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CALCULATIONS OF SHIELDING FOE BUENED-OUT BEACTOE FUEL ELEMENTS

By H. E. Stern

Introduction

A current project at ORNL is a design study for a remote-site nuclear

power plant. One of the problems associated with this study is the handling

of burned-out fuel elements. Calculations of the shielding required for

these elements have been performed quite adequately to date Dy the design

group itself,* and this memorandum presents a somewhat independent cursory

study of the problem, including some sample calculations and suggested

possible modifications.

Assumptions

For the purpose of this paper, the following assumptions have been

made concerning the reactor:

(a) Operating power 10 megawatts

(b) Number of fuel elements k8

(c) Life of elements 5 yr

(d) Allowable cooling time
after shutdown 1 yr

In general, the assumptions made here and at various other points throughout

the discussion are meant to be typical, conservative, and fairly realistic,

although not definitive. The methods of calculation can for the most part

be modified to account for different assumptions„

* This memo is in substantial agreement with ideas expressed by A. M„
Perry, ORNL, in a private conversation.
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Discussion

For the operation and cooling times encountered here, the after-

shutdown gamma radiation intensity will be controlled by the mass Ikk

fission product decay chain:

1-sec Xe—>(short) Cs ^(short) Ba—>(short) La—^275-day Ce ^

17.5-min Pr—> stable Nd^1)

The fission yield for this chain is O.O53.* Of these 0.02 decay with a

2.60-Ifev gamma ray and 0.02 decay with a 2.20-Mev gamma ray.'2' Other dis

integrations are of lower energies and can be neglected.

The 17.5-min Pr is in equilibrium with the 275-day Ce, and the radiation

dosage rate is hence controlled by the latter. The effective time constant

is given by

x, (0.69??(?65) .0.920 (yr)"1
275

The average number of disintegrations/sec element (for each energy photon)

is

Avg. Po(E) -Vfl -e-5^e"U ng

N

IT) John Moteff, Fission Product Decay Gamma Energy Spectrum, APEX 13^,
p. 25 (n.d.).

(2) Ibid., p. 13.
* This value is normalized so that the total integrated yield is 2

nuclides/fission.
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where

fw * conversion factor (fission/sec-watt),

P = steady operating power (watts),

N = number of reactor fuel elements,

n = fission yield (dimensionless),

g as fraction of disintegrations giving off a gamma of energy E.

Substituting,
10 TAvg. pQ(2.6 Mev) =Avg. pQ(2.2 Mev) =(3-25 x10 )(10 )

x (0.99)(0.399)(0.053)(0.02)

= 2.84- z 1012 disintegrations/sec/element

Let

pQ s= activity of element (disintegrations/sec),

u^ « absorption coefficient (cm ),

L = length of element (in.),

r = thickness of lead around fuel element,

and assume

(a) no self-absorption,

(b) a line source of radiation,

(c) a cosine distribution of activity along the fuel element,

(d) an exponential attenuation Including buildup.

The current at the surface of a cylinder of lead (point A In Fig. l) is
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Fig. 1. Illustration of Nomenclature Used in Calculations of Shield Around
Fuel Element.
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where z and R are the distances shown in Fig. 1.

Let y • z/r; then
L/2r .

M f /< \ -mrU+y2)1'2

tej (l 7) (1 +,2)3/2

(3)The absorption coefficients (u^) for the two energies are determined^' by

-Z (2.6 Mev) - .01*17 carVg
e

J* (2.2 Mev) - .01*3* cm^/g
e

(k)
The buildup effects can be approximated from data previously reportedv '

If the point source buildup factors given In this report are represented

in a semi-log plot (see Fig. 2) the curves can be extrapolated and fitted

(3) W. S. Snyder and J. L. Powell, "Absorption of 7-Rays," 0RHL-1|21
Supplement 1 (March Ik, 1950).

