop s

conpedted to a 2K MW s o raising

farge diemeter scam

rlant Steam from the M1 turbing
ayvinder 1s reheated at 77 kzfem’ o to
538 ¢ before entry i the ander-

mediate turbines Figooes & oand 6 show
the arrangement of one - am gener-
ating il with tly sape oeler, evae
porator, rcheater These
with o conventional steary drum and
recircalating  pump oo piped to-
gethier to form o Famont ivpe fored
arculation boter

HAPFUETH TR N

the eschangers  ore vertically
mounted shell and U™ tuoe umits “The
cveporator  employs  paralldd flow

while the other two unds aparate with
counter flow  ‘The cvaporatar has a
single laige tube plate and header.
but the sicam units have concentric
arnular tube plates Al e unils
have trapped gas space. uwelow the
tube plates The evaporator tube and
tube ‘plate maternal a6 27 Cr 17, Mo
mobium stabilized  The <uperbeater
and reheater tube matcinal s 3o
type stainless steel

“In the event of a severc sodium
water reactron occurning following the
faure of a tube the resultiint pressure
rise will operate rehiel devices fitted to
cach uml. These consist of a hinged
plate supporting 4 nickei membrane,
the latter being the sodium seal The
plate aiselt v held 1n position by .
shear pin which will tal at about
twice the normal circint operating
pressure The membrane 1v supported
over most of its arca sthus avording
the creep problem to which a npormuld
bursting disc would be subject. at
high sedium temperatures The waste
products from a sodiuny water 1edac-
ton are led away from the umits to
cvclone separators and  thence via
flame traps to atmosphere

The integnity of the boiler tubes s
momitored by hydrogen  detectors
fitted on the sodiun wide of the utals
These will, at a predetermuned hydro-
zen level i the sodium. automatically
nolate the system from the remain-
der of the plant by means of valves,
and dunp the water side At lower
hydrogen leveis. signifying  a very
small leal rate, the cquipment will
previde un alarm which will enabic
the operator  to solate, cool. and
dump the system at a controlled rate
Following such an occurence the
plant v able to restart operation on
fwo o steam rasing units al
power

reduced

Tuehise-generafor piand

The stean Bbine iy o conventional
mndl ovlmder tandom achine com
prising i, PP and twa
flow L P cylinders with selidiy
coupled rotors With a nominal huat

donnie
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Condensate

polishing plant Pump

Direct contact feed heater and pumps

input of 650 MW the generator elec-
trical output will be 270 MW There
arc cight feed heating stages, three
surface heaters on the high pressure
side and five low pressure direct con-
tact types. The «ondenset has double
tube plates to reduce contanunation,
and incorporates a dump system ¢ap-
able of condenung about 109, of
full Joad steam o provide flexibility

during  reactor start up  and  shut
down conditions. Full flow conden-
sate polishing  plant W provided

There s a single 1007, feed pump
capable of bemg run off either bled
steam during normal operation or
live steam duning start up or periods
of low load on the turbine The
generator 1s a two pole. 3000 rev/
nmin hydrogen-water cooled machine
generating at 17 000V. 3 phase. with
a current rating of 10 000A.

Instrumentation and plant control

The central feature of the instrumen-
tation is an on-line computer super-
vised data system for overall control
of plant operation The system com-
prises  two identical hnked  sub-
systems operating together, but with
cither able to sustain plant operation
by iself The systeny deals wath abhot

four thousand  anstiument  oulputs
from the reactor and power plant
and  processes these by means ot g

vihicly o progiianuanes fo pencrale

the following-

Augusl 1971

Fig. 5 PFR hcat remeval and steam plani

© Plant operating data which are dis-
played on cathode ray tubes in the
main control room. and at various
posittons n the plant,

© Control information for the two
min  automatic control loops, 1e.
readtor  outlet sodium  temperature,
which v mantamed at a constant
level by control rod movement. and
steam pressuie at the TSV, which s
maintainced by varying the operating

2 Level gauges
sodum ouNet side S\Qaﬂ\\

\\ \E‘
Hydrogen detector ~.»
2 Inlet
side sodium Hydrogen
level gauges detector

Tubeplate
assembly

6 Sodium outlets Eﬂ T
-~ Sodwum )
N out “\ .

Bellows

2 Qutlet
side sodium

level gamfes1

i
! Hydrogen
m fjelector

|

{Reaction

Water

injection -

Tubes="

wo_.
i
fwabiim n \
SUPTROEATTIR Eraits fopale

Flg. 6 PIR steam generator heat exchangers

speeds of the primary and sccondary
sodum pumps.

® Sequence control data for inter-
locking and  supervising  operations
such as refuelling and plant start-up.
© Records and analyses of plant per-
formance

In the event of failure of both wub-
systemis the reactor has to be shut
down and consequently 4 small num-
ber of independent back up instru-

2 Level gauges

WQ( sodium inlet side
2 Infet — deroaen
slde sodium € «Ielector
Z Hydrogen level gauges 525 i
dcleclor \ ] J’-: l
2 (‘)jullc( slde ! {
sodium cve
- mugns U:l 11 \]\
11 — I p
? Roncluon |
- iiozzles on Na 1‘{ 6 Sodum
== 1 illoutlet SIdL‘ “j/ outlots
E Shroud T
!' “‘b”s \ Bellows
3/}&\ l I}
4 2 Sod'um/water i
reaction nozzles | '
on nlet side .
g ;
{l .
Reaction ~.
notzie
. k= Water
1 injecticn

Drain nozzlo

Sodmim in
) REHEATER

6 Sodium inlals
{inm superhoster
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ments as provided 1o enable the shut

down operation to be properly moni-
toreds The automatic protective sys-
tem  capable of shutting down  the
plant  operates  completely  indepen-
dentlv of the data reduction equip-
ment  hoin data supphed  from
separate mnstiuments

Constructiaon

Because of then large size. the prim-
ary vessel and ity leak jacket and the
main roof structure were dehivered fo
the site n sections, and assembled in
the reactor building and another large
temporary butlding which was erected
nearBy. The rcactor building was also
used 3s an assembly workshop for
the interniediate heat exchangers and
the rotating shicld.

The leak jacket. primary vessel
and diagrid support structure are all
welded fo the roof and novel methods
of supporttag these in the reactor
vault were adopted. The leak jacket
was supported by-floating it in water
in the vaull, the primary veswel being
hung ¢ 'm “its rim by temporary
hooks. the diagrid support structure
itself was carrnied by temporary canti-
levers from the top of the vault, and
the roof was supported on a jacking
tower about 16 m high.

The consiruction procedure was to
lower the roof on its jacks to a level
where it could be welded to the dia-
grid support structure. The next stage
was to lift the reactor jacket and
primary vessel, by raising the water
level. to a position where the latter
could be welded. and finally {0 raise
the leak jacket to its welding position.
Commissioning
As a final check on the hydraubce
characteristics of the system, the pri-
mary circuit and one secondary cir-
cuil ‘are to be filled with water- on
completion of construction Detailed
measurements  of flow distribution,
pressure losses and vibration charac-
teristics,’ gas entrainment and acoustic
noise level. ete., will then be made
under varying conditions of flow and

‘temperatures up to 80°C. In order to

permit “clean up and commissioning
of the steam and power peneration
plant, twa Enge orl fued binlers have
Phe plant s due
(o uunphlhm ol constiichion al the
chid of 192E and contmssioming il
power operitian in 197

REFFRITNCES

I Fuame,, AL G, oet sl Design of the Proto-

type Fast Reacton, Proocecdmps of the Cone
ference on bast Breeder Readtors, BNES,
May, 1966,

2 Bihop, J. F. W, et al. Design and

Development of Fuel and Fuel Llements for
a Prototype Fast Reador, Proceedmgs of the
Conlcrence on Fast Breeder Reactors BNES,
May, 1966.
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LConstruction and

engineering of PFR

By R. 1. Cambell, TNPG

The system of control under which the PFR was designed,
developed and constructed is outlined, the method of coastruction

described and s

record given of construction progress to mid

1971. Lastly the work still to be done in completing and com-

missioning the reactor is reviewed.

System of project control

The design and construction of the
1966 by the: Re-
actor Group of the UK.AEA. The
system normally adopted for one of
these projucts was set up with respon-
sthility, for the control of all design,
development and construction activi-
ties, ncluding cost  control,
vested in the ‘Project Design Gflice.
This strong central control ensures the
close integration of all the complex
inter-related aspects which is so neces-
sary to bring to a successful conclusion”

. a novel project of this type where’
development of the technology is pro-

ceeding apace during the construction
phase At all stages, decisions have
to be made) as results of rescarch and
development work become available,
on which of the findings are important
enough to warrant changes  being
made to plant
bearing in nund the nced to adhere
to the construction programme

At the start of the project, network,
prepared

planning diagrams  were
covering  design,  procurcment  and
ercction of all the component . parts,
and showing at which stages develop-
ment results, had to be available, In
some cases design could not proceed
or proceed only to a hmuted stage
before the development results were
called for; while in others, where the
outcome of the development work was
considered to be more predictable, or
where it was thought that the possible
modifications could be incorporated
fairly castly, development was planned
o cunoan pacallel wuly the design and
procuremient achivatios and was there.
lote ot o Condinmatiny nature This
Latter cotrae anevatuddy cnroies with ot
a sk ol delay o the paogpect botoan
s sk s ool any greatd
than that ainvolved o mectmg the e
duired ime seales of the other, eate-
pories ol development waork, The ex-
perence on rER constiuction was that
confirmatory type developments did
not hold up the programme
Throughout the duration of the pro-
ject. detaled monitoring has  been
carriecd out monthly to ensure that

peneead

firmly

under manufacture,’

adequate progress was being made
across the whole design, development,
procurement and crection front. The
design engincers of the project team
are responsible for all aspects of
those sections of the plant allocucd
to them, including matenance " of
programmes and completion of manu-
facture and crection, within their bud-
get. Where dchlopmcnl acuvmes are
assoclated with only one of these plant
sections 1t has been the responsibility
of the project engtneer 1n charge to
ensurc that the necessary results are
produced. The other developments.

. which covered wider fields of apph-

cation, have been monitored separately
gencrally on a monthly basis and
grouped together for convenience of
working  These groupings, were on
safety. enginecring devlopment. sod-
ium technology. reactor physics and
fuel design

Financial control over construction
cost has been effected by making each
individual project engineer responsible
for the cost of his 'sections of the
plant The cost estimate for each sec-
tion on which these allocations were
made was intentionally- kept tight and
the control system did not allow com-
mitment beyond the individual esti-
mate without a case being made and
agreed for transfer of additional funds
from the sum set aside’ as a general
contingency.

The PERT type network project pro.
gramme had about 12 000 activities in

it The use of this techmigue was ad-

vintageous  amitally o presenting
dearly to the whale team taking part
on Hie prepect bow e idividial paty
Bled st fhe todad pretie Fhe sk
of heepige sl a oge. progonnme
p b date contimlly as dithicoultno
wrose an pathicudar sectors and dates
went back absorbed considerable man-
power E did not prove possible in
drawing up the logie of the whole
programme mitially to set it down
in such a way that it could decal with
the delays which occurred in certan
sectors Constderable redrawing of the
networks was necessary in these cases

Now that the project is in its final

. ————— i Tt et
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A short review of thirteen different methods

being used or considered for the provision of fresh
water supplies from salt or brackish water together

with a survey of lines of development, project
proposals and cost studies
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THE CONVERSION OF salt water or brackish water te fresh
water can be accomplished in many ways, some of which
have been known and used for many centuries. The U.S
Office of Saline Water 1s currently investigating the further
development of thirteen different conversion processes,
some of which are now being utilised commercially whereas
others are sull under laboratory study.

The effectiveness of the various processes varies widely
insofar as cost and rate of conversion are concerned. The
mayor cost considerations are the capital investment, the
cost of energy used in the conversion process, and the cost
of operating and maintaining the plant. There are variations
in the importance of each of the cost factors, just as there
are variations in the conversion precess requirements.

Long-tube vertical distillation (LTV)
In this process the salt water falls through a bundle of long
metal tubes located nside a Jarge cylindrical chamber  As
the salt water falls it is heated by the stcam surrounding the
tubes This heat exchange operation converts some of the
water from the sahine solution inside the tubes into steam,
and at the same time condenses some of the steam which
surrounds the tubes into fresh water. To obtain high
efficiency 1n the rccovery of heat energy, the process is
repeated 1n several similar chambers arranged in series
The steam for the first chamber 1s supplied by a steam
generater plant (conventional or nuclear), and the con-
densed water from the first chamber s returned to the
steam generator plant to be reconverted into stcam. Steam
generated inside the tubes of the first chamber flows to the
sccond chamber where 1t surrounds the second bundle of
tubes.  Brine which did not vaporize in the first chamber
enters at the top of the second chamber and flows down-
wards through the second tube bundle. This process is
repcated through successive chambers untul most of the
heat encrgy supphied in the first chambers is recovered.
The temperature of the saline water drops as it progresses
through the series of chambers, and the pressure 1n each

<] Long-tube vertical distillation

Seawater
o

=

Multi-effect multi-stage
distillation 7
Condensers "

chamber 1s progressively reduced to permut vaporisation
to occur at lower temperature The brine which collects at
the bottom of the last chamber is returned to the sea

Multi-stage flash distillation (MFD)

This process utilises the fact that water boils at progressively
lower temperatures as it 1s subjected to progressively lower
pressures. Seawater 1s heated and then introduced into a
chamber where the pressure is sufficiently low to cause
some of the water to boil instantly or flash into steam.
Vaporisation of some of the water results in a lowering of
temperature of the remaining brine. The brine then flows
into the second chamber where the pressure is lower than
that 1n the first chamber, more of the water flashes into
steam, and the temperature s again reduced. This process
1s continued 1n scries through several chambers.  Con-
densation occurs 'n cach chamber when the stcam cones
into contact with the hcat exchanger through which the
incomung sea water flows.

Multi-effect multi-stage distillation (MD)

This process 1s an advancement of the MFD process previously
described, in that fiash distillation becomes more cfficient
as the number of stages used for vaporising and preheating
increases. The available pressure difference needed to move
the brine from chamber to chamber at the low-temperature
low-pressure end of the distllation cycle 15 the limiting
factor in the quality of the water circulated and the number
of stages that can be cmployed inan mio plant The tempera-
turc changes arc usually hinuted to about 4°F per stage
because of the low pressure differcntial avallable at the deep
vacuum conditions which exist in the final few stages.

The mMD process enables more stages to be added for
each temperaturc interval as pressure differences increass
by breaking up the conventional single circulating path mto
a number of circulaung loops. The increasing circulation
rates in the higher temperature effects, combined with more
stages in a given temperature interval, provide greater

Stea.
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economy. This process offérs several advantages over the
MFD process:—

© The cost of pretreating the feed water is reduced by 509, ;
The-heat transfer surface area is reduced by 20%,;

It provides better control of scale treatment;

More siages at the hot end of the plant and fewer stages
at the cold end improve the plant efficiency.

The salt ~ ‘eris prcheated in two stages and is then treated
with acis 10 neutralise the alkaline constituents. Pre-
heating 1s continucd through a number of stages until the
first effect is reached. From the first effect, some of the
brinc 1s recirculated through the brine heater and some is
passed 1o the second effect. The partial recirculation and
partial progression to succecding stages continues until the
final effect where the highly concentrated brine is either
discharged or passed to a by-product recovery unit.

8 ¢ o

Vapour compression distillation (VCD)
This process is based on the principle that when a vapour
is compressed its temperature and pressure increase and its
volume decreases. In cach effect, brine is pumped upwards
through a tube bundle into a large spherical chamber, and
as it travels upwards it i$ heated by the steam surrounding
the tubes. Somec of the water 1n the tubes vaporizes and the
nuxturce of brine and v:'!‘pour leaves the top of the tubes.
Some of the brine is rcturncd to the botiom of the tubce
bundle and s recirculated and some of the brine s dis-
charged. The vapour from the first effect 1s drawn off by a
compressor, and the higher temperature vapour which
“leaves the compressor is transferred to the sccond effect.
This vapour surrounds the tube bundle in the second effect
and supplies heat to thé brine which is passing upwards.
The vapour which enters the spherical chamber from the
top of the tube bundle in the second effect is then trans-
ferred back to the first effect where it supplies heat to the
brine passing up the first effect tube bundle. As the vapour
in both cffects loses heat to the brine, some of the vapour
condenses. The condensate falls to the bottom and is
collected as product water.

i
N

Reverse osmosis '~ "
When pure water and a salt solution are on the opposite
sides ,of a senmu-permcable membrane, <the pure water
duTuses through the mebranc afd dilutes the sah solution.
This phenomenon s known as the process ol osmosis, and
the cffective driving forge causing the flow s called osmotic
p-cssure.” The magnitude of the osmolic pressure depends
on the charactenistics of' the mehbrane, the temperature of
the water, and on the concentration of the salt solution.
If a pressure greater tHan the osmotic pressure s cxerted
on the salt solution, the osmosis process can be reversed.
The salt water 1s first ‘pumped through a filter to remove
any sohd paruciecs \ha,t would' damage the membranc.
The filtered salt water is then raised to operating pressure

by a second pump, and passed.into the desalination units.
A portion of the water permeates the membrane and 1s
collected as product water at the bottom of the unit The
brine is discharged from the top of the unit and, if required,
can be mixed with incoming salt water and recirculated.
The main advantages of the reverse 0osmosis process are:—
© Low energy consumption—the only energy consumed
is the electrical energy required for the pumps
© The process equipment 1s relatively simple, resulting 1n
low equipment costs.
o The operation of the process at normal temperatures
minimises scale and corrosion problems.
Electrodialysis
An electrodialysis conversion assembly is essentially an
electrolytic cell which contains two different types of 1on
selective 111eq1branes. One of the membrane typcs allows
the passage of positive ions, or cations, and the other allows

the passage of negative 1ons, or anions. An electric current |

mposed on the clectrolytic cell provides the driving force

The cationlpermeablc membranc allows the passage of
the positive sodium ‘1ons, and the anion-permcable mem-
brane allows the passage of the negative chlorine 1ons,
yielding fresh water between the two miemibranes  The
amount of electric current required depends on the amount
of salt to be removed, i.c. larger currents for water of
greater salimity, The larger the amount of clectric current
required, the greater the total cost for clectrodialysis
conversion, therefore this method is more favourable for
brackish water than seawater. The total cost may possibly be
reduced by operatinganelectrodialysisunit ateclevated temper-
atures, as the higher the temperature the lower the
electrical resistance of the electrolyte.

Transport depletion

This process,varies from the electrodialysis process in that
non-selective. membranes are uscd instead of the anion-
selective membranes. Anion-selective membrancs tend 1o
deteriorate more rapidly under operating conditions and
their ehimindtion represents a considerable cost saving -

The transport depietion process makes use of the differ-
ence In 1on ftransport numbers between that which occurs
in a bulk solution and that which occurs in an ion-selcctive
membrane. For example, in a simple clectrolytic cell con-
tatming only sodium and chlorine 1ons, the sodium 100y
carry 40 peir cent of the total current and the chlone 1ons
carry 60 per cent.  However, within a cation-permeabie
membranc the positive 1ons carry virtually 100 per cent ot
the current;land m an anion-permeable membranc the
negative ons carry virtually all of the current.

Becausc of the difference in velocity of the 1ons in solution
and thosc in:the membranes, the cations move through the
cation-permeable membrane faster than they can diffuse
into solutiop.  After a short tume a difference 1n con-
centration is established across the membrane, resulting in
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Estudio de la Determinacién del Contenido de Agua de los Materia
les con un kedicor de Humedad por Medio de NMNeutrones,

INTROI UCCION

-

Le determinecidén del contenico de agua er los materisles juega un
rol esencial dentro de numerosos protlemzs existentes dentro de 1la
Ingenierfa Civil; en la construccidn,mecdrica de suelos,en la agro
nomf{a etec. Su conocimiento es indispensable rara édeterminer la
densidad seca de los meteriales, la eficiencia de comnactacidn de
estos en canass, estudiar el esgrietamiento de las capas de las ca=
rreteres y finalmente en la fabricsciébdn ée concretos en los cuales
sh contenico c¢e agua deben ser muy poco variable con respecto a

la dosis optima impuesta.

Esta agua ¢g la cual uno puede conocer en norcentaje, purde encon-
trarse centro cde log materiales bajo diversas formas:

- Bl agua libre o aun el agua capilar o de absorciébn, cue uno puede
facilmente eliminer (por secado etec.) sin moc¢ificar ninguna de les
ceracteristices Gel material.

— F1 sgue de constitucidn 8 sun el egue gue encierran los hidretos,
nor ejemnlo los sulfatos de la serie magnesiana, N
- Bl soua de cristalizacién, que como su nombre lo indice, inter—
viene en la cristalizacidn de los elementos y cue se c¢iferencia de
la ée hicdratacidn nor el hecho de ¢ue ella no se c¢istirsgue mas del
solvente cuando el ién complejo, ael cual elle forma parte, esta
er solucidn.

- Pinelmente, el 2gus zeolitica que insertada en pronorciones no

1

Geterminades hests le de saturacidn de los huecos del edificio

ertructurz) de lss zeolitus. Esta egue zeolitica yuece cer elimincce
. -~ . . , . - \ . a1 - '_\ o . - o

sin veriegciores de las vroriecaces cristelogrificas o fisices de

le zeolita, (zolitz es un silicato netural cue se encuentrs en cier

tus roczs yveledniecas).

El zgpua libre »nurece jurer el peypel mas inportante dentro de la

febricacidén ¢e concretos y viene de ese hecho, a ser el nrincipal

v

factor a determinar.
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raertfcula~redisctive, de Y2 6 min. ée vide medis. Sin
neutrén entrendo én la constltu016n oel ‘nucleo-es esta
nsidera al reutrén y al nrOuén como estados posibles

de una misma perticula; el nucleon.




Reacciones de Creacién del Meutrén.

El neutrdén siendo uno ée los constituyentes del nucleo, es necesa-
rio Ge extraerlo de este: esta extraccibén tiene lugar en el curso
¢e una reaccidn nucleer. La energia neceseria para la extraccién
es aportszds por una periicule incidente cuya naturaleza caeracteri
za lsc cirerentes fuentes de neutrones.

Reacciones (o , N )

Is esta reaccidn que en 1930, permitié a Bothe y Becker de poner
en evidencia la existencia de una raéiascidn neutrs muy penetrante
"el neutrén“.

Ciertos elementos ligeros, tales como el litio, el fluor, el boro
Y sobre todo el berilio, bombatoeados por los rayos elfa se trens-
forman en elementos inestables, gue recobran su estabilided por
la emisidén ée un neutrdn,

As{ el berilio concduce & unz reacdcidr. del tipo: |

Be +1He ——"C +IN+5.e5Mev

Se treta de elementos ligeros por que la pertfcula incidente cebe
elcenzar al rnucleo, es decir granqguear la tarrerz ae potencial del
~ftomo, y el vclor de esta es proporcional el Z cel elemento. v
Si 1la verticuls ©{ tiene una energfe superior a la altura de lez ba
rrers, la vrobabilidadc we francuear csts barrera es iguel 2 1. Si
esta erergfa es menor le probubilidac decrece rdnidamente,

Fara los radivisbtopos naturales, emisores ©X ce energias éntre
4y & liev., tales como el rasdio y el polonio, los blancos deben
estar obligatorismente constitulcos de elementos ligeros.

El redio (Ra) tiene ls ventaja sobre el polonio ce tener una vica
media mucho mes grende (1620 afios en luger de 140 cies) ILe intensy
dac ¢ce su radiacibdn puede pues ser considerada constante. For cone
tra los reyos alfa gue emite sen de enersies muy variables de 4.8
a 7.7 Mev. In el caso cel Polonio la emisién alfa es praéticamente
pure L = 5.3 Mev.lontrariamente al Polonio, los cdescencdientes del
Ra emiter rayos gemma de energiss elevadas (hesta de 2.1 Wev), es-
to entrafis la oblipgascidr ce tener una proteccidén suplementaria con
tre les gammas,

O
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Lentro de este tino de reaccidn el blanco mas corrlentemente utl-
lizado'es ‘el berilio (Be) Este blanco debe estar 1nt1mamente 11g”
do 8l* radio 6 &l polonio oaao forma de polvo de manera de ev1tur

12 dbsorcibén de la's partfcul as por su emisor. Dentro de estas

conéiciones por 1 Curle ge redio y 6 gnm de berlllo, se tlene un \
ren01m19nto de 10 a’ 15 X lO6 n/seg,'nara le fuente de polonlo ﬁeo
el rerdimierto e Ge 2.8 x 106n/seﬁ.' ' _

Lss energias de los neutrones emltlca nor eotds fuentes son Gis=
persadas, sobre todo em el daso oel radio por Gos raéone : U
- la raciscién &4 del radio no es monoenernét1ca°. \

- la energies o{ se denradﬁ en 1a mdterla oevfuente mlsmé°
El esrectro de energlas es en consecuenc1a contlnuo 31n embarpo Do~

re e raalo-Lerlllo entre l y 13 Mevo ‘

(\ o - . LR

Reacc¢iones ( X ) k'>t;t L .
Existen otros tlbos de fuentés d@ neutrones, llameaas~ foto ;uen-
tes. En este ceso 13 rediacidp Gamma constituye 14 r201oclén in-’
cidente, esta siendo neutra pueae alcanzcr el nucleo,Jbara extraer
el rieutrén, debe sin embdrno “tener una energla igual o sunerlor a
la. energia  de. emerre’ (E)*ue este Ultimo™ (1.6 'Mev rvarae el Berlllo,f
2.17 pzrs el caso ¢el deuterio)., - . - RN A SRR
Laaenergfa-x es . bien definida“y-esta energfa ro 'sé degreda‘en el
nucleo, el neutrén emitiéo tiene pues el también una enerpgia bién
defiricda (Ey < E) Le éefiricidén de*esté ‘enerpia eé' ¢e alrecedor:’
de 5 a 10%. o R
ILas fuentes ¥ mas utilizadas son: E
- E1 antimonio 124 de perfoco muy chico: 60 diss’ su rendimiento es
de 106 n/seg vera 1 Ci de Sb y .&g de Be. E1 flujo es tres veces
neror que en el caso ée las reacciones (X , N ). Ademds-a igual
act1v1o - las fuentes son mucho mas voluminoses. . -

8 n/

= Ll Jnle 116, ¢e mejor rendimiento (1.5 x 10 seg y. de nerlodo

muyﬁcqrmol(0,9(ns), . o : e

= Y3 fu RO
Reaccirones (d,n) y, (r,n). : : S . :
Tus purtfeculas incidentes son perticulas carpgadns o aceleradan en
aceleradores. Estos son nucleos ¢e deuterio o hidrogero ionizados
es Gecir deuterones 0 protones,




Le Ficidn.
Las fuertes cue utilizan la fisidr ce los dtomos pesados son mas
gbuncantes actualmente., Este fendbmeno es la bzse de lss nilas o
reactores nucleares, La fisidn es el fraccionamiento de )los nucleos
¢e £tomos pesedos, bsjo la accién de un neutrdn incidenté, estd
acomrafada de la emisién de varios neutrones los cuales dan lugar
& vne reeccidén er cadena. Los neutrones creados son bastante ener-—
céticos: de 1 a 2 lev,
Segin su energie estdn clasificados en varize categories.

In ) 164 ev = neutrones répidos

lozev<}h:< 1O4ev = neutrones intermedios

1 ev  En < 10ev = neutrones lertos

0.05 ev ¢ En ¢ 1 ev = neutrones eritérmicos

Frn = 0.025 ev = neutrones térmicos

Los neutrones térmicos tienen una energis correspondiente a le agi
tecidn térmice (KT) pere una tempersture: ¢e 20°C., Ellos tienen una
velocidad de 2000 m/seg a2yroximadamente.

INTERACCTON 1% LOS NEUTROMTES CON LA WATREIA.

lebido @& sv asusencia de cersa y no obstente su momento magndtico,
el neutrdrn no interzcciona vrecticemerte corn los electrones.

o7
cue la interaccidn con

kn consecuencia nosotros no consideraremos
Jos nucleos.

Tres modos ¢e intersccidn son positles:

- la cdifusidn irelédstice

- la difueidn elastica

- le ceptura nucleos

Tifugidn Trnelfctica:

s

¢ encrsie cairdtica ro se corserva, el nucleo cueca excitecoe, La
enerr-is 1rcicentie se distrituye bejo forma de energfe de retrocesoc
. . . . . . . .
¢el nuclco (kr), de encrefa de excitecibn cel nucleo £ (47) y de

enersia cirdticea del reutrdn (E£')

En = E'n + B, + E (&%)
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W rueleo vuelve @l estodco fundamentnl emitiendo un fotdn ramme

de enercfu Ey imel a E (4+). 6 el nucleo tiene cierto esouers
Ge excitacidn, zoemitierco un estudo eeteble y verios estacos exci
ti.dos. Pure cue la difucidn ineldectica tenga lugar, es recesario
cue la enercis ¢el neutrdn sece superior @ la enercio del estaco
excitodo mes bejo. L& seccibn eficuz de este intersceidn serd

rues nrdeticameric rule pera log reutrores lentos o térmicos. neote
Gitueidr rno interesa mus cue pira los neutrornes de enersise eleva-

des, sobre todo rers los rucleos lireros.

(SQCC\OQ Qu(maz de A\’{’us?o'n icrmnco)

\4;\1 AQ\

B

V, = E (}f) no_u‘ho:’:

T1fusidn Wldetica,

Tz erery fu cindtier se conserva: el neutrén retots cor el nucleo

v le comunica una nerie de su enerpgfs bajo Forwe de enerpgia de re-

A

itroceso tenidrcose En = E'n «+ Er

r

Este irteraccidn ro tiene umbrel. Tlle puede terer lugar cualoule-
re que cee la velocicaa inicisl del neutrdén.

I véréides ée ererpis del neutrén éererce cel drgulo bajo el cusl
el retota, £l valor mecio ce est2 cdisminucién deperde ade 1ls masa
el nucleo y crece répicsmente cuvendo esta disminuye,

yaa n - AQ’*’ i A

_L \}/;F.. - , /i” A +

LS.

Cemntura Nuclear

Bele cayture vuece rroducirse luego cue un neutrdn de mvy br I

ererefn (neutrdn termcce 6§ eritdrumico). 3i egte re crrvoxime muy
- 4

cerce del nucleo, puece ortrer en interaccidr cor los nucleones
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de ecte. Hay entonces captura y resccidn céel tivo (V\,o(),(?\,F)),
(r\,X ). Estando dade la enersia de los neutrones emitidos ror

las fuentes cue utilizamos (Ra-=be 6 Po-EBe) y el nidmero @tdémico
de los elementos cue se encuentrsn en los suelos. I'0s interaccio=
rnes nos interesan principalmentes

- La c1fusidbn eldstica gue frene los neutrones iniciesles y -los
convierte en térmicos,.

- La cifusibn eldstica y ls cavtura nuclesr pare los neutrones
térmicos,

Tefiniremos el coeficiente cde frenedo de los diferentes elementos:
Si Eo es le energia iniciesl del neutrdn y E su energie desvuds de
la difusidn, este coeficiente se escribe.

<- LEz = Le.-LE

6§ la enerris del neutrdédr difundico esta dado por la férmula:

2 2 \
E - =, (12 Aces Sy |
sierdo 8 el &€ngulo de difusién.
Tocos los énrulos de ¢ifusién son igueslmente rrobadbles. La vrobabi

o

lidad para cue le energic de los neutrores difundidos esté comyrer

dida entre Fy B + ¢B esta deca por:

dP= d.%r:}i.amede

nor otra uvarte:

aE E.EOCQAAQV\ o AQ}/@\H)I

siernoo

dE;4AEozéﬁF‘dP
C% P/di = (Mb/qAE = cons o.mlg

o
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8l desyuds ce una colisidr, todee las enercies gon.,1gualmente
rrobables nura el neutron difundido, sus lfmites estén rera loe

drirulos @, 9 B, tales quc:

Cos & = 13k mox = Eo .
Cos ©r= = 1;¥ min = Bo (A=| 2
)

Le ercrpgie meéra destuds de urn Gifusidn es ertonces

A
E-Ex 1+ (A_l%A+61
7 el COf‘T1 ciernte e frPﬂrlmlC“ntO Tuef‘e exXrrecerce;

5 Use 4R des

N\V\

SEM“ &—P ci.Ea ’

v
{
_
b
N
0.
by

U0
1l

Fere el hicréreno £ = 1 yu er consccuencica g‘k

(ver taiine 1y 2),




wete coeficiente permite c:lcular el mimero medio de chocue: vars
llevier un reutrén ce enercia ko al ectaco térmico. La energis En
Cegruds Ce n chocues es tal ques

Eo =, En-
L Fvg.= L(EQ”%”%"""' Ea

1 valor medio de cooez uno ¢ce los términos de esta relacidn)siendo

g vwro tencrd .
2 PRI
J N = %g L.E%4En

¥n resumern, los neutrores emitidos vor les fuentes ususles tienen

una erergia bvastarte elevgoa (del orden de Mev). FPor difusiones
sucesivas, su enersia se Gepreda y entrar en el dominio ce los
reutrones tdérmicos., Le facultad de difusidn v de frercco de los
revtrones ests coracterizada ror el coeficiente de frenzdo cue
es vecino a 1 vera el hidrépeno y vers el asgua, y ¢el oréen ae
0.015 vere los otros elementos cue uro encuentre corrierntemerte
¢entro de los suelos. (Ca, C, 0, oi etco)o

Logs neutrores térmicos pueden enseguide ser difurdicos cin rér-
6icde de enerrie (enersils iruel & la enerpgis Ge excitacidn en le
materia) & cavtursdos. En la talla IIT las secciones eficaces de
estos Gos GLGCtO nars algunos elementos,

Es necesario notar que ciertos elementos (Li, B, Cl, ln, Cd) tie
nen secciores efice de captures muy elevedas, 1o gue permite
la ceteccidn Ge los neutrones térmicos, vero tawbién nrueden rro-

tocer yerturbeciones en les mecides (soore todo el cloro y el
METoTTes0) .

TALLA 1 Coeficiente ae¢ frenamiento ¢e 2lsunos elementos
liceros er furcibn de 4.

Fucleo £ %

Hicrdéeceno 1 . . 1,000

Helio L 2 0.428

Lerilao ¢ 0,208

Cerbton 12 0.15¢

Nitrdgeno 14 “0.135

Oxisenc lo 0.121

2
7
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CTARLS IT

Nucleo
Yigrégeno
Aona
Teuterio
Lgua vesada
Helio
Ferilio
Carbono

xigero

TAFLA TITI

Elemeﬁto

~Ca
Ti
T\’Eﬂ
e

Cd

Nimero de Chogues necesarios para llever un
neutrén de 1 liev al estedo térmico pere al-

gunos elementos,

S

1
0,92
0.726
0.509
0.428
0,208
0,159
0.121

N

18
19
25
36
43
87

114 -
150

Valores de las secciories eficaces de ¢ifusidén

Yy Ge, captura rara los princivales elementos

constituyentes del concreto y ce los suelos.

Captu

0.332 Iarns

795
3.73
1,88
20 x
0.525
0.069

0,241

0.16
0.52
33,80
2.07
0.44
&

N N - N
N © o o

y g1 O e
DN N D

4

Neutrones Térmicos
Tifusiébn

ra

x 10~

10™2

S

3& barns
4

4.8

10
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TETZCCION Ll TOS DEUTRONBE,
Yres Tfendbmeros pucier ser utilirzados:
- reccelones ce cintura (1, X )( N, {.’) Yo (n,¥ )
- fis1én

~ rrotdén de retrcceso

leteccién vor Rescciones Ce Capture
. . 1
Se utilizan esercialmente lc reaceidbdn (Y} , oL ) sobre el 5B'

qp L +1le + 2.3 Mev
"Rayln— B\ &‘_QQ+QQMW

Porero cunenter cored

Fete recccidn ce escribe

Yl boro nuitural ro ecartiene mee cue 207 oe

ceraetlemerte v seceidn eficez ¢e enntura ¢e neutrores térmicos
barn

( 400C /%

., perticuln ionizante dentro é¢e una mezcls geseossa

dtomo). Se vuelve pues s la deteccidn de ura nzrtfenla

Los cortadores mne comunes tiener una mezcla cde T, (triflvoro da
boro) ar. Lo oue ge nroduece 1a ecartura y cesrude 1pvmonlannﬁ6p.

Ellos som imaimente senailtles ¢ los fotomes gamine vero 1os foto-
cloetrornes o lou"nlectrores — conrhon que nouellos Trovoenr erony,
un nulco ce auplitud menor; oen eteelo, estor ccetectores ureronan
en re~sinen rrocorcional. Fn 2l creo ae lus Tuentes Lealer cono lioe
de Re=fe, cve enitern o 1a vez reutrones y gcemmias es suficiente

narez distinguir los neutrones de las gammas el utilizar vn umirresl

de discrininacidn de amplitud. Uno puece tombidy utilizer les reuc

ciones (NN, p
4 . 4 Wy
'}N + N ——"C t H +0c28Mav

en efmares ce 1orireceidr 1lenas c¢e vitrdoero mewclado con Lrgedn.,

Uro cetecte 1oa folores ce log cueles s moder ionizente 23 mencr

Yy s recorrifo mayor,unc recoge rues meros enereis vor urided de

volimen,

Minalmente lac rescciovien (N ,'X ) cobtre el cacnio peviter de

C
utilirer up nétafc ce certellco. AL med1o© centellearte; en
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senarel un-lfguido, es cargado de cadénio. Los rayos gamaa que
ecte émite despuds de la ceéptura ée los neutrones, crear en el
1icuido centelleos qgue son captaéos desnués por un Toto multi-
plﬂpédor. La energis ce los resyos gamme del cadnio es bien co-
nocida, uro determina el nlmero de neutrones seleccionando en
smplituc (166 pulsos corresnondientess |

T:etéceidn por fisidn.

Iiste método vernmite detectar los neutrones lentos (fieidén de nu—
' < 237
(232qy,, 236y ¢ 23Ty,

’

Gl 3 . .
cleos de 23°P o 2“5U) o los neutrones répidos

‘To0 fragmentos de Tisibén ( & = 50 ) son detectebles por los

medios Seo0sos

Detocclén por el retroceso del protdm.

