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PREFACE 

Information on the Tower Shielding Reactor II is contained in the 
TSR-II Design and Operation Report and in the Tower Shielding Facility 
Manual. 

The TSR-II Design and Operating Report consists of three volumes: 
ORNL-TM-2893, Volume 1, "Description of the Tower Shielding Reactor II 

and Facility/' by L. B. Holland 
OKNL-TM-2893, Volume 2, "Safety Analysis of the Tower Shielding 

Reactor II/1 by L. B. Holland and J. 0. Kolb. 
ORNL-TM-2893, Volume 3, "Assembly and Testing of the Tower Shielding 

The Tower Shielding Facility Manual contains current operating, 
maintenance, and emergency procedures; operating safety limits; descrip-
tions of the facility, the reactor, and auxiliary equipment and records 
for their operation and maintenance; delineation of the administrative 
organization and programs for training and qualifying personnel. 

The TSR-II was conceived, designed, and fabricated by ORNL personnel. 
It is not feasible to give credit to the many individuals who have con-
tributed to the overall effort but some should be singled out. At the 
suggestion of A. M. Weinberg that a reactor having a wide utility shield-
ing be designed, E. P. Blizard proposed that the reactor be spherical. In 
order to minimize flux perturbation by control rods, C. E. Clifford pro-
posed that the control be achieved in a central nonfueled region. P. E. 
Oliver first suggested the control mechanism design, which utilized only 
metal and water in the core region. The diligent efforts of the TSF staff 
in carrying on development studies was a fine compliment to the many indi-
viduals who contributed to the design. 

Reactor II Control Mechanism Housing," by D. R. Ward 
and L. B. Holland. 

- L E G A L NOTICE 
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their v.nployees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

PTSTRIBimON OF THIS DOCUMENT IS UNLIMITED 
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1. INTRODUCTION 

The Tower Shielding Reactor II is a spherically symmetrical experi-
mental reactor that was installed at the Tower Shielding Facility in I96O. 
In order to measure reactor parameters and to gain operating experience 

1 2 
with this reactor, initial approval was requested, and granted, for 
operation at 100 kW, "both at ground level and at elevated positions. It 
is now propo&ed that, as a result of the safety analysis contained in this 
report, the TSR-II "be operated at a power level of 1 MW with the three 
following limitations: l) the core life will be limited to 3000 MWhr, 
2) continuous operation at 1 MW will be limited to periods of 75 hr or 
less, and 3) operation at a power level of 1 MW will be initiated only 
if the afterheat from previous operation has decayed to a sufficiently 
low value. 

The factor considered in the safety analysis for operation at the 
proposed power level of 1 MW were the lack of a containment barrier around 
the primary core coolant system, the operation of the reactor while sus-
pended from the TSF towers, and the minimum exclusion distance of ^085 ft 
from the reactor to the nearest point of public access at the general 
exclusion fence. The investigation was directed primarily to the adequacy 
of the fuel plate cladding as a barrier to fission-product release and 
to the amount of fission-product release that could be tolerated under 
the Maximum Credible Accident (MCA) conditions. 
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2. SITE DESCRIPTION 

2.1. Site Location 

The Tower Shielding Facility is located on a knoll with an elevation 
of 1069 ft 2.35 miles south-southeast of ORNL, 6 to 13 miles from the city 
of Oak Ridge, and 17 to 25 miles from the city of Knoxville (see Fig. 2.1). 
The Melton Hill Dam of the TVA is located 0.8 mile south of the TSF on the 
Clinch River, which forms a natural boundary of the restricted area. The 
nearest ORNL facilities are the Health Physics Research Reactor (RPRR) and 
the High-Flux Isotope Reactor, both of which are over 6000 ft from the TSF 
and separated from it by Copper Ridge, which has a maximum elevation of 
1356 ft (see Fig. 2.2). The immediate terrain on all sides of the tower 
structure slopes below ground level at the base of the towers; approxi-
mately 400 ft to the north of the towers the grade gradually rises to the 
top of Copper Ridge. 

The Tower Shielding Facility is situated within a general exclusion 
area which is enclosed by a 6-ft-high chain-link fenca topped with three 
strands of barbed wire (see Fig. 2.2). The closest approach to the 
reactor at this fence is a distance of 3800 ft located on an arc drawn 
through points M2, M3, and M4 in Fig. 2.2, but the terrain is so steep and 
heavily wooded that this area is not considered accessible to the general 
public. However, where the TVA lands of Melton Hill Lake are adjacent to 
the exclusion fence, the fence is reasonably accessible for pedestrians 
from a road that runs along the lake. The nearest point of possible access 
to the reactor from this area is at Ml (Fig. 2.2), which is 4085 ft from 
the reactor. 