(k) H. Goldstein, J. E. Wilkins, Jr., L. V. Spencer, "Notice of
Systematic Calculations of Gamma Ray Penetration," NDA Memo 15C-2
(Feb. 10, 1953).
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Fig. 2. Dose Buildup Factor as a Function of the Number of Relaxation Lengths for Lead (Ref.

NDA MEMO 15C-2).



-7-

reasonably well by straight lines In the region of 7 to 10 relaxation

lengths. From these straight lines the following expressions for the

buildups can be obtained:

B(2.6)Mev) =1.93 e0-096* F

B(2.2 Mev) =2.13 e0-0852^

Hence material dose attenuations are given by:

Apb(2.6 Mev) =1.93 •'°-9Qk F - 1-93 e-0^^
!.2 Mev) - 2.13 e"0'^ ur _2#13 e-0A37r

With these modified attenuations the following expressions were set up

for the currents in photons/cm2*sec.

For E = 2.6 Mev,
I'll8 O 1/«

1 o* B f -lO^d+y2)1'2
II =F(25 cm) =t^LES. / coa(l.li07y) £ , dy

*L<25) ,/ (1 +y2)^
y-o
0.931 p l/p

l93 t, ? -l^.ltfd+y2)1'2
Po - P(30 cm) « *° / cos(1.687y) 2 , dy

kL (30) J (1 +y2)5/2
y=0
O.798 ,

193 p A -1^.52(l+y2)l/2
F3 «F(35 cm) = yDV° / cos(1.967y) * —- dy
5 *L(35) J (1 +y2)5'2

y»0

For E - 2.2 Mev,
l.UB 0 ,/o

2.13 p f -10,92(l+3rr/2
FU =F(25 cm) Ij-o / coa(l.lf07y) 5-575 dy

M25) J (l+y2)372
y=0

213 „ V -^.ud+y2)1/2
F5 =F(30 cm) »= -^-EP_ / coa(l.687y) * -—75 dy

1*1.(30) J (1 +y2)3/2
»N0
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213 t» F -ij.^l+y2)1/2
F6 =F(35 cm) =1±±I°_ / cos(l.967y) * dy
6 M.f35) J (1 +y2)3'2

y»0

The integrals were evaluated and Fj/p0 was computed. The dose at each

thickness was computed from

D(r) _jl
P0 Po

F(Ex,r) F(Eg,r)

7(Ei) 7(^2)

where 7 Is the conversion factor / *' cm"/sec \^ Tne resuits g^ plotted
Ir/hr/watt ;

in Fig. 3- V

These results agree within a factor of about 2 with dose calculations

under the conservative assumption that all the activity Is concentrated

at the center of the element.

If it is now assumed that there is a cosine distribution of power

across the reactor and that the shield is designed for laboratory tolerance*

at the surface, then, for an element of maximum activity, the gamma dose

per unit source strength will have to be

7-5 x IP"3 =i.gs x 10-15 r/hr_
(max P0) \<«*• «o)l (!)(2-* X10l2) disihteg/sec

corresponding to a lead thickness of 30.3 cm (12.0 in.) for a single

element.

One suggested configuration is the shielding of four elements in a

single box. By selectively grouping the elements it should presumably

be possible to obtain 12 sets, each with an effective p0 of approximately

k avg. pQ. If no self-shielding is assumed, and one again designs for

laboratory tolerance,

* 7.5 mr/hr.
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D_ = 1.5 xIP"5 =Qmk x 10-16 r/hr
po (1».)(2.8^ x 1012) disintegrations/sec

Corresponding to a thickness of 31.8 cm (2.5 in.) .

Calculation of Shield Height

The above shield thicknesses were calculated assuming a line source

with no self-absorption. It is conservative, therefore, to consider

shields where the minimum distance from any point on the shield to a

point on the surface of the element is equal to the calculated thickness.