La ¢ fusibn oe los neutrones rdridos (superiores @ 0.1 Mev) so=-
kre los productos hidrogenados es suficipnte vera proyectzr 1los
rrotones (nucleos de hidrégeno) que nueden ser utilizados como

acentes ionizentes o para gctivar los centros c1nt111ﬂoorwo |

PRINCIPIO 1EL WEVILOR LE HUMETAL CON BhUThﬂF“Q

Tos neutronee rdvidos emltlooe en una reac016n ( 0& Y\ ) de upa'-

~fuente (im-Be), (Ra-Be), (Po-Ee) e’cc° son frem,ooo nor el medlq

vecino. FEste frenamiento es funcién de los- elementow auimicos
rresentes en ese medio. Este este constituido en el cuadro de
nuestra inveétlﬂ cidén por los suelos, les arenas 105 concretosn.
Le t000° los elementos existentes ccntro de estos matericles el
anuu Yy eT hidrdeeno uon los que poseen 1os mgyores coeficientes
de frensmiento. ’

R
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£=0a1 }?aro. o \h@

mientree cue pera 510,, &1 O,, 3, Ca, Te, 3 (principales cong

En efecto

’tituyéntes de los.suelos) sta comprendido entre C.15 y 0.20.

¥l Trenamiento de los neutrones rdpidos serd yues Tuncidn del
contenido de asrue tolnl cnl medrio elrececor de 1a Tuente,

Los detnctores utilizacos, del tipo H FB son sensiblec Unicumente




& nevtrones térmicos. ¥1los den en consecuencic uns respueste
cue serd wna funcidn, del conteridéo de arua total, bien Cetexr
ninoedaea. .

Ee neceszrio sehelar que ciertos elementos cue tienen una sec
cidr. ef1cez ¢e certura superior a la del acua pueden alterar
los resvltacos. ze el caso del Cloro, cel ¥ierro y déel Totasio
oue se encuentran presentes cdentro de los svelos. Sin embargo,
acco su bajo porcentaje, ecte error es en lua mayor parte de los
casos, cesvreciable. Pero siempre gque el material tense cloro
es%e e;ropwtiene el riezgo de ser importante.

Tefinicién Gel Contenido Ge Apue Volumétrico:

51 nfmero de neutrones frenados es una funcién del numero de 4to
mos ¢e hidrégeno o de moléculas e agua presentes er la uniced
de volimen. El corteniéo Ge egua indicado por la sonca corres
vonde pues a 1l¢ humedad volumétrica del material.

¥ste contenico de arue volumdtrico estea dado por la relacidn
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Gersiced arerente cel moterizl hidmedo
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v Hy estdrn exrressdos en
lLocibn cel Eauivolente de Apus e Influencia de la Tensidad de

los walerialen,

En la muyor purte de los cusos, uno ruece desrracliar la rnaturole-
za ocuimicz ce los elementos y aoimitir en rwrimere &vroximacidn,

cue el frenamiento ae 1los neutrores es independiente ce ese factor,
Sin emberso, no es posible desvreciér el hecho e cue todos los
elementos perticirven a le ditusidn y 6 la cartira. Fsto se tracuce
er. 1& reeidn de cquavelente de agua. Fsta particiracidn ee fur—
cibn de 1le Censicad de los elementos e interviene sobre todo cusndo
log contericos dGe ggve son muy recruehos, Bl frenaco de neutrones
demence ~hora del riv¥mero total ce Ztomos nor centimectro cdbico. Ios

Kd

reutrores piercer, en astc caso otro tirto mos de emersis er cuare—

d
to el nimero de chocues con los elementos es mes grande.
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Forolo tirto es necegsrio efactusr, er lsboratoric uns curve ce
ceiirrecién rave cndg metecinl utiliredo.

Tel 2idén Ertre le Resruesta del Tetector de leutrores Térmicos
v el Cortenido de Asuo Volumdtrica del Medio Kstudiedo.

¥y Gordner hay esteblecidéo la Térmula cve ¢ 1a rarncre

Ton 1larkham
ticidn de los reutrones térmicos en Tuncidr ce 1s éisterese © de
ina fuerte (e neutrores moroenergética. / vartir de esta féraule

oW Holmes ¢ relacionaco la resiueste ée conteo N de le sorda

Geriro de un medio ¢ado ce corlerico de apva volumdivica Fv &

le recrveste de conteo MY dertro del sLuUn pure,

ooy Jos cdlevlos ¢e Holmes, 1o curva trérics "resruests (e rorico-
certerido de aerve volumétrico"™ es une recta.

sedera oo Influencis,

Tos estudios efectuacdos 1or Van Bevel, TNewton v Kwerson muestren

cue el Q5% de los peutrones estdn cortenidos, prre uma Tuarte (e

—

te=I'e svmeroida en acua, fentro de wna esTers teriaerdo 7oY. COrTro
Leotmente voror recio 15em, Mo imnerto cue moderacor sesr colocsdo
en les J{rites de ecte erfers, llomace erfers de influerncic, no

ticrne ninmfn efoeto sobre 1 mecicea,

Kreun mecio eavererte el orva, los peutrornes térnicos estdyr cor—
tenicaos er wra esfers cuyo reoio B depence de 1o humedsd volumdtry
¢

& HV,

CAduulo oo edentlo, deooe oen 1o tuTblao TV, vera arferentaes volo-

rec delconterido (e o, el racio corresioncicnto (o le acfors

ce intlvercio,
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<> Recio ¢e Influercia pera ciferentes vslores del conterido de egua.

Hv en % Ren- cme
1 69,6
5 40,6
10 32,2
20 25.6
5 22,7
50 18,9
100 15

COLCLUS TONEE o =
Este métoco ¢e medide de le humedad tiene ventsjes interesartes

P

en relecidén & los métodos tradicionales; por una dbarte le mecidea
puede ser eflectuacds directamente, Yinsitu" y abarcer un gren vo-
1dmen de meterial, yor otra nerte cespués ée haber czlibrado ls
zonda en laborutorio con el meteriel de la obre, el control en
CD la obra es rérido (10 seg s 20 sep. erroximademente) y simple;
es teoricamente nosible visualivar, gracias & un disvositivo
electrérico ¢yroriaco la reguleecidn asutomftice de eruve a introdu-
cir dentro de lo revolvedors rera cace corereto, sesdn los resul-
tados proporcionudos mor la sonde. Te todas formes, este ndtodo
de mecida Gel contenido (e afve nos indice sclo el contenido vo-—
lunétrico de &g a3 vor consiguiernte, es indispensahle Ge corocer
la dersicad humcée del materiecl vara deducir el contenido de arus
ronderuaco., Cuando este conterido de arva eg relativamente impor-
tarte, 1z mecicda ruede hrcerse con una precisidn suficiernte gue

no es el ¢&wB0O cusnco 1z humedadé es wuy pequehie (entre 0 ¥ 4%%

s nececario nuer, cesvuds Ge trazer la curve ce celatraecidn en
lzhoratorio, estucicr conciersucinmente l= distribucidn ¢e 1r cer-
sidea §>h ar funerén ¢el econtenico ¢e asua roncere] cel matericl
v e su hese, Tinclmerte cottroler el r~rodiente ce daneidsd en el
C) gsistens exverimentzl y cu influencic sobra 12 medicz neutrébrico.
Serd re«{ vocibhle trezrar un conjunto ce curves N = £ (En) cve

nermitirdn e czr er obre urns res-veels Girvects “velocidse de con
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tonvoo e’ ﬂrun'ﬂ0h€erade. Cerd suficiente pers ello de oorooem
el orden de magritnuo de 9% en le obra, sea disroniendo de una ‘
sorda de densidod que funciorard en paralelo con el medicor de
nuiaad, ‘dee eun vVerifickrcdo elginos puntos de la curva de ca=
11brac16n -dentro ge’la tolve mi;hb inte's  ¢e le experimentaciédn’

b cont rol dol oontonloo de 9nua hronlamente 01c~ho°

- s . R M . [ - ~
v e .o ooz {1 L. . " i

Lle esta cons 1rer801onp , results que antes de rooer nnrprelnz"-
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ecte método es nececarln-‘
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~ Setndisr con precisién la 1nf1uen01a d faqtdfeé tales como
1a Gensidad, la wranulomotr{a y "la nreonncis de’ elementos clyH
secc "&n éficaz de ahcorowdn ce los neutrones térmicos & la Gel
ﬂrup (caaos éel Cl b Ll, Tl, ¥, Te ),y la. existencia en el
miterial 2 estudiar dd ague de cor;tltn016n,alé sonda eleactré="

nicz Termite determih' 5610 el rontenloo de arus total, inde-
U R P e e T . -
pencdientemente de su forma ou1mlca._, : .

TE - - o - ST N v - e

| l

-vUanr1m9rtar este medidor ¢e humedac “sobre:otres obvras, & fun.

'

¢é-poder explorar una gamm& ¢ce-humedsaces mas estendidca 1o cwal:

nernitird ée estimar mejor el orden de magnitud de la precisiénm.

.ceta.medida. + o 0 v ey e v L G
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METODO DZ MEDICION DE DENSIDAD DE SULELOS POR RETRODISPERSION
GAMMA.,

Para entender mejor el método,veremos primero las diferentes
formas en gue la radiacidn; en este caso radiacién gamma, choca o
interacciona con la materia, dichas formas dependen de la energia

de los rayos gamma y de la naturaleza del material blanco.

Dentro del rango de energfas de los radioisbétopos comunmente
usados en estas aplicaciones, las radiaciones gamma emitidas estén
sujetas a dos tipos de interaccidn con la materiajestos son la

"Dispersidn Compton" y el "Efecto Fotoeléctrico".

En el caso de la dispersifn Compton, la radiacién gamma,puede

ser considerada como en un choque contra un electrdn orbital, im-

partiéndole parte de su energia al electrén en forma de energia
cinética y siendo dispersado el rayo en diferente direccibn,  con
una energia igual a la inicial menos la cedida al electrdn. (La
energia de amarre del electrbn al &tomo puede despreciarse en com
paracién con la energia del rayo gamma y la energia cinética del

electrdn). |

El tratamiento tebrico del efecto Compton envuelve algunos
aspectos de la teoria cuintica y de la teoria de la relatividad
de Einstein asi comtalgunos principios de la teoria de la mecani

ca clasica de Newton.

fotdn incidente fotén dispersado’
Cantidad de movimiento h l/O/c r—///_/r Cantidad de movimiento
. ~ h)Y/c

e i e oo O |

e

‘[ e \\,O
Electrdn
Cantidad de movimiento
‘ MmNV a L
, -V 2
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El fotén~incidente choca contra el electrbén que se supone en
reposo;¥por los prinéipiés de coﬁservacién de energia se debe
de cumplir: que: I, .

donde h es la constante de planck "C" es la veloc1dad de la
luz. 22 es La frecuencia del fotg@MO‘rgprgammg ;nc1dente,))

la del rayo dispersado por el electrér. U™ es la velocidad del
electrdn, gque debido é“qﬁefpﬁgde $eéf tan grande .que los efectos
relativisticos seanfSigﬁifiéénies;y-en‘bdﬁsecuéncia"la masa del
élécﬁréﬁlen»movimiento“me"no'puédeTCOﬁSidérafse'como una cons-

tante, sind que vale m: Mo \.r/ Yl conde M6 es la masa del-

P

ele. . 6n en reposo. Y su energia 01net1ca vale [="M, C E V/c: )’a - l]
. ‘ BT ST S A BN P ’ .
como se’ puede“demostrar haciendo las correc

| e JO L, . _— .
- w-‘\ oL d L. A P
' i . ! 3

ciones relativisticas del espacio y ‘del ‘tiempo. -

Por -otro lado,por el principio de conservacibn de la

cantidad- de mov1miento se tlene i -

/

componente X: h))/c hU Cos Q// 'l" ml" Gos 9 @D

e (1= o7y
componente Y: ) = h)) (SQW\ ¢)/C - Mo U SQ“'Q%;‘U%,‘lj?..-®

ha01endo opepac:.ones con las ec. 1,2y 3 y tomando en cuenta
que Ao=® C/))o A==€/ , donde 7. 3 A son la longitud

de onda de: rayo :1nc1dente y dispers,ado r?spéctivamente, se puede

demostrar que: . ‘
o AN A h Z%écj_(:}::@?é¢3'

si los valores de h, Mo y C.

6: 8%67Xx19o 237 gm
2.998 x 10-10 -cm/seqg

il Il'll -

M
C

son introducidos en la ecuacibébn anterior se tiene

AN = 0.0242 x 1078 (l-cos # ) om =~==—mmmmmmmmmmmem s




de donde se observé gue para un valor dado del &a&ngulo de dis-
persidn, el in?reme#to de longitud de onda AA del rayo disper-
sado, es independiente de su longitud de onda o energia inicia
les (puesto que E = h)) = hc}, de @ también se puede obtener

multiplicando por 1 vy simplificando, gque:
he

, hYe N )
hY = T - Gord)

me Cr
donde g4 es el &ngulo de dispersidn del rayo dispersado.

La probabilidad de que este tipo de interaccidén suceda, la cal-
cularon Klein,y Nishina, aplicando la mecdnica cudntica relativis
tica y aunque los detalles de su teoria son complicados sus re-

sultados se pueden expresar en una forma sencilla.

T emam = o = 0.coaskZ . (B ldon) @
Q :

, ‘ Q¢ Vemd
donde gy—es el coeficiente de absorcidn misico Compton. §>la den
sidad, 2, y A 'son el nmero y peso atdmico, respectivamente,y K
es un parémet&o de la energfa de los rayos gamma, que tiene los

valores de la tabla siguiente.

Energia del fotdn. K
Mev. | : Barns/electrén \
\
0.01 g ' 0.637
0.02 v ‘ ; 0.616
0.03 ! ‘ 0.596
0.06 ' ’ ! 0.561
0.10 , . 0.493
0.15 ‘ ‘ ! 0.444
0.20 ; ‘ . 0.407
0.50 : i 0.209
0.00 ' 0.235
1.00 | 0.211
1.50 ‘ 0.172
2.00 ‘ ‘ ’ 0.145

De la ecuacidén anterior se puede ver gue para una cenergila
dada, la probabilidad§3— depende directamente de Z/A;que excep

to para el hidrdgeno,que Z/A = 1, para todps los demds elementos .



@

Zz/A = 1/2 y en consecuencia,excepto para el hidrdgeno, T sera
aproximadamente proporcional a la densidad del material inde-

pendientemente de su composicibén quimica.

En el Efecto fotoeléctrico un fotdn gamma interacciona
con un &tomo, emitiendose en el fendmeno un electrdn atbdmico
orbital, con una energia cin&tica igual a la energia del fotdn

menos la encrgfia de amarre del electrén.

En este proceso el fotdén es completamente absorbido y el

dtomo es dejado en estado de excitacién,del cual se recobra

_por la emisién de rayos X de fluorescencia caracteristicos,d de

los 1lamados electrones auger,que son emiﬁidos de una capa su-
perior debido al choque del rayo X anterior con &l; en un pro-
ceso podriamos decir auto fotoeléctrico. Sin embargo los rayos
X de fluorescencia o los electrones ouger que acompanan al efec
to foto eléctrico,en’elementos ligeros como lo son los constitu
ventes de los sue%os, para todos los prop6sitos prédcticos, in-
cluyendo el nuestro, pueden despreciarse debido a su bajisima

energia y en tales casos el efecto fotoeléctrico representa una

absorcibn pura.

La probabilidad de que el efecto fotqéléctrico suceda cs
diffcil de calcular- debido a que su ley varfia para diferentes
valores de la energlia Lo. Sin embargo para fines précticos y si
la energia del fopén es lo suficientemente pequena para despre
ciar los efectos relativisticos, pero suficientemente grande
para poder despreciar la energia de amarre, o enlace de los elec
trones del nivel K, la probabilidad de que el efecto fotoel&c-

trico suceda en cmz/ gm. Seglin Davisson y.Eans es la siguiente
: i -1 £
cw = [C = 2= ‘
G i B0 KR ER

donde K es una constante y Q es la densidad del elemento v X

es la energia del rayo gamma.




La ecuacidn anterior,explica solamente la expulsidn de los
electrones del nivel K del &tomo,a la' cual corresponde un 30%
del efecto fotoeléctrico.

La propiedad mas importante de ;C: es§éependencia al
nlmero atdmico Z del elemento blanco y a la energia del fotén:
como se ve,es directamente proporcional/a Z5 @ inversamente pro
porcional a ( h) ) 7/2 esto es;para una energia dada ( o sea
una h )) dada) el efecto es mucho mis importante en los elementos
pesados que en los elementos ligeros, y también cuando se tiene
un elemento dado (o sea una 2 dada), el efecto es mucho mas im-
portante a bajas energlias. Por lo anterior podemos ver que el
efecto fotoeléctrico para una energia. dada,depende grandemente
de la composicidn guimica del material asi como de su densidad.

Otras formas de interacci6n de la radiacién gamma con la
materia son las conocidas como "produccibn' de pares", Efecto fo-
toecléctrico nuclear, y la Dispersiénvde Thomson y Compton ejer
cida por nucleos gon preferencia a los electrones. Pero debido
a que al nivel de .energias con que nosotros trabajaremos, es-
tos tipos de interaccibn carecen de importancia, no las veremos
‘aqui, sin embargo, si el lector tiene un mayor interés en esto,
en una excelente coopilacién publicada por, C.N. Devisson y R.D.
Evans,se recegen los resultados de la teoria de la interaccién
de los rayos,gamma con la materia y se comparan con datos ex-
perimentales dandose muchas tablas y curvas que prgsentan de
manera Gtil una gran parte de la informacién hoy dia disponi-
ble. g ‘

Desde nuestro punto de vista,donde solo los efectos Comp-
ton y Fotoeléctrico tienen importancia dentro de las formas de
la interaccién de;la radiacidn con la materia,el coeficiente
total i/u.) de atenuacidn serd la suma de los coeficientes de
Compton (G~ ) y fotoeléctrico ( ©) anteriormente analizado.

Una representacidn grafica de la impértancia de estos efec

tos se dan en las,gr&ficas siguientes.

1

O

O



" La med1c16n de den51dad de- materlales con- radiois6topos

puede hacerse de dos formas, operac1onalmente distintas, una

»

por. retrodlsper516n;gamma y otra por absorc16n gamma, aqui
' 1 .

veremos el metodo de retrodlsper516n.g b
i

s B método hecesita de: un emlsor de rad1ac1on gamma y de

an contador de rad1ac16n,4el cual’esta impedido de contar 1la

| |
rad1a016n dlrecta por medio: dé- un bllndaje adecuado, Dicho .

~arreglo se coloca en: 1a'superf1c1e de/un.medio.de volumen in-

*finité;-entendiéndose‘por‘volumenvinfinito=al‘volumen méximo

de ese- medle que afecta a la respueota ‘del" detector. La ra-
diacion- en su proceso de transmlslon éentro del medio_,es dis-

parsada por los dtomos de esta- y algunos de dichos rayos dis-

\ v

persadoslllegan al. detector. La cantldad de .rayos_que llegan

AT

al detec?or son una func16n de la densldad del mlsmOu

¥ - 'Pbmo
‘ 73@n}c gy/zs oo gif

Radrachival \ | }54 " G v
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. :Debido-' & -que-en el proceso dextransmisién -de la radiacién

| e
‘a través del medio, cuando.'.esta - tiene'venergfas ‘del orden. de 2

. ‘ ) . . T4 R -
- Mev o -menores” (Que ‘es’ el:rango de .los/ radioisStopos ‘usuales), y

cuando‘al»medioflo’cdﬁstituyen=élementos«de nmero. atémico ba-

jo, como lo’ son”los constltuyentes de‘los suelos; los efectos

’»fotoelectrlco y Comptony,son 1los' mas - 1mportantes,por lo gque,del

andlisis de las ecuaciones gue valoran la probabilidad de inci
dencia de dichos efectos a través de la transmisidn de la radia
cibn dentro del medio,podemos sacar las siguientes conclusiones

tomando en cuenta las ecuaciones 6 y 7.




S = ? ;a/ ¥L donde K es una funcién decreciente
A de la energia.

— s ] donde E = h )J energfa del rayo
o= p o Hew

gamma.

1) .- Si consideramos que los radiQisétopos mas usuales tienen
energias de entre 0.6 y 2 Me& Yy para los elementos cons-
tituyentes de los suelos,de los cuales el mids pesado es
el fierro con Z = 26, se puede observar en la grédfica
IV-2,que las radiaciones prlmarlas sufrirédn casi total-
mente efecto Compton, por lo que se dispersarin perdien-

do energia con la siguiente ley. (ecuacién 5).

h»'_ : h)-)o
, V¥ e (1-Cosg)
donde Moc” = 0.511 Mev (energia del electrdn en reposo)
o
para @ 180

si h l); = 0.6 Mev

n)' = 0.o11 = 0.176 Mev

x 0.5 = 0.3066 _
0.511 + 2 x 0.6 1.711
Si h))o = 2.0 Mev
\ ‘ )
N 2) _ 0.511 x 2 _1.022

= 0,511 + 2x2 - 4.511 ~ 0-226 Mey

A este nivel de energias el éfecto fotoeléctrico tiene ya
cierta importancia aunque el efecto Compton domina afin. Sin em
bargo habra fotones gue através de su recorrido sumen deflexio
nes de méds de 180 ,Y en consecuenciar pierdanmayor energia,lle-
gando a n;veles del orden de 0.09 Mev.,,como muestra los espec-
tros de la Fig. XV-3,donde el efecto. fotoeléctrico sea dominan

te. De lo'anterior se concluye que los fotones retrodisversados
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. que pueden llegar a ser contados por el contador ‘tienen. ya. ener

gias bajas Yy en consecuenc1a son susceptlbles a ser absorbldos

N fotoeleétrlcamente con una probabllldad C;'“J ? Ebé\ /ﬁéii‘g

"Q~uea que estos fotones serén absorbldos en mayor. o menor. grado,

d pendlgndo de la comp051c16n quimlca del suelo ‘que es. funcién

EASIR A . Io) S

_ dlrecta’de z .Y en consecuenc1a dlcha comp051c16n quimlca del
suelo tamblén afectaré a 1a regpuesta del contador._. o
P St ) AR Lo e - . .
A i ' , . o
T B —e s I LA R TP S Tal v W TR PR D U H
N , . . TN ": i . PR “:«4 | S S, - :::L /~ IRESAIAT B ’ E e !
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3 ’; L - e h‘f:‘rj o ~ - :
I
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(3" “\ | 1‘1‘"\ 1 ~ 4
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M L =, s + PR + t
o4} - g AR ' o .
N / - I N N N (5”‘~u‘*:,:u_ik.4\:..» il
o ‘ ) .",, canl e mnoalduiie eh o wu ~
? S
o\ : o2 X (Mev) o
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SELECCION DE TRAZADQRES.- (}
La seleccidn de trazadores es una tarea necesaria anterior a nue-
vos usos de radiois6topos. La tarea requiere que tanto la forma -
isotb6pica como la quimica sea escogida en base a la funcibén que -
debe desempefar. La seleccibn del isétopo se atenderd de acuerdo
a su vida media, actividad especifica, tipo de radiacién, energia
de dicha radiacién y su comportamiento fisico . quimico. La selec-
cién de la forma quimica es algunas veces tan severa, que sblamen
te un isbétopo puede ser escogido. Esto es particularmente cierto
en el caso de muchos problemas de quimica org&nica donde el cl4 o
el Tritio (H3) deben frecuentemente ser usados. Naturalmente en -
tales casos las caracteristicas de vida media y tipo de radiacidn
pueden ser sacrificadas.
llay muchos casos sin embargo, en que se puede escoger entre varios
is6topos de diferentes caracteristiqas. Por ejemplo, en estudio -
de flujos en corrientes de hidrocarburos, requiere sblamente que

el trazador sea soluble en ellos. ‘

VIDA MEDIA.-

\

La vida media es de importancia variable. Naturalmente ésta debe
ser suficientemente grande como para permltlr el uso del trazador.
La obtenc16n de un radioisb6topo de 1nstalac1ones de produccidn le-
jJjanas, la prcparac16n del trazador y la apllcac16n, son todos con-
sumidores de tiempo, por lo que una cantldad significante de traza
dor debe sobrevivir antes de dar el sigquiente paso. Por otro lado
es conveniente minimizar los posibles eféctos de la prolongada ra-
diactividad después de completar 1la apliéacién. Esto es logrado --
por (1) usando una mfinima cantidad de radiactividad, (2) recuperan
do el trazador o (3) usando un is6topo de relativamente corta vida
media, tal que en una semana o en un mes esté totalmente decaido.-
El1 Gltimo método es el mejor de los tres, ya que el primer método
frecuentemente se opone a la realizacibén de una velocidad de conteo
adecuada de la muestra marcada, y el segundo puede ser engorroso,
incompleto 9 muy. costoso. ﬂ } ()
Si una serie de pruebas sucesivas con trazadores son desempefnadas
en el mismo equipo y no hay posiblidad de remover toda la activi-

dad de los trazadores después de cada prueba, es conveniente usar

.
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act;v1dades que puedan decaer completamente entre prueba y prueba.
De 1lo contrarlo, -cada prueba tendrd una mayor radiactividad de fon
do quﬁ,la precedente y como consecuencia decrecers la precisibn es
tadistlca. Tamblen la necesidad de mlnlmlzar'los niveles de radiac

thldad en 1los productos y_en corrientes de desecho es obvio, lo -

~cual es otra rqzon para evitar. el uso de.isbtopos con vida larga -

cuando ésto es posible. e . : s

Los ;aboratorlos con fuentes de neutrones estén ‘en una posicidn --
partlbularmente favorable, ;puesto ‘que los 156topos de muy corta vi
da media (mlnqgosﬂa‘hords)\pueden ser usados. inmediatamente des- -
pués de su produccibn. Mds afin, la forma quimica,puede ser obteni-
da éntes,de‘la'actichién o el trazador puedefser activado después
de la -ueba. En tales casos la manipulaciéﬂ de materiales radiac-
tivos es minimizada. |

Una Gtil fuente de actividad de corta v1da medla es wun radlolséto-

4
"po de vida medla grande, que decaiga en un hl]O radlactlvo de v1da

media corta y gue sean f&cilmente separablesﬁ Un nﬁmero grande de

tales pares padre-<hijo-son’ conocidos’ los m&s " Gtiles de los cqales
son .sr90= y90, p5140_p140 (g137.5,137 [y T132-I132

137 (v1da medla 2.6 mln) del Cs

. Un aparato au-
tom&tico‘para-extraqéién‘del B 137

(vida media -30 .anos) ha 'sido descrlto por Newacheck, Beaufalt y -

(1)

Anderson . E1 is6topo del bario el cual emite’ ‘radiacién ganmma -

de 0.66 MeV, es preferentemente extraido de 'una resina de inter--

cambio iénico mientras el padrec permanece absorbido en la resina.
El aparato es llamado "milker-gamma" y eétéhmostrado en la fig 5-1.

ACTIVIDAD ESPECIFICA - N L VR -

l
La act1v1dadrespecif1ca como vélocidad de de51ntegrac1on por unl-

dad de peso o de volumen de la‘matrlz,‘es frecuentemente ‘un factor
importante en la selecc16n del trazador. La,1mportanc1a de la actl
vidad especiflqa ra@1ca enxque muestraé razonables tengan suf1c1en
te actividad para ser' contadas con’ aceptables errores estadistlcos
y que el trazador né)sea tan pequeho’ que su comnortamlento guimico
o fisico sea 1nclerto. Cada aplicacidn de trazadores deberd ser --
examinada des de un punto de vista de p051bles limites: maximo y/o

minimo de la ac;1v1%ad especifica.

i
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In el caso de aplicaciones en Radiografia. se necesitan fuentes - C)
muy chicas, Eeériéamente puntuales para obtener figuras bién de-
finidas, en conseéuencia la fuentce debe tener la mdxima actividad
especifica. Isbtopos con baja actividad especifica son frecuente-

mente necesarios en estudio de flujoé, por ejemplo, vara minimi--

zar el efecto de absorcibdn del radioisb6topo en la superficie del
recipiente o en las paredes del tubo. |

El uso de un isbtopo-en aplicacidn de trazadores envolver& consi-
deraciones de la actividad especifica relativa del tipo de radia-

cibén que se contard, pués el radioisdtopo puede emitir varios ti-

pos de radiacibn a la vez. Por ejemplo, una muestra de Cr51

puede
tener un total de 100 desintegraciones por minuto por mililitro,

pero sb6lo emitir&:9 gammas.

TIPO Y ENERGIA DE RADIACION.- ‘ i

El tipo y energia de radiacién son generalmente seleccionados‘en

base a consideraciones de deteccibn. Naturalmente esta dlscu51on <>
es apllcable a aquellos casos en que se tlene alguna llbertad de
escoger. Muchas circunstancias restrlctlvas algunas veces provo——

can el uso de s6lamente un isétopo partlcular, y éste a su vez im

)
pone el equipo de conteo necesario.

| - ) "
EMISORES ALI'A.~-

r

Son generalmente esqulvados en la selecc16n de trazadores por:nume
rosas razones. Ellos son de diffcil medlcrén, a menos que ellos o
sus hijos también;emitan radiacidn beta o,gamma. Es cierto que con
instrumentos‘sensibles es posible deEectar alfas, pero el instru--
mento debe sér llevado muy cerca de la fuente dentro del rango de
alcance de las particulas. Como regla general los emisores alfa son
bloléglcanente muy peligrosos cuando se 1ng1eren. La concentrac1on
maxima permlslble)de varios 1is6topos (Pozlo, apareciendo naturalmen
te del uranlé, 239), los cuales son emlsoreg gamma, estd en el ran
go del mlcromlcrogramo (10~ 12g) que pueae.rec1b11 los pulmones. Es- <>
tas substancias deben estar clasificadas entre los venenos mas t&xi
cos. Ademds hay que tomar cuidados extras .y destreza para prevenir
la dispersién de los emisores alfa. La dispersidn se produce en ==

; : .



grandes cantidades de "recoil" (efecto que sucede cuando choca =~
una particula pesada contra otra también pesada. Sucede una espe
ciz de rebote, disperséndose ambas partficulas) por la energi. im
vavtida a los ndcleos emisores alfa, la cual es disipada por co
lisiones en la muestra matriz. Si la muestra es dejada sin sellar
puede ser dispersada apréciablemente por este efecto de "recoil".
Los tres factores: dificil monitoreo, dificultad de contenimien-
to y toxicidad, argumentan que sblamente el personal debidamente
entrenado puede usar emisores alfa y finicamente cuando no haya -

ctra posibilidad.

EMISORE. 3LETA.-

\ :
Componen la mayor parte de las espec1es gadlactlvas. Ademé&s como
vimos en el capitulo 3, las betas oueden ser detectadas con efi-
ciencias altas a dlstanc1as razonablés de la fuente. Los emisores
beta puros estén enllstados en la tabla 5 -1, ofrecen una gran --
ventaja en su man10ulac16n sobre los emlsores alfa y gamma. Por
ejemplo, el materlal marcado con trlth puede ser empleado en can
tidades de curles mediante un 11gero bllndaje. Esto no significa

L
gue otras segurldades contra la contam1nac16n e ingestidn puedan

ser olv1dad;§. Fn otro caso un curie de Co60 que es un poderoso -
emisor gamma, da una dosis de 15 roengtgens por hora a un pie de
distancia. Incluso si el Co®0 fuera rodeado por 6 pulgadas de ace
ro, el nivel de rad1ac16n en el exterlor del blindaje serd de al-
rededor de 30 mlll roengtgens por hora. 2

La comparativa facilidad de man1pulac1on del tritio en cuartos --
cerrados es obvia e 1ilustra un factor en favor del uso de los emi
sores' beta.-Para identificar el isdtono emlsor beta de una muestra,
puede hacerse mediante la 1dent1f1cac16n de la energia méxima de
las mismas, pués ésta es caracteriQtlca de cada 1isbtopo y difieren
por alrodcdor de un orden de magnltud.

Lstos factores, f5c1l manainulacidn, féc1l conteo y QlLercnc1501on
de energias,~son de gran importancia en apllcac16n de traz dores,
principalimente en problemas de quimica orgdnica y biogquimica. Por

14

ejemplo, la energia méxima de las betas del C y de H3 difieren

por un orden de magnitud (0.156 y 0.018 Mév, respectivamente). -

"
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Asi ellas pueden ser usadas simult&neamente para marcar uno o -
dos compuestos otrgénicos. ; ﬁ ‘

E1l "Bremsstrahlung" es algunas veces una | rad1a01on peligrosa --
asociada con la emisidn beta, espec1almente de actividades gran
des de betas muy energéticas. En este caso, aungque el problena
de blindaje'de los emisores beta puros es mucho menor que para
los emisores gamma, el nivel de radiacid en la vecindad del con
tenedor de la fuénte beta no debe ser despreciado. El Bremsstrah
lung esté discutido de una manera m&s completa en los capitulos

1y 9. 4 ‘

EMISORES GAMMA.- ‘ )
1 I’ I .
Tienen varias éreas en las cuales su uso K es recomendado. Primero,

la rad1ac16n gamma es la mé&s penetrante de las radiaciones nuclea
res Gtiles. Por lo tanto, cuando es necesario o deseable que la -
radiacibn aﬁraviése cantidades de méterial considerables antes de <>
ser contada, un emlsor gamma deber ser seleccionado. Tales necesi
dades ocurren por ejemplo en radlografia (ver capitulo 11l). La ra
diacién Denetrante es frecuentemente necesarla en estudios con --
trazadores en gr%n escala, tales como determinaciones de veloc1dad
de flujos en tubos, en el cual debe, ser contado in situ. Las mo-—-—
dernas técnicas de c1nt11a01on (discutidas en los capitulos 3 y 6)
nara deteccidn de gammas, hacen posible ia medicibébn de muy peque-
aas act1v1dades especificas cuando se cuentan muestras grandes. -
Ademds, en la mayoria de los usos de gran escala de los estudlos
de trazadores, lﬁs muestras pueden tener jun buen tamano. En;§d1-~
cibén, el ca%écter mono energético de la emisibn gamma sirveipara:
la identifigaciéb espectrométrica de este tipo de radiacidn mds -
significante querla de la radiaciénibetaf la cual no es mono ener
gética. De aquil éue aplicaciones qué reqﬁieran varios trazadores
distintos s?n poslbles con isbtopos'gue emitan gammas con energilas
dlferentes.gLa 1dent1f1cac16n de cada isftopo de mezclas de isbto-
joleX] conoc1d@s oor medio de espectrometria gamma es con51de1ablenen C)
te més rédpida que la identificacidn:por su vida media. Otra venta-

ja en el use de emisores gamma es la facilidad cdn la cual puede --

. . . |, .
ser mantenido un.monitoreo de sanidad y de contaminacién. Los mate
i i 3 #.
- ! n N



riales contaminados, los cuales pueden ser peligrosos para la sa
lud o para el buen éxito experimeﬂtal, bueden ser répidamerte =--
cascubilertos con un contador G-M, o un monitor de centelleo., LEs=-
n es una 'particular conveniencia cuando se desea conocer si la

carte interior de una pieza del equipo estd contaminada con ras-
tros de radiactividad. Los emisores beta puros son frecuentemen-
te indeteétables en tales casos. Una lista de Gtiles emisores --

4

gamma estéa dadajen la tabla 5-2.

U

N

Ge puede aprecfar de los factores anteriores, que un laberatorio
vaerdaderamente vers&til debe estaf'equiﬁado para el uso ta.ato de
emisores beta como de emisores gamﬁa, ys gue cada uno tiene ven-
taza. Sin embargo, la cantidad de instrumentacidn gue permitca tg
ne. un conteo de radiactividad dptimo, para cualquier circunstaé
cija representa un capital significante. Debido a é&sto, la mayoria
de los laboratorios de conteo son construidos en varios periodos
fiscales. 'Con é&sto en mente, el presunto usuario de radiactividad
debe considerar cuidadosamente cudl equipo serd el de méas inmedia

to valor para é&l. ! |

EMISORES DE RAYOS X ,

La rddlac16n electromagnética isotlpica muy débil, rayos X subsi-

gulentes a modo de decaimiento por captura de un electrdn, es a -

veces escogida para aplicaciones espec1ales. Un nmero de isétopos

que emiten este tipo de radiacibn estd dado en la tabla 5-3. Tal
{
radiacidn puede ser usada en aparatos para determinacién de sulfu

ros de azque, por medio de sus propledades especiales de disper-

#
|

sibn o aosorc16n, como el que se descrlbe en el capitulo 12 Un -
;

emisor de rayos X puede usarse como un estandard de long¢tud de -

onda en conjunto con midquinas de rayos X.

T'ORMA DE TRAZADORES, ~

La forma fisica y guimica de un trazador es tan Importante en la

scleccidn de un isdtonc, como el tipo de decaimiento del mismo. -

En muchos casos’ un sblido tal como cilindros de cobalto o carbona

to de bario o una simple solucidn puedc:ser directamente usada pa
.

ra una awvlicacibén de radioisbtopos! Sin embargo muchas aplicaciognes

e | %




requieren alglin proceso preliminar del isbtopo para ponerlo den-
tro de una forma fitil. El1 proceso puede envolver encapsulamiento
de fuentes bgta O gamma, procesos inérqénicos, quimicos o biosin
tesis o cambio isotdpico. j

En algunos casos el compuesto debe ser marcado o alguna mezcla -
de compuestos y otras substancias pueden ser directamente irradia
das para producir el radiois6topo en el compuesto deseado. Fuente
sellada para radiografia gamma son uéualmente contenidas en contg?
nedores magnéticos de acero inoxidable, el cual incluye, tanto un
metal para sellar metal (algunas veces con empaquetadura de plomo),
y una soldadura de plata o un sello de so;dadura secundario. Las
figuras 5-3 y 5-4 ilustran contenedores tipicos de fuentes de - -
Cob0 para radiografia y teleterapia. Las fuentes metdlicas de co-
balto son usualmente doradas (antes de la‘irradiacién) para dismi
nuilr una posible abrasidn al desempolvarse, O un posible descasca
ramiento. , ¢
Cicrtos requgrimi@ntos han sido puestos pgr la AEC para que ten-—--
gan etiquetas y pxuebas de fugas lasjfuenges selladas. Por ejemplo
es necesario que élgunas fuentes tal§§ COmo Cob0 ¢ 1rl92 sea pro-
bada la soldadurapara evitar fugas Qespués de ser encapsuladas y
hasta después de 30 dias de almacenaqse pqeden ser usadas. Otras -
fuentes selladas m&s peligrosas, lncLuyendo las fuentes beta Sr90
y cs137 requileren -pruebas contra fugqs poq estrorajeo, 1nmer516n o
limpiar frotando con intervalos de 6 mesesg. El sellado de las fuen
tes de cobalto doxado, Irlo2 Yy Tal82 en formas met&licas discretas

85 es—

no requlerenlprueQas de fugas semianuales. Las fuentes de Kr
t&n excentaslde estas pruebas, ya que las bérdldas de K85 son, fa--
cilmente dlsp@rsaQas en la atmdésfera.