Four gamma-ray sensitive detectors are located at points Ml, M2, M3, 
and M4 along the exclusion fence. Calculations1 have shown that, even if 
a highly collimated beam from the reactor is directed north, i.e., away 
from the monitor stations, (see Fig. 2.2) the radiation level along the 
fence where the monitor stations are located will be higher than it is 
at any other point on the exclusion fence. If the beam is pointed 
directly between the two most widely separated monitor stations, the dose 
at that point is calculated to be approximately 35% higher than that at 
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the monitor stations nearest to the beam direction. This area, however, 
is a heavily wooded peninsula that is not readily accessible to the general 
public. The gamma-ray dose rates at the four monitor stations are con-
tinuously recorded on a strip chart in the control room. With the TSR-IX 
operated at 100 kW in the beam shield, no radiation above background has 
been detected at the fence. If the radiation level at the perimeter fence 
for a new reactor shield configuration is above background level, the 
neutron-to-gamma ratio will be measured. (For the TSR-II in the COOL-I 
shield it was measured to be 2.23.) This ratio will be used with the 
monitor readings to calculate the daily dose accumulated at the exclusion 
fence. The daily dose is recorded in the operations log book, and the 
total dose at the fence is published in operating reports that are now 
issued semiannually. The allowable dose to an individual in an uncontrolled 
area is 500 mrem/year. The TSR-II will be operated such that at the point 
of closest public access to the reactor, the 4085-ft point, the dose will 
be limited to 500/mrem/year. 

2.2. Climatology and Meteorology of the TSF Site^ 

Weather instruments have been used at the Tower Shielding Facility 
since March 1954. When supplemented by meteorological observations from 
Melton Valley and X-10 (ORNL), these instruments provide extensive informa-
tion on temperature, dew point, wind velocities, wind directions, and 
vertical temperature gradient in the TSF area. The climatological 
differences at the TSF site, Helton Valley, and X-10 are quite marked 
and will be discussed in detail. This material can be considered as 
supplementary to the climatological discussion of the TSF area contained 
in ORNL-1550.3 
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2.2.1. Stability in the Lower Layers of the Atmosphere 
In order to discuss the stability in the lower layers of the atmo-

sphere, the following terms are first defined: 
Lapse: a decrease of temperature at the height increases, the 

normal daytime state of the atmosphere. 
Inversion: a state of the atmosphere wherein the temperature of the 

air at a lower level is less than or equal to the temperature at some 
higher level. True inversions cover a large area of space (more than a 
city block) and are characterized by lack of vertical and horizontal 
mixing. 

Stability: a function of the existing degree of lapse or inversion 
condition; the greater the degree of the lapse condition, the more un-
stable the air becomes. 

Great stability decreases effluent mixing to practically zero. 
(Instability, conversely, is accompanied by comparatively rapid dispersal 
of contaminants, often in an erratic vector pattern.) Stability, 
measured from the temperature difference between two elevations, varies 
not only as a function of the season and time of day but also as a func-
tion of site location. The average number of hours of inversion per day 
(up to 1958) as a function of season and location is shown below: 

Average Daily Inversion (hr) 
Melton 

TSF Valley X-10 
Winter 
Spring 
Summer 
Fall 

10.1 11.1 8.1 
10.1 11.1 9.2 
12.7 11.1 9.3 
12.7 12.7 9.8 
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The X-10 site has the fewest hours of inversion compared with TSF 
and Melton Valley, whose yearly totals are about equal. The reason for 
the comparatively few hours of inversion in X-10 is that there are very 
few large trees in this area and in Bethel Valley itself, in contrast to 
the wooded environment of TSF and Melton Valley. The forested regions 
inhibit the freedom of air movement near the surface, and the moist, 
shaded forest floors strongly affect the temperatures in and near wooded 
areas. Therefore temperature variations are damped, and once an inversion 
is started in a wooded area, it tends to persist. By contrast, in open 
areas such as at the X-10 site, temperatures vary rapidly with cloud cover, 
time of day, and wind variations. All three sites show the greatest 
number of hours of inversion during the fall, which is to be expected. 

