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FOREWORD

This portion, Part IV. Shielding Systems, of the Aircraft Nuclear Propulsion Project
Quarterly Progress Report falls in AEC category C-85, Reactors - Aircraft Nuclear

Propulsion Systems, and is therefore being issued separately in order not to further
limit distribution of the material that falls in AEC category C-84, Reactors - Special
Features of Aircraft Reactors, which has been issued as ORNL-2061, Parts I, II, III.
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SUMMARY

PART IV. SHIELDING SYSTEMS

15. Tower Shielding Facility

Measurements of the gamma-ray and fast-neutron dose rates in air as a function of distance from the

reactor have been made for distances as large as 4000 ft. The results indicate relaxation lengths (A) in
air of 785 ft for gamma rays and 630 ft for fast neutrons.

Preliminary gamma-ray shielding tests have been initiated. Measurements to determine the variation

of the dose rate at the GE Rl crew compartment as a function of the reactor shield thickness and angle
of radiation emission from the reactor are being made. Thermal-neutron flux measurements are also being
made as part of the investigation to determine the cases for which neutron captures in air contribute
significantly to the dose rate inside the crew compartment.

As a first step in a preliminary investigation of the effects of placing a reactor in the wing ofan
airplane, two configurations with the reactor off the major reactor-crew-compartment axis were investigated.

Acalculation was performed to determine the effect of the angular distribution ofthe radiation leaving
the inside surface of the GE crew compartment on the dose rate within the crew compartment. Factors
which account for the angular distribution were calculated for the direct dose rate entering the crew
compartment rear, the scattered dose rate entering the rear, and the scattered dose rate entering the
side. The results indicate that the scattered radiation leaving the side has a cos5 6 distribution, while
the direct radiation entering the rear has a cos2 6 distribution. The scattered radiation entering the
rear is negligible compared with the contributions by other sources.

16. Aircraft Shield Design

The gamma-ray optimization procedure used previously in the calculation of total weights for various
circulating-fuel reactors has been described in detail. The procedure was designed primarily for choosing
the proper distribution of gamma-ray shielding material between the reactor and the crew compartment,
but it also gives a distribution of material at these locations which probably is not far from that for
minimum weight. In the procedure it is assumed that the neutron shield for a specified neutron dose

rate in the crew compartment has already been optimized and that it will not be greatly affected by the
optimization of the gamma-ray shield, and vice versa. The method of Lagrangian multipliers is then

used to derive expressions for the optimum thickness of the lead at both the reactor and the crew

compartment.

The preliminary shielding study for a 300-Mw circulating-fuel aircraft reactor system employing a
direct fuel-to-air heat exchanger was completed. Both a wrap-around and a tandem heat exchanger
arrangement were considered, but no attempt was made to design a heat exchanger or air ducts or to

evaluate the increased efficiency for a fuel-to-air heat exchanger system. Divided shield weights were



determined for the condition of 1 remAr in the crew compartment and 1000 rep/hr at 50 ft from the

reactor. For the wrap-around heat exchanger the total weight was 115,400 lb; for the tandem arrange

ment the weight was 121,200 lb. When the dose rate for radiation damage and activation was permitted

to increase to 100,000 rep/hr at 50 ft from the shielded reactor, the total weights were reduced to 94,700

and 85,700 lb, respectively.

The procedure for the optimization of a divided neutron shield through the use of TSF data was

modified in two respects: a derivative term was included which was neglected before, and the iteration

procedure was changed in such a way that one of the Lagrangian multipliers converges more rapidly.

The effect that these modifications have on the shield thicknesses and weights was determined by a

sample shield calculation for the same reactor and crew compartment system as that used previously.

The new procedure gave shield weights that were substantially the same though slightly lower than

those given by the old procedure for the particular configuration considered.

15«•!'*•*$*&.'•''.>*•
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15. TOWER SHIELDING FAC4WTY

C. E. Clifford

J. L. Hull F. N. Watson

F. J. Muckenthaler

Applied Nuclear Physics Division

G. J. Rausa, Glenn L. Martin Co.

GAMMA-RAY AND FAST-NEUTRON DOSE RATES IN AIR AS A FUNCTION OF

DISTANCE FROM THE TSF REACTOR

F. N. Watson

Measurements of the gamma-ray and fast-neutron dose rates in air as a function of distance from the

Tower Shielding Facility (TSF) reactor have been made for distances as large as 4000 ft. The reactor
was contained in the TSF reactor tank with 6 in. of water between the tank wall and the side of the

reactor nearest the detector. The reactor altitude was 190 ft.

A curve (Fig. 15.1) drawn through the points for which the reactor was visible to the gamma-ray
detector (i.e., the terrain did not interfere with the direct beam from the reactor) indicates a constant

relaxation length (\y) of 785 ft. The following formula was fitted to the curve:
-r/X

e '
D„ - C, .

r2

where

D = gamma-ray dose rate (mr/hr-w),

C, = 1.72 x 104 (a constant),
r = distance from the reactor (ft).

Fast-neutron dose-rate measurements (Fig. 15.2) for the same distances were made with a less

reliable instrument that is directional in its response. Although there are several inconsistencies, a
general trend in the data indicates an air relaxation length (A ) of approximately 630 ft. The following
formula serves as a reasonable approximation to the response to be expected from this type of a direc
tional detector:

-r/A_

Dn « C2 ~
r2

where

Dn = fast-neutron dose rate (mrep/hr-w),

C2 = 2.3 x 103 (a constant).
The gamma-ray dose-rate curve shows that the air-scattered gamma rays are still well collimated

far from the reactor. This is indicated by the rather large decrease in the dose rate at points where the

reactor was not visible to the detector and is in contrast to the fast-neutron measurements, where inter

position of the terrain had little effect. Since the fast-neutron dose-rate measurements were detected
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with a directional detector and the neutrons were obviously not well collimated, the neutron dose rate

shown in Fig. 15.2 could possibly be low by a factor of 2, except for the first point.

It should be noted that the first point in Fig. 15.2 was measured with a Hurst-type fast-neutron

dosimeter which was submerged in the water of the TSF detector tank. Such a measurement results in

the elimination of 2rr radians of the solid angle from which radiation may be received by the detector

from the air. The detector does, however, receive reflected neutrons from water behind it, which probably

at least compensates for those not received from the air. The net error is expected to be small in this

case.

PRELIMINARY DIFFERENTIAL GAMMA-RAY SHIELDING TESTS

F. N. Watson

A preliminary investigation of the variation of gamma-ray dose rates at the crew compartment as a

function of the reactor water-shield thicknesses (p) and angles of radiation emission (0) from the reactor

shield was started. One of the early objectives of these tests will be to determine the cases in which

neutron captures in air contribute significantly to the gamma-ray dose rate inside the crew compartment.
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Gamma-ray dose rates at the outside rear of the GE Rl crew compartment' were measured for various
reactor shield configurations. For these measurements the reactor was placed inside the TSF reactor
tank, and a separation distance of 64 ft was maintained between the center of the tank and the outside

rear face of the GE crew compartment. The reactor-detector altitude was 195 ft for all the measurements.

The dose rates were measured as a function of p for two values of 6, 0 and 180 deg. The dose rate
showed a minimum at p =60 cm and d = 180 deg (Fig. 15.3). The relaxation length of the direct beam
of gamma rays in the reactor shield water was approximately 28 cm. As the reactor approached the
outside of the reactor tank the apparent relaxation length of the air-scattered gamma rays plus the air-
capture gamma rays changed rapidly and approached 17 cm. The thermal-neutron flux measured at the

rear of the GE crew compartment as a function of p and 6 showed a minimum at p = 140 cm and B- 180
deg (Fig. 15.3).

The gamma-ray dose rate was also measured inside and near the center of the GE crew compartment
as a function of p (Fig. 15.3). In this case the direct-beam radiation exhibited a relaxation length of
approximately 34 cm, except when the reactor was near the outside of the reactor tank. The apparent
relaxation length of the air-scattered plus air-capture gamma-ray dose rate was 6.5 cm, and thus there
is an indication that most of these gamma rays probably were produced by neutron and air interactions
and did not originate in the reactor.

Other measurements made in order to further investigate the phenomena of air scattering of gamma
rays and the production of gamma rays by neutrons captured in air are presented in Figs. 15.4 through
15.20; the analysis of these data will be presented in a future report. Figures 15.4 through 15.6 show
the thermal-neutron flux at the outside rear of the GE crew compartment as a function of Q for reactor

shield thicknesses (p) of 90, 16, and 45 cm, respectively. Corresponding gamma-ray dose-rate measure
ments are shown in Fig. 15.7 for p = 16 cm and in Fig. 15.8 for p - 30, 45, 60, 90, 120, and 156 cm.