Los procesos?inorqénicos u orgénicos;de rqﬁioisétopos son simila--
res a las opgraciqnes con los elementos quimicos estables correspon
dientes, excepto en los requerimientas de‘%rabajar con muy pegueﬁas
cantidades dg mateiia y la necesidad‘@e obgervar los requerimientos
de seguridad ﬁmpuastos por las radiaoiones{particulares envue}tas.
Una regla gen@ralkzaaa para seleccionar trazadores, es 51molemente
escoger el 136topo de mixima seguridad, f&cil deteccibn con el equl
po dlsponlblev posibilidad de 1ncorporac16m dentro del sistema a -
ser estud1ado~y fac111dad de manipulacibn.y La seleccibn del trazador

| ‘ ﬁ 3 #.
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es una parte importante de la planeacién de una prueba con traza- |

dores., Aspectos aglclonales de la planeacibn de una prueba de tra

Zadores son con51derados en el capitulo 6.
N
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A

CALCULOS PARA UN EXPERIMENTO CON TRAZADORES

INTRODUCCION. -

Los c8lculos requeridos para un experimento con trazadores radiac

tivos envuelve una cuidadosa consideracidn de todos los aspectos
del experimento. Para planear una aplicacibén con trazadores pro--
ductiva, la naturaleza del sistema debe ser probada y evaluada la
precisibén requerida. Teniendo primero definido el experimento, es
posible seleccionar el radioisbtopo més adecuado (ver capitulo 5)
y en una forma quimica apropiada. El isb6topo, y algunas veces su
forma quimica, determinan el tipo del equipo contador gue debe --
ser usado. Un limite inferior estd basado en la cantidad de'radig
is6topos necesarios para la precisibn requerida en el resultado,
el ruido del detector, el tiempo y eficiencia de conteo, y la di-
lucién de isétopo que ocurre en el experimento. Sin embargo, un -
lfimite superior es impuesto por considerdciones de seguridad ra--
diol6gica (ver capitulo 8) y en algunas ocasiones por el costo --
del radioisé6topo.

En la préctica algunas veces acontece que el equipo contador dis-
ponible es adecuado sblamente para ciertas radiaciones o ciertas
formas de muestra; en tal caso, tanto el experimento como los de-
tectores disponibles determinan el isb6topo y su forma. La manipu-
lacidén posterior al experimento puede también ser preplaneada pa-
ra proveer una mayor rapidez de informacibn aprovechable y para -
verificar lo-adecuado del plan experimental total. Por ejemplo, -
considerando el caso de un experimento en'el cual dos isétopos di
ferentes sean usados simultdneamente (vepjpég. 216) y sea necesa-
rio determinar la cantidad de cada isb6topo en las muestras, los -
datos de la planeacibn de la manipulacidn para tal experimento, -
indicar&n cudl de cada isbtopo serd mas necesario, si cada isdto-
po fuera usado aisladamente. N ‘

Este es el piopésito de este capitulo, discutir la influencia del

tipo de experimento, informacibn de precisiébn, métodos de deteccidn

y datos

topos y

de tgcnicas de manipulacibn en un,experimento de radiois&- ()

los requerimientos del trazador. |



<> B - CONGSIDERACIONES PRELIMINARES.-

Ivwformacidn de Precisidn.

Ur - consideracidén primordial en un experimento con trazadores, -
er 2l madximo error tolerable, que como se mostrar§ posteriormen-
te, puede ser estadisticamente relacionado afﬁg-minima relacibn .
senal-fondo o ruido provistas por el detector. Este factor deter
mina el minimc nGmero de eventos que deben ser totalizados para
proveer la informacidn deseada. Normalmente el tiempo disponible
ooy medicidn es limitado, lo cual es un factor que acoplado con
el nimero minimo de eventos calculado para ser medido, determina
la velocidad de conteo necesaria. ;
Supc iendo que el valor de la desviacidn gestandard U es + 10% de
la senal neta sea un error aceptable, que es el error en el valor
neto de la senal, no excederd de un 10% m8s gue en una tercera -
parte de las veces*. Por otro lado, suponiendo que hay una limi-
tacidén de 10 min por determinacidn, y que el fondo del detector
<> es 200 cpm, entonces

/ Rtotal(muestra+fondo)(Cpm)+Rfondo(Cpm)

U net

T (min)

Jr_(x+200)+ 200
10 '

X = 64 cpm requeridas

o seca ' 0.1X

i

Las determinaciones con "Ratemeter" estdn sujetas a cdlculos.simi
lares, excepto en que el tiempo efecgivo de medicidn estd relacio
nado a la constante de tiempo del aparato. La constante de tiempo
puede ser determinada dejando al instrumento llegar a una veloci-
dad estable con una muestra activa yiobservando el tiempo requerl
do para que la velocidad indicada caiga e 1/e de este valor previo,
cuando se retira la muestra radiactiva. Este tiempo es por defini-
CD cién la constante de tiempo RC para el sigtema. El tiempo de con--
teo efectivo de un Ratemeter rd igueal & dos veces la constante de

tiempo. Puesto que RC es usualmente dado en segundos, la expresidn

- V0 —
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apropiada para la desviacibn estandard en cpm es

30
, R (cpm)
total = tot
RC
< 30 30
- TYR (cpm) + “°R (cpm)
neta = tot ‘fondo

RC

El Sistema a Ser Estudiado.

Los experimentos con trazadores son usados en muchos tipos de sis
temas, tales como magquinaria, pozos petroleros, torres de destila
cidén, tuberias, mezclado en tanques, reactores quimicos, etc.; =--
para estudios de prpblemas tales como velocidad de flujos, eficien
cias de meiclado, etc. El interés inmediato es la relacibén entre -
el sistema y la cantidad de radioisétopo necesario. Una ocurrencia C)
comin en casi todos los sistemas es la dilucidén del trazador ade-
cuado.

E1l factor dilucibn debe ser estimado anteriormente a la prueba,--
ain si éste es un parametro basico a ser determinado por la prue-
ba. En cicrtos casos la cstimacidn de la dilucidn es dificil. Por
cjemplo, cl drea de la superficie de aceite en una fuente de sal-
muera puede no ser conocida, sin embargo ésto puede ser deseado -
para una solucibn de trazador que flote en la superficie para de-
terminar esta elevacién. La misma dificultad se puede atacar de -
forma diferente, basindose en la algunas veces incierta velocidad
con que el .trazador puede ser introducido en el sistema para ser
contado. Tal es el caso cuando el desgaste de una parte de un me-
tal pone radiactividad en el medio lubricante donde éste serd de-
tectado, o cuando el ingreso coloca un material no vol&til en un
destilado, ;el cual ser& analizado para buscar el material radiac-
tivo. En estos casos se postula una dilucidn méxima posible o una
velocidad minima de inyeccidn del trazador. C)
El método fisicog de colocar el tra%ador en el sistema, es un impor
tante factor en la determinacidn de la cantidad de trazador reque-

rida. Si una inyeccibn r&pida es hecha dentro de un sistema fluyen

L
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Go, es posible medir el tiempo de llegada del primer pulso de ac
tividad en varias partes del sistema con bastante precisibn y --
cor una relativamente pequena cantidad de trazador.
Sulizacuentes movimientos de la actividad debidos a mezclado, re
ciy.ulacidbn, etc., pueden ser observados también, pero requerirén
une relativamente mayor actividad por la inevitable dilucidn del
priwer pulso. Los "Ratemeters", cuando se usan en este tipo de -
tribajos de prueba, deben tener una constante de tiempo ajustada
para permitir el pico del pulso en el registrador e investigar -
su verdadero midximo, si datos cuantitativos son necesarios.
Algunas veces es deseable hacer una larga inyeccidn continua para
poder evaluar el estado de estabilidad de la distribucién de la -
activ.dad en el sistema. Esto también tiene otras ventajas précti
cas, como cuando las muestras son tomadas, el tiempo de muestreo
no es critico, las eficiencias de conteo (relacifén de cpm a desin
tegraciones por minuto del trazador), son mds facilmente determi-
nadas y con pequenas fluctuaciones, una operacidn puede ser el pro
medio de varias muestras. :
La forma quimica del trazador estd determinada por los propdsitos
del estudio. Este tema es tratado en el capitulo 5. Sin embargo,
puede ser anotado que en ciertas formas no sblamente la cantidad
de actividad, isino la cantidad de material marcado debe ser consi
derada desde el punto de vista de dilucidnen el sistema. Por ejem
plo, s1 10000 particulas de un catalizador son marcadas y diluidas
con 50 toneladas de un catalizador fino en un procesamiento unita-
rio, la posibilidaq de obtener estadisticamente muestras represen-
tativas de ra;onable tamano (0.01 a 5;libras), puede no existir, -
simplemente porqgue el sistema tendr& una particula ﬁarcada por ca-
da diez libras de catalizador. : \
El sistema y la informacién deseada, usualmente dictan el métodc -
de deteccidbn del trazador. Porejemplo, es dificil obtener muestras
de una destilacidn vacuosa unitaria. En consecuencia, es necesario
para seguir la actividad, un arreglo de detectores en la periferia
de la unidad. Los detectores externos son frecuentemente deseables
.siempre y cuando el muestreo sea posible. Ppr ejemplo, en tuberias
en el marcado de interfase es necesario operar vdlvulas réapidamen-

te después de detectar la localizacidn de la interfase. Algunas --

¢




veces el is6topo radiactivo tiene una vida media corta (por ejem-

olo el Bel3? 137

producido del Cs por el efecto Milker), lo cual -
se necesita para el conteo in situ. En tales casos se usan eficien
cias de deteccibn y tiempos de conteo menores que las Sptimas, --
puesto que la geometria muestra-detector es generalmente mala y la
actividad del pulso pasa ré&pidamente. Asi deben ser usadas rélati-
vamente mayores actividades que las necesarias cuando se toman mues
tras. Ademds, el tamano de la muestra estd fijado por el sistema.
Si muestras pueden ser tomadas, es posible obtener mayores eficien
cias de conteo, permitiendo vidas medias isotbpicas para conteos -
de tiempo largo. Asi, puede apreciarse que cuando no va en perjui-
cio de los reéultados del experimento, se requiere menos trazador

cuando se obtienen muestras, que cuando se cuenta in situ.

Preparacidén de Muestras para su Conteo. i

Las muestras tomadas en una prueba de,trazadores pueden ser presen
tadas al detector en varias formas. Una muéstra liguida grande, =--
arriba de 5 litros, puede ser colocada en Un vaso y un contador de
centelleo o Géiger:M sumergido en &1 (tal arreglo Se conoce como -
"conteo sumergido"). El método es también itil en materiales de --
particulas finas. Muestras un poco chicas usualmente menores de 50
mililitros pueden ser colocadas en un recipiente y éste a su vez -
introducido dentro de la cavidad de un contador de centelleo o la
cavidad formada por varios tubos Geiger, lo cual es llamado "conteo
6ptimo”. Una muestra casi de cualquier tamano puede ser colocada -
simplemente junto al detector y a esta forma se le llama "conteo -
de frente". Estos arreglos requieren la manipulacidn de muestras -
pequenas. |

En algunos casos los arreglos anteriores no son suficientes. Puede
en ocasiones ser necesario precipitar el elemento radiactivo de --
una solucidn, 'filtrarlo en una fina pieza de papel filtro y contan
do la muestra resultante por "conteo de frente" con un contador --
Geiger o uno de centelleo. Tales concentradps son recomendables en
emisores beta de grandes muestras, para que. sean contados eficiente
mente. Un tipo,de filtro para facilitar este procedimiento se des-
cribe en (2) y es pfoducido comercialménte.f

.
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En muestras de liquidos orgénicos incoloros y transparentes de -
un volumen de alrededor de 50 ml ( e incluso s6lidos suspendidos
o papel filtrb), pueden mezclarse con un liquido cintilador, una
solucién de compuesto fluorescente en solvente orgdnico y después
contado. Si1 la muestra es acuosa, es hecesério anadir un solvente
tal como un alcohol o dioxano al liquido cintilador, éste disol-
verd una pequena cantidad (2% del volumen)'de la muestra. Este -
método es particularmente fitil en conteo de radiacién débil no -
penetrante, tales como la radiacibn beta de 18Kev del tritio. Si
una muestra dé tritio marcado es inadaptable al método de conteo
anterior, el tritio puede ser procesado a agua marcada con tritio
al cv-' se afiddird un cintilador conteniendo un solvente.

Las muestras gaseosas son usualmente medidas dentro de contadores
de gas o cémaras de ionizacibn. Las cdmaras de ionizacibn de arri
ba de 500 ml. de volumen pueden ser usadas para contar gases ta--

85’ clé

les como Xr O, etc. a presién atmosférica.

EFICIENCIA EN EL CONTEO DE MUESTRAS.-

Los varios arregloé posibles de conteo‘de muestras, puaden divi--
dirse en aquellos que colocan la muestra dentro del volumen sensi
tivo del detec;or, los cuales son llamados arreglos internos, y -
aquellos que colocén la muestra fuera del detector, los cuales se
conocen como arreglos externos.

La eficiencia de conteo en arreglos 1nternos, en términos de la -
fraccién de las desintegraciones detectadas, depende sobre todo -
de la emisidén por el isétopb de radiacidén detectable y de la pro-
babilidad de que la radiacién pierda energia en el volumen sensi-
tivo de contador para ser detectada, y de un factor llamado efi--
ciencia del contador. Ademds, si la muestra tiene una velocidad -
muy alta de deéintebracién, el contador podrd s6lamente detectar
una cierta fréccién,de esas desintegraéiones, debido al tiempo de
resolucidn del aparato o tiempo muerto (verfpég. 138).

La eficiencia de conteo en arreglos exfernoé estd sujeta a los --
factores, més ios siguientes: (1) La fraccifn de la radiacidn de
la muestra que el contador puede ver debido a la geometria mues--

|
tra-contador, (2) La fraccién de radiacibn en incremento o decre-




mento producida por la dispersidn y (3) La fraccibn de radiacidn
no apsorbida por la muestra u otros materiales que intervengan.

Los factores mencionados arriba pueden ser mostrados como sigue:

Q = (Y) (E) (O) (G) (5) (U)
donde
Q - es la frecuencia de conteo
Y - es la radiacibén detectable producida por desintegracidn
E - es la eficiencia del contador para esa radiacibn
O - es la fraccibn de radiacidn que no se pierde por tiempo

muerto

G - es el factor por geometria

0
|

es el factor de dispersibn
U - es la fraccién de radiacidn gue no es absorbida y que -

llega al contador

De estos factores, "Y" puede establecerse en el apéndice "A", --
"U" es discutido en el capitulo 9, "O" es tratado en el capitulo
4, Los Gnicos factores que se discutirédn aqui son "S", "E" y "G".
La dispersidén de la radiacidn gamma es discutida en el capitulo 1
Puesto que la dispersibdn de las particulas<A raramente concierne
a la aplicacibn de trazadores, s6lo se discutird aqui la disper-
sidén de particulas beta. Ademds, la dispersidn de las particulas

beta finicamente nos concierne desde el punto de vista de su efec

to en el conteo de dicha radiacibn. Este factor es considerable

en el "conteq de frente", pués en el "conteo sumergido" Y "conteo
6ptimo" es aproximadamente igual a la unidad.

Una muestra sélida con espesor menor al espesor infinito para es-
ta radiacidn beta y montada a un papel filtro podr&, cuando sea -
contada de frente, tener una mayor velocidad de conteo cuando ésta
tiene un respaldo de alta densidad, tal como un objeto de latdén -
que cuando tenga un respaldo de aire porque las particulas beta -
emiticdas en la direccidn del respaldo tienen cierta probabilidad
de ser deflectadas en la direccidn del contador y la probabilidad
de retrodispersibén es una funcidn del nGmero atdmico del respaldo.
Asi la dispeéﬁién del plomo es mayor que la del latdn, gg@go§e -
muestra en 1la, figura 6-2. De una manera similar existe dispersidn
#.
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dentro de 1la misma muestra.

Con51derando el caso-de una.muestra sdlida de 6xido de mollbdeno

marcado- con Mo?29, 1las particulas beta que serdn contadas con un

contador Geiger M por el método de "conteo de frente", tal como

-se rmuestra en..la figura 6-2. La capacidad de espesor infinitesi-

mal "X" més cercana al contador, produce una cierta velocidad de
conteo Rl. La . 51gu1ente capa que tenré& esenc1almente la misma ~--
geome@ria, producird la misma velocidad delconteo R; menos una -
pequefia fraccibn absorbida por ‘la primera capa. Integrando &sto

a tgda la muestra se tiene que

Rs = Ry (l+e'u¥ﬁ} dondé
Rs es la velocidad de conteo total. En términos de velocidad de -
conte. por unidad de peso de muestra (disminuye entre mis pesada -
sea la muestra, hasta cierto’ punto, ya que en un: pr1n01p10 la au-

toretrodispersién es mayor qué la autoabsorcibn, dando una curva
i ’ . ‘\\\\ rf‘ "’—"
4

i
|
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Un tratamientowdetallado de los varios“eventos de dispersidn para
diferentes dlspersores, materiales de la muestra y pesos de mues-
tra, es muy complejo, sin embargo la fig 651 es QGtil para calcu-
los aproximados (5 a 6%). En la préctica, una aproximaqién comple
tamente satisfactoria s6lamente se cumple con las correcciones ne

cesarias a través de una calibracifbn.

Sensibilidad dé los Contadores.

Los varios tipos de detectores de radiacidn disponibles estan des
critos en el capitulo 3. En este capitulo se hace énfasis en aque

llos detectores que'tienen alta sensibilidad a la radiacidn, espe

cialmente de muestras de cierto peso y para icontar muestras que -

t




no requieren preparacidn extensiva.

La satisfaccidn de este criterio permite un gran campo de aplica-
cibn de trazadores con economia, conveniencia y prgcisién.

Las técnicas de conteo por centelleo satisfacen con sobresaliente
buen éxito el criterio anterior y tienen un amplio rango de utili
dad. E1l contador proporcional, el de gas interno y la cdmara de -
ionizacibn son Gtiles para el conteo de gases radiactivos con alta
sensibilidad. El contador Geiger y los contadores especiales sin
ventana operando en su regibn proporcional o Geiger, son (tiles -
para conteo de muestras que emitan betas. Los contadores de venta
na delgada, los gue no tienen ventana y ciertos de centelleo, son
Gtiles para el conteo de muestras emisores alfa. Sin embargo, de-
bido lo peligroso, dificultad de monitoreo y algunas veces cos-
toso, los emisores alfa son poco usados en aplicacidn de trazado-
res, por lo que agui no se discutir&@ la sensibilidad de los conta
dores para particulas alfa. Un laboratorio equipade con un conta-
dor de centelleo liguido, uno de centelleo de cristal (2"x2" o ma
yor) de ioduro de sodio, una cémara de ionizacidn y un contador -
Geiger de ventana, ademds de los amplificadores necesarios, fuen-
tes de alto voltaje, ratemeters y escaladores, serd adecuado para

manejar una gran variedad de aplicaciones de trazadores.
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1.1 Atoms of the same chemical element wiih a different

. .
s

mass are isotopes, All elements, except a féﬁ, have two or
[ ERSP AT ° LA - PR J"\ /,‘ 23 ~4~327 .
more 1sotopes 1n naiure; exceptlona are 4ce, 5 1 llda. 13.;1,

fsP and a few othcrs wnlch have only one 1sotope (tne low o

1nnx is the aton1c nuwber. 1 e, the number of pro+ono present

v

s

in the atomic nucleus- uhe hxgh 1ndex 1s the atOﬂ*c nass, i.e.

- 3 - M

the number of protons and neutrons 1n tne nucleus)

5 -
-~

- .

l.2. Iuotopes can be snable or rad1oactzve. Rad10a0t1Ve

K LIRS - -
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are those whlch have an Lnat“ble nuclens and tend to be trars—
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formcd (dﬁcay/ 1nto isotopes of other elenénts vith ~1me- as a
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consequence, hhe1r coacentraulon in a closea system changes w1nn
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.1ne. Stable 1sotopes are those, whzcn have a nucleua with &
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stablc conflgurat:on. tnezr concent“atlon 1n a cloeed E?Qtem docs
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noi change uxth tlme, uqless they are not broduced by sone rad1o-
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act1ve element.
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1.3. Isotooes have almoot 1dentlca1 ché&ical nrope*txes and”

Y (-

are not in general dxs*lngulshable by wormal chcn;cal tecnnzcues.

. - - PR . N -

Never heless, wlth °u~taole in struren. ,(lzke a mass swect“owe*er,
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or a Gexoer connter in tne case of rudloqc ive 1sotoo s) t
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poss1bla to dlwt n*ulsh dlzferenu 1uo+0ﬁea of thé sgne eTemeﬂu hna

v -t . . T . Coamn oL

acter.lne tunl” conren»ratlon in a g*ven cowoo*ﬂd. As a'ﬁeéﬁlt, it
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nhas been possible to point out that 1cotopcs Have a sxlunt y different
Lo -

reasivion rate and diflereant disiridbution in coempounds in chermical

eguilibrium. Also sore physical procesnes, like effuzi or diffusion,
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are able to produce isotopic differentiations. All these variat:ons

in the 1sotopic composition of given compounds procdvced vy chemical

on

¥
0

or physical processes, are called isotopic fractionat .

The fractionations gre higner for light elemenis, because the
relative mass difference i1s higher : for insiance, the largest
Tractionations are shnown by hydrogen 1sotopes whicn have masses
1 and 2, with a relative difference of 100}.

l1.4. Isotope hydrology can be dlvided into two main branches :
Envirormental i1sotope hydrology and artvificial isotope hydrology.
The first branch uses i1sotopic variziions established in waters by
natural processes. This 1sotopic tracing cannot be conirolled by man,
i1 can be only measured and vseé for the interpretation of some
hydrological problems on the basis of the general xnowledge of
isotopic fracglonatlons involved in nztural processes. Problems
concerning the hydrology of large regions can be studied with
environmental 1sotiopes.but a previous examination of the conditions
ex1§t1ng there 1s necessary, in order to see whether they ar

T

;. natvral tracing.

/
'y

favourable to establishing goo

,
Artificial 1soitope hydrolozy makes vse of artificial itracing of w2l

&

by injection in a well-defined step of ihe hydrological cycle under
study of an anomalous (witih respect 10 the netural conditions)

conceniration of an 1sotope <1n general artificizl and radioactive).
Afterwards, the evolution wiih time 1s followed. This

xind of study

- - -+
gives a very det

W

1led znswer, becavce ithe initial conditions

[&]
e

/ . ~ -
(concentration of the 1isotope, place and t1ime of 1njeciion) are well

¥nown. Yevertiheless, ihis ansuer 15 'punctual" in time and 1n space
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in 1ne sense that it is vnlid only for the conditions ai the moment
and at the point of injection,

Y . . . o

1 5 The most comw .on env:ronmen~al 1sotones used in hydrology

are fh (dehterlhn), io ?gc (all s stabd 1e). IH (trlolam), l,c

sed also for art1f1c1al iracing

i

(bpth:radioactive)._Tritium can be

U
-

A number of rad1oact1ve 1so.oyes art1f1c¢allj prodaced are

used in arti LlClal 1sotope hjdrology.

II. STASLE ISCTCPE3 I“ FIVTDO“"““T'L IbO"’OD HYDI0LOGY
e . T

[
2.1 Hydrogen and oxygen, the iwo congtituents of water, have
. A . ~ P e T v

the following stable isotopes (in orackets the average natural

. .abundance).
' PRV PN o .

. (99.185,0;.’ %0 (0.015%)
160 (99,768 o (0.0i8); o (0.27)
.The isotopcjof.mass 229? b;@rqgegiis_gqrmg}ly‘indlcateﬂ with
the letter D (deuteriumj. .
Among all isotopic spe01es of w“er 90351ole, only three are

-7

of practical interesti.:
'T 16

0 (99.73% of the mean cean wgter),‘ﬁDléo (0.031%), H2180 (0.15%7).

2.2 The variation of 1sotOplc ratios in water samples is measured

v

by .mass specirometry. The resultis are exaressed in the § novation :

0_szmie - (o

(180/1O 0) standard

- x 10CO




The slandard cdopied generally is the so-called 3L0¢
(Standard Vean Ocean Vater), which represents a good averase
of ihe 1isotopic composition of water i1n the oceans. The reason
for that choice 1s that oceans represent the initial point and

) N N .
the final point of any important rydrological circuit.

.16 18 R

A&770 = +5 (or -5) means that the ~ 0 conient of the sample

is higher (or lower) by 5% 1ikan that of * the mean ocean water.

b

A 8D = +10 (or -10) means that ihe deuterinm content of the

o

sample 1s higher (or lower) by 1C°0 shan that of ihe mean

-

ocean water. By definition, S¥OW ras & 0 = 0 and 6D = O.
m el 18
The usual accirracy in measurerent 1s 0.17%0 for ~ 0 and
L3
1% for D. Because of the faci that 1a natural watlers, tne variations
; . . . 1816
of the D/H ratio are generally 5-8 times higher ihan those of 0/770,

the accuracies for both hydrogen and oxygen 1sotopes are in practice

comparable.

2.3 Vhen water evaporate:z from occans, the vapour 1s deplcied

16

: . X 18
in heavy 1isotopes, beczuse h2 0 1s morc volatile than ED "0 and

18, . .. 4
H2 O. The cooling of the vapour rmasses produces a condensation
(cloud), in which the liguid wa.er is enriched 1n heavy 1sotopes
with respect to the residual vasour which, in turn, 1s depleted
with respect to the original vapour. If now the condensed water
precipitates (rain), the residuzl vapour moves inland, is cooled

again and parta:lly coadenses; ine new liyuid waler so formed will

u

L}

e}

ve enriched i1n heavy i1sotopes wiin respect {0 ine new residual vap ’

ct
©
I3}

but depleted with respect to the previous rain, odecause 1t origina

3

+

¥
Q
N
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o

from a vzpour depleted 1n hekvy isotopcs ©y the previous conde

O
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So, the isotopic fraciionation daring condensaticn of a vapour mass
resulis<in.acontinuous preferential sjripging of heavy isotopes.
. As the condensation proceeds with decreasing temperature, it follows

immediately thaththe?isotOpic corposition-of precipimiionshould be

. .irelated totemperature,. - . .. it S -

R P Y o I

@

o . ;2;4XThisrcorre}ation.is,thenréason&?or‘:/seasonalnvafiations ,
. B .. « o " . . L2 ‘e s e ha 18 - . P - N .
in..precipitation {summer rain" has¢ higher :. "0 and D'content: than

N winter rain ). altitude .effect (rain ‘on the Touyfitains has-lover

180 and D content than rain on'the plain),-latitude €ffect (rain

18

at high latitudes has lower "0 and D content than rain at low

¢ ) . , ( - 0 . - . . - -
latltudgs)xcﬂheseieffects«have’been‘demonstratea-1namany?places.
S P s S (o VG SVR e S L SOOI 5 P S e T R A

<:) .. 2.5 In.1he: formation of precipitation,” hydrogen.and oxygen

~ T.isotopes vary. in-a. similar way; ‘the observed:correlation:in.precipitation

~ from-all>over-the world is.showm imFig. 1% %o o - 0l P
. . T U o g L
- S 2.6 In hydrological studies,  the altitude effect.is. exploited

) ' to recognize waters from recharge areas wiinh different:altitudes.

For instance, in’a’ sysiem with two  ajuifers; the first one parcatic

and the second artesian, the -latier shows a lower content of heavy

isotopes,due to the fact,that iis recharge areaz has a higher zaltitude

» ' than® the  phreatic aguifer. This differéence can-help-not only in
. . .
~ «localizing-ihe recharze-area, but also in'finding any existing

~‘interconnections between the. two ajyuifers. -

D) "¢ ot el X ey, T P s a ) Wer vha TAD 1
<:> o 2.7 In a siudy condnetiedin Fodna (Alooria) by the IAD:, the

T ey - P s 5 M - c Al e -~ y -
problem was 1o establish the recharsc ~:cianism of <he phreztic

i

e T e
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mechanism were "a prior:” possitle :
e Ty he underly.nz ariesian aguirler through
leaks interposed in the impermeable formation ;

.

b) recharge by wadis during the flood season ;

c) a partial rechafge could also occur by precipitavion (only
200 - 300 mm/year) and by waters used for injecion,

Isotopic analyses showed that the two aguilers contain waters
with different isotopic composition : this was sufficient preof

for excluding hypothesis a). We shall see that tritium was able

to give information on hypotheses b) and c).

2.8 In a study in progres$ of the Po Valley (Italy) by the
University of Pisa, i1 was possible to make evident the contridbutions
to the recharge of the phreatic aquifer by rivers coming from the <:>
18
Alps. These rivers have waters with & "0 values ranging around -12
(due to the altitude effect on the Alps) ‘high 1s very different
. .18
from precipitation on the plain, whose mean O value 1s about -7.
.. 218 :
The & "0 values are more negative in the vicinity of the rivers and
they increase with the distance from the rivers, coming itowards the

value of the local precipitation. From the 1sotopic data 1t 1s possidle

to evaluate the fraction of river water present in each poinz.

2.9 VWhen a water body is sudlected to evaporation under naturel

. 13 \
conditions, 1ts 0 and D content increases due 10 the lower vapour
, 18 16 16 . .
pressure o h2 0 and dOD 0 with respect to H2 0 {1in other words,
= 16 \ . ) .18 -
25 0 1s more volatile). During evaporeiion, the D and C contents

18 \
“T0-3D line %i:)

nitely lower ihan the

)
o
)
ct
Ly
o
)

of the water are correlated linear, bui the clcp

%]

has generally values of & 1o 4, which are def
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- oy the following factors,

g

- -

e

- ‘ L ’ . '
: )
. value of 8 observed 1n prec1pltatzon. This is the reason why in

et na - “e e e -

Fig.l the values concerning the c¢losed basins lie outside the

precipitation line. See also Fig.2, concerning two lakes in the
Szhara. o7 o CT )

EE ¢ - B .. .
P 1. : o . Ve B ) , . R R
B - [ . g \’

P AERRERAD ek Ned mosuzepe e

. 2,10 For 2 laxe, the-enrichment 1n hehvy 1sotopes 1s llmlted

oo g P -

o

[CRN 2 L

- a) ratlo between outflowﬁ(ezcludlng evaporatlon) gnd 1nzlow.

. Vel o 2% ie el py 'v—v~-

Whenﬁinls_ret1om1s approximately 1, thehou»flgw.practlcally equals
N T T e e U O S PR A

the inflow and, therefore, evaporation is mot an important parameter

in thLe total water balance of the ldke and no enriéhment ih'heavy

is t,pes could be expected in tie 1a.:ce waten; gn thewcgntraryl this

LF]
'

.

enrzchment will be a. maximum one when the ratlo OUthON/ln;lOW

approximates 0 and evaporatlon.ls pracvlcally the only nechanlsm

which removes water from the lake;

b) relatlve atmospherlc hun1d1.y and 1sotppxc cowp051t10n of

BAZ e T PRI

the atmospheric water vapour. At high humidity, the .net .evaporation

i

is 1ow,,but -molecular exchange ta&ee place between the laxe water

o o 5 N

~and.the atmospheric vapour, general y dete.mlnlng a var1at10n in

s LA

(At low humidity, the

"tpeuisgﬁopig‘cogp9§ijiop og,tpe leke-water,
exchanée with tie at@gsggeriq yg;of:ﬁis;}e?s Qgpe:tant, jpeﬂiveoe‘ytlon
1s higher and the enrichment in neavy .isotones is also pigher;

Anyway, when the evaporation is not negligible for the balaance
of the lake, the lake water will be eariched an heavy isotopes, and
then isotopically traced with respect to waiers not evaporated in uae
environment. The enrichment by evaporation consiitutes then a tool for
and their possible interconnections witna

trdvinz the balance of lake

0w
[
%]

b




2.11 The previous method has becn applied for studying the

balance of lazkes in Turkey and for Lase Cnad {Dinger: .

SLeT regources

Researcn, 4, 128%, 1G63; Fontes, Confiantini, Roche : Symnosiunm

N

. The method hes

also been applied for stvdying interconnections between aguifers and

lakes. In the case of Lake Bracciano (Iialy) it was found that the
lake did not recharge the aruifer as believed (Sonfiantini, Toglia®ti,

m -

Tongrorgi; Notiziario, C.N.EL.N., 1662). Coastal springs in Turkey,

which were believed to be fed by i1niand lzkes, showed no enrichrent
in heavy isotopes and therefore, their veing fed by the lakes was

- ]

excluded {see Fig. 3; Payne : feoshvsical Fonorraph Yo. 11, 42, 1%67).

The same conclusion was reached for springs in the region of Laxe

Chala (Kenya), which were believed to be fed by the lake (Payne;

Journal of Evdroloev, 11 (197C) pp.47-53).

2.12 Other applications of stable isotopes in water will Dbe
discussed in the next sections, in connection with tritium. 4s a
conclusion, stable isotopes can be considered as tracers for ihe
origin of groundwater. Studies of a limited area generally exploited

the altitude effect on the isotopic composition of precip

>

the iracing introduced by evaporation in lakes.

O
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III. RADIQACTIVE TSCTOPES 1T TWYTRONVEW™AL I30TOPE HYDI0LCCY

3.1 Introduction

3.1.1 Radioactive isotopes have an vasiable nucleus, wnhich

tends to decay into another element with time. The most common

forms of decay are ¢

- - oot
A4,~. P ; .

a) a-decay : the nucleus of the element emits an a—par cle {mass 4

oLy e SUDEEIE COECTLEE L
and charge +2, 1dentlcal to ~he nucleus of nellum) The new -

element produced has an atomic number lower by two wnits then
that of the parent element and an atomic mass lower by 4 units
” 238 234 -
_ ‘ Fxample : . © g2 U -——ﬁ>

b) f-decay : the nucleus of the eléﬁéni\ehits a B-particle [z hizh

speed electron). The new-elemeni produced-has-an atomisgnumber

’

O L iens 3y 83 ] 8 14,

atomic mags,,Examples_:;i.w _;-732Hj v~6C~-___.q7 7

o c) E.G. decay, (eleciron capture):;an .electron of the k-layer [the

.hlvher by one unlt than’ that of the:parent -elemenl and the same

\

nearest to the nucleus) is captured by the nuc;eug, The new
R N A SR TR

element produced has an atomic number lower bj one unit than

tnat of thc parqnt eLeanu, and the same gtowlc mass,

o s et P no s L
a1, E.C 40
Example : 19K §> 8Ar', L s,

Radioactive decay is often, acco .panied by emission oOF y-o2ys

B \,y

ot

-
It

3t}

naw

( Y

which are electromagnetic radiations. Y—rays are eritied by
7 A

nucleus originated by tihe decay, which 1S Iormec in an exc: ed, 5%

LA A PSR B

o

.t

the deexcitation is accompanied by 2 loss of enerzy, under the forr

3

of y-rays.

-
i




3.1.2 The radioactive 1sotopes deczy follows a law which is a <:>

function of time :

3

a .
T -AT (1)

o]

Where ¥ is the number of radioaciive nuclei present at ihe time
1, Ais the decay constant and dﬂ/dt is the rate of decay. By

integration we obtain

N = Noe‘ At (2)
t =5 In 32 . (3)

where Ho is the number of radiocaciive nuclei present at the initial

time (4 = C). Prom equation (3) we see ithot, il we know N, the

O

. . bl . \
initial concentration of the radioactive isotope, and ¥, the present

concentration, we cen calcuvlate the age of the system involved.

3.1.3 Other parameters, generally used in radioactiviiy, are
half-1life and mean-1lifec.

The half-life, t1/2 1s the time employed for reducing the number

Py

of radicactive atoms initially present to half :

4

©o= oty gy when M= u /2




J(scintillatipnucountersx:~célled s0 because they reveal the light

energlres. jro . - T meT

to 3 x 10

. activity of -lg of radium. Also -millicurie (1mCi =‘1073Ci),

- 11 -

It should be pointed out that the decay constant A, the half-

i

11f¢;ir/2 and the mean life are constanis, characteristic of .

each radioactive isotiope, and do not depeud . on the number of .

radioactive atoms present in the system. -_. R -

3.1.4 Radioactive .isotopes are revealed and measured with
counters which .exploit.the ionizations. provoxed-in the surrounding
gas by radiations emitted .in-the.decay {(gas counters),. or.the

excitations cproduced:in certain ‘compounds by .interaction with.radiations

emitted in -the- deexcitation). . ;. . S R

.The counters work. .in the -proportional -region, -in which the -
L} .

pulse. produced by .radiation rasa height.which'siis;:proportional

’

to the ‘radiation energy. It: is! then:possible :to -distinguish between

different .radiocactive -isotopes which, emiti-radiations with .different

g « o~ T o .
R R ARV v RS

<
72 331.5.Phes radioactive unit-is the Curie (Ci),  which corresponds
10 .. . . -
disintegrations per sccond; equivalent to- the radio-

mlcrocpriex(lpﬁi«=thT§Ci;fand picocprie\@poi.=;LCﬁ20i)=are~used.