Measurement of the temperature gradient at each site is made by means 
of thermocouples placed at two convenient levels. The lowest temperature 
probe is 4 to 5 ft from the ground. With this type of instrumentation, 
we can state only that an inversion exists near the surface and can only 
surmise the total depth of the inversion layer. At the TSF, where the 
upper thermocouple is 300 ft above the ground, surface conditions are not 
sufficient criteria for the estimation of meteorological conditions at 
the higher elevations. It may be many hours before an inversion which 
originated at the base of the TSF tower reaches the top of the tower, or 
it may never reach there. 

The expected frequency, by season, of inversions with a length equal 
to or greater than "n" hours is shown in Fig. 2.3. Inversions of long 
duration represent an undesirable condition because of a reduction in 
wind velocity, in turbulence, and in atmospheric mixing below the inver-
sion layer and create two problems: an increase in the pollution near 
the ground and an increase in the depth of the inversion with time off-
setting somewhat the advantage of increased source height. 

2.2.2. Wind Flow 
For simplicity the wind behavior of the TSF region may be divided 

into two categories, the surface wind and the "free air," or upper wind, 
which may be considered separately. The surface winds may be regarded 
(for simplicity only) as the first 10 to 20 m of air movement above the 
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ground. Surface winds are distinct from upper winds only during strong 
inversion conditions, when the dense cold air follows a down-valley path 
analogous to the flow of a river. As an inversion lessens or as the 
lapse condition becomes stronger, the air has less tendency to resist 
vertical perturbations. It follows therefore that at night, under deep 
inversions, wind flow in the valley will be northeasterly, following the 
ridge profiles of the East Tennessee area. In the morning, as the inver-
sion weakens and disappears, the surface wind mixes with the upper winds, 
destroying the northeasterly circulation and following the upper winds 
with a fidelity that is a function of low-level turbulence and upper-wind 
direction and strength. 

The wind roses for the TSF (Figs. 2.4 and 2.5) show the effect of 
stability conditions on wind patterns. The wind roses for Melton Valley 
are shown in Figs. 2.6 and 2.7. During lapse conditions, the wind 
direction has a distinct tendency toward a west-southwest component, 
resulting from turbulent mixing with the "prevailing westerlies" that 
are at about 5000 ft measured from sea level (MSL)• During inversion 
conditions the wind directions are oriented more along a southwest-
northeast axis, reflecting the domination by terrain of winds below 
2000 ft MSL in this area. 

Although during inversion conditions winds usually decrease at a 
given level, wind friction with the ground is reduced, thereby allowing 
the upper winds to reach their maximum theoretical speeds (and directions). 
Thus during inversion conditions the wind velocities at the top of the 
TSF tower often increase because of the comparatively great height of the 
tower. The average wind velocities for TSF and Melton Valley by season, 
during lapse and inversion conditions, are given below: 
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Winter 
TSF 
Melton Valley 

Spring 
TSF 
Melton Valley 

Summer 
TSF 
Melton Valley 

Fall 
TSF 
Melton Valley 

Wind Velocity (mph) 
During 
Lapse 

During 
Invers ion 

9.7 
5.2 

9.5 
2.9 

10.0 
6.2 

9.9 
2.8 

6.1 
3.7 

7.3 
1.4 

7.9 
4.5 

8.7 
2.0 

The consequences of the inversion-wind relationship are quite in-
teresting. Should a contaminant be released from the maximum operating 
height (185 ft), it would probably be carried away from the site quite 
rapidly regardless of time of day or inversion condition. A contaminant 
released at ground level, however, would be dispersed as a function of 
the stability conditions existing at the time. An elevated release 
during lapse conditions would be more likely to send effluent over 
Knoxville than would such a release during inversion conditions when the 
predominant wind pattern follows Haw Ridge quite faithfully. Effluent 
released at the ground would follow the terrain with a fidelity propor-
tional to the degree of inversion present. In either case, ground or 
elevated release, the effluent would be dispersed more rapidly during 
lapse conditions. 
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The frequency (or percentage of time) that winds arriving at the 
TSF travel toward the various plant sites and Oak Ridge is shown below: 

