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ABSTRACT

The initial calibration experiments performed at the Radiation

.: jr';r o. e ' .... :... D&c".-'r:ft .Cnter are described

and their results analyzed. The dose rate above an open field and the attenuation

afforded by the steel frame of the test structure is calculated and found to ogre.

well with experiment when modified calculational procedures are used. The

cumulative angular distribution of direct radiation is found to be as much as

fourteen percent above that predicted by theory over the range investigated.

Several modifications of presently used calculotional tvthniques are suggested.

'IIt.
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NOMENCLATURE

A Total Area ft. 2

th 2
A Aieqj of h egfon ft.

n

A Perimeter fraction ocrupied by vertical beams

B Attenuation factor fo, a vertical siab

B0  Attenuation factor for a horizontal slab

B1  Air ground dose build-up factor - soulce on ground

B2 Infinite air dose build-up factor

B3 Ground scatter coefficient dose bjild-up factor

C Ground contribution
g

D Total dose - Roentgens

E Eccentricity factor depending on length to width ratio

E Exponential integral of the first kind

F Fraction of infinite field dose

Go Cumulative angular distribution of 'skyshine' radiationa

"Gd - Cumulative angular distribution of direct radiation

"o Cumulative angular distribution of wall scattered radiation
s

h Height of detector ft.

1 Standard intensity (R/%r)/ (Curie/ft )

L(h) Infinite field dose rate as a function of height

mr milliroertgens

P Atmospheric pressure

Protection tactor
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Nomenclature (continued)

q 0 Specific irradiance (R/hr) / (curie) at one ft.

r Radius

r. Inner radius

- Outer radius

S = Source strength

S Fraction of radiation scattered by a wall
w

t Time of exposore - hrs

T Temperature 0F absolute

x n Thickness of the nth region p. s. f.

x External wall thickness p. s. f.
e

4 = Atomic number

Density of contamination curies/ft2

p Slant radius, ft.

P Total ':ross section (1/448 ft.)

pa = Microampere reading of instrument

Solid angle fraction = solid and divided by 2w

X



SUMMARY

BACKGROUND

This report covers the initial program of the Radiation Test Facility and

accordingly describes in great detail the physical plan of the test facility, the major

items of equipment to be used at the facility, and the various s~andc•rdization and cali-

bration, procedures used to determine the parameters of the present equipment used. Two

test series were undertaken in this program. The first series of measurements was directed

toward developing a better understanding of the effects of minor variations in the ground

smoothness of the test field on the dose rate within the test structure. The second series

of tests were directed toward measurements of the perturbations introduced in the radiation

field by the steel skeleton supporting the test structures.

RESULTS

The first test series, consisting of the measurement of dose rate above a

field contaminated with cobalt-60 of 452 ft. radius, indicated that the departure of

the test field from a smooth plane produced only minor variations in dose rate. At the

lowermost detector positions of one, three and six feet heights ground roughness caused

dose reductions at the center of the test structure of 32, 12 and 3 percent respectively. *

A standard value of 464 Roentgens per hour/curie per square foot, three feet above an

infinite smooth contaminated plane was determined from these tests and found to agree

well with previous measurements. The dose variation with height above the plane showed

excellent agreement with that predicted from theoretical procedures developed by

Spencer (Ref. 1). The results indicate, however, that the theoretical value of the

cumulative angular distribution function for direct radiation, Gd(w, h), an important

parameter in the computation of the above ground dose rate in a structure, is low by as

much as fourteen percent for values of w greater than about 0. 2.

The second series of experiments was directed to determining the pertur-

bations introduced in the radiation field by the steel skeleton of the test structure. It

was determined from this series of experiment% that with minor modifications, "Engineering

"'With reference to the values obtained aoen infinite smooth plane.
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Manual" 2 ', 3 type calculations predicted to fair accuracy the effect of the steel frame

and the calculated values of Gd(w, h) slightly underestimate the true contribution of

"direct radiation" for the values of tw, h of these experiments. The azimuthal sector

method of accounting for variations in wall moss thickness in the theoretical treatment

was found to give good agreement with experiment while the usual technique of mass

smearing to handle variations in floor and ceiling structure was found to give poor

agreement with experiment. A new technique of summing the area weighted barrier

factors for each differential variation in floor and ceiling thickness is proposed. This

technique is described by the equation;

B() i A Bon)

nl

where

BO) = the effective barrier factor introduced by the
floor or ceiling

A = the area of the nth region of floor thicknessn

x = the thickness of the nth region of floor
n thickness

Bo(xn) = the barrier factor of a slob of thickness xn

A the total area of the floor or ceiling

Results of calculations using this technique ore found to agree well with

the experimental data obtained for both center and off center positions in the steel structure.

For practical structures with floor slabs of 40 psf or more the effect of thickness variation

might be greatly subdued, consequently, the above technique is not recommended for

general use until more realistic structural configurations are studied.

xil



CHAPTER 1

INTRODUCTION

During the past seven years the Office of Civil Defense has carried out

continuous research on the problem of shelter from falloit radiation, Part of this research

has been directed toward the investigation and development of shelter analysis techniques.

Theoretical studies hove been performed to provide some understanding of the mechanism

of radiation attenuation in complex structures and to develop computational techniques

for designing or analyzing structures for ttneir resistance to fallout radiation. Experi-

mental programs have also been performed to evaluate some of the analytical procedures

that have' been developed, to provide empirical design data for shielding analysis, and

to guide the further development of analytical programs and design methods.

These design methods were, for the most part, developed from theoretical

data generated iy a series of Moments Method and Monte-Carlo style calculations in

idealized geometries. The results from the elaborate Moments Method and M~onte-Carlo

calculations were "..sed to prepare simplified analytical techniques' '3,4 for computing

the radiation atten:jation afforded by real structures. In the preparation of these

techniques, various inp.ant assumptions had to be made as to the modes of penetration

of radiation and the seporability of the geometric and barrier effects on the attenuation

of the radiation, and it was important that these assumptions be checked by experiment.

Some initial experiments designed for this purpose were carried out on existing structures

usinp cobalt-60 as a fallout simulant. These experiments 5 '6 while extremely fruitful

in many respects, indicated the vital need for further experimentation under both simple

and complex geometric configurations if an adequate evaluation of the computational

procedures was to be made.

During the initial experiments (1958-1 %1) it was found extremely difficult

to obtain access to structures having both the desired geometric features and the pre-

requisite clearance area for efficient experimentation. In addition, experimentation on

such few structures that were available required a "field team" effort that was uneconomical



in light of the general type of data obtained and impractical to maintain on a con-

tinuous basis.

As a direct result of these preliminary tests a decision was mode to proceed

with on investigation of structures of simple geometry using both a scale modeling

technique and full sale testing. To eliminate many of the problems associated with

full scale testing a test facility was established for performing the detailed experimental

evaluation of shielding computational techniques. This report describes this full scale

test facility (located at the Protective Structures Development Center, Fort Belvoir, Va.)

and the initial "calibration" and standardization experiments that have been performed,

A very detailed description is presented of the test facility, the experi-

mental equipment, and the calibration procedures used. This is done for several ,eersons.

A complete understanding of the equipment and test procedures will allow other investi-

gators to assess the reliability and significance of the data obtained. The equipment

and test procedures have evolved during the course of several years work in radiation

testing and the specific details may be of interest to cther investigators. This is the

first test report from the Radiation Test Facility and since much of the data in subsequent

reports will depend upon calibration numbers developed in this report, it is important

that the calibration results be reported in great detail.
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CHAPTER 2

DESCRIPTION OF TEST FACILITY

2. 1 GENERAL DESCRIPTION OF THE PHYSICAL PLANT

The Radiation Test Facility of the Protective Structures Development

Center is located on a 150 acre &Ste at Fort Belvoir, Virginia, about 15 miles south

of Washington, D. C. The complete facility is composed of a test structure, a prepored

test site, an operating headquarters bunker, storage buildings, equipment for the

simulation of fields contaminated with radioactive fallout, and the associated test and

safety instrumentation. This facility was designed specifically to investigate, improve

and further develop methods of fallout shelter design. A detailed description of how

the design of the test facility was arrived at is found in reference 7.

2.1.1 Test Site

The Radiation Test Facility, which is part of the Protective Structures

Development Center, is located together with the Center at Fort Belvoir, Virginia.

This location, near Washington, D. C., was chosen so the OCD research personnel

may conveniently participate in the planned test programs. The site is a 150 acre

rectangularly shaped area with both open and wooded regions. (See Figure 2. 1). The

test site kQ. j six foot high chain link exclusion fence marking the boundaries of the

site. A 500' x 700' test pad, stabilized with washed gravel, is located at the center

of the site and is surrounded by a fence marking the boundary of the high radiation area.

A controlled access road leads into the site. The test pad is a slightly sloping area

pitching down by approximately four feet from the SE to NW comer. This test pad

is located such that a minimum of 1, 000 feet of clearance exists between the test pad

and the outer exclusion fence.

3
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2.1.2 Test Structure

To facilitate the construction of various typts of test structures a

24 ft x 36 ft basement foundation complete with entry way and an above ground steel

frQmework to support the panels of the test structure is located along the southeast

edge of the test pad, 200 feet from orne corner. The lest structure design uses a basic

12 ft x 12 ft module for each of the three above ground floors. Exterior walls and

floors of the modules are constructed by plocing 4 ft x 4 ft by 4-Inch concrete panels

in the desired positions. The structure is designed such that walls and floors may be

conveniently varied from zero to twelve inch thickness in 4-inch increments. A view

of the test structure both with and without concrete panels in place is given in

Figures 2.2 and 2. 3 respectively.

A crane is required to place each of the concrete panels since they weigh

approximately 800 lbs. The area immediately surrounding the test structure is paved

to facilitate crane operations.

2.1.3 Oute. Exclusion Fence

The outer exclusion fence of the test area (see Figure 2. 1) consists of

a 6-foot high chain link fence topped with a barbed wire overhang. This fence

provides a barrier to the general public and is located to meet the Atomic Energy

Commission requirement that a person continuously present at or outside this fence

will not receive more than two milliroentgens in any one hour, i00 milliroentgens

in any seven consecutive days or 500 milliroentoens in any period of one cuiendar

year. Since planned exposure times at the test facility never exceed 40 hours in any

seven day period and since there are no people continuously near the fence (or within

several hundred yards of it), the 2 mr/hr limitation was the mast restrictive requirement

and was used in selecting fence location and source sizes. This fence is marked at

distances of approximately fifty feet with signs bearing the radiation symbol and the

words "Caution Radiation Area".

A road through the test area, used as access to the radiation facility,

required that a gate be placed in the outer fence at two locations. These gates are

5



Figure 2.2 - Skeleton Test Structure without Panels Installed

iRaw

Figure 2. 3 - Test Structure Illustrating Placement of Wall Panels



"nrmolly lorAed ci"ýd on!,- upprovej4 operating per.onne! hi~av c..e. ý ~the kay,>. E,;th

of these gaoes is marked with warning signs and two flashing red lights. These lights

operate only vhen a sout,.pe is exposed in the Radiation Test Area. Each ;ate i• cI so

wired so that a loud alarm sounds in the test area whenever a gate o' open.

