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1.0 SUMMARY AND CONCLUS IONS

1.1 Summary

A conceptual design study of a mobile irradiator for radiopasteurization

of strawberries, grapes, peaches, tomatoes and lemons was made. Minimum

radiation dose specification for the fruit ranged from 100,000 to 200,000

rads with maximum to minimum dose ratio in the range of 1.5 to 3. Minimum

allowable production rates were in the range of 500 to 1000 pounds of fruit

per hour. The irradiator was required to be mobile, preferably on one truck

capable of being put in operation one day after arrival at the site.

Preliminary studies compared five types of irradiators, consisting of

(I) a single source slab-two package pass design, (II) a double slab single

pass design, (III) a single slab-four pass design, (IV) a line source rotary

design, and (V) a movable source movable package design. Design cases I and

IV were investigated in greater detail.

1.2 Conclusions

In the course of the study the following conclusions were reached.

1. A cobalt-60 irradiator can be built to meet the general requirements

for radiopasteurization of fruit in the California area.

2. The irradiator can be made mobile and can be mounted on a single

trailer. The combined weight of the mobile unit will be 70 to 85 tons depend-

ing on the type of irradiator. This unit would require a special license from

the State Highway Department. There would be no advantage in mounting the unit

on two trailers, since even in this case the unit must still travel under

special license from the State Highway Departments.
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3. The equipment is capable of being put into operation within one

day after arrival at the chosen site.

4. Both the single slab-two pass design and the linear source rotary

design are practical. The single slab-two pass design is lighter in weight

and mechanically simpler. The rotary design uses a smaller cobalt-60 source,

82,500 curies compared to 97,500 curies, not including any allowance for

source decay. The initial capital cost of the single slab-two pass irradiator

ranges from $297,420 to $380;820 depending on source cost ranging from 250 to

$1.00 per curie. The capital cost of the rotary design is somewhat greater

ranging from $318,360 to $388,810. The annual operating cost of the single

slab-two pass design varies from $123,312. to $153,285 depending on source

unit cost compared to the rotary which ranges from $127,480 to $152,042.

Lower Cobalt-60 unit prices favor the single slab-two pass design because of

its higher activity requirements.

5. The shielding should be designed to permit unrestricted access to

all areas on the outside of the trailer.

6. To provide for a 5 year operating life, it is more economical to

use a 14% yearly replenishment plan compared to starting with a double strength

source to allow for decay. However for cobalt-60 at 259 per curie and lower

the cost differential is within the uncertainty of the other costs and at

this unit cost it would probably be better to use the double strength source

to eliminate the planning and coordination associated with the yearly

replenishment.
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7. The trailer housing the irradiator should be refrigerated.

8. It is estimated that the mobile irradiator can be ready for operation

about 17 months after the start of design work.

1.3 3





2.0 INTRODUCT ION

This report covers the results of a study of a mobile irradiator for

fruit made under Contract No. S-1082 between Associated Universities, Inc.

and Associated Nucleonics, Inc. The scope of work is given by the following

paragraphs which cover the work under AN Task Order Nos. 1 and 2.*

"Description of Work:

The contractor shall undertake a study to determine the

feasibility of a cobalt-60 type irradiator to meet the

general requirements contained in the attached memorandum,

entitled, 'Radiopasteurization of Fruit in the California

Area.'

"The contractor shall develop background material in the

form of calculations, tables, and drawings, all of which

will serve to arrive at cost estimates for construction,

tables of production at various dose requirements, and

over-all operational costs.

"Design Assumption and Design Criteria:

The entire system is to be portable, preferably on one

trailer-tractor combination, but not more than two trucks.

Equipment is to be capable of being put into operation

within one day after arrival at a chosen site. When in

operation, the radiation level outside and around the

facility must be within recommended safe working levels."

*AN Task Orders 1 and 2 correspond to BNL Task No. 1 and Addendum No. 1. AN

Task Order No. 3 corresponds to BNL Task No. 2 and covers the preparation of

this report.

2.1
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The report is mainly organized in keeping with these two Task Orders.

Task Order No. 1 covered the comparative study of the five irradiators con-

sidered and the bulk of the results of this work has been reported intact

and is given in Section 3 of this report. Task Order No. 2 covered a more

detailed study of the single slab-two pass irradiator design and the rotary

design, and the results of this work are mainly reported in Section 4 of this

report.
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3.0 CONCEPTUAL STUDIES (Task 1)

3.1 Ground Rules

The transportable food irradiator designs studied for the irradiation of

five selected fruits were guided by the results of a meeting held at the

University of California in December 1961. Table 3.1.1 is a condensation

of the information contained in the minutes of this meeting, and includes the

basic fruit properties, the probable packaging methods, and the preliminary

estimates of the dose requirements.

For the purpose of the initial conceptual design studies (Task 1) ventil-

ation and/or air conditioning of the irradiation chamber were not considered.

It was assumed that radiopasteurization could be accomplished before product

refrigeration in those cases where refrigeration was required. It was also

assumed that adequate source cooling would be available. These assumptions

have been evaluated and the results are presented elsewhere in this report.

The following definitions were used in evaluating the various irradiator

concepts:

1. The term "product" refers only to the fruit and does not

include the container.

2. The required source strength is that which provides for

the minimum specified dose as listed in Table 3.1.1.

3.1 7



3. The source-product arrangements were designed to keep the

ratio of the maximum to minimum dose in the product within

the values indicated in Table 3.1.1.

4. The term "Utilization Efficiency" (Eu), used to compare

the various irradiators studied, is defined as the ratio of

energy absorbed in the product at the minimum specified

dose to the total electromagnetic energy emitted from the

source.

For cobalt-60

Eu = 85 x Megarad Pounds/Hr.
Number of Curies in Source

5. To provide for the design production rate at the end of

one year of operation, the curies calculated for the cobalt-60

sources were arbitrarily increased by 10%.

The irradiator designs were based on the use of cobalt-60. The charac-

teristics of the irradiators thus designed were then calculated using cesium-137

in the space available for the source.

The cobalt source geometry followed the source design developed by BNL

in their experimental work with cobalt sources. The source consists of strips

0.7" wide by 10" to 12" long by 0.060" thick. The strips are singly encapsulated

in a stainless steel sheath 0.015" to 0.020" thick for irradiation. After

irradiation, the source is encapsulated in a second similar stainless steel

sheath. Specific activities for the cobalt are available in increments of 17

to 18 curies per gram up to a maximum of approximately 90.
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Cesium chloride salt sources run approximately 25 curies per gram of

salt. BNL indicated that a more likely source would be cesium borosilicate

having a specific activity of 14 to 15 curies per gram salt. The cesium

borosilicate source was considered for this study, having an approximate

bulk density of approximately 2.4 grams/cc.

Cobalt-60 decays essentially 100% of the time with the emission of a

0.312 Mev, maximum, beta and two photons. The photon energies are 1.173 and

1.333 Mev. The half life is 5.24 years. For the purpose of this study, it

was considered accurate enough to base the calculations on the emission of

two photons of equal energy, 1.25 Mev.

Cesium-137 decays 8% of the time with the emission of a 1.17 Mev, maximum,

beta. The remaining 92% of the time, a 0.51 Mev, maximum, beta is emitted.

Decay from this state to the stable Ba-137 can take one of two paths;' 90%

of the time a 0.662 Mev gamma is emitted, 10% of the time an internal conversion

election of 0.662 Mev is produced. For purposes of this study, it was assumed

that a photon of 0.662 Mev was emitted 82.8% of the time. Cesium-137 has a

half-life of 26.6 years. Cobalt.-60 has 4.6 times as much photon energy per

curie as Cesium-137. Considering all emergent energies, Cobalt-60 is roughly

4 times as effective as cesium-137 on a per-curie basis.

The shipping casks were designed within the limits set by the Interstate

Commerce Commission regulations covering radioisotope shipments. With the

source in position for operation, the Federal Register 10 CFR Part 20 regulations

(1) were used as a basis for design, Except for cases noted, all irradiators
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were designed for unrestricted access everywhere outside of the truck.

3.2 Concepts Studied

Five basic design concepts were considered and these are shown pictorially

in Figure 3.2.1. The Cobalt-60 source strength, shield weight, and estimated

cost of each of these designs, based on meeting the minimum production rates

as given in Table 3.1.1, are summarized in Table 3.2.1. A more detailed summary

of the irradiator characteristics comparing the source and production features

of four concepts is given in Table 3.2.2.

3.2.1 Single Slab-Two Pass (Case I)

The first case considered was the single slab source where the packages

make two passes in front of the source, being irradiated first on one side and

then on the opposite side. The packages move past the source continuously and

are arranged so that package depth through which the radiation passes will not

result in a max-to min dose ratio through the package greater than that allowed

in the design criteria. This means that either the package width or height is

normal to the source, the package length being arranged in the direction of

travel. The dimension of the source in the direction of motion is kept small,

limited only by reasonable activities obtainable, in order to minimize source

handling and storage problems. As such, this dimension is only a fraction of

the total motion dimension. The source overlaps the packages on top and bottom

to compensate for the dose rate fall off at the package edges, and thus maintain

the maximum-to-minimum dose requirements. This source-package arrangement is

one of the types being provided for the Quartermaster Radiation Laboratory at

Natick, Mass.
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This design may be characterized as being of moderate efficiency in

source use, of moderate mechanical complexity, and toward the lower end of the

cost spectrum. It is developed in greater detail in Section 3.4.

3.2.2 Double Slab-One Pass (Case II)

From an irradiation standpoint the double slab-one pass design is

identical with the single slab-two pass design except that the source strength

is doubled for a given production rate and the irradiation time is cut in half.

This design is also being provided for the Quartermaster Radiation Laboratory

and is of interest in the Army's food sterilization program because the entire

package is irradiated simultaneously in a batch operation in front of an extended

slab, thus eliminating the "running bug" problem and minimizing exposure time.

These considerations are not important for the fruit produce irradiator, since

exposure times are only about 10 minutes and the "running bug" problem is not

pertinent, the fruit being essentially a solid. The somewhat simpler mechanical

design is considered insufficient reason to justify the doubling of the required

source strength.

3.2.3 Single Slab-Four Pass (Case III)

The single slab-four pass design is similar to the single slab-two pass

design except that the package makes two passes on each side of the source, one

halfway below the source and one halfway above the source. This concept charac-

terized similar designs studied by Associated Nucleonics (2) for a medical

supplies irradiator, and also one currently in use at Wantage, England. Its
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chief advantage is greater source efficiency, namely 15.1%, compared to other

concepts which range from 4.55% to 10.7%. Its disadvantages are greater weight

due to the large irradiator volume and increased mechanical complexity, both of

which contribute to the higher estimated cost for this irradiator. This increase

would be offset in part or entirely by the reduced source cost, depending on

dollar value assigned to a curie of cobalt.

3.2.4 Linear Source-Rotary (Case IV)

This design is fundamentally different from the first three cases dis-

cussed above since it combines a linear and rotary motion to provide high dose

uniformity within the package. The rotary portion of the concept has been used

by Associated Nucleonics in a irradiator study for hospital supplies (3). The

combination of rotary and linear motions is currently being used by the Canadians

for their potato irradiator (4). The design may be characterized as having

moderate source utilization efficiency (10.7% compared to a high of 15.2% and

a low of 4.55% for other cases), moderate mechanical complexity, and intermediate

cost.

3.2.5 Single Slab-One Pass (Case V)

This design employs linear motion of the package through the source

position rather than past the source. As such the source must move out of the

way of the package, the package moves through the source position, and the source

moves back. The major advantage of this type is that the radiation "see-through"

(about 10 to 20%) can be absorbed by the package next in line. On the other hand,
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this is offset by the inefficient use of the source during that portion of the

cycle when it must move out of the way to let the packages pass. A disadvantage

is the required source overlap in two directions instead of one in order to

obtain adequate dose uniformity. The advantage of the simplicity of the package

motion tends to be offset by the complexity of moving the source and co-ordinating

this motion with package movement. The weight advantage of the small irradiator

volume is offset by the need for two labyrinths at opposite ends, compared with

a common two-way labyrinth.

In view of the lack of obvious advantages and the potential hazard of

a source which is continuously moving, this design concept was not developed in

detail.

3.3 Linear Motion Irradiators

In the linear motion irradiator, a package or array of packages is arranged

parallel to a slab source. The package may pass the same source twice, with

opposite faces next to the source for each pass, and with a second package

simultaneously receiving radiation from the other side of the source. This is

commonly known as the single slab-two pass system. A variation of this method,

which produces the same dose uniformity in the package, is the double slab-one

pass concept. In this case, the package is passed through the area between

two parallel slabs. Radiation emitted from the outboard sides of these slabs

is lost and represents an inefficiency to the system. Further variations of

these basic systems are obtainable by introducing additional passes and addi-

tional sources.
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For the initial conceptual studies (Task I), investigations were made of

a single slab-two pass, a double slab-one pass, and a single slab-four pass

concept. It was decided, without detailed investigation, that additional

passes or slabs would unduly complicate the system, increasing size and weight

to such extent that they would be unattractive as mobile irradiators.

The gamma absorption properties of the product were Investigated.. The

individual produce packages are listed in Table 3.3.1, with their physical

dimensions and the equivalent attenuation length associated with each dimension.

In obtaining this attenuation length, absorption coefficients for water were

assumed for all products, pk=,0.063 cm2 /gm. The bulk density of the package

was calculated from the basic data given in Table 3.1.1. The ground rule of

transporting packages in their normal upright position was adhered to and from

this and the self-absorption data, an appropriate size for a package array was

selected. These were then defined as the loading units and are indicated in

Table 3.2.2. It will be noted that the shortest thickness in a loading unit

in terms of absorption length will be presented normal to the source.

The height of the source in this study was dictated by the loading

unit for grapes, having an over-all height of 15". Other packages may be

conveniently stacked to dimensions close to this selected dimension. Certain

assumptions were made to simplify the calculations. These were as follows:

14 3.8



1. Source overlap was assumed in any dimension if needed to

to attain reasonable uniformity of dose profile in this

dimension. This assumed overlap was 5" in all cases.