Frequency (% of Time) of Wind Travel from TSF 
To Melton To Oal 

Condition To X-10 Valley To Y-12 To K-25 Ridge 
Lapse 

Winter 1.2 4.3 7.3 1.7 11.6 
Spring 2.6 7.4 9.4 1.8 16.8 
Summer 1.8 5.1 7.6 2.3 12.7 
Fall 1.9 6.6 9.1 2.5 15.7 

Inversion 
Winter 1.9 5.8 8.3 2.0 14.1 
Spring 2.8 7.4 8.8 2.8 16.2 
Summer 2.0 6.6 7.3 1.8 13.9 
Fall 2.5 7.3 8.2 1.9 15.5 

The high percentage for Oak Ridge results from combining all winds that 
occur from the east to the west side of the town. Actual percentage 
toward any one section of Oak Ridge is approximately half of the given 
percentage. 

Figure 2.8 is a compilation of Knoxville and Nashville wind roses 
for various altitudes. Note the dissimilarity of patterns between 
Knoxville and Nashville at an elevation of 500 m and the tendency toward 
similarity with increasing altitude. From 500 m up, Oak Ridge would 
have a wind rose almost exactly equal to that for Knoxville. The effect 
of local ridge terrain is marked at 500 m, slight at 1500 m, and almost 
totally absent at 3000 m. 

The upper-wind patterns at Nashville show a characteristic southerly 
wind direction, which is most prevalent during precipitation periods. 
No such preference is found in studies made of surface wind during 
periods of precipitation at Oak Ridge. 

An extract of Oak Ridge and X-10 climatological data is given in 
Tables 2.1 and 2.2. 



2.15 

ORNL-DWG 6 7 - 1 3 4 9 9 

KNOXVILLE PIBAL NASHVILLI; PIDAL NASHVILLE RAWIH NASHVILLE RAWIN 
ALL OB®. , PRECIPITATION 

900m 

i = > l t b o 

HUH cai. SOB?! Obi. 9341 Okl. 2 3 * Obi. 

1500m 

<344* Obi. 1 7 9 4 0 OtU. S S S 8 Okl. 2 87 Obi. 
3000m 

14710 Oks. irm obi. 3 I » 3 Ok«. 217 Okl. 

6000m 

3«9S Obi. 2984 OlM. 2884 Obi. 170 Obi. 

10000m 

33® Obi. 717 Okl . 

X C f l n Wind S p i l t M. PH. 

11-33 3 4 - 3 t 87 -83 86-114 I I S * 

188? Okl. 

HO. 
% Friqii tncj 

XhsBst tp ap 

Fig. 2.8. Pibal and raw in roses for Xnoxville and Nashville for 
various altitudes. 



TobU 2.K Normals, Means, end E*tr«m«t for Oak Rid®* 

Temperature ( F) 

Normal 

6 3 e 

» 
Q 

48.8 

51.6 

59.9 

70.2 

78.5 

86.3 

88.3 

86.9 

83.1 

71.7 

58.2 

49.3 

x 
Q 

29.2 

30.4 

36.2 

45.0 

53.4 

62.1 

65.1 

63.6 

58.4 

45.9 

35.7 

29.9 

5 c o S 

39.0 

41.0 

48.1 

57.6 

66.0 

74.2 

76.7 

75.3 

70.8 

58.8 

47.0 

39.6 

Extremes 

a o c. 0* 

c <J 4> a 

n ° 

75 

74 

83 

89 

93 

101 

105 

100 

102 

90 

82 

?4 

a ti > 

1952 

1951 c 

1948 

1955 

1953 

1954 

1952 

1954 

1954 

1954c 

1948 

1951 

«! I) 9 o J 

o •J 
V 
0: 

11 

4 

1 

13 

24 

34 

43 

51 

51 

37 

21 

0 

6 

a i> > 

1948 

1958 

1955 

1950 

1954 

1956 

1952c 
1956 

1949 

1952 

1950 

1957 

» 
> a 
Q 
t> 
£ 
t* 
v a 

o 
si 

806 

672 

532 

230 

64 

0 

0 

0 

38 

216 

540 

787 

Prec ip i ta t lM (in.) 

o 

o z 

6.06 

5.79 

5.69 

4.08 

4.18 

3.91 

5.34 

4.06 

2-55 

2.42 

3.98 

5.66 

5 e 
o 
SE 
E 
3 
E 
x 
a 
£ 

i r 

13.27 

10.47 

8.09 

9.71 

7.05 

4.83 

8.51 

5.94 

9.10 

6.11 

12.22 

10.31 

a « 

1954 

1956 

1951 

1956 

1950 

1951 

1949 

1950 

1957 

1949 

1948 

1956 

a 
0 
S 
£ 3 
e 
e 
1 

1 1 " 