2. 1.4 High Radiation Fence

The test facility also contains a 3-foot inner exclusion fence designed to

prevent accidental entry into a high radiation field by personnel while a test is in

progress. This fence is located such that with the largest test source exposed anywhere

on the test pad the dose rate at this fence is below 100 miiliroentgens per hour. Signs

having the radiation symbol and the words "Caution High Radiation Area" are posted

at approximately 100 ft. intervals along this fence.

There are four openings in this fence, two for the road used as access

to the test site, and a third and fourth on the driveway and sidewalk leading to the

personnel operating bunker. Each of these openings is equipped with a chain for

closure and is marked with a "Caution High Radiation" sign. A radiation monitor

lIcated within this fence operates an alarm bell which rings continuously during source

exposure. This bell is audible at all locations within the high radiation area.

2.1.5 Operating Structures

Three buildings are within the test site. Two of these, located immediately

adjacent to the test structure, are used as storage space for equipment and radioactive

sources. These two buildings are appropriately marked for such usage by external signs.

In addit.,n, a secondary calibration range useful for checking colabiuiots of both

test and survey instrumentation has been constructed in one of these structures. The

third structure, which is used as a control building during actual exposure is located

approximately 300 feet from the test structure.

The control building is a quonset hut of 20 ft x 20 ft plan area. An earthen

mound, approximately 12 feet high has been placed such as to "shadow' the personnel

operating bunker from the test area. Personnel may occupy this structure while the

largest sources of radioactivity are being exposed in the test area, and receive less

7



than 2 millircentgens per hour exposure. This structure also houses the pumping

console used for the control of the test sources; thus the console is available to

operating personnel at all tirnes during a test exposure so that complpete control of

source position and velocity is always maintained.

2.2 FACILITY RADIATION CAPABILITIES

The Radiation Test Facility of the Protective Structures Development

C-eotel hos been estabLIshed so tht tests ccan be perfo.med upon realistic structure5 in

o simulated fallout environment. The overall radiation capabilities of the facility are

determined by the maximum source size usable in the facility and the sensitivity of the

radiation detection instruments.

2.2. 1 Maximum Source Size

The selection of the proper isotope to use as a fallout simulant was based

upon three criteria. First, the attenuation properties of common structural materials

for both the selected isotope and actual fallout contamination should be similar; second,

theoretical results using identical mathematical procedures based upon the energy

spectrum of fallout and that of the selected isotope must be available; and third,

the isotope selected must have a long half life, and high specific activity (to reduce

self shielding).

The isotope, cobalt-60 has been selected by the staff of the Protective

Structures Development Center as most nearly meeting these criteria. This isotope

was readily available from normal commercial sources, emits an energy spectrum that

well represents that of fallout at early times, and has both long half life and high

specific activity. In addition, there was available more theoretical data,2 cumparing

the effects of cobalt-60 and fallout radiation than for any other isotope.

The limitations placed upon the maximum source strength is set by the

fact that the dose rote at the outer exclusion fence must not exceed that specified by

the Atomic Energy Commission. Paragraph 20. 105 of the Nov. 17, 1960 edition of

ihe Commission's rules states that 'no licensee shall ... create in an unrestrictive

At



area... radiation levels... (1) in excess of two millirerns in any one hour or (2)

radiation in excess of 100 millirems in any seven consecutive days. ' The first of

these two limitations determined the source size.

Since the source must be assumed capable of being placed anywhere on

the test pad, (see Figure 2. 1) the minimum distance from the source tc the excluhson

fence was I100 feet. The maximum allowable source strength computed from the

2 millirems per hour limitation is thus 600 curies of cobalt-60.

2.2.22 Instrumernt Selection

The estimated attenuation characteristics of the test structures together

with the maximum allowable source size sets a lower limit on the sensitivity of the

required test instrumentation. The size of the test pad and the location of the test

structure within the pad is such that the largest circular field of simulated contamination

that can be produced is a quarter circle of 500 feet radius or a semi-circle 200 feet in

radius. These fields surrounding the cleared area representative of the structure, if, of

full circumference would represent, respectively, approximately 60 percent and 50 percent

of the dose rote (at 3 feet height) that would be obtained from an infinite field. The

tests described in this study have been carried out with a quarter-circle test sector

extending to approximately one mean free path radius (450 ft. in air). This sector was

in turn subdivided into four separate concentric annuli each contributing approximately

4% of the infinite field dose rate.

The expected dose rate within the test structure from one of these test

annuli can be computed as follows: the simulated source density is equal to the source

size, multiplied by the time of exposure, divided by the area over which the source

travels. Since an infinite field of one curie of cobalt-60 per square foot density creates

a dose rate of 464 R/h, 3 feet above it, the dose accumulated within the test structure

during an exposure may be written approximately as;

I FtS
D -

f

where D Total accumulated dose in the structure in roentgens

10 -- Dose rate 3 feet above an infinite field of contamination
of one curie/ft 2 cobalt-60 in roentgens/hr

9



F Fraction of infinite field represented by the test annuLs
t = Time of exposure in hovirs
S Source strength in curio,.
A Area of -he test jnnulus in ft 2

Pf Protective factor afforded by the structure from ground
based source of contaminotion

The maoxirr.m source size of 600 curies gives a total accumulated dose

inside the test structure at about 0. 7 mr with a ten hour exposure if the test structure

is assumed to hove a protection factor of 1000 from ground based sources of radiation

ou -"•ry high protection factor). This value (0. 7 mr), about ten times the natural back-

ground dose, is adequate for accurate experrmentation. Thus, using this value as a

minimum measurement in any experiment, three ionization chamber dosimeters were

selected for use. These are the Victoreen Model 208 Chamber of 0-1 mr range; the

Victoreen Model 239 Chamber of 0-10 mr range; and the Victoreen Model 362 Chamber

of 0-200 mr range.

2.3 SELECTION OF SIMULATED FIELDS OF CONTAMINATION

To simulate an experimental uniform field of contamination it is necessary

to utilize equipment which will cause the source to spend the same amount of time

in each differential area of the simulated field. The simulation technique used is

to pump a sealed source at constant velocity through long lengths of tubing that has

been permanently placed at a uniform density over the test area, and to sum the

resulting doses at the test locations with integrating type dosimeters. At any location

the dose from the entire field i the sum of the dose from oil differential areas of the

field. These differential doses are summed automatically through the use of detectors

that integrate doseage over the total exposure time.

In the design of simulated corntaminated areas the approach found most

useful in experiments of this type has been to divide the field into several circular

annuli surrounding the structure to be tested. Tube spacing and source size can then

be varied from annuli to annuli to minimize the amount of tubing and test time required.

Circular annuli are generally chosen so as to minimize the effects of source anisotr.•py.

10



This anisotropy is partially caused by the column of water which propels the source,

attenuating radiation in the fore and aft direction of the source. If circular annuli

are chosen such that the source is always side-on to the stricture to be tested the

radiation seen by the structure is not affected by this water colvmn. Eoch annuli is

sized to represent approximately the same fraction of total infinite field ground dose.

These annuli extend from the base of the structure to a distance of about one mear-free

path from the structure. Since in an infinite field the dose originating from contami-

nation within this area creates over 90 percent of the total dose for moderate detector

heights, a contaminated test area of this size is well representative oi the infinite field.

With respect to the test structure the energy spectra and angular dis-

tribution of radiation originating from sources lying at distances in excess of approxi-

mately ten building heights or one mean free path distance (whichever is greater) is

approximately unchanged. Hence, the outermost annuli of the contaminated area of

the described test field is representative of "far fie!d" contamination and is useful for

making analytical estimates of radiation dosage that would emanate from sources lying

in this "far field" region.

The fraction of infinite field dose rate obtained from a circle of con-

tamination of given radius is illustrated in Figure 2. 4 for both the conventional 3 ft.

height, and at A6 ft., the maximum height of the proposed test structure. The test

field extends from the base of the structure (external dimensions 26. 3 ft x 38. 3 ft) to

a radius equivalent to one mean-free-path for cobalt-60 radiation (450 ft.). Past

experiments in tests of this type indicate that a division of the simulated field into

four annuli areas is useful for the interpretation of the results obtained. The inner

and outer radius of each annulus of contamination was thus chosen so that each annulus

represented approximately fhe same fraction of infinite field dme (within the limitations

imposed by ease of placing the test tubing within each area).

Since tbe test building i s rectangular in siape, representing a cleared

area of 26. 3 feet by 38. 3 feet, for computational purposes the equivalent iviner

radius of the ;nnermost annulus was assumed to be 17. 9 ft., the radius of a circle that

contained the same area as the rectangular structure. The total area of simulated

11
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ground sourees of contamination thus extends from 17. 9 feet to 450 feet radius. This

area (see Figure 2. 4) represents 55 percent of the infinite field dose at a 3 ft. detector

height. Each annulus is sized to represent approximately 13. 75% of the infin;rte

field ground dose. Using the inner radius of 17. 9 feet for area !, the outer radius for

this area required to give 13. 75% of the infinite field value at 3 feet height is approxi-

mately 33 feet as determined from Figure 2. 4. Approximate radii for areas 2, 3, and 4

were determined in a similar manner (see Table 2. 1).

TABLE 2. 1

APFROXIMATE RADII OF ANNULAR FIELDS OF CONTAMINATION
YIELDING EQUAL FRACTIONS OF INFINITE FIELD DOSE RATE

AREA INNER RADIUS OUTER RADIUS
(ft.) (ft.)

1 17.9 33
2 33 75
3 75 170
4 170 450

The total area of a circular field of one mean-free-path radius is approxi-

mately 640,000 square feet. Since it is generally desirable to limit the maximum

spacing of the tubing through which the source travels to one-third or one-quarte, of

the vertical size of any aperture in the structure, especially near the test structure,

a large amount of tubing is required. Use is made of the symmetry of the test structure,

wherever possible, to reduce the total amount of tubing. Since the test structure

proposed for the first several series of experiments was rectangularly symmetrical, it

was possible to represent a complete field of contamination by simulating contamination

in only one quarter of the field and by using symmetrically located radiation detectors

in the test structure to account for the full field. The radii of the fields have been

modified slightly from those of Table 2. 1 to accommodate tube spacing of 1, 2, 4, and

16 feet. The detailed characteristics of each of the test areas including the amounts

of tubing used, etc. is presented in Table 2. 2.
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As the mijor purpose of the first series of building experiments wos to

test the effect of structural variations only rather than the combined effect of the

ground and the structure, a "free field" test, i. e., with no building present, was

required to evaluate the effect of ground roughness. Ideol !y this test would be con-

ducted with the contaminated arejs surroundino the #est structure site before the

structire was installed. This wci. inmpssible, howeer, as the permanent steel fhrome

of the structure was already in place in advance of the experimental effort. Since

thr. ground surrounding the test structure was a smoothly gradeco •e.:tangular field covered

with grovel, and since this fitJ upon physical inspection appeared quite uniform in its

deviation from perfect smoothness throughout its area, it was thus decided to evaluate

the entire test field for the effects of ground roughness by using duplicate contaminated

areas offset 75 feet to one side of the test structure.

2.4 DETAILED DESCRIPTION OF CONTAMINATED AREAS

The area of "fallout" simulation for the "open fieid" experiments and

skeleton structure are identical. Each consist of a quarter circ 1 e field 452 feet in

radius. This field is broken into five individual areas as shown in Figure 2. 5. To

differentiate between these, the areas surrounding the test structure ore labeled 1, 2,

3, and 4 and those surrounding the open field OA, IA, 2A, 3A, and 4A respectively.