2. With the above assumption, it was also assumed that the

dose rate in any plane in the package parallel to the

source plane is uniform.

3. It was assumed that the integrated dose received by a package

passing a slab source will be equal to the dose rate at the

center of the slab, multiplied by the time required to

traverse the limits of the slab.

4. It was assumed that the dose field in front of a 25" high slab

is approximately the same as that for a 28" high slab.

Experimental data presented by Manowitz (5) for a 28" high

x 60" long slab was thus used for these case studies.

5. It was assumed that the integrated dose, to a point in a

package traversing the source, was the same dose integrated

at that point if it were stationary in front of a slab

source of length at least equal to the length of travel.

This effect is graphically indicated in Figure 3.3.1. The

actual case is simulated by a stationary line source and

a moving target point, and the calculation model is indicated

with a stationary point and a simulated slab source.

3.9
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In a portable irradiator design, long source slabs are prohibitive due

to complications of shielding, shipping containers, source handling and

installation. Therefore, the actual source installed in a portable machine

should be as small as possible. It is anticipated in this case that the

source will be approximately 25" high, with a length of approximately 12".

It will be shown later that this 12" length is adequate for construction of

the slab using reasonable specific activities for the cobalt. The only

limit in the minimum length of the slab is the mechanical problems of slab

construction with limits of thickness and specific activity.

To obtain the depth dose curve from which dose rate values can be

obtained at various points in the target material, the BNL experimental

curve (5) was adjusted for geometry effects, since it represented a target

of density 1.0 gm/cc. In these cases with product densities as low as 0.4,

a geometry correction was necessary. This correction was made and adjusted

curves plotted in Figure 3.3.2 for various density targets. These adjusted

curves formed the basis for further work in source determination and dose

rates.

The doses to the upper and lower planes of the package will be

different than those obtained at the center plane. The integrated dose in

a traversing package will be lower than the dose rate obtained at the center

point of a package. In addition to these effects, it is anticipated that,

in order to keep the slab as short as possible for easier handling, the slab

thickness may be unusually high and therefore introduce higher than normal
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self-absorption. The dose rates at various points in the target material are

therefore taken in the following calculations with the allowance of 0.3

relaxation length.

3.3.1 Single Slab-Two Pass (Case I)

The following is a sample calculation for a single slab-two pass

arrangement. The slab height is dictated by the overlap required over the

highest package. In this case, the array of grape packages is the controlling

dimension. The following example calculation indicates the method used to

determine dose rates and curie requirements for the various packages. The

attenuation distance (ut) for the grape package is 0.965. The dose rates at

the front face, center point, and far face of the package are taken from the

depth dose curve, Figure 3.3.2 and these three points are referred to as A,

B, and C respectively. The point A is read as 9.4 x 104 R/hr/c/cm2. The

center of the package, point B, receives a dose rate of 3.25 x 104, and the

far side of the package, point C, receives a dose rate of 1.29 x 104. The

over-all effect in the package after two passes past the source is indicated

in Figure 3.3.3.

Max/min ratio is therefore

(9.4 + 1.29) x 104 = 1.65
2 (3.25 x 104)

The required dose at the center point of the package from one side of

the slab is 1/2 of the total requirement. In this example the required dose

is 100,000/2 or 50,000 Rad. Using the assumption that the integrated dose
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at this point is equal to the dose rate at the center of the slab divided by

the time it takes to traverse the slab, the following relationship is used.

The time spent in front of the slab is L/V hours, where L is the length of

travel, and V is the velocity in feet per hour. The velocity of travel for

the package in question is

(Production rate (lb/hr)

cross section of loading unit (ft ) x density (lbs/ft3) ft
hr

_ ~2000_
V = (1/2 00= 51 ft/hr

(14/12)x (15/12) x 0.431 x 62.4

The dose received at the center point from one side of the source is (L/V) x

center dose rate, or (L/51) x 3.25 x 104 = 637 L Rads/c/cm2

The required half dose is 50,000 Rad, therefore the activity

requirement is

50,000 Rad 78.5 curie/cm2
637 L Rad/curie/cm2 = L

The curie requirement is the curie/cm x the area of the slab. The

area of the slab is length L x the height. Therefore, the curie requirement

is

C = (78.5/L) x 25" x L x 2.542 x 12 = 152,000 curies

The utilization efficiency using Cobalt-60 is

Eu= 85 x Megarad lbs/hr
curies

Eu = 85 x 200 megarad lbs/hr = 0.112 or 11.2%

152,000 curies
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The remaining products were investigated in the same manner and the

results are shown in Table 3.2.2. A curie requirement was calculated for each

of the products processed at the maximum production rate. The tables also

indicates the minimum curie requirement which will satisfy all of the minimum

production rates.

One of the effects which can be seen from the Table 3.2.2 is the

effect on efficiency of the amount of overlap used ii, each of the cases.

In this first look, it was tentatively established that the source height

would be dictated by the maximum height package. This height of 25" is used

in all of the remaining cases and, since all of the remaining cases utilize

target heights less than the control case, all of the other efficiencies

suffer. This is the penalty paid for a multi-purpose irradiator in which

targets of various dimensions are irradiated.

3.3.2 Double Slab-One Pass (Case II)

The same approach described above was applied to a double slab-one

pass irradiator. The results are given in Table 3.2.2. It was obvious in

this type of system that the end result was the same as the previous case,

but the curie requirement was doubled. The outboard sides of the slab are

not utilized.

3.3.3 Single Slab-Four Pass (Case III)

In this case, source utilization was greatly improved since the target

material overlaps the source. The net result of such an arrangement is

3.13 19



indicated graphically in Figure 3.3.4. The vertical dose profile in this case

was better than the previous cases since the end result to the target was to

present it to a simulated source of double height. In this case, the actual

slab was shorter in height than in the simple two-pass arrangement. The

results obtained from the single slab-two pass study above can be applied to

this arrangement since all of the parameters are the same. The inefficiency

of source overlap is not applicable since in this case, we have package over-

lap. This effect can be readily seen in the increased utilization efficiency.

The results are given in Table 3.2.2.

3.3.4 Single Slab-One Pass (Case V)

No detailed work was performed on this concept. The data on this

concept appearing in summary Table 3.2.2 was estimated from the work performed

on the linear motion machines. It was assumed that the slab width would be

increased to provide 5" of overlap on each side, and that the maximum package

width would be 18". The source requirement of the single slab-two pass

machine was then increased by 28"/18" for case V. The machine weight was

prorated from the data calculated for Case I, the single slab-two pass

concept.

3.3.5 Source Design

The configuration of a slab for a single slab linear motion design

was approximated on the basis of the Brookhaven data regarding reasonable

source parameters given in the Section on Design Criteria. It was assumed
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that cobalt will be available in the form of strips 0.060" x 12" high x 0.70"

wide. These strips would be doubly encapsulated using a 0.020" thickness of

stainless steel clad for each encapsulation. The specific activity would be

no greater than 90 c/g, available in increments of 17 to 18 c/g.

A slab configuration was then calculated for 90 curies per gram

and a picture frame construction using a single thickness of cobalt strips

doubly clad as indicated above. Using a total activity of 200,000 curies as

the approximate requirement and a total activity length of 24", two 12" strips

one above the other, 15 strips would be required. Allowing for the gaps which

would be required in picture frame construction, the total slab length would

then be approximately 14".

Although this is not an unreasonably long slab, it is anticipated

that upon further investigation it may be possible to double up on source

strips resulting in an over-all slab length of approximately 7". This would

reduce the dimensions of the source shipping container. It is anticipated

that the inefficiencies of this arrangement, due to more self-absorption in

the slab, would be minor in view of the reduced container size. It also may

be pointed out that a high self-absorption value was used in calculating the

source slabs, and doubling up of source strips would not, therefore, greatly

affect the results of these preliminary studies.

3.3.6 Irradiator Design

A conceptual design of the mobile irradiator for a single slab-two
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pass arrangement is shown in Figure 3.3.5. In this arrangement, a vertical

labyrinth is used for product entry and exit from the irradiation chamber.

Loading units of produce are transported through the vertical labyrinth

at predetermined time intervals based upon production rate. The speed of

travel through the labyrinth is arbitrary, but will be as fast as possible

to minimize any gaps between packages in the chamber. As a package is

released from the first travel entrance conveyor, it will be transported

at a predetermined irradiation speed. Loading units will be pushed in a

straight line past one side of the source. The loading unit will travel

in this straight line to the far side of the source to a point where the

travel distance on either side is equal. Here it will be quickly transported

in a horizontal direction to put it in position for its second pass on the

other side of the source slab. The mode of travel in this pass is similar,

with packages traveling at predetermined slow speeds past the source. At

a point corresponding to the entry position, the loading unit will quickly

leave the chamber, being transported out of the vertical labyrinth by the

first labyrinth conveyor. It is anticipated that conventional belt conveyors

will be utilized outside of the labyrinth for transporting the packages into

and out of the truck area.

In this arrangement, the total length of travel past the source on

one pass is 7 feet. This distance is dictated primarily by the labyrinth

arrangement. This minimum distance is required from the slab to the vertical

labyrinth wall to sufficiently reduce radiation levels outside of the labyrinth.
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This length of travel also, coincidentally, assures that the depth dose calcul-

ations are nearly correct, since they are based on a 60" long slab.

It may be possible, in later calculation and refinement of the

labyrinth design, to shorten the total length of travel, thus reducing the

over-all machine weights.

A separable source storage and shipping cask is included in this design.

It will be fixed vertically over the central source position on top of the

radiation chamber. Mechanisms can be designed for lowering of the source into

the chamber and retracting into the shipping cask.

The storage cask weighs approximately 16,500 lbs; the irradiation

chamber, approximately 61,300 lbs; the labyrinth, approximately 54,100 lbs.

The total for the entire machine is 131,900 lbs.

The trailer on which the mobile irradiator is to be mounted is

32'-9" over-all length. Trailers of this length and this capacity are not

uncommon, and can readily be fabricated. The over-all length of the tractor

and trailer is estimated to be 49'-2". This is also not an uncommon dimension

and can be fabricated. The tractor weight is estimated to be 20,000 lbs., and

the trailer 16,000 lbs. The total weight of irradiator and the tractor trailer

is 167,900 lbs.

The conceptual arrangement of a single slab-four pass mobile irradiator

is shown in Figure 3.3.6. The over-all concept of the machine is similar to

that described for the single slab-two pass design. In this case, however,

the irradiation chamber is higher to accommodate passes of packages one over
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the other. Entry to the chamber is similar to the previous arrangement using

a vertical labyrinth. Loading units then travel on an upper level past the

source slab. At the end of this first pass, the loading unit will be trans-

ferred to the lower level for the return pass on the same side of the slab.

At the end of this run, the loading unit is transferred horizontally for its

third pass on the opposite side of this slab at the lower level. At the end

of this run, the package is transferred vertically for the fourth pass on the

upper level. At the end of this pass, it is carried from the radiation chamber

via the vertical labyrinth.

The trailer and tractor length are, as before, 49' 2" over-all length.

The storage cask is estimated to be 13,100 lbs; the irradiation chamber, 102,300

lbs; and the labyrinth, 54,100 lbs. The total weight for the machine is

169,500 lbs. Tractor and trailer weights are as before. The overall total is

205,500 lbs.

Here again the distance the loading unit travels in one pass is 7 feet.

It is possible that this length may be reduced upon further study thus re-

ducing the over-all weight.

3.3.7 Shielding

The shield and labyrinth designs for two of the four concepts is shown

in Figures 3.4.5 and 3.4.6. These designs are based on a maximum source strength

of 250,000 curies of cobalt-60. A required shield thickness of 12" of lead was

estimated. This permitted less than 1 mrad/hr dose rate at the outside surface
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of the shield, and approximately 10 mrad/hr at the surface of the cask when

the source was enclosed.

With this shield design, unlimited access, as defined by the Federal

Register (1), to all truck exterior areas was permitted, as well as the

interior of the truck when the source was in the irradiator. On the other

hand, when the source is in the cask, limited access only is permitted inside

the truck.

It is noted that this design more than meets the ICC regulation

requirements for transporting radioactive materials.

The calculational methods are given in the appendix (Section 7.2).

3.4 Rotary Motion Irradiator

3.4.1 Design Description

In the rotary machine, the product is carried down a vertical labyrinth,

is pushed sideways and is then pushed onto a rotary conveyor similar in design

to a ferris wheel with a horizontal axis, and carried through two complete

revolutions around the source, which is mounted at the axis. After the first

revolution the injection of a new package pushes the first package to a second

position on the ferris wheel, and simultaneously ejects the package that had

formerly occupied this position. After a second revolution the package is

pushed out into the exit labyrinth. This procedure gives package overlap of

the source. The whole process takes about 10 to 30 minutes depending on the

fruit being irradiated. The rotary machine is shown in Figure 3.4.1. The

machine total and individual weights are given in Table 3.2.1.
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In the process of revolving around the source cylinder, the package

is irradiated in four different positions in each of the two revolutions.

The package moves quickly and intermittently from one position to the next,

successive positions being 900 apart. The package remains in each position

approximately 1 to 4 minutes.

The packaged fruit is placed in an aluminum box before being sent

through the machine. The aluminum boxes may be standardized for all five

fruits, with special spacers inserted to insure that the packages are

centered in the carrier.

The optimum length of the source is close to the length of a package,

which is 18 inches. For this study a source length equal to the package

length was assumed for calculation and was located as shown in Figure 3.4.1.

The actual source was made 20 inches long (Sect. 3.5.3) to conform to the

suggested BNL source designs.

3.4.2 Design Evaluation

As in the linear motion machines, calculations were made to establish

the minimum source requirements for all five fruits at the maximum prescribed

production rate as well as the minimum production rate. Then the production

rates were calculated such that at least the minimum production rate for each

fruit was obtained with one specified source strength.

The required production rate and the minimum dose determined the dose

rate in the product at its minimum dose location. The package or target
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dimensions were then selected to keep the dose everywhere in the product below

the specified maximum.