Gamma-ray dose-rate measurements at the outside rear of the crew compartment were also made as

a function of the altitude of the reactor tank (Figs. 15.9, 15.10, and 15.11). For these measurements

the crew-compartment-detector altitude was held stationary at 100 ft, and the reactor shield thicknesses

were 16, 45, 90, and 156 cm. Thermal-neutron-flux measurements as a function of reactor altitude for

the same reactor shield thicknesses are shown in Figs. 15.12 through 15.15.

For another measurement a detector was placed on a tower leg3 at an altitude of 140 ft, and the
thermal-neutron flux was measured as a function of the distance between the detector and the center of

the reactor tank at the same altitude. This essentially indicated the flux at a point in space. The
fiducial line for the reactor orientation angle, 6, was left unchanged for this measurement; that is, an
angle of 90 deg indicates that the reactor was on the side of the reactor tank nearest the detector.

These data are shown in Figs. 15.16, 15.17, and 15.18 for 0-0, 270, and 92 deg, respectively. (A
measurement could not be obtained for 6 =90 deg owing to limitations of the reactor-positioning device.)

]F. N. Watson, ANP Quar. Prog. Rep. Sept. 10, 1955, ORNL-1947, p 217.
2
C. E. Clifford et al., Preliminary Study of Fast Neutron Ground and Air Scattering at the Tower Shielding

Facility, ORNL CF-54-8-95 (Aug. 23, 1954).

Ibid,, p 7; see TSF layout for leg No. 1.
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The thermal-neutron flux at the tower leg was also measured as a function of the reactor shield

thickness for two wFues of 0, 92 and 270 deg, and a constant reactor-detector separation distance of
100 ft (Figs. 15.19 and 15.20).

The scale used in reporting these neutron data is the approximate thermal-neutron flux per watt.

Cadmium difference measurements would result in a small correction.

MEASUREMENTS WITH THE REACTOR OFF THE MAJOR AXIS OF THE CREW COMPARTMENT

F. N. Watson

As a first step in a preliminary investigation of the effects of placing a reactor in the wing of an

airplane, two configurations, as shown in Fig. 15.21, were investigated at the TSF. A BF3 thermal-
neutron detector and a scintillation-crystal gamma-ray detector were placed near the center of the GE

crew compartment. The responses of these detectors were then recorded as a function of reactor position

(p variable) for both configurations (Figs. 15.22 and 15.23).

ANGULAR DISTRIBUTION OF RADIATION IN THE GE Rl CREW-COMPARTMENT MOCK UP

G. J. Rausa

The angular distribution of the radiation leaving the inside surface of the crew compartment must be

known for accurate shield design. At present there is no instrument at the TSF which will measure this

-DETECTOR LOCATIONS

-GE CREW COMPARTMENT

60 ft

CONFIGURATION 2

CONFIGURATION I

2-01-056-11-D287

16 x 20-in. TSF REACTOR-

Fig. 15.21. TSF Configurations Used in Preliminary Investigation of Wing Pod Reactor Application.
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quantity, but the effect of the angular distribution of radiation in a specific shield mockup can be calcu

lated, and the results can then be applied to the design of other shields with the same geometry. The

effect of the angular distribution of radiation within the cylindrical GE Rl crew compartment has been

determined.

The dose rate at the point of interest within the crew compartment was considered, as previously,4

to consist of three components: (1) the direct dose rate arriving through the rear of the shield-, Dr,;

(2) the air-scattered dose rate arriving through the rear of the shield, Dr; and (3) the air-scattered dose

rate arriving through the sides of the shield, D*. These components can be assumed to be the result of

sources on the inside surface of the crew compartment from which the radiation emerges with some

angular distribution.

Method of Determining Factor for Radiation from the Rear

The dose rate at any point in the crew compartment from radiation leaving the rear (or front) inside

surface of the shield (i.e., the dose rate from D^ and Dr) decreases as the distance between the surface
and the point increases because of the geometry of the source and the angular distribution of the radi-

'M. F. Valerino and F. L. Keller, ANP Quar. Prog. Rep. Sept. 10, 1955, ORNL-1947, p 205.
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ation. Tjb^s can be seen from Fig. 15.24 and the following equations:

m + 1 ,/ DQ cosOT ddQdA ,(1)

where

DP = 2tt

p = distance from inside rear of the crew compartment to the point of interest,

D = dose rate at the point of interest within the shield from radiation entering the rear of
the shield,

DQ = dose rate at the inside rear surface (p = 0) from radiation entering the rear of the shield,
(m + l)/2;7 = normalizing factor to convert to dose rate per solid angle,

cosm 0 = angular distribution of radiation about the normal to the surface,

0 = angle between the conical-shell beam of radiation and the reactor-crew-compartment
axis,

dQ = 1/r2,

r = distance from element of area to p

or

dA = 1np dp = 2m dr,

p = radius to element of area in the plane of the source;

(2) DP -
{m + 1)

— °o f
(P2*P2 ),/2vr rmax'

PO+KoV/2 pmm y,

— dr =
7+1 J^

where

p = radius of the crew compartment,

if rmax

28
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Fig. 15.24. Geometry for Angular Distribution
Calculation.
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The factor fr for the radiation leaving the rear inside surface of the shield is th

o) r m^L =, _ '
en

D0 (1 + K\)m^
When this factor is determined for the direct radiation only, it is designated as fd. When it applies only
to scattered radiation, it is designated as fs. It can be seen that this ratio is always less than 1 for
m > 0, or, in effect, for defocusing.

In the case of the GE crew compartment, pmgx =45.76 cm. With the point of interest at the center
of the crew compartment (i.e., at p=81 cm), the value of KQ is 0.565. Theoretical values of the factor
f at this point in the shield for various assumed values of the angular distribution mare listed below:

m jT

0 0.07

1 0.13

2 0.24

3 0.34

****** 4 0.42

5 0.50

6 0.56

Method of Determining Factor for Radiation from the Side

The dose rate at the point of interest in the crew compartment from radiation leaving the side of the
crew compartment is the result of radiation scattered in air (Dp. Faulkner5 has shown the "focusing"
effect of this radiation from an infinite cylinder. His method was used in this calculation to determine

values of the factor /* for the center of the finite GE Rl crew compartment (length-to-diameter ratio of
1.78) for various assumed values of the angular distribution. As for Faulkner's infinite cylinder, it was
assumed that the source strength per unit area and the angular distribution at the side were constant
over the length of the cylinder. The results are compared with corresponding values for an infinite
cylinder in Table 15.1.

It can be seen from Table 15.1 that, for practical purposes, any crew-compartment shield with a
length-to-diameter ratio of 1.78 can be regarded as an infinite cylinder for m^ 3 when considering the
dose rate at the center of the crew compartment. The distribution of dose rate along the axis of the
crew compartment would be different, however. In the infinite crew shield, the dose rate along the axis
would be constant, whereas in the finite crew compartment it would drop off at the ends of the crew
compartment according to the distribution assumed.

The theoretical factor /* (normalized to a maximum of 1) for the GE crew compartment is plotted as a
function of distance from the rear for assumed angular distributions of m= 1, 3, and 5 in Fig. 15.25.
(The abcissa in the figure is labeled y, a coordinate in the TSF geometrical system which coincides
with p in this paper; y = 0 at the outside rear of the crew compartment.) As was expected, the factor

J. E. Faulkner, Focusing ofRadiation in a Cylindrical Crew Compartment, ORNL CF-54-8-100 (Aug. 18, 1954).
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for the cos5 0distribution rises most rapidly as the distance from the end of the crew compartment is
increased. In the calculations it was assumed that the radiation was distributed symmetrically about the
normal to any inside surface of the shield. As mentioned above, it was also assumed that the source
strength per unit area and the angular distribution at the side surface did not vary as functions of y.
This assumption may be somewhat in error, since the curve of the measured dose rate in Fig. 15.25
peaks forward of the center of the crew compartment. This may be the result of the angular distribution
being symmetrical about an axis which is not normal to the surface but, rather, is skewed in the forward
direction.