The first of these areas (Area 0) is rectangular in shape and is identical

in size to the outside dimensions of one quadrant of the "skeleton" structure

(13' 2" x 19' 2"). Tubing for this area was required only for the open field experiment

and was layed with parallel straight runs of tubing at a one foot spacing. The tubing

leads between the source container and area OA were long enough (relative to the

total length of tubing in the area) to require shielding with 8 inches of concrete block.

This shielding was selected to reduce the dose contribution from the source while it is

in the leads to and from the test area to less than one percent of that measured in the

experiment. Area I contains a transition from the rectangular shape of Area OA to

the circular geometry of areas 2, 3, and 4. The tubing for area I was arranged in a

rectangular pattern except for the region at the outermost edge of the area where the
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transition to a circular pattern was mode. Core was taLen to f.lI this region • 4'e same

tubing density as existed in the inner part of this area. Areas 2, 2A, 3, 3A, 4 and 4A

were circular annuli and tubing was positioned in a circular array. Dimensions, area,

spacirng, tubing length and percent of infinite field dose rates for those fields were

previously given in Table 2. 2 Tubing leads from each area were terminated at a concrete

walkway porolleling one side of the sirwiloted source field, Lead length requiredi to

connect each area to a source container located on the walk was about 10 feet. The leads

for areas OA, 1, 1A, 2, 2A, 3, 3A were located at the outer radius of each area to keep

extraneous dose contributions at the dosimeter positions to a minimum. In area 4 and 4A,

however, since the length of the leads were a small fraction of the total tubing, the

leads from the source container to the tubing area were positioned at the inner radius

This gave a significant reduction in the length of the pump to source container tubing.

2.5 SOURCE CIRCULATION SYSTEM

A uniform source density was simulated in each tesi onnuli by circulating

a sealed source of radioactive cobalt-60 at constant velocity through a large loop of

tubing uniformly placed in the particular test area of interest. Three sources of approxi-

mately 6, 60, and 600 curies strength were available for these tests. In operation, the

source was forced through 3/8 inch I. D. polyethylene tubing using a water-antifreeze

mixture as the propelling fluid. A schematic diagram of the hydraulic system used for

circulation of the source is shown in Figure 2.6. The propelling fluid is drawn from a

reservoir into the appropriate pump or pumps and then forced through the source container.

This operation drives the source assembly out of its storage position in the container,

through the loop of polyethylene tubing representing the area of contamination to be

simulated, and then back to the storage container at the conclusion of the exposure.

2.5. 1 Pumping Console

The source pumping console consists of two pump assemblies, a storage

reservoir, and valves for controlling fluid flow to the source storage container and the

polyethylene tubing in the test area.

A picture of the pu'mp console is given in Figure 2. 7. The primary pump

17
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Figure 2. 7 - Pumping Console
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assembly is a four-feed Hilis-McConna positive displacement proportioning pump. The

drive for this pump consists of a 3/4 hp, 220 volt, 3-phase electric motor coupled to

a Vicker variable-speed hydraulic drive and a 23:1 Bison gear reducer. Each of the

four pump feeds has a 27 gph moximumn capacity and a 200 psi pressure rating. The

four feeds are mechanically driven svch that their ou-tpkut is staggered by 90 degree

increments, thus reducing any pump pulsations to neghigible amounts. The unit has been

designed to keep output pulses small fri order to minimize their effect on source assembly

motion. This, together with ihe "smoothing" effect of the elasticity of the pump piping

and lead polyethylene tubing, is such that the source motion is essentially uniform and

there is only extremely small changes in differential velocity.

A 10:1 variation in total pump output can be ochievod through the use

of a Vickers variable speed drive unit. Additional variation in pump output can be

obtained by changing the length of the piston stroke of each feed through use of a micro-

meter adjustment. Details on calibration of this pump assembly are given in Appendix 1.

The second unit of the pumping console is a six GPM Viking Gear

pump driven by a 2 hp, 220 volt, 3 phase electric motor. This pump serves as a high-

volume pump for rapid source movement or for filling of the tubing circuits. It also serves

as a backup unit in case of failure of the primary pumping system. Output from the pump

or pumps posses through a 3-way solenoid-operated-valve which allows either for by-

passing of the fluid to the storage reservoir or for passage to the source storage container

where it will propel the source through the tubing circuit. This solenoid is operated with

a keylock switch and remains in the bypass position until the proper key is inserted into

the lock and turned to divert flaw to the source container. As un additional safety

feature a green light (wired to the key lock switch) is "on" whenever the solenoid valve

is in the bypass position. Output of the pumping system is monitored by a pressure gouge

at all times. In addition, there is provided a pressure relief valve to limit system pressure

to 200 psi and a 4 -way manual reversing valve to permit the operator to easily reverse

the direction of fluid flow and source motion.

2. 5.2 Tubing and Fittings

A total of approximately 36, 000 feet of tubing was required to properly
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cover the test areas. This tubing was prepared in 6, 000 ft. it ;ths to the following

Wecification:

Material - Polyethylene with 0. 25 percent r SORB UV-531 additive
Outer Diameter 0. 625 + 0. 020 inches
Inner Diameter 0. 375; 4 . 005, - . 000, inches
Circ•.larity and Concentricity + . 010 inches

Each length was wo--nd on a suitable reel. Figure 2.8 illustrates a ree; of this tobing

together with the plcitoble reel stand. The tubing contains 0. 25 percent American Cyananid

CYASORB UV 531 to lengthen its life by decreasing the damage resulting from exposure

to sunlight. The ultraviolet portion of the light spectrum causes aging in untreated

polyethylene which results in brittleness. The UV 531 additive acts as a screen to filter

out the ultraviolet portion of sunlight in the extreme outer layer of the tubing; thus the

damoge or aging effects are limited to the extreme outer layer of the tubing. The tubing

as extruded is quite clear so that the source motion can be observed, and it can be bent

;nto a 6-inch radius without

collapsing. This permits unrestricted

source assembly passage at low sourceI II I 1 1
velocities at this small radius.

Special stainless

steel fittings are used to couple

together the pump console, source

container, and tubing making up the

simulated fields of contamination.

These fittings use a rubber O-ring

seal and have a tongue and groove

design for positive alignment. The

inner diameter of the tubing circuit .' .

is thus free of any discontin jities

that might interfere with the free Figure 2. 8

Polyethylene Tubing - Tubing
passage of a so. rce ussernb! . Reel and Stand
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2.5.3 Source Assemblies

Three source assemblies were used during the test portion of the program.

A typical assembly is illustrated in Figure 2.9 and 2.10. The three assemblies were

loaded with approxKimately 6, 60, and 600 curies of cobalt-60 respectively. Each

Q~sermbiy was acroteir ' rol brted pri-," to ,;%(jee tn determine its actuol strength (See

Chapter 3).

Each source assembly consists of an encapsulated Co-60 source attached

to a hydraulic piston by a length of flexible cable, A piston leather or, the forward end

of the assembly serves as a seal so that water pumped through the source container will

force the piston and the attached source capsule out of the container and through a loop

of tubing. The active portion of the source consists of Cobalt-60 pellets encapsulated

in a 5/16 inch diameter stainless steel cylinder. The source capsule is attached to the

chrome plated carbon steel piston with a 19-inch length of 1/8 inch 4iiameter stainless

steel Teleflex cable, This arrangement permits clamping the source assembly in a safe

position whereby the active portion of the source is at the center of the storage container

while the piston section protrudes outside of the shield; this permits easy inspection,

installation,and maintenance oi the piston leather.

2.5.4 Source Containers

The three Co-60 sources designed for pumping through the 3/8 inch

polyethylene tubing are contained in two identical portable containers, (See Figure 2. 11).

Each of the two contai-iers has a capacity of 2,000 curies of Co-60 and can normally

hold two sources. A container consists of a lead-fiiled steel shell mounted on two 12 inch

solid rubber tires so that it can be moved with the aid of a "skid" spotter. Two pairs

of curved 3/8 inch I.- D. stainless steel tubes, designed to house the active source

assemblies, pars through the container nc.•r its center. A clamp at one end of each

tube locks the source assembly su,.h that the active portion of the source capsule is

located at the center of the container. This clamp is retracted just prior to Dumpinq a

source out of its container. Fittings on the end of the storage container tubes mot,rh

those on the test loops of polyethylene tljbing and thcse on the pumping sysiem. Storage

21



Figure 2.9 - Source Assembly

Piston Encapsulated Source--.

- Telefle, Cable

Leather Washer
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Figure 2. 10 - Sketch of Source Assembly
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Figure 2. 11 - Source Storage Container

plugs threaded to match the end fittings of the source tubes keep the sources positioned

at the center of the container when a source is not in use. Each of the storage plugs

are designed for locking in position with a padlock.

During operation the source is pumped out of the container, through

the tubing positioned in the field, and back to the container. A longitudinal hole

(normally plugged) r~ear the center of the lead container allows the tubing itself to be

drawn throogh the container so that in the event a source becomes stuck in the tubing,

the tubi ng can be drawn through the container until the -stuck" source is properly

shielded. Each of these containers weighs approximately 3000 pounds.

2. 5. 5 Emergency Source Container

An emergency source storage container is provided for use in the

unlikely event that a source escapes from the tubing. A picture of this container is

shown in Figure 2, 12. The emergency container consists of a 19 inch diameter lead-filled

steel shell, mounted on wheels and weighing approximately 3000 pounds. In the event
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Figure 2. 12 - Emergency Source Storage Container

of a source escaping from the tubing, it can be picked up with a magnet attached to

the center of a long line and dropped into the emergency container. For this purpose

the piston end of the source assembly is of magnetic chrome-plated carbon steel while

the rest of the assembly is of non-magnetic stainless material. A detachable hrass funnel

mounted on top of the emergency container facilitates dropping the loose source assembly

into the container. A stop in the vertical source receiving tube of the container properly

positions the source at the center of the emergency shield while a clamp at the top of

this tube permits clamping a source assembly in the shielded position. The source tube

has fittings at each end for coupling to the hydraulic pumping system tc. oliow transfer

of a source assembly from the emergency container to its regular storage container.

Permanent storage plugs are also provided for the jnit.

2.5.6 Radiation Instruments

Two kinds of instrumentation were used in this test series, non-direct

reading ionization chambers for obtaining experimental data and health physics type

instruments for survey and monitoring purposes. Victoreen \/ -odel 32 ionization chambers.
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,f 0-200 mr range, Model 239 chamben, of 0-10 mr range and Model 208 chambers of

0-1 mr range were used in appropriate locations to gather fundamental data. To.prevent

electron penetrations the Model 208 chambers were covered with an 1/8 inch thick

plastic equilibrium sleeve. These detectors were charged and read with the Technical

Operations Model 556 battery operated Portable Charger-Reader. Details of the selection

and calibration of these instruments are given in Chapter 3 of this report. In addition to

the instruments used in routine test work, a Victoreen Model 570 R-meter with two 0. 25

and two 2. 5 Roentgen ionization chambers, calibrated by the National Bureau of

Standards, was used for instrument and source calibrations.