Rather than sum the individual doses within the product at each of

its eight positions in the irradiation chamber, a calculational model was set

up that permitted computation of the doses on a stationary source target system.

The model consisted of the horizontal package surrounded by four horizontal line

sources of length 2L, where L = actual length of the source = length of the

package. The strength of each line source is S/4, where S = source strength

of the actual source. The package is enclosed axially by similar packages at

each end. Figure 3.4.2 shows the development of the calculational model. It

is assumed in these calculations that irradiation of the product during the

intermittent moving process is negligible, the moving time being approximately

5 seconds between positions and the individual step irradiation times being

1 to 4 minutes.

The dose rates were calculated using the method outlined by Rockwell

(6) for irradiating a semi-infinite slab target with a finite line source.

It was assumed that the collided flux contribution to the total dose rate

could be represented by point buildup factors evaluated for water, based on

the normal distance from the line source. The dose pattern within a package

irradiated in the rotary machine tends to be as uniform as permitted by the

package attenuation characteristics. The result of the assumptions would tend

to underestimate the dose rates at points within the package, and would thus

present a slightly pessimistic picture.
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The total dose at any point is the sum of the four sources as set

up in the model. To account for self-shielding within the source, a

relaxation length of 0.3 was added to all dose calculations. The validity

of this value was discussed in the sections dealing with the linear motion

machines.

3.4.3 Source Design

The results of the rotary motion irradiator study are summarized in

Table 3.2.2. The source requirements include source self shielding but do

not allow 10% for source decay. The assumptions made in this study have

been discussed in the previous paragraphs, and are summarized here:

1. Line source - semi-infinite slab target.

2. Source self-shielding equivalent to 0.3 relaxation length.

3. Attenuation properties of water.

4. Point buildup factors.

Referring to Table 3.2.2, it is seen that 330,000 curies of cobalt-60

are required to produce the required maximum 400 megarad pounds/hr for peach

irradiation, a rather large source. On the other hand, lemons are limiting

on the minimum specified production rate requiring 159,000 curies. At this

source strength, the minimum production requirements for all five fruits are

met.

To design the source a source strength of 200,000 curies of cobalt-60

was initially assumed. The source was designed in the shape of concentric
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hollow cylinders to reduce the source self-shielding. If constructed from the

previously described BNL cobalt-60 source strips (see Sect. 3.1), the source

at 90 curies/gm. would require 36 strips, each 10 inches long. This may be

accomplished by forming two simulated cylinders, one within the other, Joining

the edges together, the inner piece made of 6 strips and the outer piece made

of 12 strips. Each strip will be composed of two 10 inch strips butted

together at the ends.

3.4.4 Shielding

The shield and labyrinth design is shown in Figure 3.4.1. The design

was predicated on a maximum source strength of 250,000 curies of cobalt-60.

The estimated required shield thickness was 12 inches of lead. This permitted

approximately 1 mrad/hr dose rate at the outside surface of the shield and

approximately 10 mrad/hr at the surface of the cask when the source was

enclosed.

The dose rate at the entrance and exit of the labyrinths was calcul-

ated to be approximately 500 mrad/hr. This gamma beam is aimed directly up

towards the roof of the truck. Scattering from the roof of the truck to the

lower surrounding areas will reduce this to below 1 mrad/hr The direct

shine through the truck roof may be reduced below 1 mrad/hr on the outside,

if deemed necessary, by a 3-foot-square 1-inch-thick lead shield patch

attached to the roof of the truck, just above each labyrinth opening,

adding approximately 1000 lbs to the shield weight.
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With this shield design, unlimited access, as defined by the

Federal Register 10 CFR part 20, to all exterior areas around the truck is

permitted. If the patch shielding on the roof of the truck is not provided,

no access to the roof of the truck is permitted. Only restricted access is

permitted inside the truck, so that rigid control over the labyrinth openings

may be maintained by operating personnel. Otherwise, the radiation level is

below that specified for unrestricted access.

When the source is within the shipping cask, unrestricted access is

permitted everywhere except within the truck. At this time access will be

restricted. This is done since the source cask is exposed to the rear of

the truck, which may cause excess exposure to personnel occupying that

space while the source is still in the cask. It should be noted that this

design more than meets the requirements of the ICC regulations for trans-

porting radioactive materials.

3.5 Cesium-137 Studies

As stated in the design criteria, the studies using cesium-137 will

be made only in the irradiators designed for cobalt-60. Section 3.3 discusses

the reasonableness of this approach, which is not repeated here.

The study on the line source-rotary concept was made using cesium-137.

A cesium borosilicate source having a specific activity of 15 curies/gram and a.

bulk density of 2.4 gms/cc was permitted to occupy the space designed for a

cobalt-60 source. Allowing a 3-inch-diameter, 20-inch-long, cylindrical
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space, the total source strength would be 83,400 curies. Since one curie of

cobalt-60 is roughly four times as effective as a curie of cesium-137, the

effective source strength in terms of curies of cobalt-60 is approximately

21,000 curies, with no allowance for self-shielding in this relatively thick

source. This design does not permit the minimum production specifications

of any one of the five fruits studied, and is approximately 1/8 of that

required to meet all minimum production specifications. The case for cesium-

137 does not improve significantly using the cesium chloride compound having

a specific activity of 25 curies/gram.

Since all the concepts require high specific activities to keep the

irradiator mobile, further investigation into each irradiation type was not

warranted, especially under the ground rules specified.

3.6 Cost Estimates

The estimated cost of the irradiator for Cases I through V are given

in Table 3.6.1. In the absence of a detailed scope of work and a detailed

design the estimates are best described as educated guesses based on experience.

Accordintly, each of the cost numbers has been given an estimated standard

deviation which reflects in part the confidence that is placed in the estimate

for the particular item. These standard deviations may be interpreted in the

usual manner, namely that there is a 67% chance that the number falls within

plus or minus the standard deviation, an 89% chance that it falls with plus

or minus two standard deviations, and so forth. The standard deviation for

the total estimate is the square root of the sum of the squares of the

individual deviations.

3.25 31



The cost estimates from the tractor and trailer were based on cost

figures supplied by vendors. The estimated cost of the lead shield was based

on experience which indicates that shields of this type range in cost from

$.40 to $1.00/lb and that a cost of about $.50/lb was applicable in this

instance.

3.7 Conclusions

1. A cobalt-60 irradiator can be built to meet the general require-

ments for radiopasteurization of fruit in the California area.

2. The irradiator can be made mobile and can be mounted on a single

trailer. The combined weight of the mobile unit will be 70 to 85 tons depending

on the type of irradiator. This unit would require a special license from the

State Highway Department. There would be no advantage in mounting the unit

on two trailers, since even in this case the unit must still travel under

special license from the State Highway Departments.

3. The equipment is capable of being put into operation within one

day after arrival at the chosen site.

4. Considering only Cases I, III and IV, the source strength will be

between 123,000 and 205,700 curies, and the cost between $253,000 and $316,700

(exclusive of source costs).

5. The use of Cs-137 in an irradiator designed to use Co-60, restrict-

ing the source space to that occupied by the Co-60, reduced the production capac-

ity to about one-fourth. It is apparent that to obtain a fair evaluation of

the use of Cs-137 will require design studies based specifically on its use.
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Previous work (2) indicates that such studies will not disclose any notable

advantages for Cs-137 particularly in mobile irradiators where space and

weight are critical.

6. Cases I and IV are recommended for further study as offering

the greatest potential for a portable gamma fruit irradiator of the five

concepts studied.
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Figure 3.3.3

DIAGRAM/ATIC QOSE PLOTS
SINGLE SLA5-TWO PASS CONCEPT

SOURCE PLANE

FRONT FACE

PASS 2

REAR. FACE

C

PACKAGE '

TOTAL DOSE

A+C

ATTENUATION DISTAiCE

-.7,

UW

OI
0

B1

AS

C



Figure 3.3.4
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TPbce 3.1-t

Preliminary Specifications for Fruit Radiopasteurization*

Package

Description

Premium Grade 1-1/2"D by
1-1/2"D. Sizes vary
from 1/2"D to 1-1/2"D.
Density 1.05

Emperor Grape 1/2"D by
1-1/2L. Average grape
1/2"D by 1" L.
Density .1.10

Average from 2-1/2"D to
4"D. Density - 1.00.
Pit density higher.

Unit

Basket:

Tray

Fruit Fruit
Length Width Height Weight Bulk Density

in. in. in. lbs. gms/cc.

Top 4-1/2
Bottom 3-1/2

Lug

17-1/2 13

4-1/2
3-1/2

17-1/2 14

Lug
Calif . Lug
Cardboard Box

18 11-1/4
13-1/2 6-1/8
17 11

3-1/4

4

1.0

12.0

7-1/2 28

4+
5-3/4

10

o.69**

0.365**

0.431**
(4o4 voids)

Dose Produ

Minimum Maximum Minimum Maximum
rads. rads. bs/hr. lbs/hr.

100,000 200,000

100, 000 200,000

200, 000 400, 000

28

500

5 00

5 00

2000

2000

2000

ction
Megarad Pounds/hr.
Minimum

50

50

100

Remarks

Maximum

200

200

12 baskets/tray
1400 trays/carload

Other crates
6-1/2"H-22 los/crate
4"H - fiberboard

400

0.415**
(40-500 voids)

Average 2-1/2"D by
2-1/4" at 125 gms/ea.
Size varies greatly.
Density ^t 0.93

Lug 16-1/8 13-1/2 5-3/4+ 30-33 0.70** 100,000 300,000 1000*** 100 Top cleats 5/16" by
1-3/8" by 11-1/2"
L.A. yug is wood
(45 V/o). Many
sizes are used.

17 11 11-1/2 40 0.51** 200, 000 400, 0o**** 1000*** 200

* As discussed in December 1961 meeting of BNL and U. of C. personnel at U. of C. Davis Campus.
** Computed from given data.

*** Defined by BNL, AN-6202-6.
**** For Task II the required dose for lemons was changed to 100,000 Rads minimum and 150,000 Rnds maxinn
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Table 3.2.1

SUMMARY OF SOURCE STRENGTH, SHIELD WEIGHT, AND COST

I

Single Slab

Two Pass

Arrangement

II

Double Slab

One Pass

III

Single Slab
Four Pass

IV

Line Source

Rotary

V

Single Slab

One Pass

Co-60 Source Strength*, Curies

10% for Source Decay

Initial Source Strength

Utilization Efficiency (Eu) %

187,000

18,700

205,700

9.1***

(7.8-11.2)

374,000

37,400

411,400

4.55 ***

(3.9-5.6)

112,300

11,230

123,530

15.2 ***

(13.0-18.7)

159,000

15,900

174,900

10.7 ***
(10.0-14.7)

Shield Weight, tons

Cask

Irradiator

Labyrinth

Total

8.3

39.2

27.0

74.5

Estimated Cost, dollars** 253,500

8.3

19.2

45.0

72.5

251,500

6.6
51.1
27.0

84.7

316,700

6.8

41.3

23.3

71.4

274,400

* Minimum possible source to meet all minimum production rates.

** Does not include cost of source materials, encapulation, irradiation, loading, or dosimetry.

*** Based on fruit establishing minimum source, lemons.

Case

250,000

25,000

275,000

6.8 ***

12.6

23.6

45.0

81.2

285,200



Tblet 3.2.2

SUMMARY OF SOURCE DESIGN CALCULATIONS

Max.
Prod. Min.

Product Rate
lbs/hr.

Stwbry. (1) 2,000

Grape (2) 2,000

Peach (1) 2,000

Tomatoe (2) 1,000

Lemon 1,000

Case

I (4)
(2 pass-

1 slab)

II (14)
(1 pass-
2 slab)

III (4)
(4 pass-

1 slab)

(1)

(2)

(1)

(2)

(1)

(2)

(1)

(2)

(1)

(2)

(1)

(2)

2,000

2,000

2,000

1,000

1,000

2,000

2,000

2,000

1,000

1,000

2,000

2,000

2,000

1,000

1,000

(

Maximum Production
Max.

Megarad Loading Unit
Lb/hr. Depth Height Length

in. in. in.
Dose
Rads

100,000

100,000

200,000

100,000

200,000

100,000

100,000

200,000

100,000

200,000

100, 000

100,000

200,000

100,000

200,000

100,000

100,000

200,000

100,000

200,000

200

200

400

100

200

200

200

400

100

200

200

200

400

100

200

200

200

400

100

200

12

15

12

12

11-1/2

12

15

12

12

11-1/2

12

15

12

12

11-1/2

13

14

11-1/2

13-1/2

11

13

14

11-1/2

13-1/2

11

13

11-1/2

13-1/2

11

13

14

11-1/2

13-1/2

17-1/2

17-1/2

18

16-1/8

17

17-1/2

17-1/2

18

16-1/8

17

17-1/2

17-1/2

18

16-1/8

17

17-1/2

17-1/2

18

16-1/8

Stwbry.

Grape

Peach

Tomatoe

lemon

Stwbry.

Grape

Peach

Tomatoe

Lemon

Stwbry.

Grape

Peach

Tomatoe

Lemon

Bulk Loading
Densty
gms /cc.

0.365

0.431

0.415

0.70

0.51

0.365

0.431

0.415

0.70

0.51

0.365

0.431

0.415

0.70

0.51

0.365

0.431

0.415

0.70

Interval

min.

1.08

1.72

1.12

3.94

2.38

1.08

1.72

1.12

3.94

2.38

1.08

1.72

1.12

3.94

2.38

1.08

1.67

1.14

3.92

0.51 2.38

Velocity
ft /hr.

81

51

80.6

20.5

35.8

81

51

80.6

20.5

35.8

81

51

80.6

20.5

35.8

NA

NA

NA

NA

NA

Residence Max.
Time Mi. Dose Source
min. Curies

10.4

16.5

10.4

41.0

23.5

5.2

8.25

5.2

20.5

11.75

20.8

33.0

20.8

82.0

47.0

8.5

13.5

8.9

31.4

19.2

1.54

1.65

1.41

2.11

1.50

1.54

1.65

1.41

2.11

1.50

1.54

1.65

1.41

2.11

1.50

4 1.2

(1.2

(1.2

(1.3

'Min.