Calculation of Angular Distribution for GE Crew Compartment
Since the neutron dose rate measured at the center of the GE crew compartment consists of three

components, Drd, Drs, and D*, it is necessary to know the magnitude of each component in order to
determine the angular distribution of radiation from the inside surface. The dose contributions from
a conical shell (Fig. 15.26) for direct, rear-scattered, and side-scattered radiations are calculated by
using the following formulas developed from the results of the differential shielding experiments:4'6

M. F. Valerino, ANP Quar. Prog. Rep. June 10, 1955, ORNL-1896, p206.

2-01-056-3-A312

Fig. 15.26. Conical Shell Geometry.
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(4)

-fTndt/\d -f'dy/kj
Drdn = Acosm+1 6n frd Dj,a,l) e ° e ° , for 0=0to rr/2

Dr, = 0 , for 0 = tt/2 to 7T

(5) D^ =b cos dnf<sDd(a,t)e ° e ° * P's(0„) <

- / "rft/Arf -/ 5rf*/A* .
(6) Djff| - Aeoifl./JD^. ° e ° 't'W'
where

Dj = dose rate at the point of interest in the crew compartment from the direct
radiation arriving through the rear of the crew shield and originating in the
Kth conical shell of the reactor shield,

DT , Ds = dose rate at the point of interest in the crew compartment from scattered
radiation arriving through the rear and side, respectively, of the crew shield
and originating in the wth conical shell of the reactor shield,

-fT"dt/\d
DAa,Z) e ° = direct dose rate at a distance •{, from the reactor of radius a,

T = reactor shield thickness,
n

dt = increment of T ,
n'

Ty, Ts = thickness of shielding on the rear and side of the crew compartment, respec
tively,

dy, dx = increments of T and T , respectively,

A , = direct-beam relaxation length in reactor shield,

Xrd = direct-beam relaxation length in the rear of the crew compartment,
Xr, Xs = relaxation length of scattered radiation in the rear and side of the crew com

partment, respectively,

cos 0 = cos 0' - cos 0'',
n n n '

Pr(0 ), Ps(6 ) = probability of radiation from the nth shell scattering into the crew compartment
rear and side, respectively.

Since for 0 >90 deg the value of DTd is approximately zero, the dose rate measurements at the center
of the crew compartment for 0 > 90 deg can be considered to consist only of scattered radiation. The

ratio of dose rate scattered through the rear to that scattered through the sides of the crew compartment

can then be evaluated as follows:

-j%/a;
DT fPr(d)e °

s,n 's sK n'

s,n -/ Sdx/XS

f'p'M* °'s s* n

32



PERIOD ENDING MARCH 10, 1956

The functions

-fTfdy/Vs
P's(d„)e 0

and

-fTsdx/Xr
Ps(6 )e °

s* n'

were generated from the differential shielding experiments by using the dimensions of the GE crew

compartment. Since f _ 1 and the theoretical fs lies between 3.5 and 6.4 for cos 0 and cos 0 inside

surface distributions, respectively, a limit for Dr /Ds can be set. An estimate of this ratio for

0 = ^ = 180 deg indicates that the dose rate scattered into the rear of the crew compartment is, at a

maximujHw^bout 5% of the side-scattered contribution. Therefore the dose rate measured in the center

of the crew compartment for 0 > 90 deg is considered to consist entirely of side-scattered radiation.

From Eq. 6 the relation D* //* can be found for the GE crew compartment. Since the experimental

value obtained at the center of a crew compartment is for a line beam, it can be multiplied by lit to

obtain the corresponding value of Ds for the conical shell beam. The factor fs can then be estimated

by the ratio of D^ /fs for 0 > 90 deg, as shown in Table 15.2. The average value of fs corresponds
most closely to the theoretical angular distribution of cos 0 (Table 15.1).

If the assumption is made that fs is constant for all 0, an estimate of the scattered dose rate at the

center of the crew compartment from a line beam can be made. The data are compared with the measured

dose rate in the center of the crew compartment in Fig. 15.27.

If there had been less variation in the data, an estimate could have been made of fd. In order to do

this it would be necessary to assume that the shape of the y traverse in the crew compartment for 0 > 90

deg was that due to scattered radiation and that this shape did not change for 0 < 0 < 90 deg. By using

the information previously obtained on the scattered dose rate in the center of the crew compartment for

0 = 0 deg, shown in Fig. 15.27, the difference in the y traverse for total radiation and that for side-

scattered radiation yields the direct dose, as well as the rear-scattered radiation, as a function of y

(Fig. 15.28). An estimate of D'/Dj indicated that Dr was negligible, even if it was assumed that

TABLE 15.2. VALUES OF fs FOR THE GE CREW COMPARTMENT AS A FUNCTION OF 0
1 c

0

(deg) D7fl
D* = Ds

T s,n
(mrep/hr)

fs' s

90 3.6 x 10~7 2.01 X 10~6 5.6

105 2.3 x 10~7 1.44 X 10-6 6.28

120 1.5 x 10~7 1.00 x 10~6 6.70

180 5.6 x 10~7 345 x 10-6 6.15

Av 6.19

*Total measured dose rate.
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fs = 10 fd. Therefore, for 0 •= 0 deg the ratio of the dose rate at the center of the crew compartment to
that at the rear inside surface is the value of fd; that is,

Dr, for y - 169 cm

rd-
Drd for y = 89.9 cm

From Fig. 15.28 it can be seen that the estimated value of fd is about 0.25, which corresponds to a
surface distribution of cos2 0.

The factor /* for rear-scattered radiation can be no greater than 1. Since estimates indicate that

Drs is negligible compared with D* and Drs, very little error will be introduced by assuming fs = 0.5.

10'

10

8 2

2 5

10

2-01-056-3-34437-A 314

♦

/ • 0

P—45cm o CALCUL

• MEASUF

ATED

iED

30 60 90

B (deg)

120 150 180

Fig. 15.27. Comparison of Total Measured Dose Rate at Center of GE Rl Crew Compartment with Cal
culated Scattered Dose Rate from a Line Beam.
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16. AIRCRAFT SHIELD DESIGN

C. E. Clifford

F. L. Keller

S. K. Penny D. K. Trubey
L. B. Holland

Applied Nuclear Physics Division

C. A. Goetz H. C. Woodsum

Pratt & Whitney Aircraft

R. M. Davis, Glenn L. Martin Co.

PROCEDURE FOR THE OPTIMIZATION OF A DIVIDED GAMMA-RAY SHIELD

FOR CIRCULATING-FUEL REACTORS

H. C. Woodsum

Total divided-shield weights for various circulating-fuel reactors were calculated previously. '

The optimization procedure described here is the procedure that was used to determine the thicknesses

of the gamma-ray shielding. The method is useful primarily for choosing the proper distribution of

gamma-ray shielding material between the reactor and the crew compartment, but it also gives a distri

bution at these locations which probably is not far from that for a minimum weight.

In the procedure it is assumed that the neutron shield for a specified neutron dose rate in the crew

compartment has already been optimized3 and that it will not be greatly affected by the optimization of

the gamma-ray shield, and vice versa. The method of Lagrangian multipliers is then used to derive

expressions for the optimum thickness of the lead at both the reactor and the crew compartment.

Expression for Total Crew-Compartment Gamma-Ray Dose Rate

As a first step, the total dose rate (DT) specified for the crew compartment is expressed in terms of
the direct dose rate (Dq) at the outside rear surface of the crew compartment (no shadow shield) and as

a function of the shadow-shield and crew-compartment lead thicknesses:

(1) DT =Dy^^ [e-^hle-^r + Pe~^s) #
where

tR = maximum thickness of the tapered lead shadow shield at the reactor,

tfl ts = thickness of lead at the rear and sides of the crew compartment, respectively,

p.RI [ir, iis = linear attenuation coefficients for gamma rays in the lead of the shadow shield and in
the lead at rear and sides of the crew compartment, respectively,

—/x .t .
e p p = attenuation in the plastic on the rear of the crew compartment,

P = probability of dose scattering into the sides of the crew compartment for a given side
plastic thickness and no lead (derivation given below).

Thus the first term inside the parentheses times D e R R is the direct dose rate through the rear of

the crew compartment, and the second term times D e R R is the scattered dose rate through the sides

]J. B. Dee et al., ANP Quar. Prog. Rep. Sept. 10, 1955, ORNL-1947, p 190.
2J. B. Dee et al., ANP Quar. Prog. Rep. Dec. 10, 1955, ORNL-2012, Part IV, p29.
3M. F. Valerino and F. L. Keller, ANP Quar. Prog. Rep. Sept. 10, 1955, ORNL-1947, p 205.
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of the crew compartment. The scattered dose rate through the rear is neglected, since it is a negligible
fraction of the total gamma-ray dose rate for lead thicknesses, on the rear, of 1 in. or greater.

Expression for Total Gamma-Ray Shield Weight

The total weight (W T) of the lead gamma-ray shield at the reactor and the crew compartment also can
be written in terms of the lead thicknesses:

(2)

where

ppb = density of the lead (g/cm3),

Ar, As = "effective" areas (cm ) of the rear and sides of the crew compartment, respectively,
atR it

ke = "effective" area (cm2) of the shadow shield (see below).