Personnel monitoring was performed with three Victoreen Model 592 B

survey meters having a range up to 1000 mr/hr in three steps: 0 to 10 mr, 0 to 100 mr

and 0 to 1000 mr/hr. In addition, two CDV 700-Model 6A "Geiger" meters were

available for personnel monitoring or for low range survey measurements such as surveying

the outer exclusion fence.

Two Nuclear Measurements Corporation Model BA-2A Radiation Alarms

were used to monitor the radiation level at the test facility. A low range Model BA-2A,

0-50 mr unit monitors dose level within the control building while a high range 0-10, 000 mr

unit connected to a recorder monitors and records the dose level in the test field.

Activation of either of these alarms above preset levels causes a warning bell to ring

and a red light to come on. All personnel entering the test sire wear both film badges

and 200 mr CDV 138 self reading dosimeters.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES AND INSTRUMENT CALIBRATION

3. 1 General

This chapter simmorizes the techniques used in the calibration of

test sources and instruments and the procedures used in the performance of the experiments.

A total of three different sources of activity and instruments with three different ranges

were used in the collection of the data. Each of these instruments and sources had to

be calibrated not only with respect to each other but also on an absolute basis.

3. 2 Calibration of the Test Instrumentation

Data was obtained using Victoreen Model 362, 239, and 208 non-direct

reading ionization chambers together with a Technical Operations Model 556 Reader-

Charger. These dosimeters and their associated reading instrumentation were tested to

determine (a) variations among dosimeters when subject to the some amount of radiation

exposure, and (b) constants and equations that can be used to obtain corrected radiation

dose values. To group the detectors according to response characteristics, sets of

ionization chambers (ot a single type) were positioned at a constant distance from a

source of known strength and exposed for a fixed period of time. The sets generally

consisted of 35 to 75 dosimeters which were mounted vertically and in a circle around

the test source. At the center of the ciicle u 0. 55 curie cobait-60 source was exposed

at the same height as the detectors. The parameters of detector height, exposure time,

etc. used for each detector are presented in Table 3. 1.

All dosimeters were subjected to at least three exposures of equal time

and an average of the three exposures was obtained for each dosimeter. The exposure

level was indicated by a Technical Operations Model 556 Charger-Reader which gi,/es

readings in arbitrary units labeled microamperes. These readings may be converted to

milliroentgens by use of experimentally determined constants. For the purpose of grouping

dosimeters into lots of similar responses, however, the microampere (La) values were
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TABLE 3. 1

DOS IMETER COMPARISON C HARACTER ISTICS

Nominal Source to Detector Height Exposure Time
Model Range (mr) Distance (ft.) (ft.) (mrn.)

362 0-200 3 2.5 8.0
239 0-10 20 3. 15.0
208 0-1 52 2.5 15.0

sufficient. These ua values were standardized by correcting for atmospheric pressure and

temperature. Additionally, in each exposure, two Victoreen Model 130 ionization

chambers (calibrated by the Bureau of Standards) were positioned with the dosimeters and

used to check the dose uniformity.

On the basis of these tests it was found that the Model 239 chambers

grouped within + 1.7% of the mean value and the Model 208 chambers grouped within

+ 3% of the mean value. The Model 362 chambers, however, showed considerable spread

and were regrouped into lots containing dosimeters that gave a response of + 2% to a

given gamma ray dose. From the complete batch of 500 of the Model 362 dosimeters,

475 of them were divided into four groupings, and each group was identified by a color

code. Twenty five Model 362 dosimeters could not be included in these groups as their

exposure responses were outside the range listed. These were not used in the experiments.

Since the response of a dosimeter is indicated in microamperes when

using the Technical Operations Model 556 Charger-Reader, it was necessary to develop

a relatio'-hip between the Charger-Reader reading and the radiation dose. From this

relationship calibration constants can be established fcr each :,f the t'-ce dý-.meter types.

First, it was required to establish whether or not the dosimeter Charger-

Render combination had firlear characterstics with respect to radiatio dose. A sries

of calibration runs were made for each type of dosimeter using the 0. 55 curie source. Both
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the so-irce and dosimeters were mounted eight feet from the ground. Exposures were

made at source to detector di.tances of fmir to fifty feet with exposure times varying

from one to twenty-four minutes.

The dose present at each of the various dosimeter positions was calcu-

toted froe' the relottonship:

S t (14, 0C)e"t B(,Bx) B (h,x)0

D 3.2.1o 2
x

where D 0 Dose in milliroentgens0

S 0 Source strength in cJries

14, 000 Dose rate one foot from one curie of Co-60 mr/hr

P Total air cross section at standard conditions = 1/448

h Source and detector height

x - Source to detector distance in feet

B (h, x) - Ground buildup factor (Reference 11)

t - Time in hours

B (Ax) = Air buildup factor for infinite media

The data from each exposure was then corrected for temperature and

pressure and plotted to give a c..rve of dosimeter readings versus the calculated dose.

This calibration curve is linear to about 60 microamperes and deviates slightly from

linearity above this point. From this data and the known characteristics of the chambers

a-i expression to convert the Charger-Reader readings to milliroentgens may be developed.

If the relationship were linear over the entire range of exposures the following expression

would be employed.
,( PI T 2ý

mr - _3. 2.2

where k The slope of the pa - mr graph

P - Atmospheric press.jre, inches Hg, on the day of calibration

T . Abscl ite temperature degrees Rankine on the day of cal ibraiion
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P 2 : Atmospheric pressure, inches Hg, at time of running
any experiment

T2 - Absolute temperature, degrees Ronline, at time of running
any experiment

Reoding of Charger-Reader in microomperes

For convenience the values of ki, Pit Tit can be combined into a constant C giving

(12)
mr • (F2 3.2.3

To account for the deviation from a straight line a value x is introduced into the

equation giving

mr T - (U 4 x) 3.2.4

Note that the subscripts for T and P were eliminated since these are now the only

temperature and pressure terms in the equation. The values of x and C for the three types

of dosimeters ore presented in Table 3. 2.

TABLE 3. 2

CALIBRATION CONSTANTS FOR VICTOREEN CHAMBERS USING
THE T/O MODEL 556 CHARGER-READER

Measured dose (mr) = T + x)

wht;re T Temperature-degrees Fahrenheit absolute

P Atmospheric pressure-inches of Hg

H• - Microarnp reading

C Calibration constant

x Corrections for non-linearity at high values of Ha
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Value x For re rgs of

Dosimeter Type "C" 0-64 65-69 -70-74 75-79 80-84 85-89 00-95

Model 362 LI
"Brown" group 7,.85 0.0 0.5 1.0 1.5 2.0 3. 0

"Orange" group 8.03 0.0 0.5 1.0 1.5 2.0 I3.0
"Blue" group 8.48 0.0 0.5 1.0 1.5 2.0 3,0 --

"Red and Green" 8.54 0.0 0.5 1.0 1.5 2.0 3.0
group

Model 239 206 0.0 0.5 1.0 2.0 2.5 ..

Model 208 1150 0.0 0.0 0.0 0.0 0.0 1.0

Comparison experiments were continually performed on the two Charger-

Reader instruments throughout the experimental program. No detectable difference in

readings was observed for the dosimeters exposed to identical dose values. It was deter-

mined that dosimeters could be charged with one Reader-Charger and read on the second

Reader-Charger with no observable differences. In all experiments a Bureau of Standards

cal ibrated Victoreen R-meter was employed as a base measurement and as a check on

calculated methods.

3:3 Source Calibration

Three sources of cobalt-60 were required to conduct the open field and

steel skeleton tests. These sources were of approximately 6, 60, and 600 curies strength.

The active portion of each of these sources was of cylindrical shape 5/16 inches in diameter

and approximatel) one inch long. Each of these sources was calibrated by determining

its roentgen equivalent outp ,t with the source positioned side on (in a radial direction)

with two standard ionization chambers. Calibration measurements were made for two

source and detector arrangements, first, with the source on the ground (a concrete surface)

and the detector in the air, and, secondly, with both source and detector at the same

height above a concrete pad.

Roentgen output of the sojrces was determined using two Victoreen
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Model 552 (2. 5R) or two Model 130 (0 25R) ,hambers. These chumbers were charged

and read on a Victoreen Model 570 R-meter. The chambers together with tHie Ch•rger-

Recder were cailbrated by the National Burea., of Standards on December 19, 1963.

This calibration showed that the readings at standard otmospý%eric conditions taken. Aith

the Model 552 and 130 chamoers must ne multipiied b, 0. 95 and 1.04 respectively to

obtain correct readings. Temperature and pressfe correction factors at other than

standard conditions are,

Model 552 0.0537 T/P

Model 130 0. 0585 T/P

Where I temperature in degrees Ronkine absolute

P pressure at the time of calibration in inches Hg

Reproducibility with both instruments was better than 4- 1 percent at

midscale. The source strength for the two source and detector arrangements was then

determined from the equations:

Source on the ground, detector in the air

Do q So e-"PBl(.p)
D 

3.3. 1
2

P

Source and detector suspended in air

Do: qoSo e-•dB2d)3h

Do 0d 2 (d)IB3h,d) 3.3.2

w here

D 0 measured dose rate - R/hour0

qi : specific irradionce R//hour at 1 ft. distance
'0

S source strength in c cries
total ý.ross section for cobalt-60 roaliation, (! ,/448 tff



p slant distance source to dete-':ior (ft, )

k height of the source and detector (ft.)

d horizontal sotrce to detector dktonce (ft.)

B 1 (HO) air and qro,rid b.,ildup factor for source nn the :grt;nd

detector in the air (see Re. 9)

B2 (p, d) caicuiated air u•,idup factor (see Ref. O)

B3 (V,, d) q'Ourld $uUiter coefficient (see Ref. I l)

The di.ffere- e , the s..---ce strengths determined from c,.am

ieonietric arrangement and the appropriate equation was less than 1 3 percent. The

act jai eq,:ivalent vurce strength as measured corrected for time decay to Mcrch 1, 1964

(ire.

Source No. 1 53Y cjries
So irce No. 2 52.8 8rIe•
Source No. 3 5- 28 cries

3 4 Operating Procedures

All personnel ettering the Radiation Test Fa( 11it', ore ,eci.wFe,j to ,u:tQ,

both 200 mr direct reading dosimeters and film badges. At the tbeginnilg of or, experim-ent

test exposure dosimeter-, are charged a-,d p'r-.ed In vario 's positionr within or aroisnd the

test -tr¶.t:re Alt person- with-in the e ct- Hior cre]a ae thuL, o( ( oi,,•ed . and preparotior~s

are beq..r for an aCtLJ'aI expos,.Ire The appr-,opfm;te r,- r-y ontair er 1ý pcjý0io5red [.- it,

proper locution, und prinr to ýnloc ir: t .i ) r.tainet rhe u iter fenc 'e woi ril.: tj3ht' Crf-

t.rned on arid a , ker made t-e in,, re rtcjtt 1Pe irea man tr-irr ,- devic es (ire operat n.j

properi

Th,• t..• ta Iled Iu.,rf trI ; t I ,) r f• " ,*e frl ', ed in the ,e I#- tie CouesrI-

Mode i V 1 2' H /+ uu i )-ý (~~ .>ti C' If flije)e ý.i ,,~i stpp f-i,' tep nc

a ý follow - (Referer e morde t- to'i ..... . t .'(jr r: -f rlI - 2 ")

(1) ,ele, t hti prope, . i- :rnI .. rr•. "p)rri ', seed ,' pre5Ctt

-e p-r *t;"q. .e 'J'.t ~ t'e1. ; np. ii 'q ~

(2)2

(2) m'.' i um m nm m'ed e ti !' hr ,' r v trC I



thf s•.,rce tr:,e! ,

(3) Turn on pinip,5 tVI on solenol, vctlve (key lock switch), and

observe trovel ' 'WL,.my sour,-e tkr•,gh the t•d..ing,

(4) L "., .,leth'-f-, of steDs I lIohj,,,h 3, ch-,se soler,otid vo v ret'rwve

,IJnrr-1 ' ~, rre trcr t,,•ng,- •, ,t -ff aoi pumps.

t'4oe. Steps I throL, rn 4 ens-.re that the tubi,•i has rwot been damaged. Steps 5 through

18 ;ho,.:Id be performed by a team o, two opetators - one tn perform the opemtions, the

other th rncfitor the performance, ea-h operator shonid hoe a radiation survey meter.