(3)
218,000

152,000

390,000

82,500

187,000

436,000

304,000

780,000

165,000

374,000

131,000

91,200

234,000

49,500

112,300

170,000

115,000

330,000

60,000

(1.2 159,000 10.7

3u

7.8

11.2

8.7

10.3

9.1

3.9

5.6

4.35

5.15

4.55

13.0

18.7

14.5

17.2

15.2

10.0

14.7

10.3

14.2

500

500

500

1000

1000

Minimum Source
Product-ion

Min. Rate Based onProd.
Rate
lbs/hr.

500

500

500

1000

1000

500

500

500

1000

1000

500

500

500

1000

1000

42,500

29,000

82,500

60,000

159,000 1

Single Source Megarad-Lbs/hr.
lbs/hr.

1715 171.5

2460 246

960 192

2270 227

1000 200

Source
Curies

(3)
54,500

38,000

97,500

82,500

187,000

109,000

76,000

195,000

165,000

374,000

32,750

22,800

58,500

49,500

112,300

171.5

246

192

227

200

171.5

246

192

227

200

187

276.5

192.8

265

1715

2460

960

2270

1000

1715

2460

960

2270

1000

1870

2765

964

2650

1000

(1) 'tacked 3 packages high per loading unit.
(2) .Stacked 2 packages high per loading unit.
(3) Does not include 10% for source decay.
(4) Package travels 7 feet in passing source.

45

11 11-1/2 17

iv (4)
(Rotary
motion)

Res.
Time
min.

12.1

13.4

21.7

15.1

23.5

12.1

13.4

21. 7

18.1

.23..5

12,1

13,4

21,7

is,.

23.5

9.1

9.8

18.5

11.8

19.2200

12

15

12

12

.4

i



Table 3.3.1

PRODUCT PACKAGE DATA

Bulk Density (gm/cc.)

0.365

Product

Strawberries

Grapes

Peaches (1)

Peaches (2)

Tomatoes

Lemons

0.431

0.415

0.415

0.70

0.51

Package Dimensions (in.)

Width Length Height

13" 172" 4"

14" 172"1 72"1

lit" 17" t10"

l12" 18" 4"1

131" 16-1/8" 6"

11"1 17" 112"

Package Attenuation

Distance (pt)

Width Length Height

0.76 1.02 0.234

0.965 1.21 0.517

0.73 1.13 0.664

0.765 1.2 0.266

1.56 1.82 0.672

0.90 1.39 0.935

Cardboard Box

Lug

(1)

(2)



Table 3.6.1

Estimated Cost

of

Item

Project Management

Design

Construction

Tractor

Trailer

Irrad. Shield **

Mech., Elect. & Inst.

Assembly of Components

Mechanical Test

Subtotal

Common Cost

Total

Typr

Mobile Irradiator for Fruit Produce

Estimated Cost* -
)e I-V I II III- IV V

20,000

50,000

22,000

18,000

74,500

50,000

12,000

7,000

117,000

* Estimated cost does not include cost of

** Based on 50e/lb.

136,500

117,000
253,500

72,500

50,000

12,000

134,500

117,000
251,500

84,700

100,000

15,000

199,700

117,000

316,700

71,400

75,000

12,000

158,400

117,000
275,400

81,200

75,000

12,000

168,200

117,000
285,200

Estimate

Std. Dey

+ 5,000

+ 10,000

2,000

+ 2,000

+ 20,000

- 15,000

- 3,000

+ 3,000

28,000

source material, encapsulation, irradiation, loading or dosimetry.





4.0 FURTHER STUDIES ON SINGLE SLAB-TWO PASS AND ROTARY DESIGNS (Task 2)

4.1 Ground Rules

As a result of the Task 1 effort, two irradiator designs were chosen

for further study. Under Task 2, it was established that the single slab-two

pass concept (Case I) and the rotary concept (Case IV) would be developed to

a point defining design criteria and preliminary specifications.

For the most part, the ground rules established in Task 1 were kept for

this effort. Nevertheless, several basic design philosophies had yet to be

established. These included the need for refrigeration, the irradiator's

tenure of service, and the radiation levels permitted in the vicinity of the

irradiator. To initiate this study the ground rules selected were 1.)

refrigeration would not be necessary, at most ventilation of the whole irra-

diation chamber would be provided, 2.) the source would be designed for one

year having a 10% allowance for decay, but no provision would be made for

adding additional source strips, and 3.) the shielding would be designed for

unrestricted access to all frequented areas outside the truck.

To evaluate the effect these ground rules would have on the cost, several

additional studies were made which are reported in Section 4.4, Shielding

for a 30 Feet Exclusion Area, Section 4.5, Provisions for 5 Year Life, and

Section 4.6, Refrigeration Studies. The effect of these variations on cost

and utility are discussed.

The irradiator designs developed under the Task 1 effort were based on

the minutes of the Davis Campus meeting which were summarized in Table 3.1.1.
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In the interim, the radiation specifications for lemons was changed; the

minimum dose was reduced to 100,000 rads and the maximum to 150,000 rads

allowing a maximum to minimum dose ratio of 1.5. Since the maximum to

minimum ratio in the Task 1 study was 1.5, the only change necessary was

to reduce the source strength by 50%. In this event, the lemons no longer

determined the minimum source requirement to meet all the minimum production

rates. Peaches were then controlling and the new minimum source requirements

became 97,500 curies for the single slab-two pass design (Casel) and 82,500

curies for the rotary design (Case IV). The new irradiator parameters were

calculated on this basis and are presented in Table 4.1.1. Those parameters

that did not change are presented in Table 3.2.2 under Task 1 studies.

In Task 1 the estimated irradiator costs did not include the cobalt-60

source costs. In Task 2 these costs were included according to the following

defined schedule. The cost of source handling, encapsulation, and assembly

from the irradiated product at the reactor site to the fabricated assembly

was established at $5,000 by BNL for purposes of this estimate. The cost of

the cobalt metal was set at 4 different values of 259, 50c, 754 , and $1.00

per curie to evaluate the effect of cobalt source cost on the overall

irradiator costs.

The Task 2 study was to include the design for cooling the source when

in the irradiation chamber, in the storage cask, and also during shipping

from one site to another. The details of this study are presented in later

sections.
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Oranges were briefly considered as a product to be radiopasteurized in

the mobile irradiator. In the absence of definitive specifications for the

irradiation of this product, the oranges were considered close enough to lemons

in their properties that the information developed for the lemon case would

also be applicable to oranges.

The encasement sheaths surrounding the source array was assumed to be

aluminum in the Task 1 studies. To insure protection against Nitric Acid

attack, all permanent structures in the radiation chamber were specified to be

stainless steel.

Considering then, a stainless source cover, and a double source thickness,

the self shielding attenuation distance of 0.3 assumed in the Task 1 studies

approaches very closely the estimated value of 0.27 relaxation lengths for

the Task 2 source covered with a 3/32" stainless steel shroud,

4.2.0 Single Slab-Two Pass Mobile Irradiator

4.2.1 General Arrangement

The general arrangement of the single slab-two pass irradiator is

shown on Figure No. 4.2.1. The overall machine including the trailer is

32'9" long x 8'0" wide and approximately 12' high. The machine itself is

located on the trailer with the center of gravity at a point to distribute

2/3 of the weight on the rear axles.

The trailer is enclosed by a removable insulated body. This body is

conventional in outward appearance but is custom-made to suit the trailer

dimensions. Special doors are located at the rear of the body for passage of

the produce. A personnel access door is located at the rear of the body.

Side doors are located near the forward end of the body for access to

4.3 
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the auxiliary equipment.

The controls for the machine are located at the rear of the truck.

Auxiliary equipment and storage area are located at the forward end in the

space over the tongue of the trailer.

Produce enters and leaves the truck through the rear access doors.

Motorized conveyors transport the produce to the labyrinth entrance. From

this point produce is transported through a vertical labyrinth by a motorized

chain conveyor. This transfer is carried out at a relatively high speed to

minimize the total dwell time. Upon entering the irradiation chamber the

produce is transported in a forward linear motion, being pushed by a pneumatic

cylinder. At the end of the first pass, by the radiation source, the produce

is transported quickly in a lateral direction, It is then transported through

a second pass by the radiation source. The speed of travel for these two

passes is a function of the produce being irradiated and the radiation dose

required. At the end of the second pass the produce is transported from the

chamber through the vertical labyrinth in a manner similar to the entering

produce. After exiting from the labyrinth the produce is directed out of the

truck via the motorized conveyors.

The source storage cask is located directly above the irradiation

chamber. This cask is used for storage of the source when not in use and also

serves as a shipping container. The source drive mechanism used to insert and

draw the source from the irradiation chamber is a part of this source storage

cask.
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The total weight of the machine including tractor and trailer is estimated

to be 144,500 lbs. This weight is within the practical range for tractor-trailers.

The only restriction imposed upon the use of this machine is the necessity for

special permits for moving the tractor-trailer over public highways. It is not

anticipated that any difficulty would be encountered in obtaining these permits

since many vehicles of even greater weight are being moved over highways today.

The overall length of the tractor-trailer is 49'2". This length is

within the restrictions required for public highway use.

4.2.2 Irradiation Chamber

The irradiation chamber is shown on Figure No. 4.2.2. It is estimated

that this unit weighs approximately 44,200 lbs. It is approximately 9'8" long

x 8'2" wide x 3'8" high. The chamber is primarily constructed of lead which is

clad with stainless steel on the interior surfaces and by carbon steel on the

exterior surfaces. A shielding access door is located at the far end of the

chamber. This allows for personnel entry into the chamber for maintenance

when the source has been drawn up into the storage cask. This door is indicated

as being wheel-mounted. However, a hinged design should be investigated in final

design.

A stainless steel sheath is located at the source position. This serves

as a safety barrier between the source and the produce loading units. There is

no possibility of a loading unit contacting or interfering with the source. This

sheath also serves to form an air passage for the source cooling air stream.

4.5 53



Air is directed from the chamber into the bottom of the sheath, upward passed

the source into the source storage cask and is withdrawn by the source cooling

blower.

Stainless steel guide rails are installed in the chamber to support

and guide the produce loading units through two passes. Loading units entering

the chamber from the vertical labyrinth are automatically placed upon the guide

rails for the first pass. The first pass pusher cylinder then advances a short

rapid stroke until the leading end of the loading unit contacts the previous

loading unit which is partially through its first pass. The pusher then continues

its forward motion at a predetermined slow speed. The loading unit being pushed

moves all those loading unit preceding it in the first pass. The pusher is then

moving a total of four loading units at the same continuous speed. This forward

motion continues until the array of four units is moved exactly one unit length.

The first pass pusher then retracts at high speed to receive the next loading

unit from the labyrinth. These motions are interlocked electrically. During

this time interval the loading unit at the end of the first pass is pushed

laterally at high speed to a position for its second pass. It is estimated

that the time intervals required for these motions will be in the range of 5

seconds.

The pushing sequence then starts again with the first and second pushers

operating simultaneously in a similar manner. At the end of the second pass,

produce exits through the labyrinth at the same time another loading unit

enters from the labyrinth.
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The total length of travel for each pass is 6'0".

The top side of the irradiation chamber is fitted to receive the

source storage cask above the source position. A stepped opening is also

provided to match the labyrinth. Supports and hold-down brackets are pro-

vided at the base of the chamber. The entire chamber is to be mounted on

a steel base plate which is welded to the trailer.

4.2.3 Labyrinth

The arrangement of the labyrinth is shown on Figure No. 4.2.3. This

unit weighs approximately 50,800 lbs. and is approximately 76" high x

5'6" long x 5'2" wide. The labyrinth unit is constructed primarily of

lead and is clad with stainless steel on the interior and carbon steel on

the exterior.

The unit is essentially a rectangular opening forming a vertical

labyrinth, one side being used for package entry and the other side being

used for package exit. A steel plate is installed at the center dividing

the labyrinth into two separate channels. This plate serves to support the

conveying system as well as serving to reduce radiation shine through the

labyrinth.

The conveyor transporting packages in and out of the system is a

chain conveyor with two separate chains making up each of the loading unit

conveyors. These chains are fitted with special swivel hooks which will be

capable of lifting a loading unit from outside of the labyrinth and trans-

porting it, in an upright position, through the labyrinth and depositing the

loading unit on the floor of the irradiation chamber. The exit conveyor

operates in the same manner.
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The speed of travel of these conveyors is arbitrary, being in the

order of 40'/minute, and will remain fixed for all the produce items.

Operation of the conveyor will be interlocked with the irradiation

speeds so that a loading unit will arrive or leave the irradiation chamber

at the proper time.

4.2.4 Source Storage Cask

The arrangement of the source storage cask is shown on Figure No. 4.2.4.

This unit weighs approximately 13,500 lbs. It is approximately 4'9" high x

2'9" long x 2'4" wide. The cask is primarily constructed of lead and is

clad with stainless steel on the interior surfaces and carbon steel on the

exterior surfaces. Cooling fins are provided on the exterior to aid in heat

removal.

The source cavity is a relatively narrow slot about 7" wide x 2" deep.

The lower end of this cavity is shielded by a rotated cylindrical plug. A

slot in this plug may be lined up in the source cavity to allow for with-

drawal of the source or may be rotated 900 from the cavity for source storage.

Operation of this plug is manual by means of a rotating handle.

The source drive is located at the upper end of the cask. This drive

lowers the source on a long extension during irradiation and retracts the

source upward into the cask cavity for storage purposes. The length of travel

of the source is such that the upper extension rod must be removed during

transit of the machine. This drive unit extends through the roof of the truck

body during periods of operation. The source drive is interlocked with the
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rotary plug at the bottom of the storage cask to prevent the source being

lower when the plug is closed.