If one assumes that the elements to be shielded are In the shape of a

rectangular box, of square cross section w x w and length L, the volume

of the shield can be divided Into five parts (see Fig. k) and determined

as follows:

I. k quarter cylinders of height L and radius t

Vi = k ' 1 «t2L = jrt2L
1 k

II. 8 octants of radius t

Vo - 8 • i • i itt5 = it <t5
* 83 3

III. 8 quarter-discs of radius t and thickness w

Yj - 8 • £ irt^ =2-xt2*
IV. 2 rectangular plugs of square cross section w and length t

V4 =2w2t

V. k rectangular slabs L x w x t

V5 • toLt

The total volume of the shield is
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Fig. 4. Diagram Showing Various Sections of Lead Shield Around Fuel Element.
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I
>_
1*1

V = > Vi

- *t2L + ± *t5 + 2*&r + 2w2t + torLt
3

«fi xt^ +*[][,+ 2wlt2 +2w[w +2LJt

If the elements are 2 l/2 x 2 l/2 x 22 In. and four elements are

shielding together, then

w - (2)(2 1/2K2.5U) - 12.7 cm

L = (22)(2.5l*) = 55.9 cm

t « 31.8 cm for the example considered.

Therefore,

V - fc.l9t3 •+ 255t2 + 3l60t

= (^.19)(31.8)5 + (255X314 + (3l60)(31.8)

= l*.9l* x 105 cm5

and the shield weight is

ff . (11.0)(fc.» x10?) ,12,0001b

This calculation and other weight calculations throughout assume

no clearance between elements and shield, no structural weight, and a

density of lead of 11.0. The weight of the elements themselves is also

excluded. Figure 5 gives a plot of D/pQ vs. lead shield weight for this

configuration. Figure 6 Is a plot of shield weight vs. thickness.
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Addltional Considerations

Substitution of Uranium for Lead. For a rough estimate of the

effect of substituting uranium for lead, the following assumptions were

made:

(a) Comparison of uranium and lead thicknesses can be made on

the basis of shielding a point source (2.6 Mev),

(b) Buildup factors for uranium and lead are the same.

The uranium mass absorption coefficient is 0.0438 em2/g. *' Using this value,

Effective ^(2.6 Mev) =(18.7)(.0438)(0.904) =0.7!t0 em"1
Consider the shielding of a point source of 2.6-Mev gammas, e.g. 31.8 cm

of lead:

-(0.1H5)(31.6) -13.20
Attenuation ~» 5. = S = I.83 x 10"^

(31.8)2 (31.8)2

Hence, the equivalent uranium thickness given by the equation, is

-0.7!t0tea
1.83 x 10-9 =5 L-!i

(teq)2

teq " x9«2 cm

The corresponding volume and weight of the shield are:

V0 =(4.19)(l9-2)3 +(255)(19.2)2 +(3160)(19.2)
= 1.83 x 105 cm5

w .(1.83 x 105)(18.7? = 75001b
k5k

Thus, the actual weight saved is

12,000 - 7,500 - 4,500 lb,

the fractional weight saving being

-i^00 =0.38
12,000

(5) M. K. Hullings, "Gamma-ray Total Mass Absorption Coefficients,"
CF-53-2-266 (Feb. 12, 1953).
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Use of Mercury in Elements to Increase Self-Absorption. To deter

mine the effect of adding mercury in the fuel elements, assume

(a) Photons of 2.6 Mev,

(b) Number of photons escaping is equal to the number produced in

the outer 1/3 relaxation length.(approximate leakage from semi-

infinite slab).
Then

Effective u_ ^ - (13.6)(0.0427) -O.58I cm"1, X-1.72 cm

and the fraction of photons escaping is

[ia.7 - ff)(l.72Jjg [g.9 -fflft-*)}
(12.7)2 (55-9)

= 1 - 0.818 tf 0.182

The weight of the mercury is

flfcg < (8.66 x103)(i3.6) „2.59 xIO2 lb
454

and the dose corresponding to the new shield thickness is

D/p. =8.4 xIO"16 .^.2 x 10-16
0.182

where the thickness of the lead is 28.1 cm and the weight is 9500 lb. The

corresponding weight of the shield is

%, = 9300 + 260 « 9560 lb

where the weight saved is

12,000 - 9,560 = 2,440 lb,

the fractional saving being

ilfcsr-0-20
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Cutting Element into Different Shapes. If the elements could be cut

and placed in a more nearly optimum geometry, a weight saving would result.