(5) Select either The 6, 60 or ?)00 curie ¶-ource to be ,.,sed. Be certairn
that source is clamped, renove shipping plugs. Inspect the source
piston leuther and replace it if necessary.

(6) Connect tuiing from the field to source storage container and from
the storage container to the ret.urm birie of the pump console.

(7) Connect pressure lead from p~mps to rear of source assembly.

(8) Unclamp source assembly.

(9) Select and preset pumps to desired pumping speed hy setting valves
on pumping console. Start puips.

(10) Retire to control bunker and operute solenoid valve (key lock switch).

0l 1! Wait until exposure is complete and soice ha,ý returned to storage

container.

(12) Return solenoid valve (key lock switch) to OFF position (pilot light
O r).

(13) Turn off all pumps.

(i4) Approoch storage containei using hand-he'd survey meters, and
clamp source Ey tightening ,oi.;rce clamp

(I.5£ Disconnect Pressure tube from source storage container, allow
5 minutes for pressure to bleed down.

(1'D Disconnect (Il rerrwaining tubes from the storage container and insert
ýhippirv plugs
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(17) Replace pidlocac i, ahippinq p~ugs.

(18) Return to Step 1 for next run, or step 5 for a re-run.

3 Normalization of Data

All dosimeter readings obtained were normalized to a "per hour basis"

for or. equivalent contamination density of oQrt _.ulie per square foot'. Because of the

large number of dosimeter readings to be taken in the test series, data normalization was

programmed for the RCA 301 computing machine in this program dosimeter readings

are- converted to on mr/hr basis using dosimeter calibration c' 'tants, the exposure time,

source strength, and the atmospheric temperature -pressure corrections covered in

Section 3.2 of this report. The equation used to correct readings of milliroentgens

to a standard curie per square foot basis is,

DA 3.5.1
o T'S

0

w here

I -the normailzed data in (R/hr)/(curie/ft. 2

0

D = the measured dose rates normalized to standard conditions
of pressure and temperao÷ure

A area of the contaminated field (ft, 2

S 0 source strength (curies)

T' exposure tic (hr•

is esourc e -Is 0ty or:al t -;W pro,.,j es- ar aT,%t, i0eTJ OF-4 t ao- t i
L __. - _-. -I 'i

GLXJ C ., T :11111le ' t()'ml (.orta r, n ared pJane
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CHAPTER IV

DESCRIPTION OF EXPERIMENTAL DATA

4. 1 GEN'ERAL

This report covern two ýeries of ex.periments. The first zeties wuz devoted

to determining the dose rate above an open field so that it could be used as a standard

reference in the interpretation of later test results obtained on actual structures. The

seconc series was to evaluote the effects introduced by the permanent steel frame used

to support the concrete slabs of the various test structures. Each of these series of experi-

ments were performed in the same way so that direct comparisons of results could be made.

Unfortunately it was not possible to remove the steel frame for the con-

ducting of the open field tests and, as was discussed in Chapter 2, the expe-imental set-up

was shifted 75 feet to one side of the steel frame for these tests (See Figure 2. 5). Other

than this position change the open field experiments were ser up and performed in the

same way as those on the steel structure.

4.2 REPRODUCIBIL!TY OF EXPERIMENTAL DATA

Since cnrt experiment of this type require- many separate runs to obtain

a complete set of data it is important to determine the accuracy to which the data may

t be reproduced. To determine this accuracy a set of twenty "identical" experiments were

u,,nducted with variations in The parameters of source size, temperature, atmospheric

pfessure, and exposure time. The standard deviation of the data w'Zs determined from

0bese resujlts. These experiments wert conducted during a thirty day period in the spring

of the jear when atmospheric conditions were rapidly changing. The center three and

nine foot height detector position5 within the steel frame were used. Source exposure

was made in Area 1. The variation of experimental parameters that occurred during this

series of tests were,

Temperature 34.5 - 70° F
Atmospheric pressure 29.34 - 30.05 in. Hu.
Exposure time 2. 9 - 42. 8 minutes
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Source strength 5. 18 - 52.4 curies

Weather cloudy to clear
still to high gusts

The data obtained from these experiments was normalized in the standaro

manner (see Chapter 3) and is presented in Figure 4. 1. The standard dev.ation is 2.2

and 2. 4 percent for the data obtained ut three and nine foot heights respectively. Though

the total number of twenty experiments Is small enough so that there may be a little doubt

as to the accuracy of this standard deviation, the data obtained from the open field and

other experiments probably does not differ significantly from the value obtained.

4. 3 OPEN FIELD TESTS

To determine the contribution from the test field in the absence of any

structure, test runs were made with the quarter field tubing symmetry described in

Chapter 2 (see Figure 2. 5), As it was not possible to remove the steel frame the tubing

field was offset from the steel frame by approximately seventy-five feet to obtain an

unobstructed area.

Detector positions similar to those established for experiments with the

test structure were laid out to create a "phantom" arrangement at the apex of the field.

A pion view of this array of standard positions is shown in Figure A 2. The standard

arrangement of dosimeter positions consisted of a grid of vertical arrays along the width

at five selected dimensions, and five vertical arrays along the length at five selected

positions for a total of twenty-five vertical arrays. The area occsipied by dosimeters is

44 feet long and 32 feet wide. These dimensions were selected to accommodate a

djplicate dosimeter airangement for use with the steel frame structure. The outermost

standard positions will thus fall outside the building while the remairnnq dosimeter;

will be inside the structure.

Each dosim!eter of the vertical array was sipporled and held in position

uy being tied to a vertical sting. The vertical strings in turn were i-eld in place by

a system of tall poles und rope rigging of minimurr, mass.

The instruments ,sed were two Victoreen Model 362, 200 mr Chamber

Dosimeters (at each position) at elevations of 1, 3, 6, 9, i5, 2i, 24, 27, and 30 feet, and
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Figure 4. 1 - Stotistical Analysis of Data
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* ± . r I

Figure 4.2 - Pion View of Dosimeter Locations for the

Open Field Test

a single dosimeter at 33 feet height. Tne centeT array, however, also contained two

dosimeters at the 33 foot height. Dual dosimeter positions and replications of test

runs were used as a data check. The data obtained from this series of tests has been

normalized to a uniform source densitq (one curie/fi. 2) and is presented in Tables 4, 1,

4. 2, 4. 3, 4. 4, and 4. 5. Since theme was purposeful duplications both in test runs

and detectors during this series of experiments the values shown in the tables re the

median values of the test results obtained.

TABLE 4. 1
OPEN FIELD EXPERIMENTAL VALUES

AREA 0 (R/hr)/(Curie/ft. 2)

Height Dose Rate Dose Rate
(ft.) Quurter Field Fuli Field

"" $i,41 -- 5.•64

39.86 159.44
6 26.48 105. 92
9 18.44 73, 76

15 10 19 40 76
18 7.91 31.64
21 6.39 :.), 56
27 3.76 15.04
30 2.21 12.88
33 2.70 10.80
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Following the open field "calibmtion", the soeaod of the bhusiz cali-

brotions was ndvro. tot of determiniN t4he effect of the bore see1 frae on the

iudiauiion fitd A q qif rwrw~tiy fi&Jl Aiderwiicl wtlo i tsftA In the iupen 11i0d

colibiation was empvoy-ed. This rieud wQs laid out with the center of he stiructure

coinciding with the apex point of the field, Since this field -as only slightly offset

fray, the Ope field test, the physicel feti.res of the actutl gf',nvd4, as to rnughness

cnd giound surface moteiiol, were very near!y identical.

The s•me arrangen-ent of detector positions was used for these experi-

ments cs for the open field test:. (The swme methods of aosimeter support was also used).

The p!kn lozations of each position ore shown in the sketch Figure 4. 3. The outside

4+ 4Fe

- - -.+

01'

-.. 4 o. 4• ... 4 - . .. . .4--- -

Figure 4. 3 - Plan View of Dosirr.eter Locations for the

Skelc•o>n Test
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perliwter of 9he dmtprter armys uwd in tOw calibration ul the steel test structufe, a

total of sixtee array locztioar, fall oftide the structure by a distance of tOee and a

ha•f feet. The renionin, nine do*invte, ocroy locations ore within tbe structure. Two

jQ1-imtii w~~u'-wdQ ~ in On fairu height5 f 1, 3, 6, -7, j5, 18,
21, 27, and 30 feet, and o single dosimeter was plced at 33 feet.

The data obtained from this series of experiments is presented in

Ttbkes 4. 6, 4 7, 4, 8, aod 4. 9 for each expfimento1 afee ortd each detecto.r location.

As in the open field tests many duplicate readings were obtained from test replications

and doubling up of test instruments, The median results are presented in these tables.

The data is normalized to a contamination density of one curie per square foot.

4.5 DOSE VARIATION WITHIN THE STRUCTURE

It is of interest to examine dose variation as a function of position

within the steel structure. From theoretical considerations the dose variotion within

the steel skeleton should be similar to the variation in the open field tests except in

regions where it is modified by the attenuation effects of the structure. Figures 4. 4

through 4. 7 show several typical horizoital and vertical plots of dose rate versus position

within the steel structure and in the open field. The data is for a full field of contamination

extending to a radius of 452 feet and surrounding the structure on all sides (a quarter field

was actually run and s~mmetricol dosimeter readings were added). Inspection of these

Figures shows that the dose rote contour shapes for the steel frame and the open field

are similar except in the vicinity of the steel beoms of the structure where the contour

J-hapes ore different.
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CHAPTER 5

ANALYSIS AND INTERPRETATION OF DATA

5. 1 INTRODUCTION

In order to gauge the ovemll effectivenesu of a protective structure in

Q fQ11aut !ieid. Q mzafiaa~d 'Unproteczad" Position is needed for ~noicn The saunda

unprotected position used foa analysis of o structure is a point 3 feet above an infinite,

smooth, uniformty contaminated p&ane, To obtoin a quantitative estimate of the pro-

tection -ifforded by a given structure in a real field, the dose rate at any position

within the structure is compared to the dose rate that would exist 3 feet above the con-

taminated plane if the building were absent and the piane were smooth and infinite in

extent.