3.2 Tritivm -~ | e e L .
. 3.2.1 Tritium 1steradicactive .isotope of hydrogen, with mass 3.
It is generally indicated with-the letter-T. It is formed in.the

high atmosphere by interactiion of cosmic radiation produced neutrons

with nitrogen :

14, 3.1

2
i\ +n — 77+ 6C
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The rate of produciion is about 30 atoms /cm2x sec., It decays
with £ emission into 3He, with a maximum energy of 18 KeV
(1 KeV = 1.6 x 10'-9 erz).
The half life is 12.26 years. The mean life is 17.69 years.
The decay constani A 1s 5.65 x 10_2 years-l(or 1.075 x 10-'7 mln_l).
The unit vsed for expressing *the tritium concentration in natural
waters 1s T.U. (Tritium Umit); 1 T.U. corresponds to a concentration
of 1 tritium atom per 1018 hydrogen atoms, One gram of water having
1000 T.U. will produce 7.2 disintezrations per minute. The minimum
tritivm content of a water sample which can be detected is about 1 T.U.
3.2.2 The normal concentration of cosmic ray produced tritium 1in
precinitation is in the order of 10 T.U. With the thermonuclear
explosions, wnich started in 1952, a large amount of 4ritiuvm has
been injected in the atmosphere. From 19652, the tritium content
in precipitation has increased, reaching valves as nigh as 8000 T.U.
in 1963, 1n the northern nemisphere, abont thousand itimes the §atural
level. After 1963, when the moratorivm for aimospheric ithermonuclear
explosions became effective, the tritium content of precipitation
has decreased more or less regularly.

.

3.2.3 Since 1661, a world-wide neiwork for the collection of

g

precipitation samples has bcen established dy the TAFA, Tor zhe

1

survey of tritium evolution in precipitation. For ihe pre-1¢€1 period,

the tritium content in precipitation can be establisnhed by correlation
with the preciomitntion in Ottawn, Cznada, the only place for whach

a complete record exisis since ithie teginning ol the itnermonuclear

era (Brown, Ceoch.Cosmoch.'ca, 21, 19¢, 10£1). An exan

arallelism of tritim in precipitation 1n different places 1s given

"d

>
o}
"1
I
>
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3.2.4. From previous measuremenis, the following facts have
becn discovered :
a) The maxazum tritium content 215 showm in the late sprin~

and aurner ﬂrorlnltailor' this is due to the so-called "spring

€ -4 N . . -

[ L . -

1ngcct10n" of trltluw 1nto {the troposprere from the siratlosphere.

T h . . - T -

b) Tritium content changes. with latituce : at high latitudes

N

the tritium content increascs; this is due to the fact that iritium

1s mostlv 1n*ected into the troposphgre in polar revlono, where

x

the itropopause 1s nearer the cu‘th surface.

i <

c¢) In the northern hemicphere, the tritium content 1s much

higher ‘han in the o4the*n hemisphere; inis is due to the fact

- PR

L3

that thermonuclear explosions iook ' place in the northern hemispheore

vy . “ B ;
N ? ' 1 ' - . . & ¢

y

and that the two hemispheres have quiie.separ“»ed alr masses

LT L -

circulaidons. In addition, the tritinm conient of oceans is'very low
N f L ,i.,.,

it e i At v

(a few T.U. at the surface) itherefore, the ogeanic woter vapour

dilutes the tritium coniained in the atmospheric vapour much more

- N s - : -

in 1he souihern hemisphere, where the atio sea /ldnd is hl"nO..

d) The tritium injection in ihe atmosprere of the gouther:

v PR -

hemisphere occurs mainly in Africa which is the largest land mass

=\

crosses bJ thc eqnator (sce F 50 .

. I

3.2.5 From the measurements made pn precipitation, we can

evaluate the iriiium content of water infiliraling to recharge ine

so~ca2lled "inpul function” of itritium.

varies fror zoywfer to atuifer and from point to point in the same

N
cllowvir,s on8es com ozour @

or to 1ne recent addition of Lritiws Trom LhurUOP'c]car ¢xplo=ions




SV o

the confincd aquifers, wherc tne cirulalion tirme 1s quite long

.

and, in gencral,.more than 20 years are rejuired for waler

v

Pad -+

to reach the sampling point frowm the recharge area. No iritium

*

V]

can be observed in phreatic agquifers too, at a certain depth

It

under ihe water table, due to the zgoe stratification of water
Different conclusions cheuld te drawn if rno iritium, or
a very lov tritium contenu zre observed at the surface of the
pareatic aquaifer; this means that ihe recharre 15 guite low, ai
least at the sampline point. This ract occurs :n arid and semi-
L)
arid areas, where precipitation i1s low, and mosti of 11 1s lost

througsh evapoiranspl

bt

ration,

b) "he iritium conzent of waior is aporeciable and shows
milen verictlons with “ime. This means that an apprecigble amount

o7 waier younger than 1453 1s present at the sampling poini. n
addition, if the varistiions could be related to the variations

in precipitation over he rechzrre area, the itransii time, and
possibly the mixing of precipitalions of successive years, can

be evzluaied. The model which 1s used i1n this case 1s the so-called
"dispersive model" (sec Dinger. Davir, Proc. &th Congress, Iat.’ss.

. , g .
Hvdroszeologists, Tstanbul 1707, 270). ‘nyway, pulse varizi:ons in

a fcw yezro; otherwise, mivin s oscvrs and the ~lges disappear. Tne
) ; .
disrersive model hae been applacd 1o kar-i:c sysniens, where ihe

circialatinon of unier 1s very ran:d.

» + PR ] P ry A v - e LA - M Il e + v e .
'violnor nossrorlivy 1z Lrot vzier Ivon oL i lloraent oorreos
- 2 - ‘. . - ~ J " - e - -
are vrecsenl 2t trne sromnline nolw rnoold vreitr =g unter

=y
o]
*3

~ > R T . R I PN FP A
imstance, 12 of deep civeuli-tion oad @ FoansT vaior LonvaT i



tritiwn, generally of a more superficial circunlation. The relative

amount of the iwo waters can change with %fife; deiterminivy a Chatize

Y

in the tritium centent : ihis has been observed on-therral springs
. s AN - . . . R
the Vienna basin ¢(Fig. 7% Davis, Poyne, Dinger; -Florkowski;

Gattihger. -Isotopes™in Hvdrolo=r, Viennz 1967) 451)s = - -7

c) The trititim content 0 wiater is opBreciablefaniths

-

constant . in tire, or it'chen-es §lowly without fluciuations. This

i

means that tHe younz'water 1s‘uell mixed in-the aguifer with-older

waler and the si1ze of the woter réservoir damps all ‘the fluctuation

(o]

in the recharge. The model to be applied in this case is the so-called

~
N Y

"exponential model”, which poridris ihe evaluation-of ihé average

. . R . B . L8 ., . S, ’,’.‘}-
transit tiferof water, « - 7% L~ AR -

© 3.2.6. 4n exteasive sivg WS, ééﬁdﬁcfed;ihTtﬁenyiénna‘B:sin
(Davis et al., Isotopes in-iydrdlesy; Vienna'19¢7, 451). Samples
from wells, springs, overfloﬁs and 1hcrm€1 springs were collecied
and 2naly§6d. The ‘stable isofopé comp Y0511 16A waE qrite unlfo“w
§ﬁ6W1hé'a*éommon origin for all the waters. ) -

S UPrititm analyses gave ine followihy informaticn :

a) all g“oa"dv'ferq’shpééd ihe effecl 6f local recharge by

high tritium precipi afldnhfh‘theléxcep€ibiailth§t snmmer of

15¢5; -~ S T e

ron

a
Yy,

o B : ~y . . ot ats . -
b) eroundwater overflows; thouznt to:representy discharge
the main groundwaier reservolr, tere renmérally ‘higher in-tritium

) B
thai oiher groundwaters indicatin<t a2 ‘rapid, shallow circul ‘ation

. ! ¥
¢) tne karst springs showed lar~e variztions in triiium conieni,

% - PRRRITEN SN
2 1o the mauid cirasiaiion ant 4ne 2lrost 1w~cdinie rouponse 10
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3N thernal seorine~ . P L A deq e Faam ma e e

o, vhoenna SITINSS, A8 5714 0000, ICH LMD L0 mIXAnS ol LU0
d T rxt 1t e [ . ’7\.
rizerent walers \(ri0. ()

depth, dbul even at 14Cr depth the sritium content was 13 T.', indiceaiinz
relatively rapad circulailon ihr urhoul the princival agurfer.

2 Oitawa River (Brown, Jsoiovues in

wat
~n
.
-
[
D
el
©
i
[
o
3
O
Q
jas
!
o
139
[eX)
0

Hvdrolesv 1070, Vienna 1970 3), 1t was possidble to show ihal the

\

river 1s fed essentially by iwo kinde of water : a fraction of 3/4
ol tnhe river uater 1s supplied by surface and nezr-suriacc siora;
(lake, =01l moisture) and ile residual 1/8 by groundwaters.

3.2.8 & siudy conducted in Switzerland (Siczenthaler, Ceschger,

Ten-iorsy, Iooloves 1w ivolo~r 1770, Yieana 1270, 373), allows the

-

fellowins~ conclusions, on ithe dbacis of iritium and stable i1sotopes

measurement s:

&) the larse springs ™unternen shows a repular decrease {rom

=
y 4 oL YJS [N
1407 1o 1969 1n tritina coalent and 2 constent & "O. The averase

altitude of recharse correasponds 1o about 12000 ond trne mean aee of

valers was evelioeted to oo 123 yrears with ibhe erponeniial modely
: ;10 ;
b) the karsi spring Vendline shows constant 57 C and larce triiium
varmizilons viih the mavimor in winter. The surinc 1s then led hy tuc

-

Yards of waver, havavns dafferent asz but ezual origqing the conitribulion

of cach waler chnnces during the ycar dve {o the chanre in hydrosiatic

P (4ol v P - 1 Saem - oyt . - A - - - P
PDOYTNLS,. NN LT TAe0T LrILltiT o eoniaents MeTe oonere near VoL’
£y e O S T . . IR ~ e o~ . SR
confirmin~ that hey are Hrobably ihe nojor sources for rashurging

O



s

Jow on ike basis of tritium results.

3.2.10 Another application of iriiium to ithe hydrologzical
probYems is the cstimation of water infilirared to recharge ihe
atuifers. By ir;i;aijon with art;ficinllf tritialed water, 1t

vas poc~zidle to esitimnie the velocity. und;the fraction of the

water infiltrated (Fiz.9; Zimmernann, Fhhalt, Hiinnich, Isoioncs

in Hvdrolocv, Vienna.1667, 5C7). The before-mentioned and oihcr

enthors (Smith, Wearn, Richards, Towe, risclores in Mydrolegy 1470,

-/

Vienna 1070, 73) have used environsental tritium in precipitation

for siudying the infiltration of water.

3.3. Carbon-14 .

3.3.1 Carbon-14 1s a radioaciive icotope of carton, forme

<8
[

n

the nigh aimosphere by interaclion: of coumrc radiation-procduced

neutrons with nitrogen <o ;

, ‘
]7*7‘17 4N e= 120 4+ P

5 2 .
The vate of produciion 1s about 2.9 atoms/en x see. 1t decnyr. vndon
1
£ emission into 4H, vilh a maximum encrgy of 156 keV. The hall life

is 5730 years and ithe mean 1ife £247 years. Bui for hydrological

(and archcological ) purposcs, ihe Zirures of 5563, res

5]
)
o)
NG
.
<
o
i

<~
&

k) r

st

years urc used (which correspond to ke old determinations of

half lafe and mcan lafe, which are conmitinued to be veed for

3" > L] N ) VoA a 4 -, T
‘comsisroney wiith 014 measurerants). The 'decay consiant A 1s 1.21x10 7
-] =10 . -1 .14
years  (or 2,30 z 107 min 7). Mhe T 'C concentration is generully

b 2 A , = 1
expressed in % of the modern "7C conient of atmogpheric CO

b < ) -~ - - b I S Y
CC, due 1o 1he coniribietion of fezsile ciis and conlr: wh1s dil.alion




12 .
10 carvbon aloms. One gram ¢ rodorn carbon will produce 14.3

disinteprations por minuvite. The minimwa concentration of
can be detected 13 about 1

3.3.2 After tho thermonrvelear explosions, ‘C in the aimoaphere

reacning in 15¢3 about the double vilue of that in 1952,

~

(P17, 10). Lake “rilyum, after 1043, with the rorztoriun for ailvospheric

14 .
S, C in the cirospliere has decreaced. 'The present

ot
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s

therronuslear te
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where the partial pressure of CO2 is about 10{0-times or more h:igher
than an the atrospnere, due to biolorical decay of ihe orgenic matter.
CC, 1s dissolved, and produces an acid solution, therciore, CaCO3

present in the so:l can also ve dissolved. The followaing chemiczl

reactions occur ¢

+

~—~ N N
b .
~— e

002 (aq) + FQO = HCO3 + ¥ N
CaC0,(s) + = - MGy =+ Ca c)

overall reaclion

T Ahzat way, finally, half ol the bicarbonalc 1ons should derive
from biogemic CO, an inc soirl ond hall Trom wne digsolntion of JaCOB.
[

- ; . ; X
Hut inrs approxamniiom is not valid in goweral, tecence ihe chemsca

- 4
- . - 4 Falry o3 car S T S R -1 R B,
eguslibrive 1s nol ofwten reeches (unfersalvraziion and oversaiusalion
Com oozeaT), or Lecaae 1801imIne exchanst onn oLour Leianon the
y
e e - S P <4 - ¥ -, ¢ zs N .Y -~ . 3 P RS -
¢i3olred bicaruo.aie and LLe gnocous CuP, wrioeh w11l oreselt o oo
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as modern CC
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3.3.5 From the provions seciion, we have seen how i1mporiaent
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1% 18 1o know the initial amouni ol bicarbonate derived from biogenic CO,
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This equalion has beon successfully )pl ed in many cascs, alitoush
1l i3 rnot exempt from criticiom. The most important doubt concerns

130 . .. . . .
the §77C value Qf biogenic €O, an soils in arid or semi-arid regions,
which.'seems to range from =15 to -1%9, as can be -scen from ihe few

measurements avallable,

3.3.6 In a study concerning-a large confined ayuifer in Texas

(Ecarsoq, Wnite, Maier Pen,Renarvon; 3, -25)k, 1267, the age of
™ : TR 7 .
vater al dxTereni points wos evelunted with the ~ .C meihod; usinz
13 & N . . a ( v A\ \
677C for correciion., Azes rangins from O {(din Lhd recharge area) io
30.000 ycaors were found. The resulting flow velocity of about 1.5 -

2m per rear was in good agrecmeni with the velocity estimaled by

hydrologic data. The sare meihod was applied +o study -an artesian
aquiler in Florida, WU.3.4, and ihe results, in.terms of arc and
flow velocity arain showed ile agrecment wiih: the hydrological

information (Pearsen, Hunchow, Tscropes ineVwvdroloav 1070, Vienma 1¢70,

271). In this last case, ihe rech arge area of ihe aguifer has a greci

variety.of microclimates, which complic-ie the picture for the evaluution

- SRR V' , ; )3
of the initianl ''C conicni.of walrr, But waith the. C.of bircarbonute,

—t

coupled with ihe chemical analyres of ithe salis dissolved in waters,

it was posscible to overcore this 4ifTiculwy.

Africa {(Vogel, Isoioncs 1a fvdro o=y 1070, Vienna 1970, 223), the

%]
U

vater increased rermularly from ikhc recharge arez. The

estinated flou vel ocitly was 2m/vear in one s~uifer ard 5:/}03? 1 lhe

»

other aquiler,
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Z.1.1 Radiocactive, artificial isolopes are used for tracing
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fiervards Tor following their movements.
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Some of the rossible arplication will e brieflly discuscad here.
e choice of the artilficizl i1sotope Lo be usced depends on
the fealrres of the prodie~. In goneral, the following roints
should be taken into consideration :

a) ine 1soilope should have a life comparable to ihc presumed
duration cf Lhe obscrvatioans. Uinccessary lene--11le icotopres will
poiluie ihe water not only constiluting a risk for ihe later usc

oo . N

of 1t [this w1ll not occur 1f the conceatration 1is low) but alco

“
a

3
.
Q
o]
D

o}
Q
ot
=]
L4
j=)
O

ol ithe experivent, ai
‘ b) the 1sotope should not te adsorbed by ihe soil componenis;
c) for ceriain ovlems, 1i stould be po<sible to measure ihe
aclivily 1 the Tac¢ld. P-enriicers of high energy, like chlorine 3,
are sulrtavle, hol y-cintlers arc pre
£.1.2 The folloving 1sotores are the most commonly uscd Tor

4 - . - P—— B
rtificinl iracing 1a nydrolory
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arone them, ouly itriiivsm cannot b measurced in the Tield, dut has
ihic following advantazes : 11 is pari of the water rolccule,
irerefore, 31 is not adsorbed ard lost; 1l 15 possible to injecs

11 at relatively high concentratzon; it 1s easy and sale zo
manage.

A . o e - *
4,2 River flow poanurernont,

i

4.2.1 The radioactive isoiope is

is monitored at a distance L sufficient o ensvre good mixing., The

incecied 1n»o the river and

4.

minimum valwe of such o geod rmaixirz distance cen be evaluated with

ile formula (Iuil) :

L .. = 2007
min

I

2
. - )
where 7 is the estimated flow in m /sec. In ;r?ct%ce, a food

mixing, distance depends sironzly on the condition of the river,

If lhe walers azre shallou, I, can be consideratly hisher thas

Ly the above foimnla. On the other hand, deep walers and turbulerce

o

promoic the raixine,

ad
7

4.2.2, The constanl rate injcction rmetithod concisis o

2
1

the tracer continuously ai a conmmnt rate and measuring iis

.
. er(Ma
o N A

0e g

4
A v . - L T, e an e ey m vy e o = .-
4,20, Uore comronllr vaed 10 tna InSn aMTant0ouls 1nlestion
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moaitored ai a good mixing distance. If A is the itotal injected

ia sy

activivy, the Tlow will be given by

+

Curves of activity versus time will have a shape like thet in

Mig., 11, vhich can e graphically integrated. The time of
duration of lhe measurement should be 21 leasi threce taimes longer
than the arrival time;(thc time in which the first dectectable
amount of tracer arrives at the observation point after injection).
4.2.4. Vilh the insiantanecous injeciion metihod, the {low of
_the Yana River, Africa, was measured (Florkowski, Davis, Valladcr,

Prabhakar, J. of T'vdrolowm, ©, 249, lﬁoﬂ)at three sates, havainge o

Tlow of 1C5, 2{0 and 550 m3/soc respeciively. Good agreement wos
found with the conveniional method. The iracer used was tritium,
measurcd in the laboraiory oa waler samples collected at regular
intervals of time. The reacon for using lritium was the relaivively
high activity which was possible (and necessary) to inject without
difficulties.

4.3. Velocity and direcilo. of sroundwoier. .

4.3.1 L tracer soluticn und & couater are iniroduced into
a segnent of a borehole, i1solated Irom the rest of the borchole
wiith pneumatic gaskeits in order to avoid vertical flows. The vater
flewinyg throush the well seciinn diiuies aad continuously carrics
The counicr revecls the decrease of ihe iracer

ovay thetrocer.

corncearaticn O ¢



ihe groundwater. flow in a given aquifer. The limitzs of the method:

ave bheen discuvssed by Halevy, loser, Zellhofer, Zuber, Isotones

i Yvdroloay, Vienuna 1967, 531

1 o~ ~ - 3 3
4.4. Leaks from dors and reservoirn,

i

- ) d.[-l Leaks thrbuwh earth doms can be localized with the

s - P
P >

nelp of ihe point dlldulo method dis cvnqed in L.3 1. Tre flow

5

of wailer is deteccted in a number of we 713 made in the dam, vhere,

in correspondence to ihe leok Tnc hlrncou velocitics can be
observed. . .
This method h el been applied successfvlly in many casec .

. v - . -

See, for instance, the localization and ithe evaluation of lecks

<:> Trom the dams of RNosshavpten and Silverstein, Germany (loser,
; T . RSN S T BT SN .
Weumaier, lascériirtschaft, 43, 290, 1928; 3Batsche, Drost, Hoser, N

- Neumaier, Proc. T.A.3.Y., Conference, Kannover 1C67, VII, 7&).
. 3 1 1 r ) —T1

A7, Hecenily, the u=ce of a labelled emuleicn of bitumen

' B \

: . . . b V- e
hos been applicd (Fiolinari, Guizerix, Chambard, fsotone in Hydroloer 2670, :

~

Vienna 1670, 743) in trance for finding lezks 1n 2 caral . “he
7/ ) oY

I . - . . . A

labelled emvlsion 1s carried in ihe leaXage areas where emulsion
: particles are separaved froxn the water and accumvlatle. Praclically,

a process similar to filiraticon occurs; a deciecltor reveals lhe arcas

1cr aclivity which correzpon3d 10 the peints of leakage.

Of “1()‘ J 3+
4.4.3. frolher method, dasced on Lhe i1solaticn of a boiror

N .

nio ihe

o,
v

section of a2 reservoir with a boitomless CJI‘”&“T presae

bed raterinl, where a radincctive 1zoiore 18 incecied by means of

N . - 3 N Tire vy oy ey
a smnl) dizvoier pilpe, has been divelsped (Iuber) Isoione sn Thdigin gl
~ . 7 * - ~ ey - - ~
1578, Vienna 1970, 701). Tne veloeiiy v ef ihne radioacltive !racer
1n the pipe ives the velneytr o Daltiration T inroush ine voflom of




of the borehole, V 15 1tg volume, and a is a corrcciion facior
accounting for ihe disioriion of “he flov lires duc to ihe

prescnice of the VLorchole, By intcuaration we obtain :

ht

N = ——— ~
= ot 1% e

3J

ut 9 2s equel 1o vS, v bein

ot
Its
®
<
o)
N
o
o
(=}
ct
€t
o)
"
o+
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o1
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9
P
03
or
ct
e}
3
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i
2.

S 1ihe cross-seclion of the borcliole scrment normal ioc the flow

lines. !

The veleciiy possible 1o be rEasured, raanrcs from 1 cm/day to
10-20 m/day. The existing irsstrumentation only permits ihe use
of v-emitiers.

£.3.2, For neasuring ihe direction of the grounduvatier {louv,
the aciivaty of ithe tracer in the Torehole serment 1s measurcd with
a drrection-orientated detcctor ¢ the direction of marimum aciivily
corrasnonds to the drreciien of flow.

fnother melhod for rmeasuring the direct:ioan consisis of
loverinz into ithe borchole z mer.l screoen uhere ihe iracer is
adsorved. Lfterwords, an ithe l-Teralory, the screcen is cul into
small scgnents, {rom whlch lhe antiivity s deternired, The scrrend
with the hichest ceilrviiy wild owve the directiron of the cromtunier
flow.®

A.3.3 Tre rmescurcacnts of velocidiy and dirvection of rroscduntern
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vhere s is the cross-section of the pnipe,

This method zives o grantita

.
1

requires the imowvledge of the

tive evaluation of the le

creas of leaksze, while,

hand, the metnod previously describved gives only ilhe
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labelied sedireonis distribuilion wiih a  counter mouaced on

a sledge, which is moved on the boiliom of ithe area o be

3 e o~ k] Fal -~ -4 Y4 3 -3 ] ~ vy
1nJPSt1U;;L€(1. Curves of 1soaciivily are obilailned whiclh cescrite

In mass labelling, the inaciive tracer 1s incorporaicd hy welting
in a glass support which 1s sntsequently grouad and sieved in
order 1o separate the {raction raving the rejuired zranulomeiry.
This artificial sedimeni 3s then irradiagied in a2 reactor in order

-

to produce the radioactive 1sozope. Traceisiike Ta, 3¢, Cr, Ir

4.5.3. In surface labelling, the iracer 1s fixed on tre surlace

arvount of sediment can be labelled withouv greatl dilficulties.

The disadvantares are that o part ol Lihe tracer can be lost by
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Trf «r profiles and soi1l moisiure content in field ecxnperimeantis.
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P (reavy lineg), soil moisture {velume perceniage); q (boundary
of natched area), anlunt of tracer per 10 cm lzrer of soi1l, as
a parcentzre of the amount of iracer originally deposited.

Figure A shows loory J011 withovt vegetation at Tiresson,

Y - - ~7 -
Gernany, lzbelled July 9, 1%64; & o e, samplings, 4, 26, 82, 152
and 214 Jays afver Iabelling, recprctively.

Pigure B snows sandy soil wuitlhout vegetation at Spcyer, Germany,

(W} ] - [ A g
lebelled Coioder €, 1964: a 1o e, samplings, 12, 25, 56, 104, 139
days after ledelling, respeciively.

Misure € shows losmy so1l witn verciation at Giessen, Germany,
lakelled Juvne 2, 1777 a w0 7, savslinzc, 13, 41, 63, 119, 187, 2%
days alter ladelling, respeciavel;r.

Migare U oshows lonry soil wiihout vezelztion at Giessen, CSerminy,

abellced ‘»pril 7, 1701y a 1o 4, szmplings, 11, 25, 52, 117 daovs
fter lavelling, reosractivellr,
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PROPIZDADES DE LOS RADICIS0TOXCS
B1 goncepto de r~dioisdtopo cs mAs ficil de comprenaes si conside-

ramos primcro los Atomos normnlcs. Un Atomo estA compucsto de un niclico

coapecto rodends por uwno o mes electrons g,

En ol caso del hidrdgeno, el

nfclco consiste solrmente de wn protdn con unn carge positiva y alrededor

do este nGcleo, girn un clocetrdin, que licva unn widad de e~rgs negitiva.
El deuterio, conocido como hidrdrcno pesado, tienec una estructura

similar, pero ol nlcleo trmbién conticne un ncusrdéns El tritium conticne

dos neusreoncs y wn proidn en cl nfcleo; con un cleetrdn orbital.

Estos clementos son llamedos isdtopos porque ticnen las mismas propiedcdes

quinicns que son deturminndas por el clectrdén orbital y el mismo nfmero de

o]

protoncs on el niiclco. Diferencion nnda mfs en cl nGmero de neutrones,

Por 21 peso adicional de los acutrones en el Deuterio y en el Tri-
tiun, pueden sur separados del hidrdgeno o de wno y otro cn 1l-. base de
diferencias en 1ns propicdndes fisicns, comoe resultados de 1as diferencias
¢n peso 0 mrsa, por nedio de le Mnsa Espectrografica, difusidn, absorcidn
¥y ~lgunas veces velocidnd de reaccidn,

£1 ndmero de protoncs cn ol ndcleo ©s llnmado’el ndnero atdmicc y
~s1 ¢l hidrdgeno tombidn como sus isdtapos Deuterium y Tritium, ticncen wn
ninero atémico de l.-

Lo meyor porte de los clcmentos de 1o naturnloza son nezelas de
is8topos tal como carbtono 12 y carbono 13, Ox 16, 17,>18, v cte. fqui el

Ve I d - 3 s e
nunero, después del nombre del clemento, significa ¢l nfmero on masa

N
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“Txatroncs), ordinarismcnte ol nfmero atdmico no es usado con el

‘.

(p?otones
norbre de simbolo del clemento, porque a un quinico o 2 un fisico son sind-
nino, pero cuendo cs usado, cl nfinero etdmico es oscrito como un suprefijo

-

y ol nlmero on nosa como un sobraprefijo, por ejemplo:

192 0 60
Iridiun Cobalto
7 27

Los isdtopos Redicctivos son isétopos‘inest cbles que emiten energ ia
o se desintegran con un tienpo escala, que es distintivo de cada isdtoypo
y en el proceso de desintegracién tienen la tenden01u de hacerse mas esta-
bles, La velocided de d caden01a o, &cslntcgraélon siguc la ley &Xponénte ¥

es convenicnieniente cxpresado en terrinos de media vida. La nedia vide es el
tienpo requerido pare gue une nitad de un radioisétopo en particular se desin

veare. Por ejenplo,‘la cdla vida de Irldluﬂ 192 es do 79 d1"s aproxinada-

mente. Si comenzanos cop .20 curies de Ir. 192 se @esintégrara coro siguc:

20 Curips . 74 dics
10 Curiss ~ ‘ 7¢'qias
5 . Cu:ies 74 ddas
2.5 Curics 74 diss
1.25 Curics 74 dies
.625  Curies 74 dias
0318 Curies 3 .74 dias
- o159 Curies 74 afas

.08 Curics 74 ddas
04 Curics. 74 ddes
.02 Curies 74 diss

La vida medie no afecte la calidad radiogrifica dlrectanunte pero
si influye on el costo y utilided de la fuente y la téchica.

Lz redia vide de los radioisStopos veria, de micro-'segundos a miles

~ - £ .
ae nillones de afios. He aoul almunos ejcmplos:

r




Uronilo 238 4,500 milloncs de afios
Lronio 255 707 millonce do ailos
Urenio 254 232 mil ohos

Petacio /0 £50 millones de cZos
Coxrudn 14 57 mil =afios

R-od 226 1,500 =a%os

Cesio 13 30 afos

Covalto 60 5.3 ¢os

Iridio 192 75 dies

Iridtdio 194 19 horos

Yodo 128 25 nminutos

Plata 110 225 dirs

Berilio 8 0,0001 rmicroscgundos.

- . kL d . . . - . .
Para 1o radiografia industrial sc hr considerado qus exisien clrade-

N -

or de unos 200 isdtopos radiactivos, sin embargo, solo unos c¢uantos se hen

o

llegndo o conocor nor llcanr los requisitos pera que sean conrerciales, ten-

t0 por su razoaahlc nedis vida, cormo por su factor gemma, utilidad y sesuri-

"3

a-de Comio un 2jemplo de descrininncibn, podenos considerar que el primer

isé<opo usade dooido a su natursl radiocctividad ful el Rndio 226, Esta

q

Laaont ~q e n o saentad un Mloese an d IS utstel 5 “’"\d."l 4=
iuenTe LT e o IenNresentado un 4.1\,000 GWCOLG0 & Su ehanacion I/ndiaceiva

do .'38.(16“ 'd,’—w<-- HOT gu ~1lTO coct A R e wonal rccal ohl ¥ I
o e LOohing, DOoT O AL cOC uO, ¥y ovoiluoen O ToG.i0 I¢Caly, aSl COno su

brjo trcelor (mmme, Meron foclorscs aue boloncenron su ctractiva media vids

3

de 1600 nion, hrote gue el Coballo 60 aparceid, con una media vida muy
comercial, factor gorma alto, munto Tocal muy pesueciio { 1 m/m) bajo costo,
y que pueds nenejorse con noyor sejuridad.

Los isbtopos que hoy en dis »ucden comscaudrse on curlguier centidod,

son los siguicntes:

DI

150670P0 LoDTA VIDA FLCTdﬁAGfJELX ENERGIN 1TV
Cobolto 60 53 aflos 135 2 garmasa~ 1,17 ¥ 133

s 17 =
Ceoi 137 30 atos 0,39 1 gormma.- 0.66

3 A7 [ -3
:r*”*o - 75 dt'Q 0,55 12 germns 0,21 2 0,51

R ! = 3L

:“““O :L? j27 Gias 0,0025 2 grmmas 0,052 & 0,084
R.0L0 226 1600  afios L0 11 zeraas 0.2 & 2,20

P o . - - .
Lo wnersia pucde soleccionnrse do acucerdo con 1o densidzd y el asune-

(]

or del nmaterial que va o redicsrafisrse,



€03..1%0 60

wii

chido a que cl Fobnlto 50 es oroducido en zrandss cantidoades para la

. » ' o :
terarpéutica medica 1ncevﬁm @s cor rucho, 21 m2s barato por RHM,

-~ . - C,

- o - syt
PEVA

Fetualnente cs factible groau01r una fuente radio; réfica aceptable

con una hctlvn.d'\d de 10,000 curiez efeciivos, (éq?regidOS por propia absoxr

Ve . - B :

. .. R . | .
/cién), con 150 gramos do material curie y las economias de dicha fuente,

puaden ser probadas con el aparato de control nécesario, o con el eguipo

¢.L,4.' #

- P ’
rasiogrifico con oarublu que exista L4

adiogrAficancnte hablando, 148 curics o 1.8 granos de Sulfato de

3 R . ¢
Rndio, son cquivelentes » 1 curie de Covslto 60, lo cual nos indica que cl

/. <

[ - f

Fay o ' I .
Cobalto 60 tiene una uCu1Vld&Q especifica mis alta, yo que la densidad, o

. -

. ) - s 7 ) c \ . . -» ae
nlnero atémico del Cobalto, estn en una esfera de actividad mediaqd

£51 pues, deniro de una Fuente radiogrifice relativamente grqndb, no

~ . -
)

PN . [ . - s -
R .. k4 - R ey o PRI ) .
hay ninmin pclizro en la absorcidn dz Reyos Gamma relativomente eltas

B T - . o

p - »,
Con nzt fuonte se pucden 1n speccionar’ cspesores hasta de 15 centi-
) G- . . . -

relron, conerel Loenie h.n"nl.,ndn.

o

CESIC 137

El Cesio 137, tenicndo unz stractiva ncdia vida de 30 eflos, ha sido

hasta cierto punto un desenzafo corio fuente radiosrificas Su rayo -nonoergo

mético de 0.66 1TV, 1o lleva & uno a suvondr, quc 10§ reséhtados radiogri-

0

ficos nudiorsn ser par ecidos & los o%tcnidds con Iridio 192, con un prone-
dio de cerca de Oq4d MEV,'siﬁ cmhﬁigo;\los resuliados son nis parecidos a
los obtenidos con Cobzlto 60« Adumﬁﬁ siendo el Cesio it reactivo coro ¢l
sodio, Acbe usersc cen fornn de sl como el tndio, cn luga% de en forna

netilica conn ¢l Cobelto 60 3 el Iridiwn 192, por lo cual *ienc une acti-

- F ne . ” -~ - .
vidnd esnceifica por unidsndes voldnen, més baja.




Por cate notivo, como punto foc<l ss rmcho nejor ol del Cobalto &0

y ¢l del Iridiun 192, Tenbiln parcce que hey Jgrondes dificultades pors

'_J
By

Pk 1 Ly . aie . sap 1 -
wbiefectorioneate on unr chuoulea sal e Cczio, por 1o que es

oblisado, hacsr pruebas de fuga cada 6 meses en la cfpuulr nisma ¥y on su
recipionte, Como ¢s natural, este procedinmicento no se pucde llevar a cabo
en un lavorstorio radiogrifico ordinario. Con esta fuonte pueden lograrse
resultedos dvnlimos cn esnesores de 2.5 & 3 cms. .
Bl Cesiun 137 osté sumanente contaninado con Cesioc 133 y con Cesio 134

“

ue emite layos Gamma de 1 IV, avroxinedanente lo cucl aunenta cl prodviena

te

dc 1n proioceidn.
lunque 1o propia absorcidn es casi nula, 1o esfera radiografica de acti-

vidad estd linitada o wnos 500 curics debido a su gran voldnon,

wt

IRIDIC 192

Bl Iridio natural ec une nescle 42 191 y 193, cunndo es borbardeado
con ncutronszs o les pilos atdmicass nlgo de Iridio 194 se forma del Iridio
193 que hay en o) Loidis naturel, sunque el 191 os ds suscoptible a los
n-uiron:s. 21 Iridio 194 no oo descable peva radiografis, porque crite

s a4

o Garma Ao una encrzis ten oleveda, que lleza 2l 1.51 I3V, vor lo cual
/

rcquierg/%ucbp nayov roteceidn de wloro, cue el Iridio 192 con un pronedio
/

2
w

V4 -‘ ~o- - . o PR
cnergia gommn, de S00 (Ve 3in arbargo, la nmedia vide del Irddium 194 os

o8
¢}
»
<]
}_.l
H
}_l
o
}J
o}

19 horas, y diez ncdins vidas con ligeramente nés de 8 dies
irrrdicto, ¢s enfricdo por osc periodo dc tiempo, pora despojerlo de 1n

Liogradficos,.
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Tsie isbtono, nose o su poco ciractiva redia vida de 75 dlas, 25 con
mucho 1o fuente gamme ideal mara cierto tino dc trabajos radiogréificos. Su

bajr cnergic produce resultrdos may prrocidos & los logrados con eguipos do
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Royos X tipo industirial, es decir umayor contresie y gren definicidn,
debido ~ su punto focazl cesi slempre menor de 1 /e

La cscwsa proteccidn guce requicre 10 hace nés orcaunole, pudicndo

nenipulerse con meyor facilidad, -

-Su uso no s factible cn. una csfera de actividad radiozrifica de
1000 curies. La propia aobsorcidn scria wuuy alta, y la corta media vida
harfa el costo poco zcondnicos S . _ .

Su neyor eficiencie ra@iogréfica,;seAlggga;en espesores de 1 a 6 cnse

Pard Ias’gféﬂdes'TuCutc 'd¢ produccibén radiogrifice, este isdtopo
esta cormle ctandnte Mera del cuadro. ~dedds de* 1o propia sbsoreidn que es

)

prohibitiva, §ﬁ”éof£s nedia vida, -y factor ‘gamma swienente bajo, -existe el
problene de Brensstrolung, que son Rayos X dc elte eneregis producidos por
accidn e los royos Bote bnfel misro Thulic y énla cipsﬁia que lo encierras
El breaanstralunes ~heorbho coni cor ulvu_dunte‘lm noca cnergia de los fayos
Grrma y o onte Cowm la resultbtante es muy perccida a aquella produéida por

una nfauing de Royos X de 250 Kv, Por lo'tanto la radiogreffa con Thulio

gofosn y he sufrido tambidn 1a-descrifinacidn, ya que solo tra-

Laja en espesorcs muy verquetios O oin rietoriales muy ligerose - 0 ¢

o ’ vas o o P o
Lo encrgin enitide wor radioisdtopos genu¢ulNLa¢c tons 1la forﬂa de
radiccidn ALPUA, BET.L, Go1ILy, v crptnre Ke

Mo

La decadencin Alphn o8 caracteristica de los Atomos méis pesados, como
P 9

cl Urenio. La~ parifculas Jlphe dc ua detorminado isdtopo, son emitidas 2

(&

. » - .
cierto nivel de cnergle y on consecucncia se dicc que son Monocncrgiticas.