Determination of Shadow-Shield Volume

Since the shadow shield was shaped, that is, the thickness decreased with increasing angle, it was
necessary to obtain its volume by integration:

•«0 rro*tRl0)

WT = PRb U/r + AJs + ktRe R) •

-<°c r2(6) dr sin d dd ,

where

0 = angle from the reactor-crew-compartment axis (0. is at the edge of shadow shield, as shown in
Fig. 16.1),

rQ = inside radius of the shadow shield,

r = outside radius of the shadow shield

2-01-059-37

BASIC LEAD SHIELD
POLYETHYLENE

0.1 in. OF LEAD (rj)

£

CREW COMPARTMENT

NEUTRON SHIELD

Fig. 16.1. Geometry for Optimization of a Divided Gamma-Ray Shield.
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When the volume was plotted as a function of tR, it was found that the expression could be fitted by a
constant times the thickness tR times an exponential, that is, by ktRe , the term used in Eq. 2.

Method of Tapering the Shadow Shield

Because of the uncertainties in the dose as a result of the assumption of radial emission of gamma

rays, a "disadvantage" angle a of 15 deg is arbitrarily assumed for the shadow shield (Fig. 16.1) to

allow for the angular spread. In other words the gamma rays for 0 > 15 deg are presumed to come out

more nearly in the forward direction by 15 deg, and for 0 < 15 deg they are assumed to come out exactly

in the forward direction. As explained previously, ' this assumption results in a constant thickness

for the portion of the shadow shield between 0 = 0 and 15 deg, after which it tapers to zero thickness

at some angle 0Q. It was also assumed in integrating the NDA f(if/) curves to obtain the total dose

scattering probability that the gamma rays emerging from the reactor shield at 15 deg from the reactor—

crew-compartment axis would have the same probability of scattering as those emerging at 0 deg from a

radial source. [The NDA f(ifi) curves are plots of the dose-scattering probability in dose per unit source

strength at angle ijj (0 in this paper) at a distance of 50 ft (1524 cm).] Since the NDA curves fall nearly

exponentially at a rate of about one factor of e for every 12.5 deg, it was decided, as a matter of con

venience, to taper the shadow shield from 0 = 15 deg to 0Q by removing one relaxation length (2.1 cm) of
lead every 12.5 deg. This gives a constant /(0) between 0 = 0 to 0 - 15 deg (or 0 = 0 to 0 - 0.262

radian), which permits an analytical solution for the optimum gamma-ray shield thickness. The cutoff

angle 0Q is therefore determined by the maximum thickness of the shadow shield, since

{R
d. = 15 + 12.5 deg ,

0 2.1
or

lR
0O = 0.262 + 0.218 radians .

e**4fc 2.1

Determination of the Scattering Probability

Since the dose from the shield is allowed to increase by a factor of e for every 12.5 deg, the inte

grated dose from 0 = 0 to 0Q - 0.262 radian is

/•fln-0.262J ° f{6)d6 = /(0 = O)(0O - 0.262) ,
o u

and, if the exponential fall-off is assumed for /(0) > 0Q,

.[9-(i9n-0.262)1/0.218C , C _[0-(0n-0.262)]/0.218
/(0) dd = /(0O = 0) ° d6 .

J9Q \-0.262
When the terms have been combined, it is seen that

f7 f f -(w-0n+O.262)/O.218JJ f{6)dd =/(0 = 0) [(0 - 0.262) + (0.218) [1 - e ° J

4E. P. Blizard and H. Goldstein (eds.). Report of the 1953 Summer Shielding Session, ORNL-1575, p 167-235
(June 14, 1954).
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Since 0Q is usually small (~45 deg), the last term within the braces can be neglected, and, since

lR
0O - 0.262 = — 0.218 ,

the integral, expressed as a function of tRI is

fnf(d)dd = /(0 = 0) (0.104*., + 0.218) .
o K

In practice, since 0.218 is only about 20% of the total quantity in parentheses for tR> 10cm, the
constant 0.104 can be replaced by a function C{tR), which will vary slowly with tR and which will
include the constant 0.218. For example, iffR = 15 cm,

f f{0)dd %f(8 = 0) O.U9/R ,

and, if tR = 10 cm,

/" f{6)dd - f(6 = 0)0.126/,, .
o

A single iteration should be sufficient to fix tR, approximately, and hence C(tR). The total dose scatter
ing probability as a function of tR can then be expressed as

P = KtR -,

where

K = 4nd2c(E) (1524/tf) [/(<A = 0) C(tR)],
d = reactor—crew-compartment separation distance (cm)

= 1952 cm (64 ft) in this case,

c(E) = flux-to-dose conversion factor

= 5.5 x 105 (Mev/sec-cm2) (r/hr),

f(xjj) = scattered dose probability at 50 ft at angle ifj (or for this paper at angle 0) [(r/hr)/(Mev/sec)].

Application of Lagrange Multipliers to Obtain Lead Thicknesses

Since the total gamma-ray dose rate and total gamma-ray shield weight have been expressed as

rather simple functions of tR, t , and /. it is now possible to apply Lagrange multipliers to derive

equations for these thicknesses under the condition that there be a minimum weight. According to the

system of Lagrange multipliers,

dWT 1 dDT

dtR

dWT }
= + —

dtr L

dDT

*r

dwT , dDT

dtR L dt L
S *.

(3) + = + = + = 0 ,
dtB L dtQ dtr L dtr dt L dt

which must be satisfied for a value of the total dose rate (DT) specified for the particular shield design.
The solution to this set of equations, in terms of the thicknesses and constants involved, is as follows:

A

(4) e R(1 + atR) +
^rUs
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(5)

(6)

(7)

D

L = -
T^R

t =

t =
r

Ppb
at

ke R(] + atR) + As/fistR

ln[/<sD0KV(-L)PPlA] ~ rVR

-/*„!«»Po* plplA^)PphAr VrLr

Vr

Although tR could not be solved for explicitly because of the exponential and linear terms on the

left side of the equation, Eq. 4 does contain only tR. Therefore a unique solution may easily be ob
tained by plotting separately the left and right sides of Eq. 4 as functions of tR. The point at which
these two plots intersect is the optimum thickness tR. Once tR is determined, it can be substituted
into Eq. 5 to obtain the Lagrange multiplier, L. Then, with L and tR known, ts and tf are found by
substitution into Eqs. 6 and 7.

Determination of Gamma-Ray Linear Attenuation Coefficients

The values of fiR, ft. and u are determined in the following manner. The direct gamma-ray dose
rate 64 ft from the reactor is plotted as a function of lead thickness around the reactor by using the

procedure outlined previously. For the first 5 in. of lead the plot is approximately a straight line on

semilogarithmic paper, but for greater thicknesses the increasing importance of secondary gamma rays

causes the plot to deviate upward from the exponential.

For shadow-shield thicknesses tR of less than 5 in., the exponential portion of the direct dose plot
can be used as the attenuation coefficient p.R, If the procedure indicates that a greater shadow-shield
thickness is required, however, it will be necessary to choose from the plot the p.R that corresponds
to that particular thickness. Since the solution for tR in Eq. 4 may differ from the chosen tRI some
iteration may be necessary for agreement of tR and ftR.

It is assumed that this deviation of the direct dose plot from the exponential does not affect fir and

Hs, since the neutron shielding between the shadow shield and the lead on the crew compartment is so

large that the neutron captures in the crew compartment rear and sides do not contribute significantly

to the total dose. Therefore, the coefficient of attenuation in the first few inches of lead on the reactor

is chosen for fir. The value of ns is obtained by plotting f{ifj = 0) for a given plastic side thickness and
three different lead side thicknesses and choosing the coefficient of attenuation for a 0.1-in. lead

thickness from the plot. (In practice, t usually comes out zero or negative, which indicates that the

lead should be placed elsewhere. Owing to uncertainties in the dose from captures outside the reactor,

however, a minimum thickness of 0.1 in. of lead is always placed on the sides.)

For the case where ( is o constant, Eqs. 4 and 5 become

(8)
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and

(9) L = — (DT - DKtRe-"-RtRe-^*) .

Equation 7 remains unchanged. Negative values for tR, tf, and ts are, of course, not considered so-
lutions of the above equations.