Experimental measurements have been mrude (1) to determine the open

fielod dose rates from a "real' field, V2) to gather data so that the attenuation introduced

by the departure of the field from ideal conditions can be distinguished from the

attenuation introduced by a test structure itself, and (3) to evaluate the effects intro-

duced by the steel frame in which test structures will be constructed. Comp~arisons

are mode between experimentally determined dose rates and those determined from

computationol procedures based on idealized conditions.

5.2 DEPARTURE OF THE TEST FIELD FROM IDEAL CONDITIONS

Theoretical calculationsI' 2, 3 of the radiation shielding of a structure

are based on the idealized assumption that the structure is surrounded by an inlinite,

smooth, uniformly contaminated plane. The contaminated area used in the experiments

was obviously not a plane in any strict sense. Since the area deviates from the ideal,

the path lengths of radiation reaching the detectors from the area are slightly different

from the ideal situation, Also because of possible unevenness of the surface, material

other than air might be interposed between the source and the detector. It is thus

necessary to experimentally determine the effects of ground irregularities for the real
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"field so that these effecti con be taken into account when tests ore performed on various

-orvokau onfi uoi~,

As was stated in Chapter 2 the free field experiment was, of necessity,

offset 75 feef from the steel skel ton structure. Upon physical inspection, the two

test fields of simulated contamination appeared to be identical. If the two fields are

identicat, detector readings taken ao the center of each field shouid vary in the some

way with the radius of the contaminated area except for the attenuation or back-

scattering introduced by the steel skeleton, If the attenuation of the skeleton is approxi-

mntely constant for cl! radii of contarmincted areas, the c•rves of dose rate versus radius

of contaminated area should be parallel to each other for both skeleton and free fief•

tests. The only locations within the structure where the attenuation is approximately

constant are on the first floor. Detector positions on the upper floors are "shadowed"

to various degrees by the horizontol floor support structure, and the attenuation to any

given source provided by this floor structure is dependent upon the source's location.

Figure 5. 1 presents both open field and steel skeleton data for center detector locations

at heights of 3, 6, and 9 feet. Figure 5. 2 presents data taken at identical positions

in tests that were not affected by the stee! attenuation. (Position IE Figure 4. 2 and

4. 3). Inspection of Figure 5. , and 5. 2 indicates that since the curves of cumulative

dose rate versus radius of contcuminated field are parallel in all cases there exists no

significant difference in grouind roughness between the "free field" simulated areas of

contamination and that surrounding the test structure.

5.3 FAR FIELD CONTAMINAT iON

It is clearly impossible to extend the simulated areas of contamination

to infinite field conditions so that direct comparisons may be made with theoretical

results. Previous experiments, however, have indicated that a field extending to about

ter. times the building height or one mean-free-path radius, whichever is greater, is

sufficient to provide most of the dosage that would have been received from a truly

infinite field. If estimates of the dose that originates from areas of contamination in

the "for field" (beyond the one mean-free-path distance) are added to the experimental
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data, then results equivalent to infinite field conditions are obtained. An estimt of

"for field" dose rate can be mode as foalows: The total dme aniving at any position

at t*s center of a contaminoted annulus of radius ri, ri (see Figure 5.3) may be written

Os-

/P 0 42 2

D(h, r.r)= 1/ G(X ho,b...) 2 |2÷h2) O-P +2 5.3.1
Oy 0 (r 7+h J

r=~r.
I

D(h, r.-+r) = dose rate at the detector position of interest

h = detector height

r. = inner radius of the contaminated annulus

Contaminoted Annulus

Figure 5. 3 - Schematic Diagram of Structure Irraiated by an Annular
Contaminated Area
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ro = outwr rdius of the contaminated annulus

1 = specific irrodiance (R"w one ft. froe one curie sosrce)
G(X , h, a, b...) = geomretric and barrier shielding introduced by the test

structure

Xe, a, b faoier descriWAg the structure

a = density of contamination curies/ft. 2

- Jose bAIp Factoir in oir

p = total linear coefficient for air

If the dose buildup factor is represented as a polynomial and if the geometry

and barrier shielding factor G(xeh, ha b, ) is assumed constant so that it may be removed

from under the integral sign, the equation may be integrated. The assumption that the

shielding factor is constant for far field radiation is reasonable since the angular and

energy distribution (measured at the test structure face) of gamma rays originating from

locations at radial distances large with respect to the structure height are nearly independent

of radial distance. The attenuation G(xe, h, a, b .... ) offorded by the structure to these

gamma rays is thus essentially constant.

The dose buildup fartor may be represented by a polynomial expansion

such as:

B(p)= a 0 p ap+ a 2 (pp)2 + ......

where

p actual source to detector distance

= total cross section

000102... = experimentally measured constants

Several nvestigators 10 have determined these constants, giving values

for a, ranging from O. 55 at several feet above the tnterface to I.0 at altitudes of fifty

feet or more for values of ppZO. 1, The simplest expression that adequately fits oal
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of the existing experimental data at moderate allitunes is that presented in referene (6).

This exprssion is:

S(pP) = 1.0 0.55pp 5.3.2

Substituting this expression in equation 5. 3. 1 and integ;ating with

G(x ,o, t) held €tonitc, the dose ate fr•nt an anrular contaminated fiefd extending

from r. to r becomes
1 0

D(h, r ,ro)= 2w 1 0G (x,, h, a, b...[E I(ppi)+0. 55 e-Ip i -E(pp.) - 0. 55 e- 'p0 5.3.3

where:

22
po - slant radius = r.

PC = lant radius =Ir 2 0 4

EI(x) exponential integral of the first kind

If the outer slant radius p is allowed to go to infinity the "far field"

dose contamination (that from all sources lying beyond p.) may be calculated in terms

of fundamental quantities and the parameter G(x e, h, a, b... ). An estimate of the dose

arising from contamination lying beyond the outermost simulated annulus can be obtnined

by multiplying the dose obtained at each detector position by the ratio of the calculated

"far field" dose to that calculated as arising from tLe last annulus. The ratio of "far

field" dose rate to that obtained from the outermost contaminated annulus is thus:

D(h, r-. 0 ) E1 (ppp) 40. 55 e-IP-o

D(h, r* r0 E I(lip i) E I(pp.) +0. -55(e-PP i -e- 0o)
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PO slant distance from the detecto to the maximum outer
radius of the outermost simulated field

Pi slant distance from the detector to the inner radius of
the outer field simulated

h the detector height

The resultant ratio of "fat field" do&* (the dose if the field hod been con-

taminated from the outermost rodius of the simulated arfa to infinity) to that obtained from

the outermost annulus simulated in the experiment is presented in Table 5. 1

TABLE 5. 1

RATIO OF "FAR FIELD" DOSE TO THAT OBTAINED
FROM AREA 4 or 4A

Dosimeter height Ratio Dosimeter Height Ratio
.. .. (ft.) .. ..

I 0.567 21 0.574

3 0.568 24 0.575

6 0.569 27 0.576

9 0.570 30 0.577

12 0.571 33 0.578

15 0.572 36 0.579

18 0.573

5. 4 OPEN FIELD RESULTS

The methods of experimentally simulating an infinite smooth uniformly

contaminated plane represent only an approximation of the ideal situation. The expefi-

mental field is not infinite in extent, the ground is not a smooth plane in the mathematical

sense, and the condition of "uniform contamination" is represented by closely spaced

lines of contamiration. The major %.-qose of the open field tests is to evaluate the
I

effect of those appmximations on the test results. Spencer I.has performed an elaborote
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sries of morpents method calcukotiom of the dose rote eobov such a fiafd 4*a <ion

with either fallout, Cobalt or Cesium. The results of this calculation, normaliz:ed to

unity at three foot altitude are presented as a function of height above the plane.
8 13Rexrood has performed experiments and French a Monte-Carlo calculation to evoalate

the dose-height relationship in terrim of the source demity actually existing on the ground.

French's results ore expresiad as the do4e bu~idup factor 3 feet above an

"inite plone s*rce of contomunation Qs a foact -ion of isotop energy. H&J, vO144 of

1. 16 for the mean energy of cobalt rodiotion (1, 25 mev) yields an infinite field dose

rate of 453 (R/'r)/(curie/ft2 ) three feet above the contaminated plane for standard

conditions of pressure and tenmperature.

Rexroad's evaluation was performed by measuring the dose rote fre-v'

sources located at different distances from a detector and numerically integrating the

results- To eliminate the effects of ground roughness, Re2.road placed his sources slightly

above the ground such that no shadowing effects caused by minor variations in tertain

height would exist. The results of this experiment are presented in excellent c-etail in

reference (6). Unfortunately there exists some question as to the actual strength of the

sources used. Rexrood calibrated his cobalt sources at an I 1-foot height with the source

and detectcor approximately six Feet apart. Allawance for air and ground scatter was

then estimated by placing a small lead shield approximately eight inches thick between

the source and detector and reading the scattered dose. The difficulty in such a

measurement is that the scatter introduced by the edges of the shield can be greater

than the air and ground scatter one is attempting to measure. Thus Rexrood obtains a

scatter component of 5. 1% of direct beam while Clarke 1 1 in measurements taken with

similar geometry, without the lead shield, reports about 1/2% air and ground scatter.

Since the source calibration is dependent on direct beam values alone, Rexrood's source

may be as much as 4.6% higher than the quoted value. Also, source strengths are

reported using a value of 14. 3 Roentgens per hour one foot from a one curie source rather

than the current!y used value of 14. 0. His data must thus be reduced by these two

factors, a total of 6. 7 percent, if direct comparisons with the data obtained in these

present experiments is to be made.

The data obtained from these experiments for center detector locations
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is pmrsnted in Toble 5. 2 fcr each test area. This data, summed to infinity, and that

calcuilted by Spencer, nomw•ized to Rexrvad's re"ucod value of 464 Roentgens per

hour 3 feet above on ;nf;nite plane field (contaminated to a density of one curie per

uaore foot of cobolt-60) is illustrated in Figure 5. 4. Inswection of this figure indicates

TABLE 5. 2

DOSE RATE ABOVE AN INFINITE CONTAMINATED FIELD
(R/hr)/(Curie/ft. 2)

Height Area 0 Area )A Area2A Area 3A Area 4A For Field Total

__(f.) (ColculoteD)

S225.6 51.0 54.1 52,9 31.7 18.0 433.3

3 159.4 54.0 65.7 65.5 54.0 30.7 429.3

6 105.9 54.2 69.8 74.0 68.6 39.4 411.9

9 73.8 48.4 69.a 74.0 72.1 41.5 379.6

15 40.8 38.0 62.0 74.0 74.4 42.8 332,0

18 31.6 32.6 59.8 75.4 78.5 44.9 322.8

21 25. 6 28.3 56.4 75.4 77.3 44.2 307.2

27 15.0 22.0 53.6 72.0 78.5 4..0 286.1

30 12.9 19.2 46.2 70.8 81.4 45.6 276.1

33 10.8 17.6 44.0 70.8 82.6 47.5 273.3

Inner Rodius 0.0 17. 9 32.0 68.0 164.0 452.0 0
(ft.)

Outer Radius 17.9 32.0 68.0 164.0 452.0 C7O

(ft.)

excellent agreernent at all locations excep, the one and three foot levels. This is to be

expec.ted as minor voaiation in ground terrain (ground rolling effect) would introduce

shadowing effects for only the lower detectors. Because of the good agreement between

experiment and theory it seems reasonable to use 464 as the standard value of dose rate
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Figure 5. 4 - Dose Rote Above an Infinite Contaminated Field

at 3 ft. height in the absence of ground effects for an infinite field contaminated to a

density of one curie per square foot of cobalt-60.