[=3

(4’)
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Sc cecaocom iabiopos cue oniton vexiicalaz Livhe con encrgia tan
Cloa eomoe 10,6 MV, pero ol nodar Oo pknu'ruciSH @5y ho)o, pues bastmn
wans eumnnbas hojrs de proel nera paragles conwlet~nonte.
li_“x
La rodiacidn Beta no cs Monocneygética ro puede tencr energlas
N 1 ? i

hasta del orden de 12 IEV. La energfs pronedio es de éerca del 0.4 del

4
naxino.

La radiacidn Beta es néis penetrante que le radiacién .lpha y pue-
de requerir hnste de 0.25 de pulgada de pléstico para detenerla completn-
nente,

Les particulas Beta son de gran utilidad para cierto tipo de trabajo
de investigacién por cloctrogrefian o Betasrvafia pars detectar en placa
rediogréfica tintzs indelebles en tinbres fisceles, billetes de banco y
otros nés, con la difereoncin de que cl resultado final sc observa on la

0
ploce radiosréfica en forme positiva y no negativa como en la radiografia
”
conin.,.

PROCESO CAPTURL K

Es ¢l reverso de la cmisién de clectrdn o Betae Un nicleo, captura
uno de sus propios slectrones orbitales K, ¥ on el proceso enite un carac-
teristico Rayos X K,

GAMITA

La radiacidn Geona frecuentencnte acompafie 2 1n radiacidn Alpha
o Beta, Los rayos son monocncrgéticos pars un isdtopo en verticular, pero
puade uitir diferentes onergins.

La vadiacidn gamna que es la radincidn de moyor inierés cen radiogro-
{a, ™M& rcconocida coro ondas clectrorrgniticos de rnuy coria longitud de

ondn, hermana de los Reyos X y de 1le lup visidble. Bl adelanto de 1- tcoria



8

- 8

¥ de los conocinientos, he hacho nis convenicate penser de los Rayos Gamma,

Rayos X y luz visible, como proycctiles de Qnérgia llamados fotones. Un

fotdn de luz vieible es similar s vwFobdn de-Jus—vieib sinilar-e un

.- eepe

fotén de Rayos Gariha, “con Ia -diferencic,

~

a

de que los. fotoncs de luz visible

son de eproxinmadancnte 1.5 a 3 clectrdn Volts y los de Reyos Ganma, .pueden

fluctuer cn energias-de:unas cuantas decenss de miles a varios millones de

elect?én—vgltso (
S S
RAYOS X
Los Rayos Ganma y lq§$R%¥9§_X de la pism; energic son identicos
en‘baract?; y dif;;%éﬁ}ﬁqloupgylgRgorma‘e; Que\SSh producidos. Cuendo

~ . ‘ . o,

los Rayos X son generedos.cn una méquina ordinaria de Rayos X se enite
& - S

un cspectro ancho. La distribucién de encrgia varia, desde el pico del

Kilovoltage (KVP), donde sc puede nedir el miximo voltaje, haste valores
rmy bnjos. *
[}
Los isltopos eniten Rayos Ganma uniceanente a discretos niveles de

energia, peculirres n cse isdtopo en particular. Lo anterior explica la
anonalin por la cual lr rodideidn' de Iridium192 con un promadio de cerca

de 400 Kev, os ligeroncnte més penctTente que la radiacidn de una miquina
de Rayos X de un nilldén de Volts, y porque la radiacidén de Cobalto 60
con un promedio de 1,25 MEV tombién es liscrencnte nés penctrente que la

rediacién de wna miquine de dos millones de Volts, Lo realidad es, que la
neyor parte de los Rayos X csifn producidos o cenergias considerablemente

nAs bejrs, problablumenic con un promedio menor del 60% del voltaje picos

YOS GRENTZ, O 3LANDOS

Equipos cspecieles de Rayoe X pueden producir radieciones X de larga

longitud de onda, como los Rayos Grenz, Energins tan bajas son de gran
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Dugrama de un rubo de rayos X de polo Gnico.
‘Diagrama de un tubo de rayos X de inodo hueco.

l.--Dragrama de un tubo de rayos X de doble polo.
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utilidad -n el canpo, radlogruflco Tnanstrial para inspeccidn dz textiles,

.cueros, madera, papel etc., ¥y on ¢l laboratorio de investigacidn, pora

~

oxfmon de ejenplores botfnicos y biolbgicos, como escarabajos, moscas

¥ seres trn pequeflios que se pueden rediografinr sin que muersn en el

ProCcasO.

-t - o

- * P

[

Toda 12 nfarﬁ aci o-_aygrlllluta que lh prense puollca cu&ndo el

.

caso se ofrece, en cuanto a los pelisros de la radiacidn, ye sen por la

17uvia de las explociores nucleares, o ¢l uso normel de material radiactivo

en cuclquicr aplicecidn, especialmente en el terreno radiogrifico Industriel,

hon esunentndo los teriores en ¢l pﬁblico progedio, hasta proporciones inex-

“x

cusahles. Uno de esos temores es de que los isdtopos pucdan redinctivar a

todos los raterisles que sean 1rrad1ados° Todos los 1sotopos secleccionados

s
e TP A ' "

e

pora lo radiografia, no producen mis radiaciones que Alpha, Beta, Gamma y

Brenustralunug La cipsula ebsorbe cualquier radiacidn Alpha o beto que pue-

R A L ST T o e e e wm - .

don 0ro1uc1roc, d071ndo unicamente los gomma, y en Ll cwuo del Thullo en

particulor, los Jrengstralung.

e e eas .

5

Desde ¢l nonento en gue los nucleones estdn sujetos en la mayor parte

de los nficleos con cnergias retentivas de 6 o 8 MEV, los fotones, teniendo

1
VRN

ncnos energis que 6_$EV, no puche esperarsc gque indican\ﬁuchas reacoiones
nuclearcs, de no ser-exitocidn de los nicleos a niveles isoméricoé y las
fotodesintograciones del Deuterdn (urbral 2: 18-».'1’EV) v Berilio 9 (umbrnl
1,63 IEV), Adn en 1a sherzioe del umbrel, la eficiencin es extremadancnte
bnja. En consecuencia puede decirse con seguridad, que el—uso de cuelguiera
de los iegbtopos ordinerios, ¢n naterisles ordinarios, no inducirin Rndi-

cctivided,.
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DEISIDAD Y E3PLS0OR

RBstos frctores radiogrificos ¢etin intinamente unidos y son de vital
importencia para poder cmpezar a eshoz~r une, cxposicidn radiogrifica correg
tae

La base para ncdir la absorcidn de los Reyos X o ganme, estd en el
hecho dc que la intensidad do 1a radiecidn disminuye cuendo atraviezs un
naterinl. Osfe crnbio de intensidad depende de 1o densidad del nmateriol,
nsi cono de su cspesor, vy si para nosotros son conocidas lo intensidad

inicial de le radiccidn y ol peso especifico del material, asi como su cs-
” ¢

pesor, yvo podemos c-lculer la dbésis necssaria pera poder inpresionar una

peliculer radiogrifica de cualquier sensibilidad y de acucerdo con las nece-

sidades,

Tabla de equivalencias de factores radiogrificos para diferentes

nnterinles.

MTERI. L IRIDIO 192 CESIO 137 COB..LTO 60
Aluninio 0.3%5 0635 0,35
Leero 1,00 1.0 1,0
Cobre 1.1 l.1 1.1
Zinc lol 100 190
Bronce 1,1 1.1 1.1
Plono 4 3a2 203

L4

frectores, multipliquese el espesor del

& s

Pero aplicacidn de esto

w

rnaterial o rediogrn{iarse, por el facior correspondiente anotsado en 1la

columa do le fuente a ussrse.

8
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tt. PESC P“CI“ICO PICRE RIO. MATERIALES

wwo 18,70
PLOMO L 11637
‘ : O R ; :
‘ comRE T e ; 893 |
NIWEL e o - 3».»%0.0
» “BRQNéE };Af, o ‘..’ 8. 70.
ACHRO TOLADO B © 820
\CIRO DB mrmcfxdn S " ‘7391 |
HIERRO - _ . 7086 /
257790 v T .30 a 7440
el o i 7.15
ATTINONIO , T 671
c“owo : ' 6050
LTI mmxr‘m\r \ o C 2.60
< g .o o
ALUMINTO ROL'DO, N L 272
C . .

L1 espesor Je¢ wm meterial vuedé ser dado en centinetros o on cual-

quicr otra unidad, tambiln suelc expresarse en g/en? , pero dentro de la

pracﬁy{éh diaria, se facilitz™as el tribajo, utilizando centl etros o

\', . s

pulupd‘v, ﬂun cuando 1os COLflClenteS de absor01on sean menos exactos.
: S A S SR L N . 1

Copside?pnﬁo que la, ebsorcidn de. la radiacibn es expononc;gl

troavés de un material, es ruy importante considerar el espesor de éste,

vya que de esto depende el nivel de radincibn a la salida, del cual podemos

- - -
.

disponcr para dosifica ar eh func1on de ule 100 e

Sicndo exponencial lao absorcibén de la radiacidn, =n cardcter y en
la nisma forme que se describe la vida ncdic de los isétopos, una capa

scnireductora o de medio valor, doberie definirse como el espesor de nate-

rial necesario para redacir la intensidad de lea rediacidn, a una mitad de.
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su valor proeviqe En forma similer, cl esp:sor de metorial que reduciré
la intensidad do la rediacidn 9.1/10 e s valor original, es 1llamada
cepa decarroductora o capn de valor dlcina.

T+BL: DE V _LORES MEDIO Y TINC %7 FULGAD. 5, DITWREYYES JUTERIIES,

€O V'RIOSL T.070-0S

Ca,.60 RADIO 226 BSI0 137 IRIDIO 192 THULIO
PLOMO 1/10 1.62 1198, 20,847 0.8.3 2 5
1/2 0,49 Q.56 } 0.25 0.19
CO3RE 1/10 2.75 2.88 2,15 1.89
1/2 0.83 «37 <65 57
YIZRRO  1/10 2,90 3.03 2.25 2.0 0.24
1/2 0.87 0.91 . 0;68 0.61 0.07
ESTAT0  1/10 3,15 3.25 2,40 2.18
1/2 0,95 0.98 .72 .66
ZINC 1/10 3,48 3459 2.69 2.41
1/2 1.05 1.08 .61 .73
TITINIO  1/10 6.0 6417 4,61 32 0042
1/2 1.8 1.86 1.39 1.3 0,13
ALUMINIO  1/10 8.6 946 Tol o2 1.8
CONCRETO 1/2 2.6 2.9 2.1 1.9 0.5¢
MIGHESIO  1/10 9.6 2,8
1/? 2.9 0.84

Es nés conveniente usar gréficas pera determinar ¢l escudo o protec-
cibn, oue las crpas de valores décino o nedio, Las gréficas siguicntes
mucgtran ol espesor de nmaterial celculado contra el factor de reduccidn

- ”
vara los 1isdtonos usados comunnente.
Las praficas, asi coro las capas dc volores décimos y medio inclu-
. ? 5
yer el crceinmiento do inteonsidad debido o la radiacidn dessmineds, y cn
consecucncia ge les considere cono datog de rayo ancho en contraste con
lcs detos de rnyo nngosto qus considera uniceomente le absorcidn del rayo

Pri~inrio,.

O

J
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Para user las graficas, debers obtenerse primero el factor de

1000

10 ' .

reduccidn de 1000 =-100, pars reducir la intensidad a 10 mr/hr.. En oon-
i) . o
secuencia son necesaring 1.2 pulgndes de plomo para reducir la intensidad

a 10 mr/hr,, si la radiscidn cs de Iridium 192, y de 3.3 pulgadas de plomo,

si la radiacidn es de Cobalto 60,

En matericles con niineros atdrmicos relativamente mis bajos, como el

- ,
FAES

asua, aluminio, hierro, cobre, srena o concreto, la proteccidn necesaria
. g s 0 : R L - . N

prrc  la absorcidn de energia ganme de 0.2 a 2 MEV, es en proporcidn inver

- B N . B . oL B -

sa « la densidad de material de Dblindaje,

¢
.

Asi que por cjemplo: arena con densidad de 100 1b/pies clbicos, re-

O J’: .7 -l N 7w
queriria % 8 = 2 veces el espesor requerido para concreto con una densi-

v

ded de 150 1b/pies cibicos, !

v ‘ .
f .

Una berrera barate y efectiva contra la radiacidén le constituye le

' v

e . LN ’ <y, e

Tt

arcna, o0 mejor arcna con grava cernidae coro se use en el concreto, para

f g \ N
P . \\ v e

increncntar la densidad considerablemente. Arena en- cajas de léanina o nma-
- 4~ . ~ . . N

dern de wna Torry nne facilmunte pucdn ser combiada de sitio, se usan con

)

frecuencio en log sides de Calderas o fundiciones, y tener asi barrerss de

radiacién méviles para proteger 2l personal., También muros de tabique con
J ‘ : - - el “ J); s N s -

)

dos mnaredes reforzadas pero relativemente ligeras, y llenando el espacio

-

v

entrc ambas con la nescla de oxrena y grava, brindan una buena barrera pare

el laboratorio Radiogrifico, con la ventaja de que en caso de expnsidn de
la planta, el lrboratorio pusde cembiar de sitio con maifr

fecilided y a
pics de espesor.

nenos costo, que si 1los ruros fuersn de concrcto de 2 o
La proteccidn contra le radiscidn pucde losrcrse en forma barate y
fAcil cu-ndo se cprovechan los meteriales 2 nano, 20r 1o que no hoy excusa

pars. exposiciones, ~in curndo se acerquen 2 los limites fijados por la

reglamentocidn,
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GAMUGRAFIA TNDUSTRIAL

Tl control de le celidad fué csteblecido en la Industria, o partir
de los ndelantos que la ciencis vuso a disposicidn de le téenica, y con-
forme las nccesidades d- produccibn, cconomia y sceuvidad, lo ha ido exi-
glendo la expansidn Industrial.

* Después de muchos frrcasos, sc formaron diferentes hsociaciones e
Institutde especializados, tanto Anericanos como BEuropcos, y empezaron a
~
sugerir e implentar cspecificaciones y normas para meterisles de fabrica-
cibn, procesos de fabricacidén y supervisién adecurda, pare lograr méxina
czlidad ¢ seguridad cn el producto.

Dc este manera rigen zhora los c¢8digos para controlar la czlidad de
todo articulo neonufrncturado.

Claro estd, que en funcidn de los esfuerzos o condiciones de tra-
brjo de unn deternminade nieza, so saleccionan las normas bajo las cuales
sc¢ proceders a su feobricacidn, por cjemplos

La Amevicrn Society of Mochanicnl Engineorg-(ASME), cstablece aspe=~
cificrcionus nrre el naterial o usarsce, nornas para cl proceso de fabrica-

cidn y especifica ¢l nétodo de inspeccidn necesario asi como las pruchas ;|

.ffalf/ﬁva‘;

A\
©

fineles que garentizerin la calided y semiridad de 1a calderas antes de /
lanzarlas al mercado o de nonerlas en servicio, |

El .nericon Potroleunm Institute (API), norna la consiruccidn de
Olcoductos y Gascoductos, y tanbién exise la inspeceidn rrdiogrifica on
1ns uniones soldedas de laltuberiag

Lo fmericen Telding Socioty, (M78), da normas gonerales pars todo
tipo de estructuras soldadas, como cdificios, pucntes etc.

Las normas para fahriczceidn de acueductos esta establecido por ¢l

-

Cédigo de 1» dmerican “ater Vorks Asociation, AWMA).
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Pare la fobricacidn de Ferrocarriles, rigen les Normas de la sAne-
rican Associction Rmilrond, (AAR),

Lo (iSTI) Anericon Socicty for Testing on leterials. Fundicién y

soldadura.

v

La (ASA) Americen Straderd Lssociation. In goneranl
Lo, (SNT) Socicty for non destructive Testing, merca la pauta para

uso de los mélodos pe r“ prucbes no destructivas.

v
.

Estos Cddigos son tncrlcanos, pero sé utilizen cn todo el mundo.
En Burops, wno de los Cédigos nas oxtensos es el DIV, (4LlemAn)

En Suecia estd ol Intern-tional Tmstitute of Wcldlng (Ivr) -

Gran Pretnia, Francia o *talla, también han cstablecido sus propios

. A e e e S —

Cédigos, de acuerdo con sus proplas auc031d“des, o biln se apegan a otros

Cééigos Internacionnlus, serin las cspecificaciones que el contrato de fa-

bricrecidn exija.
’

Actuslmente en Moxico, da Asocincidn Mexicena de Ingsenieros Mecéni-

COijElUCtriciﬂtaS (\MINW) estA pusnando por cstablecer Normas propics,

3

lo que nog d4, unsa idee del desco de sunurrrlon gon gue treabaje nucestra
inductrin. )

E1 Control #ic Calidad se hace por PRUEBAS DESTRUCTIVAS Y PRUEDAS
NO DESTRUCTIV!S.

Prucbas destructivas, son aguellos métodos por los cuales se deter-
tinen los cnractéribtlcﬁﬁ 0 propiedades de 105 nateriales nedisnte su des-
truceidn perciel o totol, por fucgo, csfuerzos de tonsidn, flexidn, ataque
aquinico etc. /

Pruebas no destructivas, son los nétodos que se usan para investi-

gar une nuestre, sin destruirla.
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Los nitodos nsuales sons ONDAS ULTR.ISONIC.LS, PARTICULSS MAGNETICLS,
-CEITES PENETRNTES Y R'DIOCGRAFL,,

Todos cstos nitodos son Gtiles, pero susg cannos tienen limitacioncs.

25 Ondas Ultrasdnicas, nos perniten detectar fallas en el interior

de un material, nodiante sciales de sonido o lecture directa en pantalla
osciloscdpica, B
Ambas son de dificil interpretacidn y se requiere de une gran experiencia,
Ademds dichas fallas no son de registro.directo.

El nétodo es de gran utilidad pore determinaer cspesores en tanques
cerrados y en tuberia etc. | .

El nétodo de inspeceidn por particulas mognéticas, (magnaflux), es
toanbién mmy coficiente par- localizar fallas superficiales especialmente,

o ligercmente bejo 1o superficie del meteria

Lo rplicacidn de aceites penetrantes s¢ hace también, para locali-
zexr f~llas superficinles exclusivamente, cono fisuras o poros nuy finos.

41l nétodo Radiorréfico, alin t.nicndo sus limitnciones, ¢s desde
lucgo el s Util y tiune un conpo de accidn extraordinaricncente gronde,
rdenfs oor sur Ade rogistro dirccto ¢s objetivo y archivablc. La ley exige
que los reodiografins torndns para investigacionces de segurided, so conser-
ven duranse 5 aflos,

La rediogrefia aplicnda & la industriz e investigacidn, tiome cada
ain nayor aceptacidn como prueba irrefutable, y su uso se ha genernlizado
cnorncnente en las industrias del Petrdlceo, Petroquimica, de la Construc-
cién, de 153 llrntas, z~patos, de la fundicidn, automovilistica, aviacidn
astilleros, dulces, paileria, industria eléctrica, ceranica, perlas, pin-

tur~s ~ntisuas, timbres fiscrles, billetes de banco ete, ctce llenrcricros
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mucho papel prre seflalar todo el crmpo donde 1o radiografin es necesarice
Estudicnos puds, prucbas no destructivas mediante la Radiogrofia Indus-

triale

v

r.

Lrs técuicas rndiogrAficas se basan on cl conociniento de los face
. . ) . ” 03
tores quc necescriancnte interviencn pors realizarls, y le prrctico nos
da 1~ oxmeriencia que nos permitirf resolver los diferentes problenas que

dirrirmente hon de prescntnrse, i

TZACTORES RIDIOGRAFICOS

1.~ Muente de rndiacidn .
2.~ Densided del nntorizl

3.= Espesor \

4o~ Distrncin

So-~Pénét££nétrdé (Contraste y scnsibilided)
6o~ Prntrllds intensificadoras

To- Pelicula”

8o= Ticmpo de Exposici5n

94~ Proceso Muinico

10,- Interpretacién

No cxiste substituto parn 1l proteceidn ~decurdn, pero ¢l blindaje

-
Y

por nmodio de fuertes b-rrerns contrn ln rrdiacidn, no constituyen el dnico

nétodo prra rle~nznr ese fin, /
Si un rndiblogo éé cneuentra momeﬁt%ncnmonte on uﬂ: zonr. de alte
rediacifn, 1n ddésis totrl rcurmladn puede ser peduefio. uicre decir
conscecurncin, aue 1o Adsis dependers del tiembo que permrnezca dentro de
esn zonr, y 1l digtoncin a que se vncucnire de 1o fuente de r-dincién.

Bste rrzon-micnto se splicn cxactomente en el crmpo rndiosrdfico,
cuwmdo su trrte de estoblecer la distenein adecuadn para radicgrafinr una

; .
"MCE LTI




El cAleulo ge basa en 1o loy Ae 1o redz cundrada o 1o inversa y

natenfiicrnonte se cxpress nsi I 2 1 yo que 1~ intensidnd veric en
’ D2

rozdn inverse ~l cwdre de 1r distoncic. (Tisura 1)
Lo nryor porte de 1lng vecen wno sc ocuna <o Jeterminar una inten-

slid~d desconocida o una distenein desconocidn, particndo de factores cong

cidos. Ezto pucdc expresnrsc asij

Is =D,
=052
Dy 2
Dec cobe férmula se sacr, ques todos los frotores de Distencia e

~

intensidad puede scor crlculeada nrrtiondo de resultados determincdos on

FACTORDS SAMIL A DIFERINTES DISTLICL.S PR FUMNYES DE 1 CURIR <:>
1507070 1 M3ZTRO 1 PIE 2 PIES 4 PIES 4 PIES 10
ODALYO 60 1.35 14.5 3.6 0.9 0,23 0.145
DI0 226 0.8 9,0 2,3 0.6 0.14 0.09
CE3I0 137 0,39 ) 1,1 0,26 0.07 0.042
IRIDIO 192 0,55 5.9 1.5 0.4 0.09 0,059
PIULIO 170 0.0025 0.037 0.007 0.002 0,000  0,00027

Bl problemn de ln Jdispersidn os coplejo y solo pucde calculorsc
con dificultedos, brjo les diverses condiciones encontrodas on la rodio-
ronfice ‘

Por csin rashn los valores caleoulrdos de intensidad de rodiacidn ~ diver-

s~s dist-ncins, posi™lon ase cen considersblencnte mAs bnjo aue la verdo- g:}

Azra intensidod tonnd~ wor nedidor, cspecirlmente o distracics cortas de
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Unc. faonte no pucde sor eolibrade on cstn fornn, & menos que

1ns condicioncs de digpersién senn pirfectancnte conocidns, tnl como

se Ioternina de ne%idns ton~dns contrn una fucnte Stondard, de la nise-

n- clnse.

Debe subrayarse que todes lrs intensidrdes caleuladas pera de-
n~rcar zonas de seguridad, dedben sor comprohadas con un contodor que
esté ocn nerfeetns condicioncs de trabnjos

Parc obtener resultados Sptinos radiogr-ficanente hablendo, las

radiogrofins deben tomnrse brjo condiciones que reproduzcon los detnlles

v

, . -
nAs pequeiios de la muecizre dojo oxénen, v estc 4 frctor rodiogrifico,

DISTLICL, es muy importante para logrrrlo, Pera fijnr una distancia

8ptinn pueden utilizrrse varios mEtodos, uno de ellos esti dado por la

4

’

f&rmules ‘

D Opt:E (_L*%}l)

u

(o]
2
&
=
]

- LS. -
Lgposor nnxino de 1o picza.

RS
b

Difmetro del foco o fuente de radiacidne.

o
[

= Trmefio del greno de 1o emulsidn
U= Traecfio del grano dc la emulsidn de 1o plach.

Bstos foctores puedun -nconirrrse n ln siguicante tcbla, segun

el crso.
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DIFUMIN CIOW INUDRITA w Pooi. DI TT)

i

YOS -

Grwil.a

COT O SIN P NTALLS

DE PLONO DE C.1CI0 IRIDIO 192

CON P.MP/LLAS COIl P/XNYALL.S DU PLOMO

60

Co™” y D'~

CO P.2UALLLS
i
C.ILCIO

[

u- 0.2 0,3 0.4 0.2

0.3

0.6 - 0.7

Es csenci~l no usar distencias rmenores o la Sotinn~, i lo gre  tro-

t~ de detcctarse son defectos muy finos comg roturrs o »oros finos, Sin

anh rgo lo distancin puede ~unenverse hesta

contrrsta,

TLBL. DY COWECCIONEE D DISYH MNCIA

Us-ndo Pontallas de plomo.
LJUHENTO FLCTOR D
25 % 1,6
50 <} 263
100 ¢4 A

4 . .
10055 sin gren perdidn del

con TUoTMVLLIG DY CULCIO COM

Y05 X

25 < p
50 %
lOO /0

I

"
20%
14

3%
5055

o2
ol
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CONTRASTE

-

Siendo independienterente ¢l contrrste y la scnsibilidnd Ae

detalle, wi ~umonto de contrngte, ~unanters desde luego la visibilidan

)
del detalle, y posiblemente vicevorse dentro de linites.

Cu-ndo se observe desenfoque en le imdren do 1o rediografia, este pucde

deberse » difereont.s fectores,
lo.~ Dispersionecs producid~ dentro de la mucctra radiografiesde y

peliculr, . o e

20+~ Distencin de la pelicule a lo mmestre,

30,- Distoncin do 1e fumite & 1o policuln.

A0o~ Yovinivnto de 1a peliculn, ruestra o fuente,

1.~ Ln dispersidén producida dontiro de 1n muestre cos 1o couse noyor del
“desenfoques Como Ir disncrsidn internn no ti:ine direccidn fija,
se produciri un velrnicnto ~nerel de la pelicul~, lo cual reduciréd

‘

¢l contrestee. Por ¢jenplo, oh mna rmasten do ~cenro de £.5" do espe-
gor, oxpucsta o Rayos X dc 2 millones’de cleuetrdn Volts o rayos

- . K ..
Conma e Cobrlto 60, solrrante una--aninta perte de la radiacidn

4

cae 1lege a 1n pelicule 1leve infsen inhercnte. Lo proporcidén me-

s

nos con cspeci-wnes rfs Trucsose

Torhidén es considereble, en mnte;ialu° q:s A-1rzrd0s 0 con cnersin
wAs hejne :

Cunndo 1" & ~lwiiniv os rediograficda o 80 ¥v, ¢l 950% de 1o radin
cidn nue llegr nole v:lfeul , s Aispersidn interan.

#1 Acseanfoque i se prisents es ewusado por lo dispersidn de clec-

trones sceundnrios deatro fo 1lr eralsidn de la peliculs y ticnde ~
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enpofiny 1ro orilles o perfiles 4c la imAsen. £l orden del descnfoque

. . 4
:5t4 on fwneibn dule cnorgic y se incremente n cnerzins nnyores.

2.~ 8i sc proyectr. una sorbrr a-ln prrody; notarenos que wsta se

”

hace s nitide coulormc acercwros & ln peréed el objeto aue 1o

nroduce, a

’ ”»

2 1le mignn forms, nicntras una ruestra esta nifs en contncto :

[&13

con 1~ p2liculn o viceversa, le imﬁgen\radiogrﬁfica miestra la
wixime Acfinicibne

3¢ recomilendr este intimo contacto enfrc rmiestres ¥y peliculn,
prre. obtener los mejores resultados. .Pare losrar 1o acgnificeacidn
de 1n infgon (que en riuchas, ocnsiones se desta lograf oste,) se si=-
gue ﬁna técnica diferente; s2-sep~ra un tonto la pelicula de la
muestra, y se cumenta lao ﬂistanéia\foco-pelicula, (cuando menos un
507), pora.lozrar uns definicidn ccomtnble.
3a=~Cucnlo 1r distnacie foco-prlicul~ es nenor que 1A\distnncia riini-
nr Aptinn, toobién produce “den;nfoque",,sin crbarro, cuando hay
neeccsidad de hacerlo, hay' que procurar-que gl contzcto entré la
pcliqula ¥ la muestre sea connlaoto.
4a- Los vibracioﬁos, viento fuerse, nel csentanicnto de lo ruestra
o nmeln sujecidn de 1- pelicula, suslen oqasion&r movinicento en <l
nonento do le oxposicién, ¥y «ntonces se vegistrn cn la velicula yo
ruvelndn, "dasenfoque™ o Adobles imfrones. ..scgurese bicn de esto
rntos do dniciar ol trabejo,
En sintosis, los punciriretros, dependicndo de su vicibilided en 1a

c

. P d . . . . N o
refionrefing nos norniten colificrr la colidnd radiogrificr do la




Un fretor iwmortrate son las prabrllrs iotensificrdoras gque se usn

Y

¢ )

on Rediosrafis Inustricl, y tioenen nor ohjuto obtoncr rimyor c~lidnd
rndiogrificn on el menor ticnpo posidble de oxposicidne P rn este objeto
se disponc de dos tiposs P i LL:3 DT 2L0OY0 Y PTLLL S D3 C..LCIO.

P T LLAS DR PLOID

Bgtas actlnn como cohsorvedorns dc rediscidn secundarin, bheneficirnmdo
el fuetvor contraste, 51 mismo nos nyudan a lograr exposiciones nas cor-
-5, lebido n 1= omisidn de electroncs y absorcidén de radiaciones de

N
boje cnersine

Los fretores de intensificacidn usando pontallas 4e plomo, pucden
vrriar, on funcidn d¢l ecpesor del rmaterirl y de 1 encrgic,

En 0.5" do necro la intensificocidn yo os nprecioble, y en 1.5"
del -dsro naterial ya cos consideranle. Polenos acnoter gque vl frctor
de intensificneidn s ¢ 5 a 6, cum’o ac trob-jo con Tuentes dc Reyos
X con energin A1 oeden de 200 KV y de 4 & 5 cuando us~os fuontes do
Reyos Garmn de Iriddio 192, E1 factor 2, <o nore cnersins de Cobolto €0,

L~ definicidn de la infmon r-~dio réfica, no os ~fectoda por ¢l usu
de pantalles de nlomo, ricentras h-lla un contacto cornleto entrc poli-
culn v pntallas,

Norclnmente ¢l 2swvesor Je leos nantollas de plono veria de G,004%

2 0.006" poee w1 frente, v o1 0,010" & 0.020" en ¢l rospaldo. Pors pic-
zoo fundidas A oran capesor, se Dueden utilizar en ol respeldo, panta-
1lns hastn de 0,150" deniro del chnsis, ~dicionendo fuera del misnc, 14-

minns de plome de 0.,25Y,
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b ’

%1 espesor dc las lénmines de plo=o debe ser uniforme y —uy espe-

7 -
cirliv nte ecu~ndo se trobaje con Aayos X o Rayos Gernn de Iridium 192,

ye que en funcidn ‘de sv cnengfc, logren deterninar las verieciones, en
4

perjulcio de 1n crlidad redicsraficte

~

Pare Rayos Gronz de Cobelto 00, puede pasarsc por alto esta reconen

2o LLAS DE CLLCIC

Indistintanente se fabrican do Tungstdno de C-leio, Julfato de Plome
y Borio y tanbidn de Tolfrensto de c;lcioo Se usan como 1lrs dc plomo,
cubriendo 12 peliculs por ~mhos lados y procurrndo un contecto
~bsoluto, sin ombrrgo trobajen on forma diferente.,

&5 substrneins 4e que cstén hechas, cniten luz curndo absorben
Iayos X o Rayos Gormze Le intensidad de la luz emitide est? cn funcidn
de 1n intensidrd de la rediscidn incidente, pof 1o %rnto, cstas panta-
1las no se us™m con Aayos Garvia, Aado que su nlta energis y largas como-
sicioncs commr.nte usndrs en gammaze~fie, producirén mucha granulecidn
en 1- peliculn.

El cfecio fotogrffico m 1a puliculs, vz 1~ suma e los efuctos de
1n rediceibn X y 1o luz oritidn nor 1o pratelle, de modn que la inpre-
sién de lo infgen en 1r neliculn, se losra por contacto ¥ no por proyec-
cidén cow con l~s prntallas de nlomos

Lo radiografic on nebnles ligeros no rnerita el uso de pantellas.
Istes se usan generalneats en espesorces mas grucsos o on uotlerieles de

“Jto densilded v sobre todo si solo se cuonta con kilovoltages linitados.
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Lrs prntollns fluorccontes Acben us-rse con peliculas de slta son-
5ibilidnad = 1o luz ~zul que eniten lns pratnllas, teles corw 1o tipo T
de Kodak, y que cstf indicoad~ expressncinte pora 3ste uso. Tenbidén la
tipo XK de¢ 1o misne ricrea sucle rasnonder hestante bione

Los factores de intensificocidn de las o niellas de cnlcio, son
extraordinarios. C.5" de accero, rodiografiada con Qayos X de 150 XKV y
pntellas de calcio su factor de intensificecibn cs de 125, y pars 0.75"
uscndo 130 KV nuvde eloverse o 2 0 3 veces mis,

Cusndo so rrdiozrafin con Cohalto 60 o Radio 226, =1 factor ~préxins

O
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Existen diforemtes tipos de penctrAmetros en uso, su aplicacidn

e

dentro dc la rodiografin nos permite conocer, curndo, nediante una

sxposicidn dnda, se he lotrrdo obtener la nféxina definicibn de los
1zfectos detectados en ¢l interior de un neteriel.
Penetrimetros ASID  Fuerzn Ldree yilarine (nnericanos)

Penctrdmotros DIN  (Llemén)

Ponetrénetro Hscnlonndo  (Ingles)

> 7 LLES DE PRIETR.ZETRO | SSIE FUERZ.. [EdBi MORINA
Espesor del Penctrimetro . .

del mrterial b % %

A

O ESTE30R UINIHO DRL PRVETRIMITRO  .005" - ,005" 005"

’
. £

Proporcibn del difmetro dc los
hoyos con o1 espesor del”

penctrinetro 27 -37-47 273747 . 1Ta-2T-4T

Difactro ninime del Hoyo lo. _1 o 0,30" 0c.010"
16 ‘ .
N 3 T
Sccundo oyo _ B T 0.30" 0.,020"
. 16
oreer Toyo . 1 Rx 0.30" 0,040"

16 \

S, sec .
Bn-los penetrinetros de S8ME y Fuerza Zéren, los hoyos mis grandes

son incecesnrios, porque £l verse ol hoyo mfs poauefio, los nfs grandes

vodrin verse f~cilnents. Pn el cnso du los panetrametros de le Morina

cnde hoyo si mifice ¢l rrede pevticuler de scrsaibilidad gue pucde sor
g:} desendo on tres diforentos niveles de crlided de trnbnjo.

Los peonetrfnctros deben colocsrse normelmente ol frente de la iwes

’

tre sobre la sceeidn o insnecciloner, pero hey excepeionos.




- 26 -
Notese que el hoyo 1 T solo muestra el 2% de sensibilidad de detalle,
va que el didmeiro es icual al esnesor del penetrémetro, gque es el %%
del espesor del objeto a radio-rafiarse, Zn ls misma relacidn, el hoyo
2 T nuestra el 4%, el 3T 6byel 4T 8%

La adantacidn de hoyos de tarmafio 'inimo y espesor nini—o, de los
penctridmetros, ohedece 2 lon limites de resoluciones Préctiq§§ de la
peliculas industriales que actuslmente se fabricen. Por lo tanto, difi-
cilmente se podria mostrar sensibilidad de detalle més fiel, que el 2%
con 2% de coniraste, en cualquier material de espesor menor de 0,5" y .atn
aqui se hace necesario el enmpleo de pelicula Industrial de grano fino.

Curndo hablamos de porcentaje de sensibilidad, debe entenderse el
srodo de visivilidad de un penetrémetro, cuyo espesor y didmetro de los
hoyos, son un porcentaje del espesor de la pieza a radiografiarse. .4si
como puede decirse que wna radio~raffa tiene o de sensibilidad de con-

traste, si permite que se revelen los contornos de un penetrametro del

’ o .
275 de esresor radioprafiado.

t5 de sensibilidad - contraste = AT x 100 Donde T : Espesor Radiogra
T fiado.
AT - Zspesor del tene-
trimetro.
% de sensibilidad detalle
del penetrametro, -4 x

4 x 100 donde 4 - Difmetry del hoyo per-
ceptible en cl penetréi-
metro.

Lus esnceificaciones slemanas 2IN,- 54110 requieren\que PATL COMDTO=
bar rzdiografios de calidad Optima, debe verse en la radiosrafiaz el elambre

. . 7
respectivo, cuyo difmetro puede ser el 1.5, 2 0 3% del espesor totzl del

. ] N , 5 R
naterial penetrado., &1 valor asi obtenido se llame ‘sensibilidad ce alambre
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En la rdunidn d;l Tnternationsl ‘Institute of Telding, (ITV) celebrada
en COpenhagﬁe'éﬁ Julio de 1953, ce ‘decidid usar penetrimetros-de alambre
en toda Surora, para controlar la celidad de-las’radiografias obtenidas en
soldadura, -“n egte caso_e;'térgino penetrametro lo crmbiaron por "Indicador
de Calidad de Imdgen" (ICI)ov-.. . & =
Penetrametros -de-alambre, hechos seglim DIN-57110, cada ICI consiste

de dos placas literas -de papel, caucho etc., pegades una contra otra y entre

las wles se han colocado SIETE alambres de espesor conocido.

PENETURETRO DIN

No. de Espesor del material (mm) Didmetro de los alamores
ICI Clese 1 Clase 2
1 0 a 30 0a25 0,1 0,15 0,20, 0625, 8630,.0:635..0:40
2 30 a 60 . 25 a 90 0,3 0.4 0.5 0,6 0,7 0.8 0.9
3 Y SU a .[pU Usb Uod 1,V lod Yy 1.0 1.0
3 00 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Cada uno de los penetrémetros & usar, sea del C3digo que sea, deberd

ser del mismo meterial que se va a radiografiar, de aluminio para aluninio,

]

de bronce para el bronce, de acero para el acero y asi sucesivamente.