Sample Calculation

The optimization procedure presented above was used for a sample calculation for optimizing a
divided gamma-ray shield for a circulating-fuel reactor having the following parameters:

Reflector thickness, in. 12.0

Island radius, in. 4.0

Core power density, kw/cm 4.125

Heat exchanger thickness, in. 6.5

Basic lead thickness (in rear), in. 3.0

Outside radius of basic lead, cm 83.0

Gamma-ray dose rate at 50 ft, r/hr 1000

Total design dose rate in crew compartment, rem/hr 1

The constants used in the calculation were:

HR = 0.450 cm-1 , {ortR = 7.5 cm ,
= 0.372 cm"1 , for;R = 10 cm ,

Hr = 0.477 cm"1 ,
tis = 1.44 cm"1 ,
V , ,-43/31 , 025

/

K- i. 0952>> (,524N
\l952y| Mf -

= 2.78 x 1012/(iA = 0) ,

= 3.75 x 10-3 ,

rQ = 83 cm ,

k = 1.04r2 ,

= 7.165 x 103 cm2 ,

Ar = 35 x (30.48)2 ,
= 3.253 x 104 cm2 ,

As = (225 + 35) (30.48)2 ,
= 2.418 x 105 cm2 ,

Ppb = ii-3 g/cm3 /
a = 0.0927 cm-1 ,

14 cm 0.135]
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Dq = 1000 r/hr at 50 ft ,

= 610 r/hr at 64 ft ,

DT = 0.75 r/hr. .

Substitution of the constants in Eq. 4 gives

0.0927«p
e R (1 + 0.0927/ J +

2.418.x 105 1 0.450 13.253 x 104 2.418 x 10s"
(7.165 x 103) 1.44 lR 7.165 x 103 0.477

the simplest form of which is

0.09271-,, 23.43
e R (1 + 0.0927O + = 14.83 .

1.44

By substitution of various values of tR in the left side of the equation, it is found that tR = 17.5 cm

most nearly satisfies the equation, as follows:

tR (cm)

5

10

15

20

Value of Left Side

7.00

7.17

11.16

19.4

For tR = 17.5 cm, however, fiR is obviously too large. A better estimate would be /xR =0.350 cm-1.
The constant then becomes

0.350

0.450
x 14.83 = 11.53

and tR = 16.0 cm. Thus, by successive iteration tR is found to be about 16.5 cm. Substitution of this
value of tR and other constants listed above into Eq. 5 gives

L = -
(0.75) (0.35)

1L3 I 7.165 x io3e(°-0927)d6.5) [j + (0.0927) (16.5)] + (2.418 x 105)/(1.44x 16.5)
= -2.48 x 10-7 .

The value of t is then obtained from Eq. 6:

t =

1

In
(1.44) (610) (3.75 x 1Q-3)(16.5)

(2.48 x 10-7)(11.3)(2.418 x 105)

4.39 - 5.77

1.44
= -0.96 cn

1.44

- (0.350)(16.5)

This solution is unsatisfactory, since it gives a negative thickness on the sides of the crew compart

ment. Therefore, 0.1 in. of lead is placed on the sides of the crew compartment and t is re-evaluated

by using Eq. 8. This is done to reduce the buildup of gamma rays in the plastic on the side shield.
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Wts = 0.1 in. (0.254 cm) is used, along with the constants obtained above, Eq. 8 becomes

0.0927^ 3.253 x 104
e H (1 + 0.0927O =

(7.165 x 103) (0.477)

(3.75 x 10~3)(0.610 x 103)e-(1-44)<°-254)e"/iR'R(M/D - ])'
'Is. R

+ —— —

0.75 - (0.610 x 103)(3.75 x 10*3) e-0-44) (0.254) t"'Vk
K —

PR

The right side can then be simplified to give

0.0927*,,e R(1 + 0.0927*R) = 9.53 Vr

1.585 e""^'*^ - 1)

0.75 - ].585tne~flR R

Values for the left and right sides of this equation for various values of tR are listed below:

(cm) Left Side R ight Side

6 2.71 14.1

8 3.66 8.13

10 4.86 5.49

Therefore the optimum thickness for tR in this case is found to be 10.25 (4.03 in.). It may then be found
from Eq. 9 that

L= — [o.75 - (610) (3.75 x 10~3) (10.25) e-(0.372) (10.25) e-(1.44)(0.254)|
(11.3) (3.253 x 104)

= -5.08 x 10-7

and from Eq. 7 that

In
(0.477) (610) (0.25)

(5.08 x 10-7) (11.3) (3.253 x 104).
(10.25) (0.372)

t =

0.477

= 4.52 cm = 1.78 in.

Thus the results of the optimization give the following values:

ts = 0.1 in.

tR = 4.03 in.

tr = 1.78 in.

As a check, the total gamma-ray dose rate in the crew compartment is

DT = 610e-O°-25)(0.372) (0-25)e-(0.477)(4.52) = (3-75 x 10-3) (1025) e-( 1.44) (0.254)

= 0.732 r/hr .
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SHIELD DESIGN STUDY FOR A CIRCULATING-FUEL REACTOR WITH A FUEL-TO-AIR RADIATOR

L. B. Holland S. K. Penny
D. K. Trubey

A limiting feature of a nuclear-powered aircraft system is the weight of the reactor and crew-compart

ment shield, and therefore some knowledge of the weight is desirable before a complete investigation of

a new system is attempted. A circulating-fuel reactor with a direct fuel-to-air radiator was considered

previously, but it was rejected on the assumption that the shield weight would be excessive. There is

a possibility, however, that an increase in efficiency and reliability might offset the increase in shield

weight; therefore a shielding study was carried out to determine the feasibility of a more thorough

investigation of this type of system.

Two fuel-to-air radiator configurations were considered in the study. The first configuration was

the standard circulating-fuel wrap-around radiator, and the second was a tandem arrangement of reactor

and radiator. Weights for each arrangement were determined for total radiation-damage limitations of

1,000 and 100,000 rep/hr at 50 ft.

Reactor, Radiator, and Crew Compartment

The reactor was assumed to be a 28.5-in.-dia circulating-fuel reflector-moderated reactor with an

8-in.-thick beryllium reflector. It was felt that this reflector thickness was sufficient, since there was

no NaK activation problem and criticality would not be greatly affected. The reactor dimensions and

weights are shown in Tables 16.1 and 16.2, respectively.

The radiator volume was estimated6 to be 200 ft3, which included an allowance for the ducting that

was not designed into the shield. Design data for a sodium-to-air radiator, previously reported, were

used to determine the volume fractions of the various materials in the radiator, although the selection

of materials differed somewhat. In the present study it was considered that Inconel tubes were needed

to contain the fused-fluoride-salt fuel and that copper fins with stainless steel cladding would give the

best performance. The following radiator specifications were assumed:

Fins

Number per inch 15

Thickness, in. 0.010

Inconel tubes

Outside diameter, in. 0.1875

Wall thickness, in. 0.015

Center-to-center spacing (square array), in. 0.667

Density,6 lb/ft3 98

44

5 A. P. Fraas and A. W. Savolainen, ORNL Aircraft Nuclear Power Plant Designs, ORNL-1721, p 72 (Nov. 10,
1954).

A, P. Fraas, private communication.

W. S. Farmer et al., Preliminary Design and Performance Studies of Sodium-to-Air Radiators, ORNL-1509, p 62
(Aug. 3, 1953).
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TABLE 16.1. DIMENSIONS OF A CIRCULATING-FUEL REACTOR WITH A FUEL-TO-AIR RADIATOR

Reactor Region

Beryllium island

Outer sodium annulus of island

Cere cladding (Inconel) of Island

Core

Inner cladding (Inconel) of beryllium reflector

Inner sodium annulus of reflector

Reflector

Outer sodium passage of reflector

Outer cladding (Inconel) of reflector

Inner cladding (Inconel X) on B.C-Cu sintered layer

B.C-Cu sintered layer

Outer cladding (Inconel X) on sintered layer

Sodium passage

Air radiator (including Inconel shells on inside and outside)

Thermal shield

Sodium cooling layer

Pressure shell

Insulation

Outer cladding (Inconel X) on insulation

Inner Radius (in.)
Thickness

(in.)
Tandem

Arrangement

Wrap-Around

Arrangement

4.0

0.187 4.0 4.0

0.125 4.187 4.187

9.938 4.312 4.312

0.156 14.250 14.250

0.187 14.406 14.406

8.000 14.593 14.593

0.066 22.593 22.593

0.010 22.659 22.659

0.01 22.669 22.669

0.20 22.679 22.679

0.01 22.879 22.879

0.066 22.889 22.889

23.195 22.955

1.000 22.955 46.150

0.035 23.95 47.150

1.00 23.990 47.185

0.250 24.990 48.185

0.032 25.240 48.435

TABLE 16.2. WEIGHTS OF A CIRCULATING-FUEL REACTOR*

WITH A FUEL-TO-AIR RADIATOR

Weight (lb)
Reactor Region

Tandem Arrangement Wrap-Around Arrangement

Inconel 5,870

Sodium 70

Radiator 20,150

Beryllium 2,430

Insulation 220

Miscellaneous** 2,780

Total 31,520

18,780

70

20,150

2,430

220

2,780

44,430

*Spherical shells assumed for calculation.