Provisions are made for shipping the storage cask in an upside-down

position. This is necessary since access to the source can only be had from

the plug opening side. Since source handling operation will undoubtedly be

made in a water-filled pool or in a hot cell, this end would normally be on

the top side. Provision is also made for the sealing of all cask penetrations

and openings to make these water-tight. This is done because it is anticipated

that the cask would normally be shipped with the source cavity filled with

water. This greatly decreases the source cooling problem during periods when

forced air cooling may not be available.

Cooling air ducts are provided through the lead shielding from the

outside of the cask into the source cavity. These cooling ducts are narrow

rectangular passages which are curved to reduce any radiation shine,

4.2.5 Source Holder

The source holder is shown on Figure No. 4.2.4. This holder is arranged

to hold 20 individual source strips in an overall array of 5 wide by 2 high

by 2 deep. The source slab is approximately 24" high x 4" wide. The holder

is constructed of stainless steel and consists of an all-welded frame with a

side opening plate which is used in the source loading or unloading operation.

When fully loaded, the source holder will be attached to the upper shield

plug and source drive rod.
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4.3.0 Two-Pass Rotary Mobile Irradiator

4.3.1 General Arrangement

The general arrangement of the two-pass rotary mobile irradiator is shown

on Figure No. 4.3.1. The overall machine including the trailer is 32'2" long x

8'0" wide x approximately 12'0" high. The irradiation machine itself is located

on the trailer with the center of gravity at a point to distribute 2/3 of the

weight on the rear axles. The trailer is enclosed by a removable body which is

conventional in outward appearance but is custom-made to suit the dimensions. The

rear of the body includes two special doors for the passage of the produce. A

personnel entry door is also located in the rear. Side doors are located near

the forward end of the body for access to the auxiliary equipment.

The controls for the machine are located at the rear of the trailer

between the produce conveyors. Auxiliary equipment and storage area is located

at the forward end of the trailer. Produce enters the truck in loading units and

is transported by motorized conveyors to the entrance of the labyrinth. At this

point the loading unit transfers to a labyrinth elevator which is a simple

platform driven up and down on two lead screws. At the bottom of this vertical

drop, the package is transported horizontally to a point opposite the irradiation

chamber. At this point it is pushed again in a forward motion and enters one of

the suspended cages of the rotary conveyor.

The loading unit dwells for a predetermined period of time in this position.

At the end of this dwell period, the rotary conveyor rotates through 90 and again

stops for the same predetermined dwell time. This sequence continues until the

package has been transported through the four irradiation positions on the
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conveyor. As the loading unit returns to its original position, it is pushed

again in a forward direction to the next position in the same cage. This pushing

motion is accomplished by the loading unit being introduced into the chamber in

the same manner as the first unit was introduced. The cycle then repeats through

the four irradiation positions. At the end of the eighth dwell period the loading

unit is ejected from the chamber, being pushed out by the loading unit next in

line which is being advanced by the pusher introducing units to the chamber.

Since this last motion is not of sufficient length to completely eject the loading

unit, the package extractor is used to pull the unit completely out of the chamber.

This extractor is a pneumatic piston equipped with a special end capable of latch-

ing the loading units.

When a unit is free of the chamber, it is again pushed in a lateral

direction on to the exit elevator. This elevator is similar to the entrance

elevator except that it is used to raise packages upward in the last leg of the

labyrinth. When the top position is reached, another lead screw unit drives the

package off the elevator unit and on to a motorized conveyor for transport out

of the truck.

The source storage cask is a horizontal unit mounted on to the rear end

of the machine.

4.3.2 Irradiation Chamber

The arrangement of the irradiation chamber is shown on Figure No. 4.3.2

This unit weighs approximately 88,000 lbs. It is a cylindrical container with
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with a 6'10" O.D. and a 5'0" I.D. The inside length of the cylinder is 3'8"

and the overall length is 5'6". Openings 20" square are provided at both ends

for entrance and exit of the loading units. A stainless steel source chute

is provided at the geometric center of the chamber with a full-size opening

at the storage cask end. This chute provides a safety barrier between the

source and the produce units. Cooling ports are provided at one end of the

chute along the passage of cooling air passed the source when in the irra-

diation position. The rotary conveyor is a ferris wheel arrangement with four

cages suspended between two end supporting and driving wheels. The convyor is

driven by an external motor and a drive shaft penetrating one of the end shield

walls. The cages are of a length suitable for holding two loading units.

Since in operation each loading unit makes two rotary passes about the source

stopping in the dwell time in each of eight radiation positions.

4.3.3 Labyrinths

The arrangement of the labyrinths is shown on Figure No. 4.3.3. The

entrance and exit labyrinths are similar in design but vary in detail. The

entrance labyrinth is fabricated to receive the source storage cask and is

fitted with a penetration tube for insertion of the source into the chamber.

The entrance labyrinth is estimated to weigh 28,800 lbs. and the exit labyrinth

is estimated to weigh 19,000 lbs. The produce loading units arrive at the

top of the entrance labyrinth via the motorized belt conveyor. At this point

the loading unit leaves the conveyor and rests upon the entrance elevator

platform. The elevator platform then lowers at a rapid speed, carrying the
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loading unit to the bottom of the first labyrinth leg. Here the loading unit

is pulled in the lateral direction, off the elevator platform, by a pulling

unit which operates a lead screw. At the end of this lateral movement the

package is pushed again in a forward direction by a pneumatic cylinder. The

stroke of this cylinder is such that it will push the package on to the cage

of the rotary conveyor. The entering loading unit, in turn,pushes the two

units already in the cage. The unit on the first pass advances to the second

pass position and the unit on the second pass is extracted from the chamber into

the exit labyrinth.

The exit labyrinth is equipped with an extractor pneumatic cylinder

which is extended to ride over and engage the top of the exiting loading unit.

The loading units in this rotary design is equipped with special top covers

suitable for this extracting device. When the exiting loading unit has been

fully extracted from the chamber it is pushed by another lead screw drive in

a lateral direction on to the elevator exit platform. This elevator raises

the package rapidly up and out of the labyrinth. In its uppermost position

another pusher lead screw arrangement pushes the loading unit on to a gravity

wheel conveyor for transport out of the truck.

4.3.4 Source Storage Cask

The source storage cask is shown on Figure No. 4.3.4. It is a cylind-

rical cask with an outside diameter of 2'2" and an overall height of 4'12".

External cooling fins are provided for the dissipation of source heat.
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The central source cavity is cylindrical and is closed off by a

rotating spherical lead plug with a central cylindrical hole. This plug is

rotated through 900 either to align the opening with the source cavity or to

shield the cavity. The opposite end of the source cavity is provided with a

penetration for the source drive shaft.

Air cooling ducts are provided through the shielding walls. These are

rectangular slots to be installed in a spiral fashion to reduce radiation shine.

4.3.5 Source Holder

The arrangement of the source holder is shown on Figure No. 4.3.4. The

holder is a cylindrical arrangement with an overall length of approximately

19" and a diameter of approximately 3"".

The source itself is made up of 20 source strips which are two strips

long and ten strips around the perimeter. An inner core or connecting tube is

provided with slotted end flanges and a center ring flange. The source strips

are to be installed into these slots and then locked in place by a center

retaining ring. An outer stainless steel sleeve is provided as a safety

barrier, preventing damage to the source strips. The air passages are provided

at the lower end of the outer sleeve for the entry of cooling air passed the

source strips. This cooling air stream leaves the outer tube through passages

at the opposite end.

The end flanges of the source holder will fit inside of the irradiation

chamber sleeve with a minimum of clearance. This is necessary to insure that

air flow from the chamber will be directed inside the source holder and not

bypass the holder on the outside of the outer sleeve.

4.1462



4.4.0 A 30 Feet Exclusion Area

One method of reducing the shield weight, and therefore the irradiator

cost is to use an exclusion area around the tractor-trailer beyond which an

unrestricted access zone exists. Within the exclusion area only restricted

access would be permitted.

It was estimated by the people at the University of California, Davis

Campus that a 30 feet exclusion radius would reduce by approximately 10% the

number of sites the mobile irradiator could visit, and probably represents the

maximum practical exclusion distance.

Moving the exclusion area out 30 feet from the edge of the truck per-

mitted a reduction of the lead shield thickness of 2.75 inches. Ast the operators

console the maximum dose allowed was 2.5 m rad/hr which permitted a savings of

only 0.9 inch of the lead shielding that area. With this arrangement the dock

area would always be an unrestricted area. The savings in shield weight

represented about 30% of the weight required for unrestricted access at the

truck surface. The cost reduction is approximately 30% of the shield cost or

$21,000, which is less than 10% of the total estimated irradiator cost. This

small cost saving did not appear to justify the physical incumberance of a

30 ft. restricted zone, and the adverse effect on personnel and community

relations. Furthermore by designing for a completely unrestricted zone around

the irradiator, the possibility of operating at higher source strengths within

reasonable exclusion areas in the future is provided.
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4.5.0 Provisions for 5 Year Life

The irradiator designs studied under Tasks 1 and 2 were predicated

on the ground rule that the source would provide approximately the minimum

production for all five fruits for a total life of one year. For this reason,

the required initial source strength was increased by 10% to allow for source

decay.* At the end of this year, the option would then exist to continue

operating at reduced capacity (only peaches would not meet design specifications

initially),orraise the source activity to an acceptable level. Under these initial

ground rules, the developed design criteria stressed high specific activity

low volume sources. The problems of optimizing the source specific activity,

and planning for stand-by source strips were not considered.

In more specific analyses, the philosophy governing the source design

will alter the irradiator capital and operating costs and thus require some

investigation. The following discussions cover some of the operational modes

possible for a five year program, pointing out the advantages and disadvantages

of each.

Three basic modes of operation are possible over a five year program.

These are:

a. Design initial source for five year life.

b. Periodic replacement of the whole source.

c. Periodic spiking or replacement of part of the source.

4.5.1 Full 5 Year Life Source

Under the stipulation that the minimum production must be met for all

*The 10% increase was arbitrarily selected; the actual decay in 1 year is

about 14%.

64 4.16



five fruits over the 5 year period, the source strength required initially

would be doubled for a once only source. Relaxing the ground rules somewhat

to allow less than minimum production rates for one or more of the fruits,

at some period in the five year life would reduce this high source requirement.

If it is decided that the source should be designed for minimum production as

stated with no provision for source decay, the production rates at the end

of 5 years would be as follows:

Source Production

Case Fruit Initial After 5 yrs. Initial After 5 yrs.
Curies Curies lbs/hr lbs/hr

I Strawberries 97,500 48,800 894 450

Grapes 97,500 48,800 1283 645

Peaches 97,500 48,800 500 255

Tomatoes 97,500 48,800 1182 595

Lemons 97,500 48,800 1043 525

IV Strawberries 82,500 41,300 970 490

Grapes 82,500 41,300 1422 715

Peaches 82,500 41,300 500 255

Tomatoes 82,500 41,300 1375 690

Lemons 82,500 41,300 1038 525
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It is seen that if peaches were not of primary interest, that production

capacities of 450 lbs/hr. and up are still possible after 5 years of operation

with the source designed to meet the minimum production of peaches initially.

If the source strength is doubled, the cobalt cost is essentially

doubled and the shield cost is increased by approximately 5%. The amortization

rate of the mobile unit is then only 1/5 that of the machine designed for a

one year life.

A 5 year life source has the disadvantage of requiring higher specific

activities and/or larger physical size. It has the advantage of no down time,

of not requiring replaceable units, and eliminates the expense of fabricating,

irradiating, encapsulating and shipping replacement units.

4.5.2 Periodic Source Replacement

This mode of operation allows the mobile irradiator to operate at the

designed production capacity for all five fruits for the full 5 years or

longer, with a smaller source strength than would be required for a once only

source. The closer the source strength is to the minimum required source

strength, the more frequent is the need for replacement. At 114% of the

minimum design source strength, the replacement would be approximately yearly.

The advantage of a smaller source must be balanced against the cost

of re-current handling, fabrication, and irradiation charges, and the required

additional inventory for a ready source replacement at regular intervals.

An advantage is that the source size is minimized and this makes the irradiator

slightly smaller. But, the number of replacement sources in inventory is high,
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depending on the frequency of change. Also, the irradiator would be inoperable

during source replacement. The latter situation may not be important if the

processing is seasonal and source replacement is scheduled for the off season.

4.5.3 Periodic Spiking on Partial Source Replacement

The required inventory may be significantly reduced by periodically

replacing only part of the source or by spiking the initial source array.

To keep the irradiator and cask designs as small as possible, high

specific activities were specified for the source. To be able to restore the

source to its original source strength with the minimum of new parts, spiking

or replacement elements must have a significantly higher specific activity

than the original source strips. To provide for partial replacement or spiking,

the high specific activity source criteria must be reduced and the source array

thus becomes larger, which in turn increases the size of the irradiator and

the cask. Therefore, the total amount of cobalt inventory is reduced from that

in case b, but the irradiator and cask size is increased. The source refurbishment

would be accomplished at the same place required for whole source replacement so

that shipping time would be comparable to case b. Downtime per source change

would increase due to the increased handling required at the fabrication and

loading site.

As an example, if the initial source strength is 75 c/gm, at the end

of one year 1/3 of the source would be replaced with 90 c/gm material (the

maximum permitted by the ground rules) to restore the source to its original

strength. At the end of the second year 1/4 of the source picked from the
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original strips would need to be replaced with 90 c/gm material, 1/5 at the end

of the third year, and about 18% at the end of the fourth year. The use of a

larger source having a strength of 50 c/gm would make it possible to replace

fewer strips per year, but at the price of a larger irradiator and cask. This

scheme might be attractive under the particular circumstances that it were

desirable to limit the initial concentration to 50 c/gm although 90 c/gm cobalt

would be obtainable after a year or so.

This mode of operation requires more handling than one employing a

source of 75 c/gm with 40% voids and spiking with 90 c/gm material. They

both occupy the same space but the spiking operation allows simpler source

manipulation in that cobalt strips need only to be added, whereas the previous

mode requires a removal operation as well.

4.5.4 Cost Comparison Between a Full 5 Year Source and Yearly Increase

The results of a cost comparison between a full 5 year source (i.e.