-

Las espmecificaciones dritanicas “F. E. 6 Committee Radiography of
ilelded Pressure Vessels", aconseja el uso de penetrimetros escalonados en

‘radiografias de "Class 1 Telded Pressure Vessels", y la sensibilidad de de-

talle no debe ser menor del 299 del espesor total penetrado.
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CD

PENETRAMITNO 5 BSCALONADOS
Tiras de acero de 12,5 mm de aacho cada uns, en una serie de escalo-

nes de 12.5 mm de lerso cada uno,.

Para espesores hasta de 38,1 mm., el espesor de los escalones debe
sers 0,127 = 0,254 = 0,508 = 0,762 ~ 1,016 mm.
Para esmesores mayores de 38,1 mm y hasta 76,2 mm., el espesor de los

escalones debe ser de 1,016 = 1270 - 15520 = 2,032 mn,
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PELICULA
Los fabricantes de material’;qnsible para‘radiografia industrial,
{fabrican la pelicula baj0~las.mismgs‘oaracte;isticas fisicas.. .
La base de la pelicula.es de vital importancia. Primeramente se fa=
bricé de CELULOSA DE NITRATO, pero esta base era de combustidn muy rapida.

A

Posteriormente se fabricd de CELULOSA DE ACETATO, y aunque su combustiln no
er- ~uy répida, siempre podia presentar vnroblemas., actualmente la base de la
pelicula se le denomina BASE - STAR.y se fabrica de POLIETILENO que no pre=-

senta ningin pelisnro. Bsta base esta ligeramente entintada de azul, lo que

ayuda a aumentar un poco el contrastes

-

Esta base se emulsiona por ambos lados, El objeto de la doble emul sidn

es aumentar el coniraste. Para fines de investigaciln también se fabrica

0

con emulsidn por un solo lado, y esto evita paralajes que aunque a simple

-

victa no se nota en las pelicglas de doble Qmu;sién, si cxiste,
Poste iormentc, 1z cmulsibén sz barniza con una capa protec%@ra a fin de que
esla no se ralle ni maltrate durante su nanipulacidn.

La emulsibn cs ext;gmgdgmente'sensible,a\}g-réd;aciép'Gamma, Xy luz
visible, Cuando esta c¢s h?rida por gualquiera de ellas, sufre un cambio en

su estructura fisica. Bste cambio no puede detectarse por métodos fisicos

r

ordinarios,

v

La cmulsidn fotografica cstd compuesta de Alogenuros de plata en sus-

Y - .
ponsidn, on un medio gelatinoso.
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Dado que los Rayos Ggmma y los Rayos X ticnen diferentes caracteris=-
ticas, los fabricantes ofrecen diferentes sensibilidades fotogrificas o ti-
pos de pelicﬁlas para poder selcocionar la mis convenicnte segiin el caso. Sin
embargo todes ellas pueden ser usedas indistintamente con Rayos X o Gamma,

Los tipos de pelfcula que mis se usan en trabajos rutinarios de proe
duceidn, sons LENTAS, RAPIDAS Y ULTRARAPIDAS. .

LINTAS

Las caracteristicas de las peliculas lentas son: Alto contraste y
Grano muy fino, Estas caracteristicas nos inducen a seleccionarle para tra=
bajos de alta calidad o de investigacidn y cuando deseamos obtener gran sen-
8ibilidad de detalle, como por ejemplo en mciales muy ligeros (Aluminio,
madera, plisticos ctc.) o en trabajos de investigacidn en papeles, textiles,
obras pictoricas etc. Los tiempos de exposicién largos, no importan en este
tipo de trabajo. Ahora, si contamos con fuentes de alta intensidad, esta pe-
licula tembién podremos usarla en trabajos de inspeccidn rutinaria.

VELOCIDAD MEDIA

Las grandes fucntes de produccidn radiogréafica han scleocionado siempre
esta pelicula, por llenar los requisitos ordinarios para trabajos comerciales
donde la facturacién depende de le produccilnes Sus caractéristicas son:
rapidez, alto contraste y grano fino, pudiendo usarse con o sin pantall as
de plomd,

Pueds sor dc 4 e 6 veces mds ripida que la pelicula’ lenta, depepdien

do de la calidad de radiacidn con que se exponga. Responde con exito a

altas 0 bajas enerzias.

U
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SLICULA RAPIDA e .

/ La velocidad extraordinaria’ de eséa pelicula es una de sus princi-
.
pales ca:acteristicasa De 5 a 10 veces mis rapida que la anterio?; depan=
diendo ‘claro estd; de la calidad de‘rad%acién.-Desgraciadgmente su cone
traste es mediano 'y su grano es-grande,” 1o que baja considerablemente la
" scnsibilided de detalle’ Responde muy bien a altas energias. Se usa espe=
cialmente en grandes  espesores de- acero o materiales muy densos, como el

b *ce”y el plomo., En piezas fundidas con espesores de 3" o 4", ya esté

indicado su uso, especialmente $i no-contamos con fuentes de alta penetra-
) :

’ ! : ©
' , -

CiOng o ! " Dl

EXTRA RAPIDA P -

"Esta’emulsidn ‘con alta sensibilidad a la luz azul, es fabricada para
usarse especialmente con pantallas de calcio, (estas emiten luz azul al ab-
sorber Rayos Camma 'o X) 'y desde luiego perfectamente indicada, si el kilovol-
tage de que disponemos es limitéd;. También puede usarse con exito con equi-
pOS“éé Rayos X de 400 KV en espesores considerables. de acero o bronce, . sieme
pre y cuando la sensibilidad de detalle requerido sea del 4%.

Cuando se usa sin pantallas de calcio o con pantallas de plomo, su
contraste ¥y su velocidad se abaten considerablemente,

A continuacidn ofrecemcs las Eurvas caracteristicas de cada una de
estas peliculase’

Las peliculas radiograficas mientras mas lentas san, su grano es més
paquefio y nos di mayor sensibilidad de detalle, y mas alio contraste.

Las peliculas répidas, mientras mds répidas sonfmés grande es su gra-

no y menor su sensibilidad de detalle, ademids su contraste se abates
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TECNICé BASICA
La técnica usad; comunmente en radiografia Industrial, es basica y
el conocimiento de ella nos facilita realizar el registro directo en una
placa fptpgréfica, las discontinuidades que puedan emcontrarse dentro de
la estructura de un material. Para lograrlo, la muestra a inspeccionar de-
berd estar siecmpre entre la fuente de radiacidén y la pelfcula. A partir de
esta consideracibn, se aplican las siguicntes técnicas:

DIRECCIONAL CIRCUNFERENCIAL PANORAMICA

TECNICA DIRECCIONAL

Es aquella en que el haz de radiacidn es dirigido en una sola direc-
cién hacia una muestra o a una seccidén de la misma,
En tuberias o recipientes de presidn, esta técnica es de uso corriente

(véase diagrama nimero 1),

TECNICA 1.- Esta técnica se usa y es recomendada para tuberias cerradas, y
se exponc a través de las dos paredes del tubo.

TECKICA 1ll.-Esta técnica se usa en tuberia abierta, de didmetro suficicente
para dar paso & un hombre, y cuando la seccién a radiografiar
este situada a 4 Mt o mas de la boca del tubo o recipiente., Esta
técnica es obligada a pesar de la pequefia distorsidn de imégen
que pueda registrarse en la placa radiografica.

TECNICA TIIL.El uso de esta técnica es para tuberias abiertas de menor o ma-
yor didmetro, siempre y cuando, la seccidn a radiografiar este

a 3 mts o menos de la entrada del tubo.
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TECNICA IV.- Se usa esta téenica para radiografiar en una sola exposicidn,
desde el exterior, el qordén circunferencial de la soldadura

de la unién de un tubo de hasta wn didmetro de 4" como miximo,

2

i

La fuente debe desplazarse del plano dc la unidn, de 6 a 7"y
la pelicula se colvca desentrada de la muestra, a fin de re-
gistrar convenientemente le imégen .desplazada en sentido con-

R

trario a la fuente. Dicho registro aparece helicoidal,

TECNICA CIRCUNFERBNCIAL .

Esta técnica nos permite radiografiar todo el corddén circunferen
\

; \

cial de soldadura que une dos tubos, exponiendo‘desde el interior, en una

<:> . sola éprs&é&gﬁo T STl

' " El corddn de soldadura 6 cubre tdtaimente de pelicula por la
parte exterior, con tramos cortos o Yargos de pelfcula’'y la fuente de radiz
cién se/centr& en el interior del-tubos (Véase diagrama No, 2)&

Con e¢sta técnicd, la idenﬁificacién de tfamos para localizar
fallas que hallan sido detectadas, queda registrade también en la pelicﬁla.
Antes de exponer, se coloca a un lado de la soldadura, una cinta de 1" de
ancho, con marcas de nimeros de plamo adheridos a la misma, Estqs mexcas se
duplican en el metal Yase, con érayén,émafillo; 2l lado de cada nﬁmero‘de
plomo, parﬁ h&e posteriorﬁénté’se fﬁcilite la lgcalizaciéna

Si se utiliza pelicula continua’para que cubra todo el corddn

de soldadura sin, interrupcidn, puede usarse un solo penetrametro, pero si

{:} s¢ cubre con tramos cortos o largos, cada tramo debe llevar el suyo,
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TECNICA PANORAMICA

Lz técnica panordmice ~ usa especialmente en piezas fundides, las
cuales se colocan en circulo ai-ededor de la fuente y son radiografiadas
en una sola exposicién. (véase dr1~rrmia No. 3)

Cada muestra debe 1. .2 identificacién y penetridmetro propio
paxra su debido control en partli«i-r

Estas TRES técnices, r.° s 'mpre nos resolverdn los problemés
que encontraremos en cl trabajo d..c... por lo que hebrd muchas ocasiones
en que el Radiblogo se verd obligado a sar su propio ingenio para poder
salir adelante,

Las técnicas que se usan para radiografiar piezas fundidas
con espesores diferentes en una sola muestra; son un ejemplo palpables

Si el Area a examinarse tienc grendes variaciones de espesor,
cs dificil examinarla en una sola exposicidn, ya que lo cxposicibn correcta
para la scccidn mAs grucsa, no es adccuada para las scccioncs mis delgadas
y vicevursa. In este caso puede usarse fuente de altn energga para reducir
¢l contraste, 3i esto no dg los resultados que esperamos, (;qui entra el
ingenio), puesden usarse las siguicntes téenicas: |
TICONICA A

Pueden exponersc en el mismo chasis, dos pelfculas, unn con
emulsidén rdpida, y otra con emulsidn lenta. La pelicula lenta registrara
razonablemente los espesores deolgados, mientras que la pelicula rapida
registraré las partes de mayor cspesor.
TECNICA B

Enmascerar las sceciones ic menor espesor con liminas de plono,

las cuesles compensarin los espesores rayores.
!
i
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Lés seccioncs de menor éspesor pueden rellenarse de wna pasta
de Ferro-Wolframio o simpléménté con plastilina ﬁezéiada coﬁ metal ;n pdivo
de la misma densided del matéfial de ia muestra.‘

Para la radiografie dé pequeflos espesores, puecden cargarse
2 o més pelicules cn 6l mistio chasi.'. intercalando pantallas de plomo.

Después de révelddas,ypusden'superpdnerse y verse juntas. Por
esta técnica se aumenta‘cﬁnéideréblemente\elkcontraste ¥y es muy Gtil cuando
la fuente con que contamos es de Rayos Gamma de elta énerg{a como la del
Cobalto 60, ‘ ST

Todas estas técnicas son frutos del ingenio, para superar
los.obstéculos ue on él terreno de la Rddioéréf{aVIndustrial va encontrando

1

el especinlista,
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"PROCESO . WINICO

El proceso quimice a quc sc somete una pelicula que a su vez se ha
expuesto o la accidén de los Rayos Gamma, ticne por objeto hacer patente la
imégen latente que cxiste on 1a emulsidén fotozrAfica., 1 proceso se divide

en tres pasos, que son: REVELADO - FIJADO - LAV.DO,

REVELADO

Cuando la emulsién fotografica ha ebsorbido radiacién gamma o X,
los alogenuros de plata que se encucntran en suspensidn, sufren un cambio
f{sico en su estructurs, cl cual no sc pucde determinar a simplc vista, sino
medicnte un agente revelador Quimico.

El agente revelador, es una férmula perfectamente balanceada la cual
consta en primer lugar, de dos substancins conocidas; la hidroquincna y el
Sulfito de Paramidofcnol (Mctol nombre genérico)- (Elén, de patente), los
cuales convierten en metel la plata ue en mAs o menos dosis de rrdiacién
absorbicron los alogenuros.

El Sulfito de Paremidofcnol o Metol, trabaja y revela los medios
tonos de la imagen, y la Hidroquinona trabaja especialmente los altos
contrastes o see, las luces altos y las altas densidades o negros de la
misma,

Para que el agente revelador pueda cumplir con su accidn especifica,
rcequierc del tiempo nccesario para nctuar y  la facilidad pere hacerlo.

31 usaramos solemente ¢l agente revelador pare hacer patonte la imé-
gcn, 1la oxidacién inmedinta que se presenta nos lo impediris, por lo tanto,
antes de disolver el agente revelador, debemos disolver un agente conser-
vador que en este caso es el Sulfito de Sodio, que actia como catalizador

del oxigeno, estabilizendo al agente revelador.
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Posteriormente es nccesario cl pgente nlcnlino (Curbonato de

50dio) que actfia como abl-ndedor de 1o cmulsi6n, permitiendo que el

tw,

~roente revelndor menetre haste el fondo de ln misma y revele 100% en

un tiempo determinado a temperatura controlada.
Y P

- - - o :

(Coxbonato &2 sodio), ha tenido

' P ., -
IR

como trl algunas modificaciones. Cusndo el Carbonato de sodio paga el

(Actualmonte el ogente ~lealino

"y N
At

1imite potencial nlcalino, produce gascs por sulfuracidén y la emulsidn

5
1

se ~vejiga. Para lograr un potencinl nlenlino mAs alto, Kodak agregd
Pcr%ornto de sodio, con 1o que logré ademfs, subir le densidad hasta en

wn 307 )

P N . o B}
La cunrta y Gltima substancia de que sc compone la férmula cs el

Bromuro de Potasio, que actlln como ngente rotenedor o sen que reticne cl

hd .
. LN

tiempo neccesario ln aceidn del vevel-dor,
Todos los agintes revelsdores son alcalinos,
Los ticmpos nccesnrios pers que 1o £rmuls del revelsador completas

nente su nccidn, son los siguientes:
/

PIEMPO DT IMVERLADO EN MINUTOS

Tumperatura - Pelfculés lonta-Nedié;Répida Ulfrardpida
Grados F Norm~1: Miximo

60 5 1/2. .- 16 5

u ‘ ,

65 6 10 6

68 5 8 5

70 4 1/2 7 3 1/4

75 3 1/2 51/2 3

Como podrAn observer, los ticmpos dependen de la temperatura a la
o
que sc¢ pueda cncontrar cl roveladors La temperaturn ideal es de 68 P con
tivmpo de 5 minutos, pero sl ¢l control de le temperatura no existe en-

tonces se puede compensar con ticmpo.
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En las temperaturas extremas de la tabla; el resultado ya no es
éptimo, pero si accpinrble,

A temvernturas mAs bajes de 60° P, lc Hidroguinone ya no trabaja,
si en cembio cl lletol, pero este nos 6a medios tonos, centonces la redio-
grafia en general se veri gris y falta de contraste.

A tempernturas més altas de los TS° F el Metol no trabsja, si en coam-
bio la Hidroquinona, pero esta nos da solnmente luces altas y sombras pro-
fundes, entonces le radiografia se observarid muy contrastada y nada de me-
dios tonos o grises,

Para que ambas substoncias nos permitan obtener la mixima calidad

(]
se aconsejo procesar la pelfculn a la temperatura éptima de 68 F,

Reconendacioness

l.- igitar la solucidn del revelador sntes de sumergir la éeliculao

2.~ Checar la temperatura con anticipacidne

3.- Agitar la pelicula 2 o 3 veces nientras se esta revelando,

/4 FLS el A

4o= No torusmelaspelicuin, & observarlz 4 le luz de la lémpara de scguri-
dad)7 micentras se este rovelando.

5.= No agregarlc nunca ogua 6l revelador para recuperar su nivel (usese
reforzador )

6.- No tocar la pelicula con los dedos, mancjesele mediante ¢l marco que

la sujeta.
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FIJADOR

La férmula comunmente usade para fijar les pelicu;gszgg;ante el pro-
cego}dc laborntorio, conticnes Hiposulfito de sq@io,q ?;gsglfatoa Alumbre
de potasio y Agido‘apéticp,xﬁgﬂérqp gus:dqbiQas‘Qrgpqggioqego

El Hiposulfito de sodio o Tiosulf~to actia gobreklgngmulsién foto-
grificn, removiendo todoé nquollos%hlogenurOS que no fueron hegidog por
12 radiacidn, y fijgn@gﬂ}a plata;ggyg}%ga‘que d%ré la ;mégeno

31 alumbre de potasio, que es un poderoso astringente, actuari como
cndurecedor de la emulsidn, la cual habia sido ablandada por el Carbonato
dclsodio, para fac%}iﬁng l%‘pgngﬁ?agién del agente revelador,

I1 Jeido acégigoiactugfé:comq_ngg?rq}}zadérﬂQG el alcali del rovela=

dor y terminar? definitivemente.su accidn.
P VI -
Tabla de-ticmpos  de fijado con -fijador normal. -

N o B
- Ticnpo,.en. Minutos a 68 F

3

NGmero de Radiografias Peliculas “fcliédla
14 X 17" o uquivalente lentas-media oL Rapida
para 20 1lts. de fijador ultrarapida
- 0azs T R R 10
25 a 950 )) N o G «)~ 12
50 a 75 ., 8 ‘ 15
75 a 100 B T 19
100 2 125 12 -
125 = 150 16 -

Alpunas personas subestiman la importancia tan grande que tiene el
factor proceso quimicd. Bs ten importaonte, que en muchas ocasiones de el
depende ol 3xito del trabrjo de todo un dia, o volver a repetirlo por no

kaberse proccsado debidemonte.
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De toda la producecién de un dia do trobajo, ‘hay ocasiones que tiene E:B
que rechagarse un nlto porcentnje por menchas de revelador o fijador, o por
estrr mal lavadns. Lodos los descuidos tenidos en el laboratorio se refle-
jan en el resultrdo final.

Lo limpieza del laboratorio y la manipulacidén correcta del materiélg

es necesario y rinde bencficios,

Recomendaciones:

le= TMe la temperatura del fijador sea la misma del revelador, y no
neyores por que pucde reticularse la emulsidén por cambios bruscos
de temperatura.

2.~ igitar ¢l fijador antes de sumergir la peliculea.

3.~ Agitar 1la pecliculs dentro del fijador a intervolos, con un to=
t2l de 2 minutos del tiempo de fijado.

4¢= Yo fijer la pelicula mis de 15 minutos.

Se~ Hacer el cambio de solucidn cuando se llegue =~ este limite de
ticmpo.

6.- Lrvar innediatamente después del proceso, colgaderas,'termémetro,
Yy todos nguellos accesorios que intervienen._ﬁsi se evitarin las

posteriores contaminaciones en los liquidos.
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A

\
, \
Cuendo la pelfculn sale de los pasos de revelado y fijado, enire el

tenque de lavado, i este ces' de.egua corricnte seqé lo. ideal, y en este
caso el lavado dursrfd el doble.del tiempo de fijndo, con objeto de climi-

nar de lz pelicula cunlquier resto de Hiposulfito. gque quedarfis Si una

pelfculn que sele del.fijador-no se lava el tiempo requerido, uhas semanas

“a :

después se tornea amarillo. . <. .. ﬁ e

8i el lavado se hace en. tanque donde no corra el agua, debqg ﬁacerse
cuendo menos, de 4 a 8 recambios totales de.agua- cada hora, para las peli-
culas lentas, medias y-ultraripidas, y de 8- recambios pars la rapida, con
lapsos de 7 a 15 minutos cada cembio segin cl .caso.-

Cuendo- termina el lavado, la-pclicula se-sumerge por segundos en una
solucibén de fotoflo, para evitar menchas de gotas de agua, que pueden des.~
orientar al momento de la interpretaciéns Si- no se, dispone de esta solu-
¢ién on el momento, 1r p;liculn se cscurre con doé esponjas que darédn mis
0 -menos los mismos resultados. .. 0 Lo

El secedo’de la-pelicula pucde hacerse en cémara cerrada con corrien-.
te de aire scco y caliénte, ‘0 en-su defecto, al aire ambiente deniro de

unn habitacién, con objeto.de que no sc-le .pegue el polvo,




INTERPRITACTION

Un Rediblogo Industrial, zdemis de manejar la T8cnica Radiogrifica
con acierto, dcbe tener la habilidad y criterio suficicnte para poder
interpretar debidamente las sombras o conjunto de elleas, que puede pre=-
sentar une radiografic,

BEsta habilidad de interpretacidn es el fruto de una lorga experien=-
cia y una dedicacidén particular al cstudio de los defectos registrados en
1~ radiogrefin, los cuales presenten formas, en ocasiones tan perecidas,
que pueden confundirse unos con 0tros.

Una mele interpretacidn puede ser causa de muchos problemas, tento
pora el rndiblogo como pnra el avence de la obra que se csti inspeccionando,

Les empreses que hacen servicios de Inspeccidn, seleccionen y prepa-
ren o su personal, técnicemente, y sc les éntrega una Unidad de inspeccidh
radioordfica hasta que han adquirido los conocimicnios y oxperiencia ncce-
sarios pnrr mangjnrla.

Bl Radiblogo Industrial debe tener preparacidén y experiencia sobre
procesos de soldadura, tento con ol arco eléctrico como con el soplete,
2si como de fundicidn, y~ que son cstos traobajos los que por rutina se ins-
peccionen por nitodo radiografico de prefercncia.

El conocimiento del proceso de trabajo de estas dos especiclidades,
permiten fomiliarizerse més con los defectos que por accidente o baja efi-

ciencia del soldndor, son rogistrados posteriormente en la radiogsrafia.

O



Muy n menudo, les pleces radiogréfioas prescntan mrnchas o sombras

cusndas por-un mrl lavado, de revelqdqr, da fijadg;,lfnltawde~agitacién

o |

iarante ul revelado, ruyones muJ flnos, mereas por descargas de elegtrie
cided estiticn, dedezos, monchns cousddas por soluciones ya saturadas,

velos en ln emulsidn pommtiorempd-de~poticude, etc. etc, todas estas fallas

5

son crusadas por el desguido .en ¢l proceso quimico y menipulrcidn incorrec-

to del mnterial, las cuales pueden provocar confuciones, Por lo tanto deben

L ..» conocidas. ¢ identificadas plenamente pof @l radiélogo antes de iniciar

R P

la interpretacidn,

) Lr. identificrcién de los defectos se facilitae cuendo la calidad radig

o

grifice cstd crlificada por cl-penetrimetro-que se- observa bien en la radig

gra.ff.a °

. Para poder interpretar acertad?monte unn radlo rmf{a esta debe ob- 3

- ’

neqa lbscopld N ,
serverse ante unm’ g%¢@scoplo de- Iuz blanca, en .estado seco y comcdamente '

- s P . o PRI [ETE

scentado, en cmbiente do mcdla luz pors evitar reflcjos molestos,

G

Los defoctos que bbmunmcnte se¢ prescntan en 1o soldadurn, estén per-

fectanente clnasificados cn lo siguicnte formas -

e --Inclusiones..de.Gas. ... _{(Diagromn 1) )

Frlta de fusidn (Pingrama 11)
Frlta de Penetrrcibn.... | (Disgrema 111)
Inclu31on de escorin (Diagrema 1V)

. Lindé de escoria (Pirgroma V)
Doble 1linen de escoria (Dingr%ma V1)
Socavado interno (Diagrdma Vil)
Socavndo eitézﬂo - (Dirgrama V111) - .
Quennda " (Dingroma iX )
Rotura transverscl (Diagrema X )

Rotrurn léngitudinal (Dingramsa X1)
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Tembiln pucden presentarse cordones de soldadura con uno varios
defeectos diferentes los curles hny que saber distinguir unos de otros y
reportarlos todos con sus respcetivas rbreviaturas o simbolos,

Parn aceptor o rechazar una soldadura debe usarsc solnmente el cri-
terio radiogrfifico, ¢l curl e¢sta basado on Normas y Cddigos bajo los cua-
les sc renliza la Inspeccidn, ya que cstos seflal-n hosta donde, cunles y
de quec trmafio pueden acepterse defectos en determinados tipos de estruc-~
turas soldadas,

Curndo los Cédigos no seflalan cstos limites, cntonces es el criterio
del Radidlogo ¢l que se naplica, considerando desde luego las cargas o es-
fuerzos o que va e trebojor 1o soldadura y conociendo los coeficientes con
que hn sido ealculadn, 0 bicn de comin acucrdo con la Supervisién de 1la

obra.

O
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Pare calcular cl tiempo de cxposicidn nccesario pare obtener unz

rgdxograffa que presente miximn calidad, tenemos que conjugar cada unc

- - e E oy

PR

de los factores quc hemos visto y todos cllos cntre si, cspecialmente

v FR

fuente dc radiacidn, espesor y disterncia, Conociendo estos tres factoresy

- - - . . v

determinamos la distancia y seleccionomos la pelicula mis conveniente.
< L e

Existen cuatro métodos para caleular el tiempo de exposicidn
¢ - 'tacto:
Aplicacién directa de férmula

Regla de cAlculo para Gammagrafia

Dosimetro de lectursn dirccta

- r £y
[

Valores Medio y décimos

LA - . €
w .

iaeg oy

Avlicacidén directa de férmula

Cusndo se- trabnja con cquivo de Rayos X, el radibélogo cucnita con

¢

unn gamma de encrgirs e intensidades que puede scleccionar de acuerdo con

lrs necesidades y capacided dc la.mAquina, )

En ¢l caso de utilizar Rayos Gamma, la variacién de encrgia esti en

selccecionar de diferentes fucntes lqyfﬁs adecuada & determinado tipoAéé tra
‘ ’ R - C
bn3o, ¥y 1o intensidad, unicamente en fungéén de }a distencia.

Considerando que la centidad de radiacidn que l%ega a la mucstra,
depchde de la distnnecia o que se encuentrq ¥y que varia con el inver;o de
esta, la exposicidn pucde expresarse asi,

E- 1t
d 2

Donde E ¢s exposicién. I intensicod, t es tiempo y 4 es distonciae




Regln de GAlculo porn Gommeografia

Parn la aplicncidn de estz Repla de CAlculo se den los siguientes
prsos:

Con el vslor de dosis dado cn lo tabla correspondicniey (véase tadlia

roY
©

densidades fotogrificas) se ontra o lo regla en la escala (F), que nos

d5% valor de dosis, hacicndo coincidir la escaele (E) de la reglilla inferior
en la que tcnemos edad de la fuente, quedando fijo la escala superior (D)

de esa reglilla en la cucl esta espesor. La escala(C) de la reglilla superior,
que nos 44 distenciaz, y se hace coincidir con el espesor conocido, quedando
fija 1~ escala (B) de actividad de nucstra fuente, la cuel nos marca el ti-
enpo de cxposicidn en la escala (4).

Su mhnejo es sencillo y ces de gran utilidad. Con esta regla pueden
crlculrrse tiempos para fuentes de Cobalto 60 y Radio. Hay otras en el
mercndo, que tienen pars Co 60, Radio, Iridio 192, Cesio 137, Thulio 170,
Rndbén.

Este rcgla es la més completa, se fabrica en Inglaterra. También las hay
en forma de disco, originalcs de Francia e Italia,

CON DOSIMITRO DE LECTURA DIRECTA

Bste auxiliar tombidn puede ayudar a calcular un tiempo de exposi-
. & - -
cidn odecuado, sovre todo cucndo no sabemos el e€s8pesor que tenemos que penc
trar, El1 Radidlogo se encuentra a menudo con plezas o partes de estructuras
guc en su interior lleva espesores edicionales los cuales no se pueden me-

dir por no tencr acceso ol interior., Logicaomente en estas circunstancics
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no podrinrmos hﬂcer un calculo correcto por falta de uno de los factoros
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esconclales, Dn stos casos se hncen todos los prephratlvos de costumb-
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PATO exponcr une plac“, ¥ detras do esta, cqlocamos el d051metro un tiem-
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PO razonsble, al cabo del qual se retlrarn y podrn 1oerse 10 que en un
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tiempo determinado : bsorblo. Bstn HS la base purn dar la exposicidn

RTCERY
- .
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definitiva.
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Todo c#lculo de exposicidn sc hace, dependiendo del tipo de/pelicula

qu. se va a utilizar.

A continuacidén tenemos unz tabla de densidades fotograficas en fun-

cidn de dosis, parn peliculas Kodnk, y fuente de Cobalto 60. Pudiendo varier

las dosis en funcidn de 1la cnergie o usarse, La pelicula responde mds rapida

mente a las bajas encrgias.

/
Tipo de
Pcliculsa Densidad ! Dosis
M 1.5 5.8 R
J\dﬁs 1 o 5 810 mrg
KK 1.5 110 mr,

VALOIES SEMI Y DECARREDUCTORES

Estos valores de reduccidn son trmbién muy Gtiles para ayudarnos a
cnlculnr una cxposicidn, si no contamos con regla gammegrafica o ¢l dosi-
metro dc bolsillo estd saturado y no podemos cargarlo por el momento,

etc, etc.

3

\

. ) L
En ¢l campo suelen suceder estos accidontes, por odvido, rotura o
perdidn y sin cmbargo ¢l trabnjo no puede prrar ni debe parar por este

motivo. Este método nos permitirs scguir adelante.




Nucstro problema es una plnaca de plomo de 1" de cspesor que se
necesita rndiografiar, ln fuenie es 1 Curie de Cobalto 60 y se expondri
con pelicula Kodak tipo XK a 40" de distancia foco-policula.

54 recordrmos que el velor scmirreductor del plomo es de 0.49",

DOS vrlores medios nos darin un nivel aproximado de salida, de 330 mr/ha
Dado que 1~ pclicule tipo KK necesita une dosis de 175 mr/ para registrar
una imfgen con 1.5 de densidad fotografice, quierc decir qu» nccesitorcmos
poco menos de 25 minutos de exposicidén para lograrlo.

Si el ticmpo es excesivo, baste y sobra que reduzcamos nuestra dis-
taneia n 20", para que la intensidad varie y obtengamos la radiografia en

solo 6 o 7 minutos, y con sensibilidad de detalle correcto.
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This paper weviews the significant lechnical
contributions to nuclear excavation of the past few
years including (a) the effect of improved explo-
sive design on rvadioactivity in fallout pattevns, (b)
the prediction of radionuclide concentrations aiv-
borne to extended limes, (c) new nfovmation on
seismic damage, and (d) cvateving mechanics. The
majov past crateving expevimenis ave discussed
in terms of how theiv theovetlical analyses have
contributed to the present predictive capability of
cratering wmechanisms and dimensions. Seven
concepts for the application of nuclear excavation
are presented, and the nucleay effects associated
with them ave assessed.

INTRODUCTION

This paper reviews significant contributions to
adeveloping nuclear-excavationtechnology
achieved in the past few years including (a) the
impact of 1mproved explosive design on radio-
activaty in fallout patterns, (b) prediction of close-
1In gamma exposure patterns, (c) the prediction of
airborne 1sotopic concentrations to extended
times, (d) new information on seismic propagation
and architectural damage, and (e) cratering me-
chanics.

The major experiments whose theoretical an-
alysie has led to the present understanding of
cratering with explosives and the development of a
predictive capability are as follows: (Note that
HE indicates high explosive, NE irdicates nuclear
explosive and that for 1 Ki the equivalent yield is
10*? calories.)

KEYWORDS: nuclear explo-
sions, underground explo-
stons, uses, confiquration,
seismology, radioactivity,
fallout, safety, contamination,
gommo radiation, shock
waves, Project Plowshars,
excavation, cavities, craters

1. Scooter [0.5 kt, HE at 125-ft (38 m) depth 1n
alluvium]. The analysis of the Scooter Event ind1-
cated that the two-dimensional Lagrangian hydro-
dynamic code (TENSOR) with plastic-elastic
material response can be used for extended 1inte-
grations, up to 1 sec of real time, during which
both the spall and gas-acceleration mechanisms of
crarering are operat:ve, The calculated position
of the earth’s surface and of mound fold-over was
found to give an excellent approximation to the
apparent crater radius.

2. Danny Boy [0.42 kt, NE at 109-ft (33 m)
depth 1n basalt]. The principal development in
theory in regard to Danny Boy was that, when the
pressure in the cavity gas and the surrounding
solid material 1s sufficiently low, material zones
can be placed 1n ballistic trajectery and the mass
deposition around and in the crater can be calcu-
lated, as can the shape of the true crater prior to
fallback, This development furnished a new tool
for estimating the apparent crater radius and
depth.

3. Sulky [0.1 kt, NE at 90-ft (27.4 m) depth n
dry basalt]. Sulky detonation, because of its depth
of burial, produced a mound of rubble rather than
a crater. A theoretical TENSOR analysis of mound
development showed that average mound velocities
were sufficiently low, and relatively little material
was calculated to travel from the mound on a
ballistic trajectory. The material falling within
the true crater was found to be more than suf-
ficient to fill the true crater volume after bulking
was included. Hence, theory indicated, ex post
Jaclo, that no crater should have been expecled.

4. Cabriolet [2.5 ki, NE, at 170-ft (52 m) depth
in dry, layered rhyolite], Cabriolet 1s the first
experiment for which preshot calculations of the
cratering mechanisms, mound history, ejected
mass distribution, and hence, crater dimensions,
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were made. The test of the prediction of apparent
crater radius indicated a result within 20% of that
observed,

5. Buggy [row of five 1-kt NE charges at 135-ft
(41.2 m) depth in multilayered basalt]. Buggy was
the first nuclear row-charge cratering experi-
ment. Row-charge cratering calculations require,
formally, a three-dimensional code capability.
During the design phase of this experiment we did
not, and do not now, have that capability. How-
ever, to design Buggy, single-charge calculations
were performed with varying yields, depths of
emplacement, geology, and some equation-of-state
variables, These calculations led to the proper
emplacement of the explosives for producing a
channel that could not have been achieved in a
layered media with simple scaling laws,

With this combined basis of experiment and
calculation, a typical crater formation history is
synthesized that contains seven phases:

1. the vaporization of the explosive and the
appropriate shell of rock

2. spherical cavity growth

3. rarefaction return to the cavity
4. asymmetrical cavity growth

5. mound growth until venting

6. mound disassembly, fold-over, and initiation
of collapse

7. collapse and fallback.

This paper also presents a discussion of the
use of modern nuclear explosives in several
cratering applications, some of which have not
previously been presented. These application-
concepts include aggregate production, in situ
leaching of near-surface ore deposits that have
been fractured by nuclear explosives, harbor ex-
cavation, reservoirs for water-resources develop-
ment, dams formed mainly by the material ejected
from craters, overburden removal for mining, and
dam embankments created by directed blasting.

The nuclear effects associated with nuclear
excavation of a harbor of useful size is presented
in Light of the recent experimental and theoretical
studies of close-in fallout effects, radioiodine
deposition, air blast, and seismic motion. This
discussion provides a basis for comparing the
effects associated with each of the other six
cratering applications of nuclear explosives.

An outline is presented of the applied research
necessary to advance the state of Plowshare
technology in regard to excavation for the period
of the next few years.

Since 1962 (the year of execution of the 100-kt

190 NUCLEAR APPLICATIONS & TECHNOLOGY

cratering experiment, Sedan) there have been
several developments which impact significantly
on the advancement of nuclear excavation tech-
nology. The Limited Test Ban Treaty was ratified
with the effect of inhibiting nuclear excavation
experiments using the devices then available.
Efforts were then directed toward the development
of a clean nuclear-excavation explosive, partly as
a means of technically proceeding under the Test
Ran Treaty. In parallel with this explosive de-
velopment work, Lawrence Rad:ation Laboratory,
Livermore (LRL) developed the predictive capa-
bility for cratering mechanisms and crater di-
mensions, radioactivities produced and released
to the atmosphere, and the resulting fallout fields
and long-range airborne concentrations. With
time, it became increasingly apparent thatnuclear-
cratering experiments were needed to test and
verify these predictive capabilities. In later 1967
and early 1968, approval for the (low yield) Cabri-
olet and Buggy nuclear-cratering experiments was
received and the experiments were performed.
Their results now provide a basis for verifying
the aforementioned predictive methods. It 1s,
of course, necessary to test, verify, and improve
these predictive methods at low yield before using
them 1n the design of the more advanced or higher
yield experiments necessary in the development of
the technology. In 1964 the Interoceanic Canal
Commission was formed to study the feasibility of
coustructing a sea-level canal across the Central
American isthmus using nuclear explosives.

Because of this series of events, it is time to
update the literature in regard to nuclear exca-
vation, theory, and application concepts. It 1s the
purpose of this report to:

1. summarize recent and significant technical
contributions to nuclear cratering technology

2. review several applications of nuclear exca-
vation in light of this information, including an
assessment of hazardous effects

3. discuss the technical readiness of the tech-
nology to certain civil and industrial applications.