**Decking, ducting, and expansion tanks, 500 lb; two sodium pumps and drives,
1100 lb; two fuel pumps and drives, 1080 lb; control rod and island support, 100 lb.
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The volume fractions of the materials in the section of the radiator that contained the fins were:

Stainless steel 0.0750

Copper 0.0750

Inconel 0.0287

Fuel 0.0333

Air 0.7880

1.000

At 3 Mev these volume fractions yield a value of 0.0567 cm"1 for the gamma-ray total absorption coef
ficient.

In order to estimate the gamma-ray flux originating in the heat exchanger, the fraction of the total

fuel in the radiator had to be specified. If three-fourths of the 200-ft3 volume is occupied by fins, the
fuel volume is 5 ft (150 ft3 x 0.0333). The headers were assumed to contain an equal amount. At an
average power density of 2.5 kw/cm3 in the core and a total power of 300 Mw, the core fuel volume is
4.24 ft . If 2 ft3 is allowed for miscellaneous volumes, the total fuel volume is 16.2 ft3, ofwhich 62%
is in the radiator. This figure is arbitrary, but the uncertainty does not introduce a large uncertainty
in the shield weight. The crew compartment chosen was a 6.67-ft-dia cylinder 10.8 ft long.

Dose-Rate Criteria

For this shielding study the permissible total dose rate inside the crew compartment was 1 rem/hr
with a gamma-ray-to—neutron ratio of 3 to 1. Since the current radiation-damage criterion being used
at ORNL specifies that the total dose rate at 50 ft from the reactor cannot exceed 1000 rep/hr, shield
weights were calculated for this limitation. In addition, weights were calculated for a total dose rate

of 100,000 rep/hr at 50 ft. An arbitrary upper limit of the total neutron dose rate at 50 ft was set at

100 rem/hr because of uncertainties in neutron capture in air and neutron activation of structural mem

bers. A lower limit of /^ in. of lead on the crew compartment was used to compensate for the buildup
of soft gamma radiation in the crew-compartment plastic.

In the case of the tandem radiator, an arbitrary ratio of the total dose rate from the sides of the

radiator and the reactor had to be set because of the uncertainties in the calculation of this ratio for

minimum shield weight. The ratio chosen was that of the projected areas of the radiator and reactor.

Shield Design for a Circulating-Fuel Reactor with a Wrap-Around Radiator

The thickness of the wrap-around radiator was required by its volume limitation of 200 ft3 to be

23 in. Since the reactor-radiator arrangement is spherical, the shield design was inherently similar to
the shield design for the circulating-fuel reflector-moderated reactor presently being studied by ORNL
and Pratt & Whitney, and the methods used for obtaining that design could be used.

Neutron Shield. - The neutron shield was designed first on the usual assumption that substitution

of gamma-ray shielding for some of the neutron shielding would not affect the neutron dose rate, since

the removal cross section of lead is nearly the same as that of water. This assumption introduces some
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error when the neutron shielding is thin. In the design the contribution to the dose rate by delayed
neutrons was assumed to be negligible, since the radiator and water thicknesses were large.

The design utilized the TSF neutron shield optimization procedure,8 with an assumed cos10 angular
distribution of neutrons at the shield surface. The procedure was modified, however, as shown in the
following section (S. K. Penny, "Modification of the Procedure for Using TSF Data for the Optimization
of a Divided Neutron Shield"). The neutron dose rate used in the procedure was the dose rate a
distance d of 64 ft from the center of the reactor as a function of water thickness around the reactor.

This dose rate was calculated from LTSF CFRMR mockup data,9 as follows:

r T Pr
DR (64 ft) = DLT(z) H(a,z) — CHXCR ,

d2 Plt

where

DR = neutron dose rate at a distance d from the reactor,

DLT = neutron dose rate at a distance z from the LTSF source plate,

H(a,z) = Hurwitz correction (a = radius of LTSF source plate),

rc = reactor core radius,

rs = reactor shield radius,

pR = reactor surface source strength,

PLT = LTSF surface source strength,

CMX = correcti°n f°r substitution of the reactor radiator for the LTSF heat exchanger mockup on
the basis of removal cross sections,

CR = correction for substitution of the reactor materials, other than for the radiator and reflector,
for similar materials in the LTSF mockup on the basis of removal cross sections.

The neutron shield (Table 16.3 and Fig. 16.2) designed by the above procedure allowed the 0.25

rem/hr neutron dose rate specified for the crew compartment and thus was the same for both cases, that

is, 10 and 10 rep/hr at 50 ft. The optimization indicated that no neutron shielding was required on

the rear of the reactor. However, the water thickness around the reactor was not allowed to fall below

20 cm in order to prevent the total neutron dose rate at any point 50 ft from the reactor from exceeding
the specified 100 rem/hr.

Gamma-Ray Shield. —The gamma-ray shield was determined by using experimental data from the

LTSF CFRMR mockup tests and the optimization procedure described in the preceding section (H. C.

Woodsum, "Procedure for the Optimization of a Divided Gamma-Ray Shield for Circulating-Fuel Re

actors"). In order to maintain a total dose rate of 103 rep/hr at 50 ft, it was necessary to design both

a basic lead shield and a shadow shield. For the 105 rep/hr case, however, only the shadow shield

was required, since the reactor with no shielding yielded only 4.2 x 104 rep/hr at 50 ft.

In the determination of the dose rate to be used in the optimization procedure it was necessary to

consider two sources of radiation —primary and fission-product-decay gamma rays. The primary gamma-

8M. F. Valerino and F. L. Keller, ANP Quar. Prog. Rep. Sept. 10, 1955, ORNL-1947, p 205.
9J. B. Dee et al., ANP Quar. Prog. Rep. Dec. 10, 1955, ORNL-2012, Part IV, p 25.
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TABLE 16.3. THICKNESS OF TOTAL NEUTRON SHIELD FOR

A CIRCULATING-FUEL REACTOR WITH A WRAP-AROUND RADIATOR

Dose rate: 103 or 105 rep/hr at 50 ft

Shield Section
Shield Thickness

(in.)

Reactor (water)

A0* = 0 to 15 deg 19.3

A0 = 15 to 45 deg 15.6

A0 = 45 to 75 deg 9.1

**A0 = 75 to 105 deg 5.8

A0 = 105 to 180 deg 0**

Crew Compartment (plastic)

Side 8.3

Front 8.3

Rear 17.3

*Polar angle increment.

"Augmented to 7.9 in. as a safety factor.

ray dose rate was calculated by using the following expression:

TJs PR/4lTrl
Dp =— -H(a,z)DpLT(z)CHXCR ,

d2 PLT/na2

where

Dp = primary gamma-ray dose rate at a distance d from the reactor,

PR = power of the reactor,

PLT = power of the LTSF source plate,

H(a,z) = conversion from finite disk to infinite plane source

E^pz)

48

E,(pz) - E^y/z2 + a2

dy ,

H = effective linear absorption coefficient for the reactor shielding materials based on a
gamma-ray energy of 6 to 8 Mev,

Dp LT = primary gamma-ray dose rate at distance z from the LTSF source plate,

Cflx, CR = corrections similar to those defined previously except that they are based on an effective
linear absorption coefficient for a gamma-ray energy of 6 to 8 Mev.
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Fig. 16.2. Shield for a Circulating-Fuel Reactor with a Wrap-Around Fuel-to-Air Radiator.

The fission-product-decay gamma-ray dose rate was computed by using the following expression:

DHX = Nvf
PR rHXrs _ f~ B(ia)E}{iit)N{E)dE

-£—A(£)
'/ d2 1 2c(E)

where

N = 3.1 x 1010 fissions/sec-watt,

DHx = fission-product-decay gamma-ray dose rate at distance d from the reactor,

v . = volume fraction of the radiator that contains fuel,

V, = total volume of fuel in the system,

rHX = outside radius of the radiator,

X(E) = effective mean free path of the radiator based on a gamma-ray energy of 2.7 Mev,

pX •= number of mean free paths of lead and water shielding, as well as Inconel (shells), outside
the radiator for gamma rays of energy E,
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B(JST = dose buildup factor for pt mean free paths,

N(E) = number of photons per fission of energy E per unit energy interval

= 7e-1-2E,
c(E) = flux-to-dose conversion factor.