2.44 

1.90 

2.13 

1.39 

1.23 

1.18 

2.72 

0.54 

1.14 

0.41 

1.37 

2.43 

* o > 

1950 

1952 

1957 

1950 

1951 

1952 

1957 

1953 

1948 

1958 

1949 

1958 

p» 

K a 
S 

11" 

4.25 

3.05 

2.80 

3.74 

2.20 

2.01 

3.48 

2.20 

2.61 

2.13 

2.97 

4.73 

t> 

1954 

1948 

1952 

1956 

1953 

1957 

1954 

1955 

1957 

1949 

19S7 

1954 

Snow, Sleet 

o 
H 
c 
V 
2 

11 

2.1 
1.3 

0.2 

T® 

0.0 
0.0 

0.0 

0.0 

0.0 

T 
0.9 

0.4 

>i « 
c 
o 
S 
e 9 e 
* 
a 
S 

1 1 ° 

10.7 

4.0 

1.0 

T* 

0.0 

0.0 

0.0 

0.0 
0.0 

T e 

6.5 

2.1 

« ti 
S» 

1948 

1948 

1951 

19S6C 

1957 

1950 

1954 

M 
C 
e. 
3 
e 
K 
a 
£ 

1 1 ° 

5.7 

4 .0 

1.0 
T e 

0.0 

0.0 

0.0 

0.0 

0.0 

T° 

6.5 

1.8 

a t> 
>• 

1948 

1948 

1951 

1956° 

1957 

19SO 
1954 

Wind 
(mph> 

« 
a cn 

3 O 
X 
c a v 2 

1 0 ° 

4.9 

4 .9 

5.2 

5.7 

4.4 

'3.9 

3.7 

3.4 

3.8 

3.7 

4.1 

4.4 

10 

sw 

V 

SW 

sw 
SW 

SW 

SW 

G 

E 

E 

E 

SW 

•a 
i. ~ t> «' > 5; 

si « 3 X f f } 

Mean Number of Days 

Sunris? io 
Survset 

» £ 

7.3 

6 .5 

6.7 

5.8 

6.1 
5.2 

5.6 

4.4 

4.8 

4.9 

5.6 

6.4 

11° 

6 

6 

7 

10 

11 

10 

10 

13 

14 

14 

10 

8 

11" 

6 

7 

8 
7 

9 

12 

12 

10 

8 
7 

7 

8 

1 1 ° 

19 

15 

16 

13 

11 

8 

9 

8 

8 

10 

13 

15 

v 
% 0 

- 2 I 

c , o 

11 

14 

13 

13 

10 

11 

10 

12 

10 

8 
7 

9 

o 
v S l i. « 3 

i - s 

11 < / 2 

•a 
c 

1 0 ' 

3 

5 

8 
8 

11 

9 

4 

1 

2 

1 

a* 
o 
u. 

X 

Temperatures 

Max 

> o •C < 
•O c 

11° 

0 

o 

0 

0 

2 

10 

14 

13 

6 

0 

a 
"S 
Q 
•o c 

11 

1 

1 

0 

0 

0 

0 

0 

0 

Min 

69.4 46.2 57.8 105 
July 
1952 

Nov. 
1950 3835 53.72 13.27 

Jan. 
1954 0.41 

Oct. 
1958 4.73 

Dec. 
1954 4.9 10.7 

Jan. 
1948 6.5 

Nov. 
1950 4.3 SW 5.8 119 101 145 128 55 36 45 

'Nonnal vetoes are based on the perioc! 1921-1950, and are means adjusted to represent observations taken at the present standard location. 
^Length of record, years. 
c Also on earlier dates, months, or years. 
rfSlcy cover is expressed in a range of 0 for no clouds or obscuring phenomena to 10 for complete sky cover. The number of clear days i s based on average cloudiness 0—3 tenths, partly cloudy days on 

4 - 7 tenths, and cloudy days on 8 - 1 0 tenths. Monthly degree day totals are the sums of the negative departures of average daily temperatures from 65 F. Sleet was included in snowfall totals beginning 
with July 1948. 

'Trace. 