Recent Contributions to Nuclear Excavation Technology

Fallout Fields. During the pericd 1962 to 1968,
considerable success was achieved in reducing the
gamma-emitting radionuclides vented to the at-
mosphere by a nuclear explosive suitable for
cratering. Johnson and H1gg1ns‘ published a com-
parison of the observed Sedan external gamma-
exposure pattern to that of 1964 explosive
technology and to that of a then-predicted ‘‘future
technology’’ (Fig. 1). The latter two patterns in
Fig. 1 were constructed assuming 100 kt for the
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Fig. 1. Infinite exposure from time of arrival.
total yield, under Sedan meteorological cond:tions, 751
and the Sedan depth of emplacement. Figure 2 0.1R
shows the infinite gamma exposure from the time
of arrival for a 100-kt excavation explosive, con-
structed using 20 tons from fission and 40 tons 50 L.
from neutron-activation products in the vented
source?® (per the US Atomic Energy Commission
unclassified-source statement for cratering events, E 0.5R
February 28, 1967) for the same assumed detona- 25
tion and meteorological condifions. The result 15 Y-
that the range downwind to the 0.5-R exposure 1R
contour for an excavation shot would be reduced
\ 3R
®Vented Scurce: The amount of radioactivity contained @/
i the stabilized base surge cloud and main cloud, if 2
any, 1s termed the ‘“vented source.’”” This amount Future
may be expressed in terms of equivalent tons fission technology
or in terms of curies for each of the significant nu-
clides 1in the released or vented raaterial, both specifi- Fig. 2, Infinile oxposure {from time of arrival, for
cations are empirically based, excavaticn explosive, and future technology.
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from 100 to 25 km during the period 1962 through
1968. The practical implication of this progress
is that the size of the exclusion zone is much
smaller than in the very early phases of the Plow-
share Program. /

Cratering Physics. The dimensions of craters (or
cuts) produced by nuclear explosives were first
predicted by means of engineering scaling laws,
discussed by Nordyke,? Johnson and Higgins,' and
Teller et al.> One of the major difficulties with
scaling laws is that many tests of different yields
and varying depths of emplacement are required
to develop a predictive capability for even one
medium. Such procedures are both expensive and
time-consnming. In 1965 Chabai* published an
analysis of cratering scaling laws, the results of
which indicated that the similarity conditions to be
"satisfied in the prototype experiment and the full-
scale experiment are essentially impossible to
meet in nuclear applications. Hence, for several
years, the possible inadequacy of scaling laws for
nuclear explosives in layered geological media
has been recognized by some investigators.
Because of the need for reliable crater-dimen-
sions predictions, a two-dimensicnal stress-wave
propagation code has been developed that numer-
ically models the response of a layered material
to an explosive source, the growth of the cavity
and mound, the extent of material failure in the
shot environment, and cavity conditions at vent
time. The physical basis of this model (TENSOR)
was published by Cherry® in 1967. This work
provides an initial-value physics approach to the
prediction of cratering mechanisms and crater
dimensions in arbitrary geological environments,
with varying depths of emplacement and water
content. The history of the combined theoretical

and experimental efforts in nuclear cratering is
described 1n a later section, and each experiment
that contributed to the present understanding of
cratering physics 1s summarized.

Prediction of Fallout from Cratering Detonations.
The objective of our research on fallout from
nuclear-cratering detonations has been to develop
a capability for predicting the airborne concen-
tration, surface air concentration, and surface
deposition of specific radionuclides, and the gross
gamma-radiation field, including: (a) atmospheric
transport by a space- and time-variable large-
scale wind field, (b) atmospheric eddy diffusion,
(c) suitable initial cloud geometries for different
detonation environments, (d) precipitation scav-
enging, and (e) different released fractions for
significant nuclides, if known or estimated.

Comprehensive reports summarizing the phys-
ical basis of the models and the calculations of
case studies have been published for both (a) the
close-in fallout prediction problem, Knox,® and (b)
the long-range airborne concentration prediction,
Crawford.”"" We have structured the general
subproblems by several contributors,®”s*! in Table
L

The most significant developments of the last
three years are the development of the numerical
model for predicting mean airborne concentration
in nuclear-debris clouds to long range (1.e., times
of ~50 h), and the development of measurement
systems for mean concentration, and identification
of particular radionuclides by airborne gamma
spectrometry. An important part of this docu-
mentation 1s knowledge of the position and time of
these measurements and their correlation to their
past atmospheric-diffusion environment. The re-
cent nuclear-cratering experiment (Cabriolet and

TABLE I
Fallout Subproblems
Close-in Long Range

Subproblem (particles-radius >10 p) (particles-radius <10 u and gases)
Source Stabilized cloud{volume and inventory of radio- | Same

nuclides released
Transport | (a) horizontal wind field at shot time, or (b) pre- | Trajectory of cloud center and mean speed of

dicted wind field in space and time, if available { cloud center
Diffusion Horizontal eddy diffusion Horizontal and vertical eddy diffusion
Deposition | Dry deposition by gravitational sedimentation Dry deposition by vertical diffusion and impac-

tion; wet deposition by washout process

Exposure External gamma exposure; exposure contribu- | Airborne concentration, or surface concentra-

tion from certain significant nuclides {ion.
Model Kroc? 2BPUFF®
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Buggy) as well as concentration data from Nerva-
reactor test clouds, have provided data necessary
for testing this model.

1, Tests of the Close~in Fallout Model (KFOC)

Tests of the predictive capability of KFOC have
been conducted using the actual cloud geometries,
released iractions, and shot-time winds for both
the Cabriolet and Buggy Events. Figures 3, 4, 5,
and 6 show the gamma-exposure rate and total
exposure from the time of arrival as a function of
range along the hot line for these events. The
good agreement (in some cases 20%) between
measurements and calculation indicates that, given
the correct inputs of cloud gecmetry, the vented-
source, and wind conditions, the exposure is
predictable.

2. Tests of the Atmospheric Diffusion Model

Because of the lack of nuclear excavation ex-
periments during 1965 and 1967, we have con-
sidered other radioactive sources and their
resulting clouds for use as case studies of air-
borne radioactivity to long range. The purpose of

. such investigations is to verify the LRL atmos-
' pheric diffusion model for predicting airborne

concentrations as a function of time. Large efflu-
ent clouds produced by the operation of a (Nerva)

100 T T
‘ o Observed
10 a KFOCrun —
=y
— ] . —
+
I
o
'5 0.] f— -
2
g
@ 0.0i —
[
2
S
K 0. 001 r
0.0001 - \
L .
0.1 1 10 100 1000
Statute miles downwind
Fig, 3. Cabriolet Hot Line H +1 h exposure rate ok~

served (preliminary),
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Fig. 4, Cabriolet Hot Line total exposure {(prelimi-

nary).

reactor at the Nuclear Rocket Development Station
(Nevada) have been studied in detail by Craw-
ford.®'° Initial cloud size and time-dependent
meteorological parameters along the path of the
cloud were used as inputs to the diffusion calcula-
tion. Comparison of calculations with actual mea-
surements indicate agreement (within a factor of
2) for air concentration of radioactivity out to two
days, surface-air concentration, surface-deposited
activity, vertical concentration profile shape, and
cloud size. During the two days of data collection,
the radiocactivity concentration at the cloud center
decreased some seven orders of magnitude (see
Fig. 7).

Extension of Seismic Experience. The surface-
ground motion resulting from an underground
nuclear detonation can, of course, result in seis-
mic damage to nearby structures. In the case of
large peak velocities (those exceeding 7 to 10
cm/sec),*? this damage may take the form of
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detection system, a background of ~400 CLC/‘/
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structural damage. At low velocities (~ 1 cm/sec),
there were architectural damage claims in Mis-
sissippi on the Salmon Event (previously reporied
and interpreted by Power®”) as shown in Fig. 8.
Damage was largely to residential structures, and
the claims werc adjusted [or an average cash
settlement of $500. Over the last two years,
experience at the NTS indicates that this Missis-
sipp1 damage experience can not be extrapolated
to other sites and experimental yields as a simple
function of peak ground motion,

The damage experienced at any point is a
function of the following:

a. the energy yield of the explosive

b. the energy coupling for the explosion en-
vironment

c. geologic characteristics along the propaga-
tion path

d. the foundation material of the structures
subjected to the ground motion

e, the type cf construction of the structures
Experience indicates that the most favorable
location for a foundation of a structure with
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respect to its ability to sustain ground motion 1s
upon a hard-rock formation. The least desirable
foundation is unconsolidated alluvium., Figure 9
shows the estimated peak surface motion as a

" function of distance for a receiving station on hard

rock and alluvium materals for a 1-Mt cratering
shot.

During the last few years, the yield of contained
nuclear-test detonations at the Nevada Test Site
has been slowly escalated. Measurements of the
components of displacement, velocity, and ac-
celeration have been made on these events in the

range between 70 to 100 km. Nadolski* has

studied the spectra properties of the resultant
fields and has demonstrated that the pseudo-
absolute acceleration (PSAA) is, empirically, the
spectral property that correlates best with dam-
age as represented by normalized cracking rate
(for Mercury-damage studies of block buildings)
or percent-damage complaints for Salmon-damage
experience (see Figs. 10 and 11). With this finding,
Nadolski* has constructed the summary of dam-
age experience showing probability of damage
complaints as a function of PSAA (cm/sec?). (See
Fig. 12.) An interesting result of this study is that
there has not been a valid seismic claim against
the AEC for PSAA less than or equal to 10
cm/sec?. A method for estimating seismic-
damage claims for a given project is summarized
in the flow chart of Fig, 13. The significance of
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Frequency of ground motion coruplaints as a function of peak ground motion, Salmon Event.

this work is that it is the first investigation and
prediction method which adequately includes the
effect of spectra change in the acceleration field
with yield on the'rdamage claim estimates, and
with the interesting result that seismic-damage
estimates (for some currently proposed projects)
are about a factor of 10 lower than those by any
previous method.

In concluding this section, it should he
mentioned that only the recent and heretofore
unpublished technical contributions to nuclear
excavation technology are contained in this sum-
mary. A more complete, but not as current a
summary of research for the understanding and
constructive uses of nuclear explosions was pub-
lished in 1968 by Rodean.*

EFFECTS OF ENGINEERING INTEREST PRODUCED BY
NUCLEAR ENPLOSIVES

We shall now briefly describe the effects of
engineering interest that are produced by nuclear
explosives emplaced at scaled depths of burial of
~200 ft (61 m) W'/-* and shallower, where W is
in kilotons and 1/3.4 is an empirically determined
exponent. Scaled depths of burial are used in this
description as a general guide only, in that geo-
logic layering and rock properties, which vary
from site to site, may require designed depths of
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emplacement that differ from those obtained from terial ejecta from the growing mound is opti-

simple-yield scaling. mized; experimental evidence indicates that an
optimal crater is associated with a DOB of ~140ft
Craters (42.6 m) W'/**%, Vertical profiles through one such

crater (Danny Boy, Fig. 14) illustrates the useful
A crater of maximum useful volume is made by features of a nuclear crater: the void space of the
an explosive of yield W when the volume of ma- apparent crater, the crater lip or the embankment
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around the crater made by upthrust and mass
deposition, and the fallback zone, which in brittle
host rocks 1s characterized by enhanced perm-
eability and specific surface area when compared
to preshot conditions. These are the explosion-
produced features of craters that can be utilized
in engineering design.

Retarcs
A retarc (see Fig. 15) is formed by emplacing
a nuclear explosive at a depth that maximizes the

volume of broken rock in the brittie host-rock
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Fig. 14. Geological cross sections through the Danny Boy Crater.
environment. Experience indicates that this 1s emplaced at deep burial as compared to the over-

achieved for explosives detonated at ~ 200t (61 m)
W'/3% scaled depth of burial; the fallback and
mound region of the retarc contains bulked ma-
terial with enhanced permeability and increased
specific surface area.

Directed 8Blasting Effects

Directed blasting involves the use of the con-
figuration of the free surface to direct the mass

- deposition of ejecta. As we shall see in the next

section, if explosion-produced mound velocities
are created in a sufficiently short time, these
velocities are developed independent of gravity,
but are controlled by the geometry of the frce
surface, It 1s this principle that permits us the
concept of using directed blasting to place a large
fraction of material in a desired location, Small-
scale directed blasting experiments have been
conducted by the Nuclear Cratering Group (NCG)
in compacted sand test pits using 1-1b charges

198 . NUCLEAR APPLICATIONS & TECHNOLOGY

head free surface at near-optimal burial in regard
to the ‘‘canyon-side’’ free surface (Fig. 16). Fig-
ure 17 shows the type of embankment that can be
ejected across a narrow canyon by this means.
Although several engineering problems can be
cited at this time in regard to converting this
embankment into a useful structure, nonetheless,
this concept appears interesting enough to warrant
further study.

The features of engineering interest enumer-
ated above, such as craters, retarcs, and directed
blasting, now need to be discussed from the pomnt
of view of the development of predictive capa-
bility.

DEVELOPMENT OF PREDICTION METHODS
Cratering Mechanics

Early in the Plowshare Program, efforts to
numerically simulate the cavity growth, mound
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growth, and ballistic ejection of material were
pursued. The objective was to use an initial-value
physics formulation of the problem to develop
tools for prediction not only of crater dimensions
and lip heights but of other variables such as the
cavity pressure at vent time and the extent of
fracturing around craters and retarcs. Additional
variables such as cavity pressure would constitute
important inputs to further nuclear-effects mod-
els, such as the formation and growth of the main
cloud (Knox et al.') and air-blast phenomena
(Montan'®), The physical basis of the Lagrangian
one- and two-dimensional stress-wave propagation
codes used to calculate these phenomena have been
adequately published (Cherry®), and later dis-
cussed by Teller et al.’; hence, we shall not
reproduce that discussion. What is pertinent here
is to summarize the history of the combined
theoretical experimental efforls in nuclear-
cratering experiments and to tell, chronologically,
how each experiment contributed to the under-
standing of cratering physics.

However, before doing this, a very brief physi-
cal description of the SOC-TENSOR code logic is
instructive, The codes, SOC and TENSOR, have
been described as finite-difference solutions to
stress-wave propagation through geological

T TR R V«—r.m

I 20

Ja i !

Fig. 16. End view of Nuclear Cratering Group test pit for modeling ejecta dam, prior to detonations of 1-1b charges
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layered medium including the elastic-plastic re-
sponse of the materials and material failure in
shear or tension. When stress levels are very
high (e.g., greatly exceeding the strengths of
materials), material behavior is essentially hy-
drodynamic, In intermediate stress regimes, the
stress-wave propagation can be either elastic or
plastic, including material failure. In the later
stages, material behaves more like a viscous in-
compressible fluid. The time spent in the hydro-
dynamic range is quite small but yield-dependent
and is of the order of a few milliseconds; whereas
the duration of the latter regime is of the order of
a few seconds. TENSOR has also been described
as a finite-difference equation approach to solving
the conservation equations in two dimensions ia-
cluding the appropriate equations of state of the
materials involved, and criteria for modes of
material failure. Figure 18 gives the logic loip
(Cherry®).

200 NUCLEAR APPLICATIONS & TECHNOLOGY

STRESS FIELD

/ e
STEP 6

EQUATION OF STATE

STEP 1
EQUATION OF MOTION

STEP 5 STEP 2
STRAINS ACCELERATIONS
At
STEP 4 #STEP 3

DISPLACEMENTS —o——At VELOCIHTIES

Fig, 18, Feedback loop for stress-wave propagation, @

Figure 19 (Cherry®) shows a typical initial
condition for a TENSOR problem, wherein the
explosive energy is placed in a spherized-source
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region that is isobaric and contained within an
imtial non-moving geoclogical medium appropri-
ately zoned. An axis of symmetry runs vertically

Cthrough the center of the source region; the

jarth’s free surface is depicted as being hori-
zontal and constitutes one boundary of the upper-
most zones, To assure first-order approximations
in the difference equations, the mass per zone is
not permitted to change by more than 5% from one
zone to another. For purposes of designating the
appropriate equation of state information, each
zone is identified as to material type. Returning
to the logic loop of TENSOR (Fig. 18), this nitial
condition is input as the initial stress field for
cratering calculations and the law of ‘‘conserva-
tion of momentum’’ is solved in Step 1 to as-
certain the acceleration for each zone element.
Steps 2, 3, 4, and 5 have been adequately explained
previously and involve first-order difference
equations centered in time.

Step 6, the first law of thermodynam’ics, is
solved in the finite difference form for the new
specific internal energy of each zone wherein
work is done by the isotropic part of the stress
field as well as by the deviatoric stress field.
From this conservation law, any changes of phase
can be determined. The mean stress and the
stress deviator are calculated from each zone in
view of 1ts displacement history. Failure criteria
are then tested to see if the material has failed

(\ther in shear or tension; if so, the stress field

» adjusted from labecratory-determined pressure
volume relationships, assuming that zone volume
is conserved in the failure process. After this
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adjustment of the stress field, new 1nitial con-
ditions are thereby generated for Step 7, and the
evolution of the system has been advanced an in-
crement to time, At.

The physical properties for rock materials
necessary for this code include the following:

1. Hydrostatic pressure vs specific volume,
for both consolidated and failed materials for
loading and unloading cycles determined in the
laboratory for representative samples; the pres-
sure range is 0 to 40 kbars

2. For the pressure range of 40 to ~ 800 kbars,
Hugoniot measurements to extend the pressure vs
specific volume curves (> 800 kbars, theoretical
models of the equation-of-state are employed)

3. The maximum stress deviator that can be
supported as a function of mean stress for both
consolidated and failed material

4, Other properties of the materials such as
the tensile strength, elastic limit, Poisson’s ratio,

Surface —

1.23 sec \ 123 sec

\
Surface
0750 sec \\

-

=~ #0295sec 1

of N b

strt
- Ou' ace True crater radius
o -30 |-V 5€¢ =
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Fig. 20. Calculated cavity and mound configuration at
0, 0.295, 0,750, and 1.23 sec.
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compressional velocity consistent with the low
pressure P-V information, and the gas equation of
state for natural rock materials for various water
contents.

Scooter [0.5 kt, HE at 125-ft (38 m) depth in
alluvium}. The postshot calculation of the cavity
and mound history of the Scooter Event on TEN-
SOR was the first test of the capability of this
code to do extended cratering calculations. It was
not determined at that time whether such a code
could be run for as long as 1 sec of real time
without exciting computational instabilities, nor
was the general level of accuracy known. The shot
was selected for calculation because the equation
of state of the HE for the cavity portion region of
the problem was sufficiently well known, whereas
"an equation-of-state for vaporized rock materials
was not available in the early 1960’s. An exami-
nation of the calculation of the fold-over point on
the earth’s surface indicated that it was in ex-
cellent agreement with the observed apparent
crater radius. Hence, this calculation appeared to
be a credible way to estimate apparent crater
radius for explosion-produced craters. Subse-
quent experience has borne this out (see Figs. 20
through 24 for a comparison of calculated mound
configuration to that observed).
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Event,

Danny Boy [0.42 kt, NE, at 109-ft (33 m) depth 1n
basalt]. The second case study is the ex post facto
cratering calculation for Danny Boy. As indicated
above, the energy yield of the explosive was placed
in a spherized source region 1.8 m 1n radus
centered at the 109-ft (33 m) level. Since the

medium was dry, the relatively simple equation-
of -state of vaporized basalt was used in this gas
region (see Fig., 25 for initial condition).
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Fig, 22, Scooter mound (compared with TENSOR calculations) at 0.2
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Fig. 25, Cavity and mound configuration for Danny Boy
Event at zero time,

26 shows the cavity configuration and free-surface
earth configuration at 97 msec. At this late time,
of course, the compression wave and rarefaction
wave had completed their respective travels to
and from the earth’s surface, and a very weak re-
compaction had started back towards the earth’s
surface in the region above the cavity, However,
it was observed that at 97 msec, the pressures in
the cavity were quite low due to the dryness of the
Danny Boy shot environment. The pressures in
the surrounding medium at this time were also
low. In view of these low pressures, a concept

Q

Msaters {vartical)

Meters ( horizontal)

Fig. 26, Cavity and mound configuration for Danny Boy
Event at 97 msec,
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was developed that the material in the mound had
received all the momentum to be imparted to it by
the explosive. All zones in the problem are then
subjected to a simple ballistic-missile calculation
using the initial condition of the velocity for the
mass center of each zone at 87 msec. With this
concept, the mass deposition on the original
earth’s surface can be calculated as can the
designation of those zones which have improper
velocities to be ejected from the crater.

Figure 27 shows the predicted mass deposition,
and the calculated true-crater configuration.
Superimposed in this figure is the apparent crater
configuration, the observed true-crater configura-
tion, and the after-the-fact earth’s surface. The
reasonable agreement between the observed and
calculated true-crater boundaries before collapse
and the predicted mass-deposition depth is ex-
cellent. This concept of calculating the mass
deposition provided a new and valuable tool for
estimating not only the apparent crater radius but
also the ejecta from a cratering event. This an-
alysis indicated that the principle cratering mech-
anism for Danny Boy was spall, induced by the
stress wave.

Other cratering calculations were performed
from which a primitive method of predicting ap-
parent crater depth from the TENSOR calculation
emerged. In this method, the depth of the crater
1s estimated by allowing the mass deposition
above the zone of ejection to fall into the calcu-
lated true-crater volume including the effects of
bulking and any estimated slumping of unsupported
subsurface material. Table II summarizes the
results of a few post facto calculations (Terhune,
Private Communication, 1968 and Ref. 19).

Sulky [0.1 kt, NE, at 90 ft (27.4 m) depth in dry
basalt]. Because of 1ts deep depth of burial the
Sulky detonation produced a mound of rubble
rather than a crater. The strategic question here
1s to ascertain il this Sulky Event result could
have been predicted. The TENSOR posishot cal-
culation (Fig. 28) shows the zones calculated to
remain in the subsurf-ce environment, the gjected
surface-mass deposition, and the cavity configur-
ation at 76 msec. The figure definitely shows that
the depth of mass deposition within the true crater
is comparable to that ejected beyond the edge of
the true-crater boundary. If this mass of material
is placed back into the true crater and bulked, 1t
is found that indeed no crater 1s formed. Thus,
this calculation indicates that the calculation of
mass deposition from a buried source is an 1m-
portant tool in discerning, not only the apparent
crater radius, but also whether a useful structure
will be formed. Mass deposition (Fig. 27) is
markedly different from that calculated for the

VOL. 7 SEPTEMBER 1969
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Fig. 27. Freefall throw-out calculation for Danny Boy Event at 100 msec (cavity pressure = 14 bars).

TABLE II

Summary of Predicted and Calculated Crater Dimensions

Predicted Measured
DOB Dimensions (m) Dimensiong (m)
Event ' Yield (ft) (m) Ra D, R4 D,
Danny Boy (NE) 042 kt 109 33 33 21 33 19
Pre-Schooner -II, HE® 85 ¢ 71 21.6 27 19 29 19
Pre-Gondola Bravo, HE 20t 46 14 17 14 24 9

2Caleulation performed with the SOC-PUSH medel.™

Danny Boy Event. These two calculated mass
depositions were taken, then, as models, for the
mass deposition that would lead to a useful crater
and the mass deposition that would lead to a
retarc. The mean mound velocities as developed
in Danny Boy and Scooter were 1n the order of 40
to 50 m/sec and those developed 1n Sulky were 23
to 26 m/sec.

Cabriolet [2.5 kt, NE at 170 ft (52 m) depth in dry-
layered rhyolite]. Cabriolet was the first crater-

NUCLEAR APPLICATIONS & TECHNOLOGY VOL. 7
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ing experiment for which preshot calculations of
the cratering mechanisms, mound history, ejected
mass deposition, and crater dimensions were
made.

The preshot cratering calculations of the Cab-
riolet experiment are illustrated by Fig. 29,
showing the Lagrangian cavity-gas zones (c), the
configuration of the earth’s free surface at 167
msec after detonation, and the Lagrangian solid-
state zones (s), which at 167 msec are estimated
to have insufficient kinetic energy to escape above

205




Knox

NUCLEAR EXCAVATION THEORY

the original (or preshot) earth surface. At 167
msec the pressure in the cavity gas and the
. o Mound surrounding material is sufficiently low that hy-
| drodynamic forces have little effect on the further
30— ~J_| acceleration of the mound material. Hence, at this
point of calculation, the zones 1n the region of
\ . ejection are subjected to a ballistic trajectory
FALLBACK o /;f“;/’/f calculation. In this latter calculation the position
/«;).:“_ ‘:A—f’f_,f of landing of each of these identified zones 1s cal-
20+ TR culated. The result is the mass deposition shown
- ’l:: /',"_ At in Fig. 29, It is from this type of quantitative code
§ - ',,-.;‘-*{:7‘ - output that it was estimated the crater radius
s jzvgtfg::\_> would be 60 to 70 m (Tewes?°).
; :f; s S The preshot (Cabriolet) crater dimension pre-
g ,S*&,‘;\.:i_‘& ‘:‘_’_r_.,‘: dictions are compared to the observed dimensions
= L T T O in Table III. *
LT e
BER NN ‘ TABLE III
' ‘: ; % ; ' 5 : Comparison of Predicted and Observed
L S T S T B Crater Dimensions—Cabriolet*
;',Iz.!!z'j o
% L:' ,[:// i g - Apparent Predicted Tensor | Observed
e ?S‘x:;\?&fb ] 4‘3&’/ I '1,‘ i ! ) !‘ ) Dimension (scaling) (m) (m) (m)
T 1 T T i T T
0 0 eters (horoontal) 30 Crater radius 52 + 12 67 54
Crater depth 26.5 + 9.1 - 36.5
Fig. 28. Freefall throw-out calculation for Sulky Event

at 76 msec (cavity pressure = 14 bars).
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*From Ref. 20.
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Fig., 29, Throw-out calculation at 0,18 sec for 3 kt of nuclear explosive 1n layered hard and soft rhyolite.
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Buggy. Preliminary analysis of the results of
Buggy, the fhirst nuclear row-charge experiment,
indicates a successful experiment. All five ex-
piosives performed similarly and, within the ex-
pected yield range, the dimensions of the uniform
channel agree very favorably vwith predicted di-
mensions, and the released Ifracticn of radio-
activity for the row-charge experiment i1s not
sigmiicantly different from that for a single
detonation. The salient results in regard to cra-
tering ave shown in Table IV,

Because of the wide range in the predicted
values shown in Table IV, some special comment
is needed. The Buggy site geology was much more
complicated than any of the past cratering experi-
ments. This silualion was most assuredly not by
design; but rather as in sifu density and sonic
velocity information were gathered and analyzed,
it becaine very clear that the Buggy-shot environ-
ment was characterized by four distinctively dii-
ferent layers. When this was [ully appreciated,
construction was well anderway. In view of this,
design TENSOR calculations became a necessity.
It should be recalled that TENSOR is a two-
dimens.ional code; row-charge excavation, even
with flat terrain, is three dimensional. To design
Buggy, single charge TENSOR calculations were
performed. Parameters of explosive yield, depth
of emplacement, emplacement hole geology, and
some equation-of-state variables were varied 1n
these calculations. The real success of the Buggy
TENSOR calculations 1s that they led to a determa-
nation of the correct depth of emplacement of
135 £t for individual charges, which differs from
that obtained on the basis of simple scaling laws.
This i1mportant finding came at a time sufficiently
early so that a deplh of emplacerent could be
selected through further calculations to optimize
the chances of achieving a smooth channel and an
acceptable released fraction of radicactivity at the
same time. This success story of Buggy cannot
be conveyed entirely by an inspection of Table IV.
[Additicnal information concerning the Cabriolet
and Buggy experiments may be found in the re-
spective papers by Tewes®® (1868} and Toman?*
(1968).]

TABLE IV
Buggy Cratering Resuits*

Apparcnt Dimension | Predicted (m) | Observed (m)

Crater length 220 - 264 263
Crater width 36 7 -97.6 763
Crater depth 12.2 - 274 198

*Results from Ref. 21.
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Crater Formation History

With the calculational and the experimental
evidence gathered so far we can now formulate a
crater formation history (Fig. 30C). The geom-
etries depicted in this crater formation history
have been taken in large measure from the TEN-
SOR calculation of the Danny Boy Event. Thus,
the spatial scale for this diagram 1s that the shot
depth 15 at ~42.6 m W'/°, Experimental data from
many events and from small-scale cratering
medel studies by the Corps of Engineers have all
contributed to this diagramatic representation.
The crater formation history, as we unde: stand 1t
today, contains seven phases:

1. the vaporization of the explosive and a sur-
rounding shell of earth materals

™

. a period of spherical cavity growth

3. the return of the rarefaction wave to the
upper cavity surface

4. the asymmetrical growth of the upper part
of the cavity following rarefaction return as
contrasted to very slowly growing lower
hemisphere at this time

5. the mound growth until the time of vent

6. mound disassembly, foldover of mound ma-
terial onto the earth’s surface, and the
wmitiation of collapse in the subsurface
layers

7. collapse, faliback, and mass deposition be-
yond the point of foldover.

In this context, a very simple concept for op-
timal cratering configuration emerges; namely,
that, despite the layering or different mater:ial
properties of the shot environment, an optimal
crater is obtained from a given energy source by
optimizing the calculated mass deposition beyond
the foldover point so that a maximum volume of
effectively ejected material is obtained.

Retarc Foimaticp History

Retarc formation history shown in Fig. 31 has
been constructed in a similar way, but is based on
the Sulky calculation. Geometrical relationships
in this diagram are based on a depth of burial of
~55 m WY? for the depth of burial. The stages of
formation are quite similar to those ol the crater,
with the exception that the mound undergoes no
development of a foldover point and that the mass
ejected beyond the true crater boundary is not
large. Under these conditions, the fallback ma-
terial and the subsurface collapsing material,
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together with bulking, can more than f{ill the void
created.

In summary, the following predicted tools have
beer developed and tested against exper:ment:
(a) a method of predicting the apparent crater
radius (single charge) has been developed which
appears to have an accuracy of ~ 20%; (b) a
primifive scheme of estimating crater depth from
single charges has been developed based on es-
timating the fallback volume from calculation and
subjectively cstimafing the collapse volume from
ite configuration of the zones not ejected from the
crater; and (c) the concept for optimal crater has
emerged, namely, that of optimizing the mass
deposition beyond the hinge point or true crater
boundary. The above tools have been developed
for a limited-yield range and primarily in dry
brittle-rock materials., It is essential for de-
veloping nuclear excavation technology that these
tools be tested in wet weak-earth materials, that
the yieid range of the nuclear experience be ex-
tended, and that depth prediction techniques be
refined for single charges and exiended to row
charges. The applied research needs for 1m-
proving cratering technology will be more defi-
nitively discussed later.

CONCEPTS USING NUCLEAR EXCAVATION TECHNOLOGY

For the past selveral years the interests of the
US Government in a study of the feasibility of con-
structing a sea-level canal with the aid of nuclear

|
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explosives across the Isthmus of Panama has been
one of the major interests in the Plowshare Pro-
gram. In, 1964, Congress funded the canal fezsi-
bility study and the site work with a date for
submission of a final report from the Interocean:c
Canal Commission (IOCC) ito the President on
December 1969 (subsequently, extended to 1970).
The analysis of site data in regard to nuclear
effects, rock mechanics, geology, and engineering
properties of material are in progress. It 1is
premature at this time to discuss the sea-level
canal other than to indicate the general nature of
the work in progress.

There :s considerable literature existing on
concepts using nuclear explosives for industrial
and civil-work projects; notably, the Third Plow-
share Symposium,®> Teller et al.,” the various
feasibility studies concerning Gasbuggy, Sloop,
Bronco, and Ketch, Nuclear News (March 1968),
and the JCAE Hearings, July 1968.% The intent
here is 'to re-examine concepts for nuciear-
excavation technslogy for excavation, mining, and
water-resource development in view of the new
technical contributions. It should be noted that
some new concepls have cume to lignt since the
above references appeared; at least two will be
discussed. Table V lists the concepts employing
nuclear excavation in the order of decreasing
simplicity, from the point of view of nuclear
effects. We shall now briefly describe each of
these seyen concepts and reserve the discussion
concerning safety and nuclear effects to a later
section.

TABLE V )

Concepts Using Nuclear Excavation Technology

Concept Name Nuclear Structure

A Use

1. Aggregate production Retarc

2. Retarcs for in situ leaching
of near surface ore-bodies

3 Harborb

Multiple retarcs

Nuclear craters and/
or nuclear rows

4. Reservoirs Craters

5. Crater lip dams Crater

6 Overburden removal Cratering and

directed blasting

7 Ejecta dam Directed blasting

Rock fill for dams (WRD)?
Solution-mining of various metals (Cu, U, Ag, etc)

Water tiransportation and regional resources de-
velopment

Small (~10 000 acre-feet) reservoirs for water stor-
age ‘

Large regervoir for water storage—WRD (106 acre-
feet or more, depending on site)

Mining of very large ore deposits

Large reservoir for water storage-——WRD (105 to 16°
acre-feet, depending on site)

AWRD = Water Resources Development

bHarbors are listed as specific examples of massive excavation cuts which include cuts for highways, railroads,

and canals. !
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Aggregate Production be desirabie that the aggregate be washed prior to
emplacement to remove tritium in the form of
The concept of the use of nuclear explosives THO from {ill material. Wash water would need
for the development of an aggregate quarry is to be controlled and disposed of in a manner
depicted in Fig. 32. The plan would involve fitting to the site. Further, depending on the sit:
the detonation of a nuclear explosive at a deep geohydrologic setting, some precautions against
depth of burial (~61 m W'**%) to form a retarc on leaching of tritium or other easily removed radio-
the sloping hiliside, which would affect the ori1- nuclides from the retarc rubble may have to be
entation of retarc, as well as the mass deposition. taken, Table VI shows the typical fragment-size
It is envisaged that a nuclear quarry would be distribution from underground explosions in hard
sited near the point of use of the rock fill to mini- rock,* developed from data from Danny Boy, Pre-
mize hauling. Because of the deep burial, a very Schooner, and the contained explosion Hardhat.
small amount of radioactivity would be vented to The cost of breaking rock with nuclear ex-
the atmosphere. Most of the radioactivity would plosives has been estimated by Hansen and To-
be mixed or diluted into the rubble or aggregate at man®® as follows: (a) 10-kt explosive produces
low levels. Because of the use of a thermonuclear 6 million tons of rock at a cost of 9.2¢/ton,
explosive with minimal fission products, it would (b) 50 kt, 25 million tons of rock at a cost of

TABLE VI

Typical Fragment Size Distribution*

Sieve size (or rubble diameter) 6 ft 4 ft 3 ft 2 ft 11t 6 in. 4 in. 2 in.
Percent passing 100 88 75 60 40 30 25 20

*Data from Ref. 23.
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2.7¢/ton, and (c) 100 kt, 43 million tons of rock at
a cost of 1.8¢/ton. These cost estimates do not
include the cost of safety studies or programs
which are probably site-dependent. It is our judg-
ment that aggregate production with nuclear ex-
plosives 1s a technically feasible application of
nuclear energy in the {ield of civil works. (Eco-
nomic feasibility is currently under investigation
by an industrial contractor.)

Retarcs for in Situ|Leaching of Near-Surface Ore Deposits

The concept of using nuclear retarcs for the
in situ leaching of near-surface ore deposits is
relatively new; however, the art or practice of
solution mining is 1indeed very old, dating to
2500 BC.?* The practice of dump or ‘‘heap’’
leaching is also an old 1idea, with operations
beginning at Rio Tinto in Spain ~ 1500 AD. The
idea for retarcs of solution miming is nothing
more than creating a leachable heap 1n the ground
and solution mning 1t in place without moving the
ore. Figure 33 illustrates a network of retarcs,
created simultaneously to optimize fracturing by

bSee Ref. 3 for the nuclear explosive charges assumed
in this study.
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shock interactions, incorporated into a solution-
mining system. This system includes spray ap-
plication of the leach liquid, a sub-ore-body
collection gallery, sump and pumping {acilities,
plus collection ditches and surface piping leading
to the processing plant.

It is, of course, recognized that the key is the
characteristic of (a) the ore-body size and thick-
ness, (b) the leachable form of the desired metal,
(c) the appropriate subsurface geology for opera-
tion of the collection scheme, and (d) isolation
from ground-water supplies of potable used water
(solution control). Assuming that these require-
ments were favorably met, the present state of
geonuclear effects 1s such that a network of nu-
clear retarcs could be made with a high degree of
confidence 1n the result. Under these conditions,
the task of turning these structures into an ec-
onomic solution-mining scheme represents a rea-
sonable challenge toindustry and cognizant federal
agencies.

The problems cf radioactivity in the retare, the
leach liquid, and their management 1n the solution-
mining of copper 1s adequately discussed in the
Sloop Feasibility Study®* for planning purposes in
regard to solution mining of copper, The potential
for application probably extends beyond copper, to
uranium and siiver,
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Fig. 33. Retarcs for in situ leaching of a near surface ore body.
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Harbor Excavation

The Australian Atomic Energy Commission has
studied and evaluated the engineering uses of nu-
clear explosives (Wilson et al.?®) and has dis-
cussed in some detail the most promising of the
potential applications. Their study reflects con-
siderable interest in explosion-produced harbors
suitably located for regional resource develop-
ment. Harbors are an example of an engineering
project whose usefulness is not strongly dependent
on the precise prediction of crater or channel
geometry. For instance, it is perhaps not critical
that the channel and turning basin be 30 or 60 m
deep to be a useful structure.

To develop an engineering concept of a harbor
excavated with nuclear explosives, simple scaling
relationships  for dimensions are used. When a
site for a large explosion-produced harbor is
selected, the appropriate equation of state infor-
mation would be developed from representative
and carefully selected material samples, and the
suitable design calculations (with TENSOR coding)
could be performed. For a preliminary study, a
concept derived from simple scaling laws suffices.

A conceptual harbor design involving the de-
tonation of a total of 1 Mt, composed of four 200-kt
explosives emplaced at 242 m (800 ft)) and five
50-kt explosives at 152 m (500 ft), is shown in
Fig. 34, The dimensions of the harbor were de-
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veloped from alluvium scaling curves, Figs. 35
and 36, assuming that a charge spacing of 1.5
times the radius of the crater produced by a
single charge will produce a channel whose width
and depth is ~80% of that produced by a single
charge. With no knowledge of the actual detonation
environment, it 1s our judgment that the alluvium
crater-dimension scaling curves¢ suffice for this
study. The success of the Buggy Experiment indi-
cates that such a harbor could be located, de-
signed, and successfully created.