The optimization procedure mentioned above assumed the lead shadow shield to be tapered by a

12.5-deg relaxation angle coupled with a disadvantage angle of 15 deg. This permits the dose rate

emission per unit polar angle to increase exponentially to compensate for the exponential decrease in

the probability of scattered radiation penetrating the crew-compartment sides. The tapering is based on

a gamma-ray energy of 6.8 Mev.

The basic lead shield required to maintain 103 rep/hr at a distance of 50 ft is given in Table 16.4.

This shield plus the shadow shield was divided so that lead and water shield layers could be alternated

to cool the lead and to suppress capture gamma-ray production in the lead. For the 10 rep/hr case

there was first an annulus of water 0.375 in. thick. The thickness of the rest of the lead varied with

polar angle. For the 10 rep/hr case, where only the shadow shield was required, the lead was separated

from the radiator by a water thickness of 0.375 in. The variations with polar angle are shown for the

two cases in Table 16.5 and Fig. 16.2.

TABLE 16.4. THICKNESS OF BASIC GAMMA-RAY SHIELD FOR

A CIRCULATING-FUEL REACTOR WITH A

WRAP-AROUND RADIATOR

Dose rate: 103 rep/hr at 50 ft

A0,

Polar Angle Increment

(deg)

Lead Thickness*

(in.)

0-15 1.35

15-45 1.85

45-75 2.25

75-180 2.4

*Excluding shadow shield.

Shield Design for a Circulating-Fuel Reactor with a Tandem Radiator

The arrangement for the fuel-to-air radiator in tandem with the reactor is shown in Fig. 16.3. It was

assumed that a reasonable radiator shape would be a 6-ft-dia cylinder 7 ft long. The reactor acts as a

shield at one end. The shield around the remainder of the radiator was assumed to be a shell with no

penetrating holes. The resulting total weight for this idealized system might be considered a lower

limit. However, it must be remembered that the total shield weight was based on a radiator volume that

allowed for ducting and that it also included patch weights. Thus two major problems were left un

explored —radiator design and duct design.
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TABLE 16.5. THICKNESS OF TOTAL GAMMA-RAY SHIELD FOR A CIRCULATING-FUEL REACTOR

• *» WITH A WRAP-AROUND RADIATOR

Shield Section

Reactor

A0*** = 0 to 15 deg

A0 = 15 to 27.5 deg

A0 = 27.5 to 40 deg

A0 = 40 to 52.5 deg

A0 = 52.5 to 65 deg

A0 = 65 to 77.5 deg

A0 = 77.5 to 180 deg

Crew Compartment

Side

Front

Rear

Lead Thickness (in.)

For a Dose Rate of 103 rep/hr at 50 ft

First Layer Second Layer** Total

1.35 4.32 5.67

1.35 3.99 5.34

1.35 3.17 4.52

1.35 2.74 4.09

1.35 1.89 3.24

1.35 1.07 2.42

1.35 1.05 2.40

0.125

0

0.478

For a Dose Rate of 10 rep/hr at 50 ft*

4.47

3.64

2.82

1.99

1.16

0.335

0.0

0.125

0

2.46

*Only one layer required.

**Part of basic shield plus all of shadow shield.

***Polar angle increment.

Reactor Shielding. — The shielding required on the reactor was determined by the comparison

method, as it was for the wrap-around radiator design. The most recent LTSF data were employed,

and they were adjusted for the attenuation by the radiator by using neutron-removal cross-section and

gamma-ray absorption coefficients. It was assumed that one-fourth the total gamma-ray dose rate in the

central vertical plane of the reactor-radiator system came from the reactor. This was based on the ratio

of the projected areas of the reactor and radiators.

Radiator Shielding. — In calculating the gamma-ray shield for the radiator it was assumed that the

fuel circulation time was so fast that the gamma-ray sources were uniform over the system. A surface

source strength was then determined. The two methods used for calculating the attenuation through the

shield are summarized below:

.2

(1) Method 1:'° B(/tf) ;

(2) Method 2:n D2 =
P0X rradb erf (y/R) e~^
2c\[tt \/a~

Bit*) ,

10 E. P. Blizard and H. Goldstein (eds.), Report of the 1953 Summer Shielding Session, ORNL-1575, p 92
(June 14, 1954).

}}Ibid., p 83.
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2-01-059-71

NOT TO SCALE LEAD.
WATER,

Fig. 16.3. Shield for a Circulating-Fuel Reactor with a Tandem Fuel-to-Air Radiator.
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P„ =

PR =

'/(•y») =
V(rad)

rad

r =

N =

X =

rad

t

Ey{pt)

gamma-ray dose rate at a distance d from the reactor,

photon source density

R /(rad)

/(sys) rad

power of the reactor,

volume of fuel in the system,

volume of fuel in the radiator,

volume of radiator,

number of photons per fission,

3.1 x 1010 fissions/sec-watt,

gamma-ray mean free path in the radiator,

outer radius of the lead shield,

outer radius of the radiator,

r — r j is rad '

dy .
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c = flux-to-dose conversion factor,

2b = heat-exchanger length,

(rrad>2 (rrad)V / 1 11 C's
a =— I

2 J.
pdr =

r2 2 Vrad rs

2 fV^ 2

VfF J0

B(/u') = dose buildup factor in lead.

The equations imply that the effective number of photons per fission, the source average mean free

path, and the average absorption coefficient in the shield are known. These uncertainties may be

removed by integrating over the spectrum of gamma-ray energies. Thus Eq. 1 may be written

PD V„ .. /r \2 fr~
R /(rad) I s \ I ro

,3) "'--vT-S-T-bjv-/ rad x ' i

where

N(E)E}(pt,E)B(pt,E)dE

d
- XA

H c(E) p(E)

N(E) = number of photons per fission of energy E per unit energy interval

= 7 e-1-",
p(E) = gamma-ray absorption coefficient in the radiator.

Also

Then

(4)

Thus a check may be obtained on the estimation of the dose resulting from Method 1 (Eq. 3) by

using Method 2 (Eq. 4). Method 2 yielded a slightly thicker gamma-ray shield for the case of 103 rep/hr

at 50 ft. This thickness was used in the design in order to be conservative. Method 2 failed for the

case of 10 rep/hr at 50 ft, and thus the thickness given by Method 1 was used.

In the calculation of the lead shield, delayed neutrons from the fuel were not considered, since it is

very difficult to estimate the source strength of delayed neutrons at the surface of the radiator and also

to calculate their attenuation through the shield. Therefore, the maximum dose rate from delayed

neutrons was calculated by assuming zero circulation time and no attenuation from a point source. The

dose at 50 ft under these conditions is about 30,000 rep/hr. The LTSF data indicate a very short

relaxation length in water for delayed neutrons. If a reduction by a factor of 10 is desired, 10 in. of

water will be required. With the water placed at the outside and replacing the same number of gamma-

B AT XA
N —

c ~y =i7

D2
PR

Vf

V/(rad)
V .

rad

rradb erfVaT _^ XA
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ray mean free paths of lead, the additional weight is only 590 lb in the 103 rep/hr case. If, in the 10s
rep/hr case, a reduction of 104 is desired, the additional weight is 4470 lb.

The plastic on the crew compartment was determined from the air-scattering considerations outlined

previously. The thicknesses on the side and front are given by:

1

r = 1-77 Inps

where

d = reactor-crew compartment separation distance (cm),

/, = direct neutron dose rate outside the crew compartment,

r/> = desired crew compartment scattered dose rate,

2^(— j=1.695 x 10-4 for asymmetric shield.13

The thickness on the rear is given by:

ldn
/ = 2.84 In

PT <Pdn
where <f> , is the desired crew-compartment direct dose rate.

The resulting plastic thicknesses were used in the gamma-ray shield optimization procedure

mentioned above to determine the lead thicknesses on the crew compartment and in the shadow shield.

The shield thicknesses for the tandem arrangement are given in Table 16.6.

Total Weights

The total weights given in Table 16.7 for the two systems do not appear to be excessive. Before

conclusions can be reached with any degree of certainty, however, a more thorough study must be made

in which consideration is given to the fuel-to-air radiator design and to the increase in engine efficiency

obtained by elimination of an intermediate heat exchanger. The reactor weight for the tandem case is

less because the Inconel shells have a much smaller diameter.

MODIFICATION OF THE PROCEDURE FOR USING TSF DATA FOR THE OPTIMIZATION

OF A DIVIDED NEUTRON SHIELD

S. K. Penny

The procedure for using TSF data for the optimization of a divided neutron shield has been modified

in two respects: a derivative term was included which was neglected previously, and the iteration

procedure was changed so that one of the Lagrangian multipliers would converge more rapidly. Some

useful curves have been plotted as an aid in following the procedure. The effect that these modifications

have on the shield thicknesses and weights has been determined by a sample shield calculation for the

reactor and crew-compartment system used previously. Neither the geometry nor the definitions of terms

54

Ulhid., Pp 221, 355.
13

This term is defined in ref. 12.