For the sake of comparison, consider the four elements in the shape of a

cube of equal volume. Then

w=L= y (12.7)2 (55-9) =20.8 cm

If the same thickness t of lead is employed, the shield volume and weight

are

V=(4.19)(31.8)3 +(3.14)(3)(20.8)(31.8)2 +2(20.8)(3)(20.8)(31.8)

= 3.61 x IO5
w=(5.6i xiq5)(ii.Q) .8?50 lb

454

The weight saving is

12,000 - 8,750 - 3,250,

the fractional weight saving being

3,250
; ^ = 0.27.

12,000

Crushing Element. It might be possible to crush the elements, eliminating

all voids. Assume a ratio of the material volume to the total volume of 0.6.

Then four crushed elements arranged in a cube geometry would result in

w=L-(-\5/oT6)(20.8) =16.1 cm
The corresponding volume and weight of the shield are:

V=(4.19)(31.8)3 +(3.14)(3)(16.1)(31.8)2 + (2)(l6.l)2(3)(3l.8)

= 2.06 x IO5 cm3

W=<2-06 *^("-O) =4,990 lb
454
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The weight saving is

12,000 - 4,990 lb = 7010 lb,

the fractional weight saving being

T/010 = 0.58
12,000

Additional Cooling Time. Holding the element an additional year before

shipping would result in a further reduction in intensity by a factor of

ei-x me-o.920 m0 599

giving a dose

D/p .B.k xIO"16 =2ml x10-15
0 0.399

which corresponds to a thickness of 29.8 cm or 11.7 in. The shield weight

and volume are

W =(2.42 x 10"2)(4.32 x 105) =10,450 lb

V* (4.19)(0.265xl05) +(2.55xl02)(0.888xl05) +(3.l60xl03)(0.298xl03)

= 4.32 x 105 cm5

This results in a weight saving of

12,000 - 10,450 = 1,550 lb

with a fractional saving of

1*550 = 0.13
12,000

Higher Allowable Dose Rate. Assume that the shielded package of elements

can be represented by a uniform cylindrical source with a length equal to

the length of the fuel element. Then the dose at z cm from the shield surface

of the fuel element is
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(Dose at surface)

D(z) Po

P° 2*(z)2 7

D(t) (w + 2t)L
4p0 z2

H

If it is feasible, for example, to expect that no one will be allowed

continuous exposure within 10 ft of the shielded element and that at this

distance laboratory tolerance will be acceptable, then

7.5 x 1Q-3 =D(t)(l2.7 +2t)(55.9)
00(2.81 xIO12) (4)(10)2 (30.48)2 pQ

ai*I (32.7 +2t) -(8.4 x1Q-16)(4)(I0)2(30.48)2
Po 55-9

= 5.58 x IO"12

The shield thickness is 22.0 cm or 8.7 in. The weight of the shield is

V = 5,750 lb

where the savings is

12,000 - 5,750 = 6,250 lb

with a fractional weight savings of

6f25° = 0.52
12,000

At the surface of the shield

= (4)(2.84 x lO^Klo"13)

= O.936 r/hr

Thus, with this shield, a person could stand next to the shielded element

for about 20 min before receiving a week's laboratory dose.
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Conclusions

The shielding weight for the burned-out fuel elements of the reactor

discussed here varies considerably with the geometry and materials used. It

would seem expedient to investigate the problem in considerable detail before

choosing a definite shield design.
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