Reservoir for Flood Control or Irrigation

Another concept for the use of nuclear ex-
plosives 1n the area of water-resources develop-
ment is for the creation of reservoirs for storage.
Figure 37 shows a nuclear reservoir with con-
necting channel, weir, and control gate so designed
to fill during the high stages of an adjacent
stream. Such a storage crater could be sited
along the water course at locations that are in-
dependent of local relief and suitable to the
normal type of dam construction. In a study com-
pleted a few years ago, this type of nuclear

€The most recent summary of cratering data, including
results of Schooner and hard rock ‘‘scaling’’ curves,
is, contained in ‘Summary of Results of Cratering
Experiments,’”’ Lawrence Radiation Laboratory (Liver-
more), UCRL-T1456 (1969).
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reservoir was found fo be competitive with con-
ventional storage at volumes in excess of ~ 6000
acre-ft.>® In addition to the use of nuclear water
reservoirs for'shaving stream peaks, or storage
for irrigation, such structures could serve as
regulatory storage on aqueduct systems, to accept
overflow from the system during periods of low
demand. With appropriate planning and siting it is
quite possible that nuclear craters could become
multipurpose, providing temporary storage for ir-
rigation, storage for regulation, and service sec-
ondarily for ground-water recharge. Further
information in this general area of craters for
water resources development is available.® It is
true that there are not many 1-Mt cratering sites
in the United States. However, in developing
countries or in countries with sparsely populated
regions, such projects might serve as part of
regional resources development.

Crater-Lip Dams

The preceding cratering applications for nu-
clear explosives have evoked in their concepts no
design advantage from siting to capitalize on
“favorable” local topography. In contrast, the
crater-lip dam is a concept involving a row
charge which is used to create (by upthrust and

v

|

mass ejection), an embankment suitable for use as
a dam. Figure 38 shows a crater lLip {illing the
gap between two topographical ridges. By closing
this gap and, with suitable spillway works built
some distance from the embankment, 1t 1s possi-
ble to impound and store a voiume of water to the
order of millions of acre-feet. It is to be recalled
that row charges tend to have little throwout on
the ends of the row charge. Figure 39 (an end-on
view of the Buggy excavation) illustrates the height
of the embankments created, as compared to the
throwout on the ends. Some low-surface area
storage would be provided in the row-charge
crater behind the embankment, should this be
desirable. For a gap requiring a 100-ft-tall em-
bankment, a row of 100-kt devices would create an
embankment of more than sufficient height for the
stated purpose.

This concept is relatively new and the engi-
neering problems of converting the embankment
produced by the nuclear explosive to an engineer-
ing structure have not been fully considered at
this time. However, if one considers that, with
appropriate siting, the use of topography in con-
junction with the manmade embankment creates a
large storage volume at a reasonably small cost,
then. some additional engineering work on the em-
bankment might well be economical.
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In th:s regard we have summarized below the
statistics for 18 selected dams cf the Califorma
Water Project.’” Table Vil shows that the cost
per acre-foot of storage for the listed structures
varies from $36.80 to $699. In our judgment,
row-charge cratering could create embankments
oi the height of 100 to 200 {t and several thousand
feet long, for a project cost of ~$15 X% 10° for the
nuclear phase. Assuming a storage capacity of at
least 10° acre-feet and proper siting, the cost
per acre-foot of storage V’vould be ~<$15 for the
nuclear phase. This cost comparison, although of
a preliminary nature, suggests that further study
of crater-lip dam concept is warranted. The nu-
clear effects and safety aspects of the crater-lip
concept are comparable to those associated with
the small harbor concept. Bowever, special con-
sideration would have to be given to the water and
land uses in the environment of the project in
preparing the safety analysis.

Overburden Remova! }

The concept of overburdern removal employing
nuclear row charges can gapitalize on the earth’s
free-surface topography for directed blasting.

NUCLEAR APPLICATIONS & TECHNOLOGY VOL, 7

Fig. 39. Buggy end-on view,

|

Figure 40 shows, 1in vertical cross section, a site
where geological conditions (preshot) are con-
ceptually suitable for such a project. This cross
section shows an ore body extending perpen-
dicularly through the cross section for some
distance parallel to the brink of a mesa. The
sloping face of the mesa 1s the free surface which
could be employed for directing mass ejecta from
the first row-charge detonation, whose purpose is
to partially uncover the ore body for conventional
mining. The scheme for emplacement of the first
nuclear-row charge is shown in Fig. 41. In prin-
cipal, this row charge is designed not only to re-
move a portion of the overburden, as previously
stated, but also to leave a sloping free surface on
one side of the charge suitable for a second
directed-blasting detonation. Row charges are
emplaced so that the true-crater boundary 1s as
close to the ore body as is possible. Stage 1, after
the first detonation, is depicted in Fig. 42 showing
the resulting free surface after mass deposition
as described above. The emplacement of the
second row charge 1s designed to make use of
directed blasting on the right side of the row
charge a?d normal cratering mechanisms else-
where (see Fig. 43).
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TABLE VI

Selected Dams of the California Water Project*

Crest Crest Gross Surface | Shore- Cost
Height | Elevation | Length Volume Capacity Area line (million
Name of Dam {it) (ft) (ft) (yd®) {acre-ft) | (acres) | (miles) | of dollars) | $/acre-ft
Frenchman : 139 5607 720 536 000 55 400 1 580 21 3.1 56
Antelope 105 5025 1320 380 000 &2 513 430 15 4.28 190
Grizzly Valley ‘ 115 5785 800 230 000 84 151 4 000 32 4.29 51
Abbey Bridge 110 5468 1150 500 000 45 000 1 950 S 21 7.95 177
Dixie Refuge 100 5754 1 050 400 000 1’6 000 900 15 5.52 345
Oroville ' 770 922 6920 | 80 000 000 | 3 538 000 15 800 167 189.4 53.7
Thermalito Diversion 161.5 250 1 300 154 000 13 400 330 10 11.2 83.5
Thermahto Forebay 71 231 15 900 1 580 000 11 400 600 10 27.5 40.3
Thermalito Afterbay 37 142 41 600 5 038 000 47 000 4 550 26 27.5 40.3
Del Valle ' 223 773 880 4 200 G600 77 000 715 16 26.05 338
San Lwis ‘ 385 554 18 600 77 645 000 | 2 095 000 13 800 65 77.2 36.8
O’Neill Forebay | 88 233 14 350 3 000 000 56 000 2 190 12 7.01 125
Los Banos Creek '; 154 384 1370 2 200 000 ‘34 500 623 12 2.62 76
Little Panoche Creek 120 676 1 440 1 210 000 13 270 354 10 3.2 241
Cedar Springs 213 3378 2 250 7 400 600 78 0060 995 13 40.4 520
Perris 123 1590 11 700 | 20 500 000 100 000 2 080 6 69.9 699
Pyramid ) 377 2605 1 000 T 000 000 179 000 1 358 21 32.% i81
Castaic : 335 1535 5 200 | 43 000 000 350 000 2 630 34 104.9 300

*Abstracted from Ref. 27, ;
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Figure 44 shows the excavation resulting from
the two-row detonations, the corresponsing mass
deposition, and apparent crater configuration. The
ore body is shown as lying to the right of an angle
of repose along the back of the second crater, so
that the ore body can be exposed by further con-
ventional excavation of the remaining maternal
above it, From'this figure the volume of materal
to be excavated conventionally 1s estimated to be
equal to the volume of' the ore body. The detona-
tions are so designed that most of the residual
radioactivity would be in the fallback and the
material adjacent to the ore body.

To date, the Atomic Energy Commission has
not performed any experiments involving directed

blasting. However, within a few years the de-

velopment of theoretlcal tools for the design of
such a project will probably evolve within the re-
search and development portion of the Plowshare
Program. One can anticipate the type of design
calculation needed to optimize the probability of
producing the desired structure. The concept 1s
simple; the desired emplacement design is ob-
tained when the material over the explosive and
adjacent to the appropriate free surfaces 1s calcu-
lated to be in'the ballistic trajectory suitable for
the mass deposition, required to make the cut.
i
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Flg 43, Overburden removal (emplacement of second row charge).

;such an application.
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Two-dimensional calculations for such an applica-
tion are now within our capability. But, so far, no
industrial {irm or agency of the Federal Govern-
ment has adequately evaluated the economics of
The reason for this might

‘:' well be that the metals market situation does not

NUCLEAR APPLICATIONS & TECHNOLOGY

as yetw require the development of large, deep ore
bodies, in remote areas. However, should that
situation arise we feel that it would be within the
scope“l‘of the technology to design such projects.

Directed Blasting for Dam Embankments

The concept of detonating explosive charges in
the side of a steep U-shaped valley to create a
dam .embankment, either through gravitational
flow or directed blasting, 1s not new. The advan-
tages of capitalizing on free-surface topography
as affecting ejecta dams was recognized by Sandia
Corppration and more recently by the US Army
Engu'\eers Nuclear Cratering Group. QVer the
years many questions have been raised about the
problems associated with embankments so em-
placed and the engineering measures necessary to
make such embankments safe-water projectstruc-
tures

To the author’s knowledge, the most relevant
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example of such a dam embankment creation with
explosives of an interesting scale was accom-
plished by Soviet ‘engineers who made ‘‘an instant
dam across the Vakhsh' River near the Afghan
border.’”’ Figure 45 shows the topography of the
river valley selected and the shape of the desired
embankment elevation for the designed structure
_(Ref. 28, pages 24 and 25}, By means of sequential
detonations totaling 133 charges (13 large, 120
small with a total yield, 1.2 kt), 2.6 million cubic
yards of rock was emplaced by the detonation into
the valley. The resulting embankment with a
height of 55 m is reported to' have no foundation
trench, no impervious ci)re, and no facing to pre-

vent water from seeping through it. However, it

18 reported that ithe structure does not leak.
Clearly ‘the Soviet engineers had to devise a
means for sealing the rubble embankment. En-
gineering News-Record®® reports this as follows.

. ‘“To convert the pile of rock into a dam, Soviet
engineers used a technique similar to the one they
used 1n building the upstream cofferdam at the
Aswan High Dam in Egypt. There, they barged in
rock and dumped 1t into the river, then sluiced the
rock with a sand and water slurry carried 1n
through, pipes lowered into the river near the rock
pile. The sand washed into the rocks and filled
the voids, making the dam impervious.
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Fig. 46. Downstream view reservoir filling after creation of éxplosion—produced dam on the Vakhsh River. Re-
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‘At Vakhsh, Russian workmen bulldozed clay
with a high calcium conteni into the river up-
stream of the artificial’l rockslide. The river
washed the clay into the upstream face of the em-
bankment, creating an impervious seal. Engineers
say that Vakhsh is a dirty river, and they expect
the normal heavy deposits of silt to strengthen the
dam against seepage.

‘‘Ivan Nikolayev, deputy design chief in the
Ministry of Melioration and Water Enterprises,
says that the instant dam technique saved ~30
miliion on the $180-million dollar project.”’

Figure 45 shows the blast-created rock em-
bankment right after detonation. It is noted that
the spillway is still dry. |

Figure 46 shows the structure when filled with
water, with the spillway operating; while Fig. 47
is inferred to be a close-up of the structure at
about the same time. ‘

The evidence from the Soviet engineering ex-
ample indicates that dams of a useful height can
be created by directed blasting, that they can be
converted into safe engineering structures with
minimum leakage, and that the necessary spillway
structure can be in-placed before the shot. We
believe that with engineering ingenuity nuclear ex-
plosives could be used to create similar useful
structures and that this Soviet experience consti-
tutes an important prototypg with which to evalu-
ate this application.

The concept for the nuclear bulk dam is illus-
trated in Fig. 48. The emplacement design, shown
' 1
' f

"
' ‘ f

B S " JROPEAY.
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conceptually in the lower left corner, depicts the
nuc)ear explosive as being emplaced at ~61 m
WY? from the vertical free surface overhead and
at about optimal depth of burial from the sloping
canycen section. The actual detonation point is
iliustrated as being below the grade of the river.
By means of this emplacement, material would be
thrust up and ejected across the canyon to em-
place material within the canyon and on the far
side, whereas material overhead and on the brink
of the canyon wall would have 3 more vertical
trajectory and fallback in filling the true crater
made by the detonation. Simple prototype experi-
ments illustrating this concept have already been
conducted by the US Army Corps of Engineers in
a sand test pit. These tests indicate that it may
be credibie that the ejecta dams could have an
elevation roughiy equal to the height of the canyon.
An ejecta‘“dam appears to have the potential of
berng the same height as the canyon wall; if so,
this would make optimal use of the site topography
for 'storage purposes. The remamning part of Fig.
48 shows the embankment with an impervious
blapket on the upstream face and the preshot con-
strycted spillway. Not shown, however, 1s the
tunnel for handling the stream flow during the
construction and nuclear phases. The impervious
blanket, of course, not only would convert the dam
to a slowly, leaking or non-leaking structure but
would also,operate to seal the stored water from
the low-level radioactivities contained in the fall-
back materjal. In this way it might very well be

it ) i
Nl n”%—,}wﬁr—?

Fig. 47, Closeup of explosion—;’aroduced dam on the Vakhsh River. Reprinted from Engineeving News-Rzcovd,
‘May 30, 1968, copyright McGraw-Hill, Inc. (all rights regerved)..
\ |
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that the radioactivity in the fallback material is
sufficiently sealed from the stored water. A
sound safety program on mmal projects of this
type would document the safety aspects of the
operation of such a' structdre and furnish informa-
tion valuable to future projects of this type. No
adequate economlcf'analysxs of this type of appli- .
cation has been made at this date, other than the |
experience already'cited by the Soviet engineers,*® T

NUCLEAR EFFECTS- HARBOR EXCAVATION

A preliminary 'estlmate of the expected ef- T
fects—fallout, air ‘blast, and ground motion—are :
now summarized as an aid in the evaluation of
harbor excavation with modern nuclear-excavation . . . )
explosives. The ir}formati'on or models described - el T e el e cere e
In a previous section of this report are used in O A R
this analysis. ‘ ' ) L 10 mlles

External Gamma Exposure ' ‘

" X Fig.49. The external gamma exposure from time of
The estimated externali gamma exposure from arrival to infimte time for a 1-Mt small

time of arrival to infinite, time for the conceptual ‘ harbor,

222 NUCLEAR APPLiCATlONS: & TECHNOLOGY VOL. 7 SEPTEMBER 1969



nine-charge row is“shown in Fig. 49. The calcu-
lation was prepared using the LRL cratering fall-

out model® with the followmg inputs:

1

1. The stablhzeq cloud dimensions for the five
50-kt charges are:

base surge rad1u's 7300im
base surge height, 1650 m
main cloud radlus 700 m
top, 4420 m. ‘ o

2. The stabilized' cloud dlmensmns for the four
200-kt charges are:

base surge radius, 11 000 m
base surge top, 4420 m '
main cloud radlus 1300 m
top, 5800 m.

3. The shot time meteorological conditions
were assumed to be those associated with the
Sedan Event (July 1962, at the USAEC, Nevada
Test Site).

4. The released radioactivity from each ex-
plosive 1s assumed to be distributed so that 60% is
in the base surge and 40%'is in the main cloud.
The sum of the fission prdduct radiocactivity and
the equivalent fission yield of the induced activi-
ties 1s treated as a source which remains un-
fractionated.d

5. All the other fallout model parameters are
those previously pubkished for the Sedan Event.®

In evaluating this' external radiation exposure
pattern, existing radiation bxposure guides have
been used. The International Committee ‘or Radi-
ation Protection (ICRP) has recommended that
external gamma exposure o individuals 1n the
general population be limited to 0.17 rad/year.
For the harbor corncept discussed herein this
guidance 1s satisfied at a range of 85 miles. For
the operation of the Nevada Test Site criteria, a
maximum of 3.9 rad/year thas been used. This
criteria 1s satisfied at a range of ~ 20 miles from
the conceptual harbdr. It should be noted, how-
ever, that the above ¢riterial has been established
on the assumption that the lradiation is delivered
continuously over the lifetimie of the exposed pop-
ulation. Since the proposed Fxcavatlon application
represents a single event, presumably a different
guidance relating to- exposure limitations should
be developed.

dA Source is said to be ‘‘nfractionated’ if no pro-
cesses, other than raﬁyioactive"’decay, have been opera-
tive tochange the composition of the radioactive debris.
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Exﬁbsure Rates in the Base Surge Area

The external gamma-exposure raté at H+l h
within the base surge area has been estimated for
each of the row segments; five 50-kt nuclear
charges and the four 200-kt charges (see Fig. 50).
Because of the close proximity of the two row
charges, the two curves must be added to obtain
an estimate of the maximum exposure rate in the
region where the two base surge clouds overlap;
thus, 1n this region, the maximum H+l exposure
rate is estimated to be 27 R/h. On the basis of a
limit of 100 mrem/week exposure, the reentry
time for construction workers (assuming a 40-h
week) is estimated to be about four months. A
larger depth of burial or a wider spacing than that
assumed herein would have the effect of reducing
this estimate (four months) to ~30 to 60 days.

0+ 5 10 15 2 25 30

Th'“ousands of feet—up wind (or crosswind{)

Fig. 50. The (H+ 1) h exposure rates within the base
surge areas of five 50 kt explosives and four
20 kt explosives,

"3 in Mtk ,
!
To estlmate the ™I concentration in the milk of
grazing cows the external gamma-exposure rate
(H+1) can be converted to pCi/hiter of ™I in milk
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by means of the foll‘owmg constant (Tewes, private
communication, 1967). 1

1 mrem/h (at H+1 h) ='1225 pCi/liter in milk
(max concentration of ). 'The resulting estimate
of ™1 concentration in milk as a function of range
is shown in Fig. 51. These "I predictions for a
small harbor suggest that some provisions for
safeguarding the mllksheds if any, wathin a range
of 40 to 50 miles may be requxred It should be
mentioned that, if wet dep'osmon of ™1 occurred
along the cloud trajectory, the concentration of *'I
appearing in milk could beja factor of 100 higher.
Depending on the location of the harbor site, it
might be possible to minimize the probability of
wet deposition hot-spots by means of selection of
shot-time meteorology.

6 L
10 1 { e 1 |
- ) ]
- , Smoll Harbor — .
P Expecfed B I
- in m‘nlk .
1 {from unfractionated |
. fissipn products),
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o N
o
E_ -
K
g mﬂ‘
o
] ] | ] } 1

3
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Statue milels down wind

i
Fig. 51. pCi of 131 p‘er liter‘of milk as a function of
range for the|'-1 Mt small harbor.

Seismic Effects |

The ground motion resulting from a nuclear-
cratering explosion could, of course, result in

224
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seismic damage to nearby structures. This dam-
age could take the form of structural damage in
the case of relatively large peak surface veloci-
ties'> (7 to 10 cm/sec); at low velocities (below
~1cm/sec) architectural damage (like fine cracks
in .plaster or concrete block) can occur with a
frequency 'shown in Fig. 10.

Experlence indicates that the most favorable
location for a foundation of a structuré with re-
spect to its ability to sustain ground motion, 1s
upon a hard-rock formation. The least’ de51rable
foundation: is unconsolidated alluvium. Figure 52
shows the, estimated peak surface motion as a
function of distance for hard rock and alluvium
materials, and 1indicates the regions of possible
structural and/or architectural damage. When a
site for a harbor 1s selected, structure surveys of
the' villages and towns at appropriate ranges can
be''conducted to give a more definitive estimate of
possible damage, !
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Flg 52, E$t1mated peak ground motion as a function of
ra]nge for a 1-Mt small harbor.

Air Blast

iTwo recent reviews of the state-of-the-art of
predlctmg air blast effects have appeared a gen-
‘ 1
ol
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eral one® and another 1n topical outline form."
In addition, basic studies have been conducted of
the mechamsms of the coupling of energy into the
atmosphere from contamed and uncontained (cra-
tering) detonations'® | and of;the pr opagahon of this
energy in the atmosphere {Viecelli’®). This work
significantly supplements 'the acoustic-wave re-
search sponsored elsewhexre by the USAEC 1n that
the initial conditions for the airblast problem (the
energy coupled during the spall and the cavity-gas
vent} are determined by the particular cratering
mechanisms operative in each experiment. Air-
biast effects from row-charge events have not, to
date, been treated inja defimtive manner; however,
with conservative assumptions, alr-blast pre-
dictions suitable ifor planning purposes can be
prepared. There 1s'_evidenc‘:e that a climatology of
ducting mechanisms)|, particularly at low latitudes
of ~10 to 30° is such that shot-time weather con-
ditions can be selected sothat no reiurn or, at
least, only weak returns, ogccur during a signifi-
cant fraction of the year. For any particular
experimental site, rocket-viind measurements are
made in the ozonos?nele tQ document this clima-
tology. i !

Consider, now, the meanconditions for ducting
of acoustical energy; by the pzonosphere and 1ono-
sphere, assuming, for example, a winter detona-
tion date (July) at 207 south latitude.

To construct a mean sound-speed profile for
propagation from the west we proceed as follows.
Temperatures as a f;unctlon of hexgnt for Australia
in July were obtamed from ﬁrover 'for Woomera
(31°9); from the US Air Fbrce Handbook of Geo-
physics®? for the stapdard atmosphere and for the
winter atmosphere at 20° lafitude; from Webb™ for
Swan Island {17° 27' N\ and .Guam 1n winter; from
Champion and I\/’mzws from the standard atmos-
phere of Kellogg’®; and Irom Quiroz et al.*® for
White Sands, New Mexxco m the winter. Not all
these data sources were for the whole range of
heights of interest. When the data were tabulated,
an appropriate valuq of terpperature was chosen
qualitatively for each helght at 5-km intervals,
from the ground su;face to|I 120 km, In the sub-
jective choice of the best temperature at each
height, the Woomerai data®! Was weighted the most
heavily. )

Zonal winds as a, funchqn of height for Aus-
trahha 1n July were, obtained from Grover from
Woomera (31°8); frqm Reed for Ascension Island
(8°8)"" for July 1963 and 1964; from Kellogg for
20° latitude; from Quiroz et!al. for White Sands in
the winter; and from Webb for 20° S (annual mean)
and for July at 35°S, The same procedure as for
the temperature was used to choose subjectively
the best wind at each height.,

Figure 53 shows} the resulting sound-speed

o

NUCLEAR APPLICATIONS & TECHNOLOGY VOL. 7
' 2

SEPTEMBER 1969

)

"'Knox NUCLEAR EXCAVATION THEORY

100}~

Height in atmosphere (km)

o | AW
250 300 350

400
Sound speed (m/sec)

Fig. 53. Sound-speed profile for propagation from the
" west for 20° south latitude, July.

\
profile for, \propagatlon from the west for July at
20° south. At heights of 42 and 115 km, overhangs
in the sound-speed profile exist Wthh may be
expected to give returns. The range of these re-
lurns has been calculated on the LRL ray-tracing
code and plotted on a graph of the Nevada Test
Site’s air-blast experience scaled to 1 Mt, Fig. 54.
In the mean, the first ozonospheric return is esti-
mated to have an overpressure in the range of 0.6
to 4 mb; the second ozonospheric return, 0.3 to
1.5 mb; and the ionospheric return, 0.15 to 0.4 mb.
Only, the first ozonospheric return may be greater
than the operating safety criteria of 2 mb., Of
course mean ducting studies are somewhat mis-
leading, 1n that no wmformation 1s contained on the
number of days on which there 1s either no return
or a very weak return. Our experience indicates
that ‘'a s1gmhcant number of days of no return or
weak return may well exist so that damage from
the air blast can be held to a very low level by
selecting the proper weather condmons Should
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Fig. 54. Nevada Test Site au‘ blast experience scaled
to the 1- Mt level for cratering,

the harbor sites prove to be in sufficiently remote
locations, the above indxqated precautions may be
unnecessary. ‘

Radiclogical Conside:ations
A recent study by James and Fleming’® which
was completed 1n 1966 ranks the most significant
radionuclides produced" by a modern nuclear-
excavation explodion in regard to their impact on
man. These mvg_'stigatoifs estimated the fraction
of each nuclide produced at zero time (kj) that
would have to be mgeste‘d or inhaled to produce an
acceptable doses Selecpng ®Sr as the reference
nuclide, they defined the relative significant index
as k”Sr/kJ Table VIII'(reproduced from James
and Flemng®®) d;‘splays this ranking. The author’s
intent in preparing this ranking of radionuclides
was to establish priorities for the most important
nuclides for cog' ideratjon in the sea-level canal

feasibility studies or other Plowshare Projects.
!
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TABLE VI
Relative Significance Index (RSI)
[Case A: Flrst encounter is two months after last delonauon
(t, to£s is from O to 50 years))

r

\ ]
I : Critical RSI
Nuclide T, Organ Criterion® | Valueb
80gr S0y !' 28 year bone (a) 1
*°ph 4+ chain | 22 year kidney ) 2(-1)
'Cg-1T"py | 30 year total body (c) 1{-1)

119%Ry - 1°Rh 1.0 year | LLI (b) 5(-2)

Mast' AN 74 day LLI (b) 5(-2)
By 130 day LLI {b) 2(-2)
e 285 day LLI (b) 1(-2)
*Mn 314 day LLI (b) 1(-2)
*Fe 2.7 year spleen (b) 3(-3)
Ca 165 day bone {a) 2(-3)
85 50 4 day bone (a) i(-3)
Sy ' 58 day LLI (b) 1(-3)
1 ; 2.7 year LLI (b) 1(-3)
®zr -%"Nb | 65 day LLI (b) 3(-4)
“Nb 35 day LLI (o) 3(-4)
193y -1*?Ry, 41 day LLI (b) 3(-4)
Fe 45 day LLI (b) 2(-4)

I #lce 33 day LLI (b) 1(-4)
1%8p.1®RTe | 2.7 year LLI (b} 1(-4)
12T Te | 33 day LLI () 1(-4)
*’Na 2 58 year | total hody (c) 1(-4)
SRy ! 1.8 year LLI (b) 1(-4)

[ 1simygy 8.0 day thyrond (a) 5(-5)
°Ba-"{La 12.8day | LLI (b) 5(-5)

. ¥p 14.3 day bone (a) 2(-5)
uspy ! 13.7day | LLI (b) 2(-5)
RSI valuéb for tritium, ngPu/ and "Be have been excluded for
classificabion purposes Each has an RSI value large enough to
be mclu;l:d in this table. Using criterion (c), tribum has an

RSl value >1.

“Criteria: 4 (a) -50 rem/50 year; (b) -25 rem/50 year, (c) -2.5
rem/50 year.
bNumbers ' in parentheses indicate the exponent of 10; e.g.,
#°pp and chain 15 2 x 107}

Resml:ual tritium 1n the postshot Sedan environ-
ment hals been studied in regard to its entry into
the food chain of mainly heteromyid rodents
(Korandg’g). It was found that the tritium concen-
tration ih the mammal body water was between 1
and 3 uCi/ml and the internal dose was estimated
to be bﬁtween i8 and 268 rad (or ~10 times the
dose from external radiation sources). Koranda
concluded that in an environment of low annual
rainfall, residual tritium must be considered one
of the most brologically significant types of radio-
act1v1ty‘ remaining 1in the environment. IQ this
regard, the stucies of James and Fleming and
those of Koranda support the conclusion that
trithum” produced in the Plowshare, excdvation

-explosive is the most significant one for consider-

ation 1n safety analysis of application concepts.
Because of this finding, an extensive post-shot
documentation program on the time and spatial
distribytion of tritium is being conducted.jn the
vicinity of a recent nuclear cratering experiment.

t
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Discussica

In this section the estiuiates of the expected
nuclear effects for smail harbor construction in
regard lo alr blast, e}\femal gamma cexposure, the
level of ™1 in mllk, .and ground surface motion
have becn presented within the {ramework of
current capabilities. Once a project harbor site
1§ cleazly identified) consideration may then be
giver to irradiation effects on sea life and to es-
timates of water-borne concentrations of signifi-
cant radionuclides introduced :nto the ocean.

COMPARISON OF NUCLEAR EFFECTS FOR THE
SEVEN CONCEPTS

It 35 useful now to compare the nuclear effects
predicted for the small nuciear harbor with those
associated with the six other concepts discussed
earlier 1a this paper. The entries in Table IX for
the distance to the §.17 rad/year exposure and the
dlstance for recommended protective action for

[ are consistent with the unclassified vented
source statement discussed earlier for cratering
events; however, they have'been prepared with
suitable corrections jfor depth of emplacement,
where appropriate. Without,encumbering the
reader with details oi calcylation, the summary
and comparnson of nuclear effects for these seven
concepts 15 given 1n .Table IX. This summary 1s
1nciuaed to provide information that may be useful
in the preliminary evaluation of sites for exca-
vation projects. 7 ‘

In general, the concepts mvolvmg the use of

nuclear retarcs should possess much fewer site-
safety problems than those ipvolving cratering, It
should be stressed that, in 'the feasibihity study
phase of a given project, the’ impact of site char-
acter:stics and detonation epwronmentd- factors
must be considered ip a thorough safety study. It
should be recognized that geohydrological safety

't
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has not been addressed for two reasons: (1) the
proolems associated with a cratering application
a given location are very site-dependent, and
(2) an adequate evaluation of the problems re-
quires, in some cases, the use of the classified
nonvented radioactivily inventory. Geochydrologic
safety has not been omitted because it is either
unimportant or insclvable. . |

APPLIED RESEARCH FOR IMPROVEMENT OF
CRATERING TECHNOLOGV

Some of /the applied research problems sig-
nificant for further development of the technology
are outlmed below

Device Develop'ment

1. Further development of high-yield excava-
tion ,\deviceg" which preduce mimimal quantities of
radigactivity, particularly tritium. o N

2. The tdedback of ecological studies on devide
design suchl that the radiation exposure can be
further mnimized 1n future nuclear e:&tplosxves

developed £t excavation. i
"

Nucl eer Effects

R
1. Atmos_phemc Science

a. Definitive study of the source mechan-
isms for the coupling of energy from row
charges lnto the atmosphere, includihg their
initial value physics prediction and transmis-
sion throuvh the atmosphere.

b Stuclles of cloud phenomenology and de~
velopment of a physical understanding of the
dlllferenoes in cloud phenomenology resultin
from deﬂonatxons in wet and dry med1a anid
varying scaled depths of emplacement ‘

TABLE IX
- T 2} T
Y Detonation | Tvpe | Distance . Distance |
i Yield of to 0 17 lIodine to 1 cm/sec J
(Early Ap) | Event | rad/year Distribution Ground Motion Air Blast
i T ! - . Minimize
Aggregote production ~50 kt R? 3 mile 12 ymile ~35 km (alluvium) air-blast
Retarc for leaching (5 shots) , 50 - 100 ki R ~10 mile ~25 mile ~50 km (alluviirm) problems
Harbors (H) ’ 1 MT cb 85 mile: 40+ 50 130 km by
Craters (WRD) ~1 MT C HE M ~130 km scheduling’
Crater-lip dams ~1 MT C H | H H fot period!
Gverburden removal ~1 MT c H | o H 1of “no
Bulk dams ; ~50 kt R+C| ~10 mile" ~25'ﬂmile ~35 km return.”’
:R = retarc
C = cratering '
°H = approximately as, evaluatﬁd in the Harbor Concept.
i
"
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c. Continued studies of long-range diffusion
of large cloudls to include airborne isotopic-
concentration predlctxons and the effect of dry
and wet deposition.

2. Geohydrology

a. Studies of the problem of ground-water
and surface-water contamination, bearing on
the water quality in and near nuclear-excavated
craters and channels, or retarcs formed by
nuclear detonations. '

3. Seismology’

a. Continued interpretation of the seismic
coupling data and transmitted seismic signals
from the weapons tests program shots, ex-
tracting significant miormatxon for PIOWShare
problems, parFxcMarly spectral changes in the
seismic signal withi yield, attenuation, and
damage assessment statistics.

i

Cratering Physics

1. The refinement of criteria of failure of
earth materials as related to [racturing mechan-
isms and the delineation of the fractured regions
surrounding nuclear craters and retarcs.

2. Continued Hevelopment of in situ geophysical
measurements éapablhty for density, the water
content, acousti¢ velocity, and fracture-distribu-
tion characteristics of post- and pre-shot en-
vironments.

3. For high-yield cx*atermg shots, the impor-
tance of the effect of ‘cav1ty cooling on cavity-
pressure hlstorj

4. For high- y1eld sh?ts the importance and the
inclusion of gravxty on, predicted crater dimen-
sions. | g

5. The effectfof the ‘presence of water in earth
materials on maximum shear strength as a func-
tion of mean stress should be included 1n signifi-
cant cratering celculatans

6. The development:t of a more sophisticated
model for predicting drater depth including the
mechanisms of ,fallbaclﬁ and true-crater collapse,

7. The effect of the ltjetonatlon of a nuclear ex-
plosive in satirated medium on the late-time
cavity pressurethistory and, hence, on late-time
cratering mechanisms; should be evaluated at
intermediate yle.lds.

8. The methbd for mmaking design calculations
for row- charge projeéts should be re-examined
and concelvably 1mproved

1
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|
'

vo9, Theoretically derived scaling laws for cra-
ter radius and depth should be calculated for dif -
ferent y}xlelds and prominent earth materials.’

1

Slope Stability

Nuclear excavation projects proposed [or loca-
tion in wet weak materia's may contain a key
problem in the stability of the slopes' produced by
the usu;il optimal cratering mechanisms. These
?i‘nitiallylproduced slopes are of the order of 25°
and can'exceed the slope angle regarded as stable
on the basis of residual shear strength. Many in
the field of soil mechanics feel that it 1s neces-
sary to' develop a method of nucxear excavatlon
that produces average slopes on the order of 1 on
'6, or possibly less, depending on the site; and fur-
ther that one cannot risk methods that produce
'mitially much steeper slopes or utilize over-
excavation, because this may cause major slides
jjnto the nuclear structure. Several schemgs for
producing the recommended ‘flat slopes’” have
been suj gested. They are (a) n.n-simultaneous,
¢r1p1e parallel row of charges, (b) row-subsidence
’craterlqg, and (c) row-ejecta cratering employing
wide charge spacing. The development of proven
,modes uof nuclear excavation solving the, ‘{lat
|slopes"’ problem requires a meaningful experi-

entaliprogram The US Army Coprps of En-
‘gmeersl and the AEC have entered intc 2 joint
proaram to gamn physical insight J,nto some of
these possible solutions. However,liproof of any
.gven ’mode of nuclear excavation solvnﬁg this
pmblerp 18 far removed at this time.;

It Ls anticipated that many of these applled—
uresearch areas or problems will be worked on 1n
the re ‘earch and development stages of the Plow-
share Program and that solutions to these prob-
‘lems 11l be found and verified n the cqrnbmed
theoretjcal and experimental programs assoclated
wath £ ture events. The solutions to the technical

roblems outlined in this paper are strategic to
1the development of the required prediction capa-
b111ty ft?r applications of the next few years.

APPENDIX A :

Dimegsions of Plowshare Nuciear-Excavatipn Explosjves
| il

Smc\ne the preparation of the 19164 “Isthimian

' Canal ‘Studies’’ document, there have been a num-

ber of! explosive-development experiments, which
bear op the specifications of the nucllear explosxve
packa e dimensions. Also since , this prev1ous
"data, interest in civil-works apphcatlons' ‘of nu-
clear bxploswes has increased to tl}e point where
prototype experiments using ylelds of 10 to 90 kt
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are being designed. 'For these reasons there is a
need for recent mfor’matlon about the dimensions
of the Plowshare-excavation 'nuclear explosive.

a, Yields of 50 kt ov less: At our present stage
of understanding the diame[ter of an excavation
explosive of yield 50 kt or less is 34 1n., which
includes the environmental can and the hole cieax-
ance. The length ofl the explosive in this yield
range is relatively small, and in no case exceeds
more than ~10 ft. !

b. Yields >100 ki:

Tota]_ P_EY_EOI_G.
Yield «Length Diameter
(kt) ity (in )
100 14 34
200 18 34
500 20 45
1 000 20 45
2 000 25 45
5 000 " 30 65
10 000 30 65
APPENDIN B
)

Seismic Effeéts

During the period of thé Nuclear Test Ban
Treaty, several investigators®® *® have studied
means of predicting peak surface velocity for
ranges of 20 to 150 miles. From these woiks the
following empirical | method of predicting peak
surface velocity, V, has been developed.

! |

(1)

where

V, = peak velocity (cm/sec)

W = yield (kt)
R = range from source (rp)
@ =yield scaling exponent
B = attenuation exﬁ;onent
K =a variable constant dependent upon 2 par-
ameters.
k=10 () &', (2)
where ‘
K' = constant
1 = local geology xlespons:e factor
s =

source couplmg efflclgncy

The values of the var1ables their reference
sources and an explanatlon for each, is given in
Table X.
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| TABLE X

P
,  Parameter for Estimating Peak Surface Velocities
|

Refer-
. enca !
Symbol Parameter Source |, Value .|
ai Yield scaling exponent 40 +0.67
a Yield scaling exponent 42 P+0.73
B8 Attenuvation exponent 40 -1.9
B Attenuation exponent 42 -1.87
4 Local geology, hard rock 40 1.0
7 Local geology, alluvium 40 3.0
) Local geology, hard rock 42 1.0
Iy Local geology, atluvium 42 3.4
s Sou!.t:ce coupling at 1 Mt
' (extrapolated from curve) ! [
for: hard rock 41 =30
'; wet competent tuff 41 =10
. 1| dolomite 41 =
/| (! Triable tuff 41 3
| \alluvium (high porosity) 41 =10
K’ Constant 40 2.5 x 10°
K’ Constant 42 2.88 x 10°
Note: To apply[ this method, one has to seclect the appropriate

parameter values for Eq. (1). For the most part, one

‘should, in an uniknown case, use the worsi case; e.g., to
, estimate the peak velocity from 1 Mt in an unlmown envi-
_ronment. '
Cﬂoose s = 30.
The dlfference between a = 0.67 and a = 0.73
is mmor. i
Tl?e diffétence between B = -1.87 and B = -1.9

is minor. ‘
N

The difference betweenl = 3.0 and 3.4 is minor
for the alluvium case,

The motﬂ%n al a site located 100-km distance
on hard roclk 1s given by

Vp = IsK' W2 RA 1
| Hy
= (1.0) {30) (2.88 X 10°) (1000)*"™ (10°)™**"
= 0.55 cm/sec. "

On alluvmm we get
V,, = (3. 4) (30) (2.88 x 10°) (10°)*™ (10°)™**"

= 2.0 cm/sec. N
!

Clearly, more detailed calculations can be
made. 1n ordgr to derive a ¥V, distribution for 2
giver\1 site.

In regardito this prediction, it should be noted
that the method gives a mean value of V}; in the
““real worldY there is a large scatter in the V,
data due to the earth’s variability. For the mos{
part, experlence indicates that 80% of the data
pom?s lie below twice the predicted value of V.
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