200% of the minimum required) and a 114% source that is replenished each year,

are given in Tables 4.5.1 and 4.5.2 for both the single slab-two pass and

rotary designs. The costs are given for $0.25, $0.50, $0.75 and $1.00 per

curie. It should be borne in mind that in order to make this comparison it

is necessary to make many assumptions, approximations, and generalizations,

the ultimate validity of which can only be tested under a detailed plan of

work with specific design details available along with the geographic area

of use, and knowledge of the isotope activation reactor. The cost comparison

is nevertheless useful and indicates that the higher the unit cost of cobalt
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the more economic is the 14% yearly replenishment plan. The costs shown in

the tables indicate that even at 25 per curie the 14% yearly replenishment

plan is lower in cost, however, the difference is small and is undoubtedly

within the uncertainty of the assumed costs for handling and shipping. As

such it might be concluded that for Cobalt-60 unit prices of 254 per curie

and lower it would be best to use the initial double strength source which

would eliminate the need for the planning and coordinator associated with

the yearly source replenishment.

Table 4.5.1

200% Initial Charge Plan - 5 Yr. Basis

Cost of Co-60* - $/curie
Item @ $0.25 @ $0.50 @ $0.75 @ $1.00

Rotary:

Initial Source Cost $41,250 $82,500 $123,750 $165,000

Source Handling Encap.

L Assembly 5,000 5,000 5,000 5,000
Source Shipping 1,500 1,500 1,500 1,500
Increased Shield Cost (5%) 4,4.4 00 4400 4,400

Total $52,150 $93,400 $134,650 $175,900

Linear:

Initial Source Cost $48,750 $97,500 $146,250 $195,000
Source Handling Encap.

& Assembly 5,000 5,000 5,000 5,000
Source Shipping 1,500 1,500 1,500 1,500
Increased Shield Cost (5%) 3,360 3,360

Total $58,610 $107,360 $156,110 $204,860

* No Allowance Made for Value of Co-60 at end of 5 year operating period.
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Table 4.5.2

Yearly Recharge Plan - 5 Year Basis

Cost of Co-60* $/Curie
at .50 at .75 at 1.00

Initial Source Charge**

Initial Source Handling, Encap.
and Assembly

Initial Source Shipping

14% Yearly Source Recharge x 4

Yearly Source Handling Encap.

and Assembly x 4

Yearly Source Shipping Charge

x 4

TOTAL

$23,550

5,000

1,500
11,550
6,000

4,000

$47,000
5,000

1,500
23,100

6,000

4,000

$70,500

5,000

1,500
34,650

6,000

4,000

$94,000

5,000

1,500
46,200

6,000

4,000

$51,600 $86,600 $121,650 $156,700

Linear:

Initial Source Charge**

Initial Source Handling, Encap.

and Assembly

Initial Source Shipping
14% Source Recharge x 4

Yearly Source Handling, Encap.

and Assembly x 4
Yearly Source Shipping Charge x 4

$27,800
5,000

1,500
13,670
6,000

$55,600

5,000

1,500
27,340

6,000

$83,400 $111,200

5,000 5,000

1,500
41,010
6,000

4,000 4,000 4, 000
$57,970 $99,440 $140,910

1,500
54,680

6,000

4,000

$182,380

* No allowance made for value of Co-60 at the end of the 5 year operating period.

** Includes 14% extra to cover first year decay.
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4.6.0 Refrigeration Studies

4.6.1 Need for Refrigeration

As previously mentioned, the irradiator study was originally started on

the basis of not refrigerating the irradiator or the trailer. In taking this

approach, it was assumed that the fruit would be irradiated immediately following

picking, after which it would be placed in refrigerated storage. In the event

that it was necessary to irradiate fruit that had been refrigerated, it was felt

that the temperature transcient would be small. To verify this assumption, a

test was made in which trays of strawberries were cooled for 48 hours to a

uniform temperature of 400F. The trays of strawberries were then placed in an

aluminum box provided with a cover and generally similar to the carrier that

would be used in the irradiator. With the room at 790F the rate of rise of the

strawberries near the perimeter of the box was 3.5 0F/hr. This rate of rise

could be reduced by prechilling the aluminum boxes and using an insulated box.

The general philosphy of an unrefrigerated irradiator and trailer, as

well as the temperature transient measurements for the strawberries, were reviewed

with the pomologists at Davis. It was concluded that not providing refrigeration

would be contrary to the modern trends of the industry wherein the importance

of maintaining a uniform refrigerated temperature has been increasingly ap-

preciated. Furthermore, the temperature within a close trailer van standing in

the California sun would become unbearably hot. For these reasons, it has

become generally accepted that the trailer will be air conditioned.
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4.6.2 Mechanical Refrigeration System

A study was made to determine the refrigeration requirements for the

two irradiators studied under Task 2. The bases for the evaluation were an

ambient temperature of 100 F, a control temperature of 40F, a contained source

of 100,000 curies of cobalt-60, only filtered air leaving the truck, and a

cool-down time less than 2 to 3 days.

The analysis showed that the units may be maintained at 40F in an

ambient temperature of 1000F with a 4 to 5 ton refrigeration system. During

the cool-down period, when only the exhaust fan is operation, the time for

this unit to reach 500F from 1000F was estimated to require approximately 24

hours.

The refrigeration system was calculated as follows. Approximately 100

cfm of air at 40 F is exhausted from the truck after removing approximately

30% of the decay heat from the source. This exhaust fan creates a negative

pressure inside the trailer causing all leaks to enter into the truck. The

packages are fed through a flapped opening in the back of the truck and then

through a second flapped opening into the truck proper. The refrigerating

coils receive air from the partitioned entrance chamber. In this way, all

the air entering the truck must first pass through the cooling coils, thus

draining off the condensation before it enters the truck proper.

4.6.3 Operating Heat Load

The heat load on the truck was evaluated as follows:

1. 100,000 curies cobalt-60

2. Personnel load - 3 persons in attendance
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3. Electrical load

4. Heat leak from surroundings

5. Make-up air infiltration (source cooling)

1. The heat equivalent of 100,000 curies of cobalt-60 is approximately

5100 Btu/hr. Since about 30% of this is removed by the exhaust air, the heat

load on the system directly is w 3600 Btu/hr.

2. Assuming 3 persons at a maximum, each engaged in semi-vigorous

activity, as in maintenance, the heat load would be approximately 3000 Btu/hr.

3. The electrical load was estimated assuming 5 to 10 horsepower for

all motors within the trailer, about 500 watts for lighting and another 500

watts for electronic control equipment and auxiliary equipment. This amounts

to 20,000 to 36,000 Btu/hr. The higher value was estimated for the rotary

case which has many more moving parts than the linear case.

4. The heat leak into the truck was calculated assuming the equivalent

of 2 inches of foam glass insulation, and that the top and two sides of the

truck were exposed to the sun. The truck surface area was calculated using

the dimensions 32' long, 8' high and 8' wide. Under these conditions, the

heat leak was estimated to be 11,000 Btu/hr.

5. Approximately 1/3 of the source heat is removed using air as a

coolant. At 1000F air inlet, the source temperature rise was estimated to

be 10 F with a flow of 160 cfm. For purposes of this calculation, an air

flow of 100 cfm at 400F inlet was used. One hundred cfm of ambient air at

100 F cooled to 400F would require approximately 5200 Btu/hr cooling.
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Adding up all of these heat loads amounts to 42,800 Btu/hr and 58,800

Btu/hr or 3.6 to 5 tons of refrigeration.

4.6.4 Transient Heat Load

Estimates were made to determine the amount of time required to cool

down the entire system, primarily the shielding, to 50F for both irradiator

types. The weight of the linear case shield is approximately 100,000 lbs.,

and that of the rotary case is 150,000 lbs. To cool these shields from 1000F

to 40 F requires approximately 200,000 Btu for the linear case and 300,000 Btu

for the rotary case.

Limited only by the rate of heat transfer obtainable by natural con-

vection and the 100 cfm of air in the labyrinth, the required cooling time for

the shield to reach 500F was estimated to be about 24 hours. The maximum

refrigeration requirement at the beginning of the cool-down period was cal-

culated to be about 4 tons. Therefore, a 4 to 5 ton machine appears to be the

optimum size for refrigeration. The cool-down process may be hastened by pro-

viding fans to stir up the air, thereby increasing the rate of heat transfer

during the latter part of the cooling process.

4.6.5 Refrigeration Cost

A truck manufacturer was contacted to determine the increase in cost

arising from the use of a refrigerated truck. An insulated trailer with a

standard capacity 2 ton refrigeration unit increases the trailer cost from

$18,000 to about $21,000. In this instance, a 5 ton refrigeration machine is

required and this will increase the cost by about $2,000 more, making the total

cost for the refrigerated trailer and refrigeration machine about $23,000 or a

total differential cost of about $5,000 for refrigeration.
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4.7.0 Conclusions From Task II Studies

As a result of the Task II studies on the single slab-two pass and

rotary designs, the following conclusions were reached:

1. The general conclusions made under Task I are still valid.

2. Both irradiator designs are practical. The single slab-two pass

irradiator is lighter in weight and mechanically simpler. The rotary design

uses a smaller Co-60 source, 82,500 curies compared to 97,500 curies (not

including any allowance for source decay).

3. The shielding should be designed to permit unrestricted access to

all areas on the outside of the trailer.

4. To provide for a 5 year operating life, it is more economical to

use a 14% yearly replenishment plan compared to starting with a double strength

source to allow for decay. However, for Co-60 at 2516 per curie and lower the

cost differential is within the uncertainty of the other costs and, at this

unit cost, it would probably be better to use the double strength source to

eliminate the planning and coordination associated with the yearly replenish-

ment.

5. The trailer housing the irradiator should be refrigerated.
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Table 4.1.1

SUMMARY OF SOURCE DESIGN CALCULATIONS (Task 2)

Case

I**

(linear)

IV

(rotary)

Fruit

Stwbry.

Grape

Peach

Tomatoe

Lemon

Stwbry.

Grape

Peach

Tomatoe

Lemon

Source*

Curies

97, 500

97,500

97, 500

97,500

97,500

82, 500

82,500

82,500

82,500

82,500

Min. Dose

Rads

100,000

100,000

200,000

100,000

100,000

100,000

100,000

200,000

100,000

100,000

* Source Strength

** Packages travel

does not include 14% for decay.

6 feet in passing source.

Prod. Rate

lbs/hr

894

1283

500

1182

1043

970

1422

500

1375

1038

Megarad -lbs/hr.

89.4

128.3

100

118.2

104.3

97.0

142.2

100

137.5

103.8

Loading Interval

min.
2.41

2.67

4.48

3.33

2.28

2,22

2.35

4,56

2.85

2.29

Residence Time

min.
19.9

21.9

35.6

29.7

19.3

17.5

19.0

35.6

22.8

18.5
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5,0O TRACTOR-TRATIER INVESTIGATION

A trailer manufacturer, and a tractor manufacturer were contacted for

preliminary discussions on the feasibility of this equipment. The trailer

manufacturer stated that trailers in the size and capacity for this purpose are

not uncommon. Instances were cited where trailers are currently hauling loads

in the neighborhood of 100 to 200 tons. The trailer type used for this purpose

is a "Carry-all", which is a flat depressed bed arrangement. In this

particular application, it is most probable that a three axle wheel support

would be used at the rear of the trailer. The weight distribution on the

trailer should be set so that 40% of the load is taken by the two driving axL-s

of the tractor and 60% of the load is taken by the three rear axles of the

trailer.

The federal limitation on mad.mum height of a truck is 131. However,

the standard limitation is 12-64. The standard width is S. Trucks have been

built as wide as 10', but these are extremely difficult to move and should

only be used as a last resort. The maximum length of a tractor-trailer

should be restricted to 501 to meet the most stringent of state requirements.

Restricting the tractor-trailer length to 50' does not appear to be a problem

in this current study.

There is another restriction regarding the movement of a trailer-tractor

combination carrying weights such as are anticipated. Movement of this truck

will be carried out under special license. The maximum weights for trucks

without this license for most of the states is about 55,000 lbs. Table 5e1

lists the various states size and weight restrictions on trucks, published

by the Truck-Trailer Manufacturers Association, Inc.

A trailer for this purpose would cost about $13,000 and delivery would b

about two months. An aluminum body cover on the trailer would cost an

5.1 85



additional $5,000, and would require an additional month for delivery. A

"'carry-all" truck is not usually supplied with a body, but this can be done

on special order. The normal height of truck bodies is 10'-L L1/2'f above the

truck bed. A refrigerated truck with an insulated body and a 5 ton

refrigeration machine increases the cost about $10,000 making the cost of

complete refrigerated trucks about $23,000.

The manufacturer of tractors stated that the requirements of this unit

are not uncommon and one of their standard tractors could be supplied for

this service. This would be a six-wheel diesel truck with an engine of

250 to 28H K.P. It would be equipped with a four-wheel drive unit.

Transmissions are available with up to 20 forward speeds and 4 reverse

speeds, A unit such as this is estimated to weigh approximately 10 tons.

The estimated cost of a tractor of this type is about $22,000 and delivery

would be 60 to 90 days.
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TABLE 5.1

STATE SIZE AND WEIGHT RESTRICTIONS

September. 1959

LENGTH (B) AXLE LOAD LIMITS MAXIMUM* GROSS WEIGHT IN POUNDS

Tractor Truck Tractor Tractor & Semi-Trailer Other FORMULAE

STATE HEIGHT WIDTH Single Semi- Full Semi & Single Tandem Combina- AND
Unit Trailer Trailer Full Trailer 4' Apart Single-Axle Tandem tions TABLES

Ala. 12'6" 96" 35' 50'T-5 N.P. N.P. 18,000 36,000 45,000 64,650 N.P. Table

Alaska 13' 96" 35' 60' 60' 60' 18,000 S-7 32,000 45,000 N 75,200 76,800 Table

Ariz. 13'6" 96"A 40' 65' 65' 65' 18,000 32,000 45,000 68,000 76,800 Table

Ark. 13'6" 96" 35' 50'T-5 50' 50' 18,000 32,000 45,000 56,000*** P 56,000 P

Calif. 13'6" 96"A-1 35' 60'T 60'U 65'D 18,000 32,000 45,000 68,000 76,800*** Table

Colo. I 3'6"D 96" 35' 60'T-5 60' 60' 18,000 36,000 45,000 67,200*** 75,200 Formulae 1
Conn. 12'6" 102" 50' 50'T-5 N.P. N.P. 22,400 36,000 50,000 Z-1 60,000 N.P. ....