Placement of a thst structure within a field necessitates the clearance of

an area equivalent to the building plan area, The reduction in dose rate at each centrol

location of the open field may be calculated in a straightforward manner by application

of the techniques described in the OCD Engineering Manual. 2In the Engineering Manual

the dose rate above a cleared rectangular area is expressed as;

L(h) -L(h)[Gd(Ih) . G(h)] 5.4.1

where:

D = Dose rate 3 ft. above an infinite contaminated field
0

L (h) = Infinite field dose rate as a function of height h

G (wl , h) = Cumulative angular distribution of direct and scattered
d radiation arising from below the horizon for cobalt

radiation. 12
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1I = oid angle fraction of the cleared area as viewed from the
detector location

= Detector height

The fun•tion Gd(ul, h) is calc•it•red by summing the direct and scattered

rodiation entering the detector f r 0 m all angles extending from u = i to 1, at

height 'hS it thus rnglects ridiction t0t miiv- enter a detector by oriqinatinr outside

the area described by w,, scattering within the volume defined by tj and the ground and

being intercepted by the detector. Gd(wl, h) is thus exact only for the case of tj equal

to zero and would be expected to be slightly low elsewhere. It should also be cautioned

that the angular distribution of scattered radiation which ore summed are calculated from

an infinite media - infinite source moments method calculation without a density inter-

face and thus are not exact.

An estimate of the experimentally determined value of Gd(Wi# h) may be

made from the open field experimental dato and equation 5.4. 1. This estimate based

upon "extrapolated values" of the experimentally determined dose rate above the cleared

area (representing the plan area of the test structure) is given in Table 5. 3. The

TABLE 5. 3

ESTIMATE OF Gd (w, h) FROM EXPERIMENTAL DATA

Detector So! ud Dose rate L(h) G ,.l(f h) GCdkh)
height (ft.) arIle from a stan- Ref. 1 calculated calculated

Sdard field R/hr from exp. from Ref. 12
(1/464 curi.es/ft2) dat

3 .82 .66 1.0 .57 .55
6 .67 .66 .90 .64 .61
9 .54 .66 .83 .71 .66

15 .34 .63 .74 .74 71
18 .27 .62 .70 .79 .73
21 .22 .60 .67 .80 .74
27 .16 .59 .62 .86 .75
30 .14 .57 .59 .88 .76
33 .12 .56 .57 .89 .77
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experimental data was "extropolated" back to three foot height to correct for ground

foughrms using the feuts of Ref. I aod 8. it shmoud be noted thoi the experimentelly

determined values of Gd(9. h) am all slightly higher than those calculated from theory

as would be expected.

A second method of computation that can be used to calculate the dose

rate above a cleared area is stated in reference (1) as;

L (P) 5.4.2

p = slant height =

Where the other quantities are defined as before. This expression is

developed from the consideration that the equations representing the summed different;al

angular dose rate from an infinite contaminated field and from an infinite field con-

taining a cleared area are identical except for their limits of integrations when that

field is surrounded by an infinite media. The relationship is only approximate when

the contaminated plane is also a density interface, sinc e those gamma rays originating

at c. great distance must travel a long distance to reach the detector over a path which

is not far above the interface. These photons thus have a large probability of being

deflected into this interface, and when this happens the distance between successive

interactions shrink from hundreds of feet to a few inches (if the interface is to be

representative of ground), and the probability of absorption at a location far from the

detector is increased. The approximate relatiomhip 5.4.2, based upon infinite media

conditions with no density interface, would be expected to give a slight overestimate

of the dose rate above a cleared area.

The dose rates measured in these experiments above the cleared area in

an infinite contaminated field are presented in Figure 5. 5 together with those obtained

from equations 5. 4. 1 and 5. 4.2. Inspection of this figure indicates that a t altitudes

above approximately six feet extremely good agreement is achieved. The measured
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predicted by 5.4. 1 as was expected. Detector readings at law altitudes drop below

that predicted by both viet!d as a portion of the ofer fielda iouwes of cm~omewwton

are hidden by the minor variations in terrain, ("ground roghnes").

Equations 5. 4. 1 and 5. 4. 2 may be extended to predict the fraction of

infinite field dose rate remaining after any given area has been cleard. It should be

noted that in equation 5.4. 1 the skyshine term is assumed unaffected by the area cleared,

, ; his•.,mpt;on is true oni for small oreas, thi mwatflonsr.p is rot a good

representation of the case for detectors located above large cleared areas. Plots of

equations 5.4. 1 and 5.4. 2 are presented for 3 ft. altitude in figure 5.6 together with

the data of Rexroad and data from these experiments. The values presented for these

experiments were obtained by plotting the dose rate versus altitude from each experimental

area and extrapolating to the altitude of three feet. The effect of ground roughness at

the lower altitudes (below about six feet) is thus removed so that direct comparisons may

be made between theory, these experiments, and previous experiments.

As can be seen from the figure excel lent agreement between the theoretical

and experimental data exists. Equation 5.4. 1 provides an underestimate of the dose

for small radii clearings and an overestimate for large radii as was expected. Similarly,

equation 5.4.2, as expected, provides an overestimate of the dose rate for any clearing

size.

5.5 COMPUTATION OF SKELETON STRUCTURE

The Engineering Manual,3 type calculations give the reduction factor

at a detector inside a structure surrounded by an infinite plane field of contamination.

They apply to cases where the walls and floors have uniform thickness. The reduction

factor for the case of a typical structure is the product of a barrier factor which depends

on the thickness of the walls and a geometry factor which depends on the distance of

the detector from the various walls.

The usual approach to the problem of shielding analysis is to consider

a simple structure with only one type of wall construction. The steel structure investigated

in this report, on the other hand, consisted of a framework of 8 inch floor beams and

67



* n 4inc'h vertical cokwuetn The ipoiq~ between beau was 4 feet. The Engineering

MAuAl method Is not therefom directly applicable to this experio mt. However, in

an attempt to account for the dose rote distribution in the skeleton structure, a modification

of the Engineering Maoual analysis has been mode and is presented in this report.

The method given in the manual to analyze a structure composed of

diffei ttypes of watt constriction Is the azimuwthul sector approch. The azihum. t

sector appawxA is described in detail in Reference 2. It consists of calculating the

azimuthal sectors subtended by the detector for each different wall type, the calculation

of a fictitious building in which all walls are of this type, and then a summation of

these results weighted by their azimuthal fraction. The calculations for ground con-

tribution for each fictitious building am completed in the usual manner and then adjusted

by the azimuthal fraction which a wall occupies in the actual structure.

While a method of analyzing a structure with different wall construction

is proposed in the manual no mc~ntion is made of a structure with different floor con-

struction* Our first attempt to calculate the dose rate in the steel structure consisted

of smearing the horizontal floor beams. The azimuthal sector approach was used on the

vertical columns forming the walls.

In this calculation, only detectors at the center of the steel structure

were considered. The first step is to calculate the angle subtended by the detector for

each individual vertical wall beam as illustrated in Figure 5.7. Next, angles from each

azimuthal sector are summed and divided by the total azimuthal angle to obtain azimuthal

fractions. The building being symmetrical, the calculations are mode for only one

quadrant. Defining A as the decimal fraction of blocked area, and 1-A as the fractionz z

of open area in the wall, the resultant calculations showed Az =0. 3 and 1-Az = 0.7.

The effective mass thickness of the vertical beans was calculated as follows:

W (2
xe = 5.5.1

where:

X = effective mass thickness for vertical columns in the
quadrant

T1" emason for this is that floor systems are usually uniform and in most common shielding

situations the relative dos* contribution through the floor is quite smoll.
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Figure 5.7 - Conmptation of Azimuthal Sectors

/ /7

Figure 5. 8 - Structure Elevation Illustrating its Geomtry
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W = pounds per foot of height of all verticol steol column

(2 -) ratio of .t!oic ckwr go to otomic number For steel

L = total perimeter of building plan

A fmaion of structure ocupied by vertical steel columns
as viewed by the detector

With the above information we can proceed with the functional equations

that describe the calculation of dose rate within the steel structure. The functional

equations using the notation of Ref. 2, 3 are given below (see Figure 5.8).

Ground contribution to the detector through the walls of the same story as the detector:

CgD = Az t[G (wld h) + Ga(h J] (1- S) + [G s(sp) 4 Gs(k))] S E Be(xe' h)

+ (I -Az) [Gdtu), 6) 4' Ga(w1)1 8e(xe = 0, h) 5.5.2

Ground contribution to the detector through the walls of the story below the detector:

COB = A~ t[Gd(I #,h) - Gd (L)' h)1 (1 -5) + ICs,))- Gs(ul )] SwE}B(X (, h) B (xP)

+(I -A ) [G~.'h) - Gd(u'l h)] BO(xf) Be(xe = 0, h) 5.,5. 3
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Ground contribution to the detector tiwauh thewalofte bwthdtcor

CgAwA{z S(uu)- Gs(U) SWE +k{(l"-G(sa1 )1-S 4  ao'(xO )

+ (I -Az) [G(uu) - G(; u) Bo' (xo) Be(xe, = 0, h) 5. 5.4

Total ground contribution to the detector:

Cg = CgD + Cgs + CgA 5.5.5

where

0Ga(W) -- the directional response of atmospheric-scattered radiation

Gs(W) = the directional •-sponse of wall -scattered radiation

Gd (0, h) = the directional response of direct radiation

W= a sol id angle fraction (sol id angle/2w) (see Figure 5. 8)

h = detector height above ground

S = the fraction of radiation scattered by the wall

E = aneccentricity factor depending upon length-to-width ratio

Be(Xe, h) = the barrier shielding introduced by a vertical wall of
thickness x at height h above the ground

B0 '(xf) the barrier shielding introduced by an overhead moss
thickness xf to atmospheric or wall-scattered radiation

Bo(Xf) the barrier shielding introduced by the floor below the
detector

A = percentage of open area occupied by the vertical columns
Z as viewed by the detector

It should be noted that these equations are applicable only to a structure

of an infinite number of stories where radiation from floors more distance than those
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immediately above and below the detector have no significant effect on the meading.

In the mal situation this Is in general true except for detector locations on floer near the

top of the structure. In this instance an additional term must be added to the equations

to account for the skyshin. enrerir through the building roof.

Although shielding calculations in the Engineering Manualp 3 are based upon
1. 12 -hour fallout spectra, while the skeleton results were obtained using cobalt-60 as

a fallout simulant, SpencerI presnts similar curves for both cobalt-60 and fallout spectra

so that direct computations can be made of the test conditiom where cobalt is used. For

the computations the methods and nomenclature of the Engineering Manual together with

functions evaluated for cobalt-60 in Reference 1 were used.

The results of a series of computations using equations 5.5. 1 through 5. 5. 5

together with the assumption that the floor mass may be smeared is presented in Table 5.4

together with that obtained directly from this experiment. Note that equation 5. 5. 2

reduces to that of 5.4. 1 for the case of no building (here Be (x, 0, h)= L(h)).