14C. E. Clifford et al, ANP Quar. Prog. Rep. Sept. 10, 1955, ORNL-1947, p205.
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TABLE 16.6. THICKNESS OF TOTAL NEUTRON AND GAMMA-RAY SHIELD FOR A CIRCULATING-FUEL

REACTOR WITH A TANDEM RADIATOR

Shield Section

Reactor

Lead at front

Lead at side

Water at front and side

Shadow shield at center line

Radiator

Lead at front and side

Water at front and side

Crew Compartment

Lead at front and side

Lead at rear

Plastic at front and side

Plastic at rear

Shield Thickness (in.)

For a Dose Rate of 103 rep/hr at 50 ft For a Dose Rate of 105 rep/hr at 50 ft

2.25

3.2

5.16

3.9C

0.125

0.125

8.18

20.2

21.25 minus lead thickness

0

0.2

6.66

0.5rf

0.125

2.08

8.18

20.2

T_arger than the front thickness because the radiator contributes to the side gamma-ray dose rate.

Thus total shield thickness = 21.25 in.

Obtained by Method 2 (Method 1 gives 3.4 in.). This thickness is reduced to 3 in. if 10 in. of water is added as a
delayed-neutron shield.

Obtained by Method 1 (Method 2 fails at small lead thicknesses). This thickness is eliminated if 10 in. of water
is added as a delayed-neutron shield.

Ten inches of water can be added as a delayed-neutron shield and the lead thickness reduced (see c and d).

are repeated here, since it would require considerable repetition of the earlier report. Reference to that

report therefore will be necessary to an understanding of this report.

Neglected Derivative Term

The derivative term neglected previously occurs because the relaxation lengths in the side and rear

of the crew compartment depend on the thickness of water on a conical shell as follows:

A^(45,0„,;)A/rn + t)
(1)

(2)

(3)

Xs(T ,0 ,t) =•
sx n' n' '

Xr(T ) =
1.14X .(45 + 15)

1.14Xrf(45 + t)

7.0Xd(Tn + 15)

W„,t)
MT„ + 0

1.14
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TABLE 16.7. REACTOR AND SHIELD WEIGHTS FOR CIRCULATING-FUEL REACTORS

WITH WRAP-AROUND AND TANDEM RADIATORS

Weig ht (lb)

Component For a Dose Rate of 103 rep/hr at 50 ft For a Dose Rate of 105 rep/hr at 50 ft

Wrap-Around Tandem Wrap-Around Tandem

Arrangement Arrangement Arrangement Arrangement

Reactor 44,400 31,500 44,400 31,500

Reactor lead shield17 37,400 18,200 12,600 9,900

Reactor water shield 9,000 8,600 9,200 9,800

Radiator lead shield 38,400d 4,800

Structure e'' 2,500 2,500 2,400 2,500

Patch/ 5,000 5,000 5,000 5,000

Crew compartment lead sh eld 2,700 1,700 6,700 3,000

Crew compartment plastic shield 14,400 14,700 14,400 14,700

Total 115,400 120,600 94,700 81,200

Delayed neutron shield8 600 4,500

Total 121,200 85,700

weights for shield specified in Table 16.6.

Includes estimate for decking, pumps and drives, control rod, island support, radiator (20,000 lb), etc.

includes shadow shield.

^Method 1 gives 33,200 lb.
Includes neutron shield container.

'Estimated from information given in ORNL-1575, Report of the 1953 Summer Shielding Session, E. P. Blizard and
H. Goldstein (eds.) (June 14, 1954).

^Additional weight incurred if lead is replaced by water as described above under "Radiator Shielding."

The neglected terms appear when the partial derivative of the total dose in the crew compartment is

taken with respect to T as follows:

(4) — = -jDf'sld" — + | / \dt
dT

+ ps.rear
n

WJ

J.MT») J0 dTn \xs(T.erilt)/

f
1

dT
dt

n \Xr{T )j

+ pd.rear

MT„> /:-0 dTn \^PV),
dt

The terms involving integrals are the previously neglected terms and can be estimated as follows:

(5)
1 dXt 1.14Arf(45 + 0 dXd{Tn + 0

(XSS)2 dTn ^(45,0„,» X2(Tn + t) dT_
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(6)
d /]\ 1 K 1.14XJTW+ 15) dX/Tn + 15)

dT
n \Xr (Xrs)2 dTn 7.0X2[Tn + 15) dTn

(7)
d /I 1 K 1.14 5MT„ + 0

* \Xd; W* dT" %<Tn +0 5T»

<9A ,(7 + /) dX,(Tn + 0
rf^ n

It may be noted that

(8)
oT. <f(TR + 0

Thus the partial derivative above may be evaluated from the slope of the plot of XAx) vs x. Equations 8
and 5 were used to numerically evaluate the quantity

0 ^n \XS

which is plotted as a function of Ts with dn and Tn as parameters in Figs. 16.4 through 16.6. From
Eqs. 8 and 6,

f
d /n 1.14X^(60)7, dXd(x)

— } dt =
n dT ,r0 n \ A 7.0A2(T + 15) dx

x = T +15

1 ^Arf(x)
The term is plotted as a function of x in Fig. 16.7. By using Eqs. 8 and 7,

A2(*) dx

Then,

£js,side

r
d I \

n dT Lr
0 » W/

A = 1.14

'.r-j-^u
Xrf J0 ^n \ \s

+ Ds

X/Tn) WTn + Tr)

r \/ "0 V "0 "' n\X

(9) *•„
Me„)(T„ + <,)»

and the equation used in step c of the procedure becomes

-/ '{\/XsJJi

V„ + «)2
•I

o "' -, U

-/ 'd/AVi -/ '(UX'Mt

Ke -a
(10)

Dia.e) e °

L.M9 )
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where Tf = Q(TJ. In Eq. 10, the terms in brackets, 1 + A '/
d \

dT \X
dt , may be as low as 0.32,

whereas in the previous procedure they were exactly unity.

Changed Iteration Procedure

The Lagrangian multiplier for the rear of the crew compartment converges faster if the following

changes are made. Let

N

2 Dd-rear/Xr,
1 «=1 " d

Ki
2 Dd-rear

n=l
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n=l
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is truly realistic and L varies very slowly from one iteration to the next. Let
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and let

then (^tota./^r) %

» -fo"(UXd)dt " -f^/Xjdt

a «:l\vxj«K »b:f\uxd)dt
«=i «=i

The basic steps a, b, c, and d are the same as in the previous procedure except that the equations
T

shown above have been changed. To aid in following the procedure, / S(l/As) dt is shown plotted as a
° * -/*(1/Arf)rfr

function of Tg with 6n and Tn as parameters in Figs. 16.8 through 16.10. The quantity e ° ,

-f\/Xd)dt
from which e u can be determined, is shown in Fig. 16.11.

Results of a Sample Calculation

The results after three iterations, with the use of the new procedure and beginning with the shield

thickness presented previously,14 are shown in Table 16.8. The thicknesses on the last two conical

shells tended to become negative and thus were dropped from the optimization procedure and set equal

to zero. The dose rate criterion in the crew compartment was 0.25 rem/hr, which is the same as that

for the previous system.

TABLE 16.8. OPTIMIZATION OF NEUTRON SHIELDING FOR A 300-Mw CIRCULATING-FUEL

REFLECTOR-MODERATED REACTOR

Old Procedure New Procedure

Shield Reqion Shielding Lagrangian Weight Shielding Lagrangian Weight
Thickness Multiplier of Shield Thickness Multiplier of Shield

(cm) (X 108) (tons) (cm) (X 108) (tons)

Reactor shield

A0* = 0 to 15 deg 43.4 16.8 0.15 36.8

A0 = 15 to 45 deg 39.3 17.0 0.96 32.0

A0 = 45 to 75 deg 28.6 18.3 1.11 20.3

A0 = 75tol05deg 21.3 18.9 0.89 12.2

A0 = 105 to 165 deg 10.4 17.8 0.53 0.0

A0 = 165 to 180 deg 7.8 18.0 0.02 0.0

Rear of crew compartment 43.8 11.9 1.47 46.3

Side and front of crew compartment 16.8 18.0 4.52 20.6

17.7 0.12

18.7 0.74

18.7 0.72

17.3 0.47

0.00

0.00

17.4 1.54

18.2 5.54

9.13Total weight 9.65

*Polar angle increment.
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