Dela. 12'6" 96" 40' 50' 50' 60' 20,000 S-1 36,000 48,000 60,000 60,000 Table

D. C. 12'6" 96" 35' 50'T-5 50' N.P. 22,000 38,000 56,400 63,890 65,400 Table

Fla. 12'6" 96" 40' 50'T-5 50'U-1 N.P. 20,000 40,000 49,000 66,450 66,450 Table

Ga. 13'6" 96" 39.55 50'T-5 50' N.P. 20,340 40,680 61,020 D 63,280 D 63,280 ....

Hawaii 13' 108" 40' 55' 65' 65' 24,000 32,000 57,000 67,200 81,600 Formulae 2
Idaho 14' 96" 35' 60'T-5 65' 65' 18,000 S-3 32,000 45,000 68,000*** 76,800 Table
Ill. 13'6" 96" 42' 50' 50' 50' 18,000 S-3 D 32,000 45,000 72,000 72,000 ....
Ind. 13'6" 96" 36' 50'T-5 50' 50' 18,000 S-3 32,000 45,000 72,000*** 72,000 ....
Iowa 13'6" 96" 35' 50'T-5 N.P. N.P. 18,000 M-3 32,000 M-3 45,000 M-3 72,634 N.P. Table
Kan. 13'6" 96A" 35' 50'T-5 50' N.P. 18,000 32,000 45,000 63,890*** 63,890 Table
Ky. 1 3'6"D 96" 35' 50'T-5 D N.P. N.P. 18,000 S-M-4 32,000 S M-4 42,000 S M-4 59,640 S-F N.P. ....
La. 12'6" 96" 35' 50'T-5 60' N.P. 18,000 S-6 32,000 36,000 P 64,000*** P 68,000 P ....
Maine 12'6" 96" 50' 50'T-5 50' N.P. 22,000S 32,000 50,000 60,000 60,000 Table
Md. 12'6" 96" 55' 55'T-5 55' 55' 22,400 40,0001 53,800 65,000 65,000 Formulae 3
Mass. N.R. 96" 35' 50'T-5 45'U-2 N.P. 22,400 S-3 36,000 60,000 60,000 N.P. Formulae 4
Mich. 13'6" 96" 35' 55'T 55' 55' 18,000S-1 26,000 J 45,000 68,000*** D 111,000 D (3 Tables)
Minn. 13'6" 96" 40' 50' 50' N.P. 18,000 32,000 45,000 72,500*** 72,500 Table
Miss. 12'6" 96" 35' 50'T-5 50' N.P. 18,000 S-4 32,000 D 45,000 55,650 59,000 D Table
Mo. 13'6"Y 96" 35' 50'T-5 50' 50' 18,000 S 32,000 45,000 63,890*** 64,650 Table
Mont. 13'6" 96" 35' 60'T-5 60' 60'Z-2 18,000 32,000 45,000 68,000*** 76,800 Table
Neb. 13'6" 96" 40' 60'T-5 60'U-4 60' 18,000 32,000 45,000 67,333 71,146 Table
Nev. N.R. 96" N.R. N.R. N.R. N.R. 18,000 32,000 45,000 68,000 76,800 Table
N.H. 13'6" 96" 35' 50'T-5 50' 50' 22,400 S 36,000 52,800 66,400 66,400 Table
N.J. 13'6" 96" 35' 50'T-5 50' N.P. 22,400 S-3 32,000 52,400 G 60,000 60,000 ....
N. Mex. 13'6" 96"A-2 40' 65'T-5 65' 65' 21,600 S 34,320 52,200 75,600*** 86,400 Table
N.Y. 13' 96" 35' 50'T-5 50'U N.P. 22,400 S-3 36,000 53,800 65,000 65,000 Formulae 5
No. C. 12'6" 96" 35' 50'T-5 50'U N.P. 18,000 S-M2 36,000 M-2 46,200 62,000 M-4 62,000 M-4 ....
No. Dak. 13'6" 96" 35' 60'T-5 60' 60' 18,000 S-2 32,000 45,000 62,000 73,280 C-Y Formulae 6
Ohio 13'6" 96" 35' 50'T 60'U 60' 19,000 S-5 24,000 W 47,000 72,000*** W 78,000 W Formulae 7
Okla. 13'6" 96" 35' 50'T-5 50' N.P. 18,000 S-5 32,000 45,000 73,280*** 73,280 Table
Oregon 13'6"Y-D 96"A-1 35' 60'T-6- 60'U-4D 65'Y-D 18,000 S-2 32,000 45,000 68,000 76,000 L-D Table
Penn. 12'6" 96" 35' 50' 50' N.P. 22,400 S-3 36,000 50,000 60,000 62,000 ....
R.I. 12'6" 102" 40' 50' 50' N.P. 22,400 44,800 50,000 60,000 Z 88,000E ....
So. Car. 12'6" 96" 40' 50' 50'U-1 N.P. 20,000 M-1 32,000 M-1 49,000 M-1 63,890 M-1 68,350 M-1 Table
So. Dak. 13' 96" 35' 50'T-5 60' 60'Y 18,000 S 32,000 45,000 72,110*** 73,280 Table
Tenn. 12'6" 96" 35' 50'T-5 50'U-1 N.P. 18,000 32,000 45,000 61,580 61,580 Table
Texas 13'6" 96" 35' 50'T-5 50' N.P. 18,000 S-5 32,000 45,000 58,420 72,000* Table
Utah 14' 96" 45' 60' 60' 65'Y 18,000 33,000 45,000 76,500 C 79,900 Table
Vt. 12'6" 96" 50' 50'T-5 50' N.P. N.S. S N.S. S 50,000 60,000 60,000 ....
Va. 12'6" 96" 35' 50'T-5 50' N.P. 18,000 M-4 32,000 M-4 45,000 M-4 56,800 M-4 56,800 M-4 Table
Wash. 13'6" 96" 35' 60'T 60' 65'D 18,000 S-7 32,000 45,000 68,000***L-2 72,000 Table
W. Va. 12'6" 96" 35' 50' 50' N.P. 18,000 32,000 45,000 63,890 73,280 L-1 Table
Wisc. 13'6" 96" 35' 50'T-7 50'U N.P. 19,500 X 32,000 48,000 X 73,000***X-1 73,000 X-1 Table
Wyo. 13'6" 96" 40' 60'T-5 60' 60' 18,000 36,000 45,000 72,110*** 73,950 Table

FOOTNOTES: M-1-Plus 10% tolerance.
()-Tables may be obtained from State Motor Vehicle Administrators. M-2-1000 pounds tolerance on 1 axle M-3-Plus 3% tolerance; M-4-Plus
*-Maximum Practical Gross (see third paragraph General Remarks). 5% tolerance.
*Formulae,l-800 (L + 40); 2-Group of Axles less than 18', 700 (L + 40), N-Maximum 47,000 lbs.

Group of Axles more than 18', 800 (L + 40); 3-850 (L + 40); N. P.-Not Permitted. (N. R.-No Restriction).
4-1000 (L + 25); 5-34,000 + (L + 850); 6-750 (L + 40); N. S.-Not Specified.
7-900 (L + 42 2/9). P-Plus weight on front axle.

***-3-axle tractor with tandem axle semitrailer. S-Subject to 600 lb. per inch tire requirements; S-; 700 lb.; S-2: 550
A-102" across tires; Al-100" across tires; A2-102" on designated lb.; S-3: 800 lb.; S-4: on tires 9:75 and larger; S-5: 650 lb.;

highways. S-6: 450 lb.; S-7: 500 lbs.
B-Semi-Trailer length controlled by single unit length except where T-Semi-Trailer limited to 40'; T-5: not restricted; T-6: Semi-Trailer 40'

footnote appears. with permit. T-7-Measured from rear of semi-trailer to rear
C-With Proper Eqiupment. of tractor.

D-On designated highways. U-Full trailers limited to 25'; U-1 35' unless 3 axle, then 40'; U-2: 33';
E-3-axle truck with 3-axle trailer. U-4: 40'.
F-No tolerance allowed. W-31,500 with tandem axles spaced more than 4' apart.
G-Vehicles registered before March 1, 1950 exempt. X-Includes 1,500 lb. tolerance single axle; X-1-Includes all tolerances.
1-36,000 lb. if axles spaced less than 48" apart. Y-With permit.
J-On designated highways one tandem per combination permitted Z-Not less than 10:00 x 20 tires; not less than 27' between extreme

32,000 lb. axles.
L-Permit required for gross weight over 60,000 lbs.; L-1-Permit Z-1-Subject to tire size requirement.

required over 63,840 lbs.; L-2-72,000 lbs with permit on Z-2-At discretion of Highway Commission, may be permitted.
main highways. # Effective Jan. 1, 1960.
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6.o PROJECT COST ESTIMATES

6.1 Capital Cost of Mobile Irradiator Less Source

The capital cost of the rotary and single slab two pass irradiators

is shown in Table 6.1.1. These costs include all design, construction, and

testing costs up to the point where the irradiator would be turned over to

the pomologists for the start of irradiation studies on fruit with the

exception of the Co-60 source cost and any Government cost involved in

supervision of the program.

In preparing the cost estimate (and the project schedule) it has been

assumed that this project would be performed by the Government retaining a

design group to serve as its agent. The design contract would be of the

cost-plus-fixed fee type and the scope of work would include preliminary

design, final design, preparation of bid material, evaluation of bids,

coordination and inspection of fabricators, and startup of the unit including

shakedown, source loading, and dosimetry tests, Actual purchase of the

tractor, trailer, shield, conveyor, controls and source would be done by

direct invitation of the U.S.A.E.C. for competitive lump sum bidding based

on the detailed drawings and specifications developed under the design

contract, The most practical combination of scope for the various fabrication

and installation contracts would be developed during the design contract0

It can be seen from Table 6.1.1 that the cost of the single slab.

two pass irradiator (not including source costs) is about 10% lower than

the rotary design. This is primarily due to the greater weight of the

shield for the rotary design and secondarily to greater complexity of the

package handling system,
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6.2 Capital Cost of Source

The capital cost of the cobalt-60 source is given in Table 6.2.2

based on the 14% yearly replenishment plan and the first three items given

in Table 4,5.2, namely the cost of the source including 14% extra for the

first year of operation, and the initial encapsulation, handling, and

shipping charges. These source capital costs are combined with the mobile

irradiator cost in the table and it can be seen that the single slab-

two pass irradiator is lower in capital cost even for Co-60 costs as high as

$1.00 per curie. It should be noted that no credit has been taken for the

valve of the irradiator or the source at the end of the 5 years0

6.3 Annual Cost - Not Including Source

The annual cost of the two types of irradiators, but not including

source costs, are given in Table 6.3.1.

In making the allowance for salary only those charges directly

associated with the irradiator have been included. The professional

category would cover an engineer or pomologist who would be responsible for

planning, supervising and evaluating irradiator operation. The driver.

operator would drive the truck between test sites, would set up for

operation and be in direct charge of irradiation production. The driver.

helper would serve as a relief driver on long hauls and would assist during

production runs. No salary provision has been made for the research team

that would be involved in the pomological planning and evaluation of

results.

The allowance for overhead at 100% is arbitrarily assumed.

Truck maintenance and operating cost are based on information obtained

from trucking companies.
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6.4 Total Annual Cost of Irradiator

The total annual cost of the two types of irradiators including source

costs is given in Table 6.3.2. It can be seen that when the source costs are

introduced that the annual operating costs of the two types of irradiators

are quite close, the single slab-two pass design being slightly cheaper for

Co-60 costs 25# to 75#/curie and the rotary being slightly cheaper at

$1.00 per curie. These small cost differences are believed to be within the

uncertainty of the cost data used and, therefore, there is little to choose

between the irradiators on the basis of cost.
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TABLE 6.1.1

CAPITAL COST ESTIMATE

FOR

MOBILE IRRADIATORS FOR FRUIT

Item

Project Management

Design Contract

Construction

Tractor

Trailer

Irrad. Shield

Mech., Elect. & Inst.

Assembly of Components

Mechanical Test

Dosimetry Testing

Contingency 10%

Estimated Cost - $
RotrSlab Source-2 Pass

$20,000 $20,000

50,000 50,000

22,000

23,000

88,100 *

32,000

12,000

7,000

8, 000

262,100

26,210

$288,310

22,000

23,000

67,200 *

30,000

12,000

7,000

8,000

239,200

23 920

$263,120

* Based on 750/# for cask and 60 /# for remainder of irradiator shield,

both unit costs include steel containers and stainless steel liner for

irradiation chamber,
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ABIE 6.2.2

CAPITAL COST OF IRRADIATOR PLUS SOURCE

Type of
Irradiator

Rotary

Single Slab-
Two Pass

Cost of Co-60 $ /curie

Item

Mobile Irradiator

Source *

Totals

Mobile

Source

Totals

Irradiator

*

.0.25

$288,310

30.050

$318, 360

263,120

3.300

$297,420

$288,310

53.500

$341,810

263,120

62.100

$325,220

$288,310

77,000

$365,310

263,120

$89.900

96353,020

1,00

$288,310

100.5go

$388,810

263,120

71700

$380,820

* Based on 14% yearly replenishment plan and the first three items of

Table 4.5.2.
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TABLE 6.3.1

ANNUAL COST OF MOBILE IRRADIATORS

(For Items Not Dependant on Unit Cost of Source)

Item

1. Irradiator Depreciation

Straight Line - 5 yr

2. Average Interest on Capital @ 4%

3. Salary

a. Professional

b. Driver--Operator

c. Driver-Helper

4. Overhead on Item 3 @ 100%

5. Truck Costs

a. Maintenance

b. Operating @ 10,000 mi/yr

Total

Rotary

$57,662

6,900

12,000

7,000

6,000

25,000

250

560

$ 115,372

Annual Cost

Single Slab-2 Pass

$52,600

6,300

12,000

7,000

6,000

25,000

250

260

$ 109,710
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T!ABIE 6.3.2

TOTAL ANNUAL COST OF MOBILE IRRADIATORS

INCLUDING SOURCE COST

C
Type of
Irradiator

Rotary

Jost of

@ 0

$110

lC

Annual Cost

Co-60 $ / curie

).50 Q .75

1,372 $115,372

),700 15,400

Item@ .