TAPIE 5. 4

THE DOSE RATE FROM GROUNL' BASED SOURCES OF RADIATION
(R/!,., from a StardAord Field)*

_Open Fiei Skeleton
Detector height Experimental ColcAvted' Iatio Experimental Calculated Ratio

(ft.) %A-1r) F_ o_ _ __(. (Off) Cal/exp.
1 .45...' _ .46 ....
3 .59 .64 1. i9 .54 .55 1.02
6 .66 .63 . .57 .54 .95
9 .66 .62 94 .53 .53 1.00

15 .63 .59 .94 .47 .34 .72
18 .62 .57 .92 50 .35 .70
21 .60 .56 .93 50 .38 .76
27 .59 .53 .90 .42 .26 .62
30 .57 .50 .88 .45 .30 .67
33 56 .49 .88 .46 .31 .67

A standard field isdefnd as that field which if h and infinite in extent would
produce I R/hr at an altitude of 3 feet above it. ( curies/ft 2 Co-60).
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Areement beeween calculat ion arnd expesoist s .ac~llent far the

open field and on the first floor of the skeleton structure (with the calculated data

generally falling slightly lower than that measured) but not very good for the upper floors.

From the discussion of Section 5.4 the predicted dose rates are expected to faol slightly

below those m ue for above ground positions. This ~e can be attributed to the

fact that the quantity Gd(w) is computed neglecting the radiation that scatters to the

detector from the air volume defined by the detector and the floor plan area. The effect

of neglecting this component should grow larger with increasing dosimeter height as

this volume contains mote and more air. Thus, with the exception of the detector

values in the lowermost locations which am affected by ground roughness, the difference

between experimental and calculated values is as expected from theory.

Since good agreement is shown on the first floor of the steel structure

but not on the upper floor locations it is evident that the proposed metLod of handling

floor inhomogeneity by smearing the mass of the floor arid computing a barrier factor

based on this smeared mass is not adequate. A second approximate formulation for the

barrier factor, similar in some respects to the azimuthal sector method used for vertical

barriers, may be made as follows. The equivalent barrier factor for an inhomogenous

floor is set equal to the sum of the barrier factors for each homogenous portion of the

floor, weighted by the fractional area of that section of the floor. Thus;

Bo(xf) 8 0o(xf) A, Bo(xf2 )A 2 ÷ .. 5.5.6

where

Bo0 ) = weighted barrier factor for inhamogenous floor
8(xf• th

aofn) barrier factor of the n area of the floor

A = fraction of total floor area of the nth area of the floor

Similarly, B. (xf), the barrier factor for an overhead mass can be compited. When these

new calculations are performed, the barrier factors are changed from 0. 29 to 0. 768 for

B' and from 0.27 to 0. 760 for•%. These values are quite near what is actually experienced

in the structures. The dose rate as illustrated in Figure 5.9 just above and below
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Figure 5. 9 - Dose Rote Above the Cleared Rectangular Area Representing
the Building Plan Area - Open Field and Steel Skeleton

the structv,.3 floors varied by about 0. 75 to 0.85. If the new calculated values are

now substitjted in equations 5. 5. 3 and 5.5. 4 in place of the smeared barrier factors

for floor and ceiling, the computed dose is found to agree quite well with that experi-

mentally measured. This is illustrated in Table 5. 5.

Note that the calculated dose now shows faidy good agreement with that

measured - the dose being in general slightly lower as expected. Table 5.3, 5.4 and

5. 5 does, however, mask the effect of ground roughness on the lower experimental values.

A more valid comparison may be made by comparing the ratio of calculated values of

the steel skeleton divided by the calculated values of the open field with a similar ratio

computed from the experimental data. This is presented in Table 5.6. This ratio

"removes" not only the effect of ground roughness but also the fact that Gd underestimates

the direct radiation component in the calculation (see Section 5. 4).

The extremely good agreement shown (both in magnitude and variation

with detector he;ght) in Table 5.6 between experimental and computed ratios indicates

that the computational method represented by equations 5.5. 1 through 5. 5. 6 is val id

and quite accurate. The major inaccuracy of this method for "thin" structures is caused
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TABLE 5.4k

RATIO OF SKELETON DOSE RATE TO THAT OBTAINED IN
TIE OPEN FIELD

Detector height Floor Experimental Shielding* Calculated
(ft.) Element - (using 5.5.o)

3 1 .93 C .86
6 1 .84 .85
9 1 .88 .85

15 2 76 C,.H .76
18 2 .80 C, a .75
21 2 .83 C, H .80
27 3 .72 Z, H .69
30 3 .79 C, r .74
33 3 .80 C,H .76

* C refers to vertical columns, H refers to horizontal beams. Item of probable
dominance is underlined.

by the fact that Gd(wl, h) underestimates the "direct" radiation for values of W, (the

solid angle fraction of the cleated area) greater than 0.

As a further test of the use of the area weighted barrier factor for the

floor and ceiling attenuation, a calculation was performed to determine the dose rate

at an off center position at 15, 18, and 21 foot heights. Because of the complexity of

the calculation only one position at three detector heights were computed. This positiorn

3B or 3D (see Figure 4. 3) was on the longitudinal centerline of the building and offset

eight feet from the center. The off center computation was performed using the "position

variation" method described in Reference 2. This procedure involves dividing the

building into quadrants surrounding the detector lc ation and calculating the ground

contribution for each quadrant by assuming that the detector is at the center of a

fictitious structure four times the size of each quadrant. The total contribution for all

four fictitious structures are then added and the sum divided by four. The functional

equation describing each radiation component has been previously presented as equations

5. 5. 1 through 5. 5.6.

The results of this computation are presented in Table 5. 7 together
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IABLE 5.7

DOSE RATE AT POSITION 38 or 30 FROM A FULL STANDARD FIELD

Detectot Experimentally Calculated Calculated
height determined do$* rte I/hr dos e sot usin
(ft.) dose rote using Eq. 5.5.6 snmared floors

/RV and ceiling

15 0.48 0.46 0.40
18 0.50 0.45 0.40
21 0.49 0.44 0.39

with the experimental data obtained from this present program.

Inspection of this table shows that the floor attenuation as determined by

equation 5. 5.6 is much more accurate than that obtained by using a "smearing" technique

for off center as well as center locations. The slight variation between calculated and

experimentally measured values of dose rate can probably be attributed to the fact that

the theoretical value of the "direct" radiation Gd (ul, h) is lower than that actually

experienced (see Section 5.4).
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6. 1 GENERAL

The purpose of this study has been three fold; first to pedfos m a set les

of standard experiments designed to "calibrate" the radiation test field of the Protective

Struc.'ires Development Center; secondly to obtain data upon the variation of dose rate

with height to greater heights than previously measured; and th.-d, to determine the

best computational procedures for handling the inhomogeneity introduced into a test

structure by its supporting skeleton. Two major test series were undertaken to achieve

these goals. The first series of tests consisted of measuring the dose rate near the center

of a contaminated field of 452 foot radius both with and without a cleared area repre-

senting the test structure plan area. The second !,eries of tests consisted of measuring the

dose rate at identical positions from a duplicate contaminated field surrounding the steel

skeleton of the test structure.

6.2 CONCLUSIONS

The major conclusions that can be drawn from this work may be summarized

as follows:

1. The dose rate at standard conditions of pressure and temperature

(P = 760mm, T = 320 F), three feet above an infinite field contaminated to a density of

one curie of Cobalt-60 per square foot, and in the absence of ground roughness is 464

Roentgens per hour. This value agrees well with that previously measured.

2. The decrease in dose with height, neglecting ground roughness effects,

agreed well with that predicted by the moments type calculations of Spencer (Ref. 1).

3. The minor variation from flatness of the experimental field at the

Protective Structures Development Center causes the dose rate to be reduced by

approximately 0. 68, 0. 88 and 0. 97 at one, three and six foot heights respectively.

4. The agreement between theoretical and experimental values of the
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dose rate above a cleared area representing the test building plan area is within 12 percent.

5. The expimentally determined values the eImlativeaonplor dls-

tribution function Gd(4 , h) are as much as 14 percent higher thon calculated values. This

is to be expected since the theoretical calculations neglect radiation scattering to the

detector from the air volume bounded by the det•e•ctand the clearisd am..

6. The predicted dose rate reductior. obtained 3 feet above a uniform,

contaminated field by :tearing a circle of radius r (solid ongle fraction w) as predicted

by• the theoretical relatioriship L ( d )is conservative; and as predicted by the relation-T--

ship L(h) [G d(w) + Ga is not conservative for radii lest than about one mean free path.

7. Th4 attenuation effects introduced by the steel skeleton of the test

structure may be predicted to good accuracy using a modified form of the "Engineering

Manual" 2'3 style calculations.

8. The azimuthal sector method of computing the effect of variations in

wall thickness is accurate to within approximately ten percent.

9. The method found best to represent the effects of inhomogeneities

in floor and ceiling slabs ( for the case of very thin floors) is that of computing an

overall barrier factor by summing the area weighted barrier factors for each section of

uniform mass density. Thus;

i AnBo(Xn)

n=1

where

Bo(x) = effective floor or ceiling barrier factor

A = total floor area (ft.) 2

A n the area of the floor having a ma-s density x n(ft)2
n th 2

X = the mass deemity of the nr area 1/s2

Bo(X) = the attenuation introduced by a floor or ceiling of mas
density xn

= the total number of floor or ceiling areas of different
thickness
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6.3 RKCOM)Akf•NTD OS

The major recommenwWtions resulting from this study are that;
d

1. Th6 furction L T:--;) be used as a conservative estimate of the dose

rate above a cle ld area.

2. - Further study should be made to accurately determine th values of

the cimulative angular distribution pammeter for direct radiation, Ga•U, h).

3. The "area weighting" technique of conmuting barrier factors for

inhomogenous roof and floor slabs should be investigated further to determine its applicability

over a wide range of floor thickness variations.

4. The value of 464 R/hr be used as the standard value for the dose rate

above an infinite smooth plane contaminated to a density of one curie per foot squared

of cobalt-60 radiation.

8o
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AFPENDIX A

PUMP CALIBRAT!ON

Raft of fluid output from the Hilhls-McCann metering type pump can be

vaided by chongtng th, speed control setttrq on the Vtckwrs verleN-speed Mve vnd/o

changing the piston stroke length. For most operations the requirta pump output con be

obtained with full piston stroke (1-1/4 inches) for each of the four putmp feeds and varying

output with the variable speed drive only. However, for flow rates less than 0. 02 lblec

the pump stroke must be shortened in addition to reducing output RPM of the variable

speed drive.

Output of the pump for different variable speed drive positions and pump

strokes were measured by weighting the amount of fluid discharged over known time

intervals. This measured output converted to a pound per second basis as well as to

equivalent fluid velocity within a 3/8 inch I. D. tube is shown in Figure A-A.

During a series of "dummy source" check runs on the "open field" and

the "structure" tubing areas, data was taken of the measured dummy source velocity th--, tgh

the tubing versus variable speed drive setting as well as on actual times (Figure A-2)

required to push the dummy source through each of the areas for several variable-speed

drive settings. Additional points were added to these curves as exposure runs

were made with the Co-60 sources. Velocity of the dummy source in the tubing was

measured by placing a 100 foot tape beside the tubing and timing the passage of the

"dummy" over a known distance.
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