Other Than Source * $115,372

Straight Line Deprec. 6,000
of Orig. Source

Average Interest on 720
Capital at 4%

Source Handling & Ship 2,500

Replenishment Co-60 2.888

TOTAL $127,480

Other Than Source * $109,710

Straight Line Deprec. 6,860
of Orig. Source

Average Interest on 822
Capital @ 4%

Source Handling & Ship 2,500

Replenishment Co-60 3.420

TOTAL $123,312

1,850

2,500

8,2663

$143,785

$109,710

17,980

2,155

2,500

10300

$142,645

* See Table 6.3.1
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1,280

2,500

5.775

$135,627

$109,710

12,420

1,490

2,500

6.830

$132, 950

Single Slab-
2 Pass

@ L00
?1l5,372

20,100

2,520

2,500

11.550

$152,042

$109,710

24,550

2,825

2,500

13,700

$153,285





7.0 PROJECT SCHEDULE

A proposed project schedule is given in Table 7.1 which calls for a

16.5 1.5 month period from the start of preliminary design until completion

of final dosimetry studies, at which point actual field test work could be

started.

7.1 97



Table 7.1

Project Schedule

Mobile Irradiator for Fruit Produce

Time - Months

Item 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Project Management

Preliminary Design

Review

Final Design

Review

Const. Contract Awards

Fabrication

Trailer

Tractor

Shield
Mechanical

Assembly

Mechanical Test

Source Irradiation

Source Assembly

Source Installation

Dosimetry



8.0 APPENDIX

8.1 Shielding Analysis

The information available during the Task 1 effort was not sufficient

to effectively design the shielding required for the various mobile irradiators

studied. For this reason, the shielding designed for Task 1 irradiators was

overly conservative. The doses calculated in the labyrinth were pessimistic

in that the albedos (pseudo-reflection coefficients) used were known to be

high.

Under Task 2, the now known source strengths were considerably less

than 250,000 cures. The calculations reflected the inclusion of source

self-shielding, end effects, and geometry, but did not take advantage of the

shielding provided by the steel clad covering the lead. The calculated doses

in the labyrinth were made with better information on the over-all geometry,

and with more specific albedo information.

8.1.1 Task 1

The lead shield thickness for straight through attenuation was based

on the following assumptions.

1. An 18 inch line source of 250,000 curies of cobalt-60.

2. A point source build up factor (6) for the collided flux. This

assumption will tend to underestimate the required shielding, but the

structural steel encasing the lead is expected to compensate for this

optimism.

3. No self-shielding within the source, nor absorption by product

within the chamber.
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4. Simulation of the shield surface, which is circular, with a semi-

infinite slab geometry.

Based on these assumptions at a distance of four feet from the source

the dose rates were calculated as follows:

Lead Shield Thickness (inches) Dose Rate (mrad/hr)

10 34

12 1.3

14 0.04

At a distance of only 1 foot away (as in the cask design) these values

would increase by a factor of approximately 8.

The line source approximates closely the geometry of the source in

the rotary motion machine. Extending these results to a 250,000 curie cobalt

slab source is permissible, since the dose from an equivalent line source would

be slightly higher.

Therefore, for these designs, a 12 inch thick lead shield is suggested

as representative of the requirements for these irradiator designs.

Radiation streaming through the labyrinths was estimated using the

albedo concept (6). The gamma ray deflection pattern was simulated using

areas condensed to a single point. All radiations were assumed to localize

at these points. Therefore, the geometric involvement was considerably

simplified at no great sacrifice in calculational error. A point source

was assumed at the original source and at each localized deflection point.

Figure 8.1.1 shows a typical path (in Case II) for consideration. As an
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example, area A is condensed to a point when estimating the dose at area A2 ,

area A2 is condensed to a point for dose estimation at A3, and so forth.

The equation defining the dose rate at various positions in the

labyrinth is for each path

y=N

S Ay Cose6yRR

D(y+1) = ~ 2

rl ry+1

y = 1

where D = Dose in rad/hr after the yth deflection at the distance ry+1 away.

So = Rad/hr at one foot from source.

r1 = Distance from source to first deflection, feet.

Ay = Area in square feet of target area for the yth deflection.

6iy = Angle with the normal of the incident gamma ray for the yth deflection.

ry+1 = Distance in feet from the yth deflection point to the (y+l)th point.

Ry = Dose albedo for y th deflection.

The total dose at any point is the sum of the doses calculated for all

possible paths. The albedos of cobalt-60 gamma rays incident upon steel (Z = 26)

and/or lead (Z = 82) were not readily available. Albedos evaluated for aluminum

(Z = 13) (7) were used in this evaluation realizing that albedos for steel or

lead would probably be lower. The results calculated using this approach would

be conservative.

Considering the geometries for each irradiator type shown in Figure 3.3.5,

Figure 3.3.6 and Figure 3.4.1, the above equation was used to evaluate the total

gamma energy transmitted through the labyrinths, summing all contributions from
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all the important surfaces. For the rotary machine the dose at the labyrinth

opening, the design producing only 2 gamma ray deflections, was calculated to

be approximately 500 mrad/hr. in the other machines, the dose at the labyrinth

opening is less than 1 mrad/hr, reflecting a design demanding 3 gamma ray

deflections before leaving the labyrinth.

Assuming that the labyrinth opening in the rotary motion machine may be

effectively patrolled to prevent personnel from being exposed to direct shine

from the opening, the only place receiving high radiation level is the area

immediately above the openings. If deemed necessary these areas may be spot

shielded. The degraded gamma energy would only require about 1 inch of lead to

reduce the transmission to 0.1% or 0.5 mrad/hr. Mooney (8) indicates a lead

shield of -.25 mm (1 inch) is required for 0.1% transmission of 1000 scattered

cobalt-60 gammas. The scattered gammas are at least scattered a total of 1000

from their original direction.

8.1.2 Task 2

Under Task 2 the required lead shield thickness for attenuation of direct

and deflected cobalt gamma rays was determined for individual irradiator cases.

As in Task 1, a point source build up factor (6) was assumed to evaluate the

effect of the collided flux from the cylindrical and the slab source. But, in

this study the effect of source self shielding, as well as the attenuation due

to the source clad and the stainless steel shroud surrounding the source was

considered. in the rotary case the source strength assumed was 82,500 + 10% or

90,750 curies (Table 3.2.2, peaches) and for the single slab-two pass case the
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source strength used was 97,500 + 10% or 107,250 curies. The source and

resultant shield designs are shown in Figures 4.2.2, 4.2.3, 4.2.4, 4.3.2, 4.3.3

and 4.3.4.

The shield thicknesses indicated in the above figures were calculated

using the methods outlined in Rockwell (6) and the assumptions listed pre-

viously for a condition of unlimited access at the surface of the truck

(0.6 mrad/hr) according to 10 CFR part 20 (1). Since the sources have been

designed with a rather high specific activity, the designs approach a cylinder

in character. For these calculations a solid cylindrical source (18 inches

long for the rotary case and 25 inches long for the linear motion case) was

assumed for both cases.

Since the thickness of lead and the separating distance between shield

and source were much greater than the thickness of the source strips, the

sources were considered as line sources with the relaxation lengths of the

cobalt, clad, and surrounding shroud considered as part of the shielding.

A more detailed analysis of the shielding would require a better knowledge

of the source irradiation history and the details of construction. In several

instances the use of the line source assumption as described above was checked

against a more elaborate calculation accounting for self-absorption in a

cylindrical source. The comparison showed good agreement. The collided flux

contribution to the dose was not developed from integration over the length of

the line sources using the point kernel. The importance of this step in the

calculation diminishes as the shield thickness and the source-shield distance

increases. The shield thickness calculated according to this method will be
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slightly underestimated. But, the extent of the difference is estimated to

be less than 1/2 inch of lead, and amply compensated for by the steel cladding.

The shielding required opposite the axis of the source was estimated

from point source calculations at one inch intervals along the length of the

source. Even with the pronounced self-shielding effect of the source in this

position, the required lead shielding was estimated to be only slightly less

than that required for normal exposure to the source. The contribution from

the first four inches of the source comprised over 98% of the dose.

The shield thicknesses to attenuate gamma rays at oblique incidence

were calculated according to methods prescribed by Rockwell (6). Several

points were checked against the data of Kirn (9) with good agreement indicated.

The required shield thickness for the labyrinth walls not in direct view

of the source was calculated using the information supplied by Mooney (8) for

the attenuation of scattered cobalt-60 gamma rays. In some instances, the

labyrinth wall thickness was overdesigned to allow simplicity in construction.

The same amount of shielding was provided for the cask as was calculated

for the irradiator body. The estimated ten fold increase in the dose level at

the cask surface compared to the truck surface is still far within the ICC

shipping regulations. This would bring the dose rate at the cask surface to

less than 7 mrad/hr which would make the area within four feet of the cask a

restricted zone when the source is within. The cooling channels in the source

cask will permit a higher dose rate at some points by a factor of two, bringing

the dose rate up to approximately 15 mrad/hr. The cask shielding in these areas

may be increased by -- 1 inch to bring the dose rate in line with the over-all

value of 7 mrad/hr.
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An estimate of the dose levels existing in each labyrinth was made

according to the method described in Section 8.1.1 with some refinements.

The source strengths were assumed as described previously and self-shielding

was included in the calculations. Some limited calculated data were available

for lead albedos (10) and these were used to evaluate the gamma ray doses in

the labyrinth.

To use this method a fairly accurate scale drawing was used for each

labyrinth design (Figures 4.2.2, 4.2.3, 4.3.2, 4.3.3). The only gamma ray

paths considered from the many possible paths were those permitting the

least number 6f reflections. Since the albedos range from 10-2 to 10-3 for

most events, the result in neglecting the more than minimal bounced gamma ray

paths would amount to less than 10 percent.

Terrell (10) presented some calculated gamma dose albedos for both lead

and concrete. His calculations indicated the variation in dose albedos with

incident angle assuming an isotopic emitted gamma distribution for both lead

and concrete shields. At a gamma energy of 1.25 Mev, the ratio (4') of lead to

concrete dose albedos were computed and are plotted in Figure 8.1.2. Using

this information in conjunction with the albedo data used in Task 1, which

does not assume an isotopic emitted gamma distribution, an approximation to

the lead albedo is obtained as a function of incident, exit, and azimuthal

angles.

R(lead) = * R (concrete) ' * R (aluminum)
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The equation defining the dose rate at any position in the labyrinth is:

M

Dose =

x=1

M

1

D = MSo 2

x=1 '

N

Aya *R CosO

2

y+1
y=1

where D = D(y+l)for path X

M = total number of paths

ay= fractional view of area Ay on area Ay+1

* = ratio of lead to concrete albedos (Figure 8.1.2)

and the other terms are as defined in Section 8.1.1

The value of So used here includes the effect of a lesser source stren

self-absorption in the source and absorption in the clad and shroud.

The results of this investigation are presented in the following table

for a lead surface.

Irradiator Labyrinth Location Dose Rate (Rad/1

Rotary Entrance to Chamber 4.8 x 105

gth,

'hr)

Single Slab-Two Pass

First Corner

Exit Face

Entrance to Chamber

First Corner

ExIt Face

Truck Bed

Three feet back from exit face

106

60

.06

1.2 x 105

43

.010

.003

4<.001
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In actuality, the lead will be encased in steel which has an atomic

number of .-26. Therefore, the desirable albedo properties of lead are

somewhat nullified. Perkins (7) reported that the albedo variation with

Z was found to be gradual. Assuming a linear relation with Z, the albedos

for steel were estimated to be approximately three times those for lead at

low incidence angles. Since the steel casing is relatively thin and is

backed by lead, a guesstimate was made that the dose rate was increased by

a factor of 2 over-all for each bounce. Therefore, the data indicated in

the above table would be revised as follows for lead clad with steel.

Irradiator Labyrinth Location Dose Rate (rad/hr)

Rotary Entrance to chamber 4.8 x 105

First Corner 120

Exit Face .24

Single Slab-Two Pass Entrance to chamber 1.2 x 105

First Corner 86

Exit Face .040

Truck bed .012

Back 3' in truck <-.001

In the rotary case the labyrinth exit may be shielded as suggested in

Section 8.1.1, by spot shielding the exposed areas near the roof of the truck.

A steel sheet was included in the mechanical design (see Figure 4.2.3)

of the linear motion irradiator labyrinth, which blocks off some of the gamma

shine emanating from the irradiation chamber. In making the calculations, this

steel plate was not considered.
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Terrell (10) indicated that the albedos for lead decrease with decreasing

energy, but on the other hand those for concrete increase. No data was available

for iron. After each collision a gamma ray loses some of its incident energy.

Allen (11) has shown by experiment and by computation of the photoelectric,

Compton, and pair formation effects that the incident energy does have an in-

fluence on the emitted spectrum of gamma energy. The calculations made here

assume the same incident gamma energy (1.25 Mev) in evaluating the albedos for

all bounces. After the first bounce the energy of the gamma rays will vary

considerably. Using the data for lead and 1.25 Mev incident gamma rays the

evaluated attenuation due to the second bounce will be conservative, but that

for concrete will be optimistic.

It is realized that the calculations give only at most an order of

magnitude approximation to the dose rates in the labyrinth. Very little data

exist for albedo coefficients, and most of the available data is for thin

slabs. In the light of present day knowledge, a more precise analysis of

the labyrinth gamma ray streaming would require specific experimental evaluation.
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