Table 2.2. NoriViats,1 Means, and Extremes for X-10 

Temperature (°F) 

Normal 

6 a 
B »H X 
CD s 

a 
a 

<s a D 
e 
•a 

CS 
Q 

48.7 

51.2 

59.3 

69.5 

77.7 

85.7 

87.8 

86.6 

83.0 

71.8 

58.4 

49.3 

30.4 

31.5 

37.3 

45.9 

54.2 

62.7 

65.6 

64.2 

59.1 

46.7 

36.6 

30.9 

69.1 47.1 

5 § 
S 

39.6 

41.4 

48.3 

57.7 

66.0 

74.2 

76.7 

75.4 

71.1 

59.3 

47.5 

40.1 

Extremes 

w 0) JS M •rt 
s 
73 u O O 4> 
Di 

58.1 

14° 

77 

77 

87 

89 

94 

99 

103 

99 

103 

91 

82 

76 

103 

CB 
>< 

1952 

1948 

1945 

1948c 

1956 

1952 

1952 

1957° 

1954° 

1954 

1950 

1951 

Sept. 
1954' 

M 4> § 
o 
h) 

o o 0) fti 

14° 

1 

0 

14 

24 

34 

41 

49 

44 

33 

21 

a 

4 

u a « 

1948 

1958 

1955 

1950 

1954 

1946 

1947 

1946 

1949 

1952 

1950 

1957 

Feb. 
1958 

<8 
W >» 
a « 
0) 0) Wt bo a> 
Q 
w—i ca 
B 
t . o 25 

787 

661 

534 

227 

64 

0 
0 

0 

41 

206 

531 

772 

3823 

Precipitation (in.) 

q 
(0 +J 
o 
h 
w-t 
03 g 
o 55 

5.11 

5.21 

5.64 

4.29 

3.78 

4.18 

4.83 

4.45 

2.97 

2.77 

3.94 

5.21 

52.38 

e 
o 
S 
0 
3 e •iH co 
S 

15° 

12.37 

10 .01 

8.91 

8.54 

7.01 

5.87 

8.13 

10.31 

12.84 

6.43 

12.00 

10.28 

12.84 

h 
ca « 

1954 

1956 

1951 

1956 

1950 

1945 

1950 

1950 

1944 

1949 

1949 

1954 

Sept. 
1944 

J3 4-> C o 
S 
E § 

•ml 
G 
s 

15° 

1.11 

1.89 

2.06 

1.25 

0.90 

1.18 

2.14 

0.50 

1.07 

0.48 

1.01 

1.98 

0.48 

cs a> t» 

1944 

1947 

1957 

1952 

1951 

1956 

1954 

1953 

1945 

1958 

1949 

1958 

Oct. 
1958 

6 
3 6 —4 X 
a 
S 

15° 

3.96 

3.23 

2.85 

2.96 

2.09 

3.08 

2.40 

2.34 

7.75 

2.32 

3.20 

4.38 

7.75 

u cs 0) 

1954 

1948 

1952 

1956 

1955 

1945 

1948 

1950 

1944 

1949 

1948 

1954 

Sept. 
1944 

Wind 
(mph) 

•a 0) 0) a 
Oi 

3 
C 
S 
c a a> 2 

1 1 ° 

5.6 

5.9 

6.7 

6.8 

4.9 

4.2 

3.9 

3.2 

4.1 

4.0 

4.8 

4.8 

4.9 

e o •>4 *J 
O <U b •H 
Q bo 
.5 
•H ca > 
o 
0* 

11° 

NE 

NE 

SW 

sw 
NE 

SW 

NE 

NE 

NE 

NE 

SW 

NE 

NE 

Mean Number of Days 

V Ih 

o « 
<0 ° 
.2-S 

DtO 

1 2 ° 

13 

11 

12 

11 

10 

9 

11 

9 

7 

6 
10 

10 

119 

Temperatures 

Max 

a> > 
o 

XI < 

•a c a 
fc o o 
O) 

12° 

0 

0 

0 

0 

1 

10 

13 

13 

6 

0 

0 

43 

•s o 
a) ffl 
•a c a 
fc o cs en 

14° 

1 

2 

0 

0 

0 

0 

0 

0 

<'4 

Min 

£ o « 
m 
•a s a 
fe 

o 
cs m 

14° 

18 

14 

11 

2 

0 

0 

0 

0 

0 

1 

12 

19 

77 

5 o «—* 
0! cn 
•o c 
cs 
fc o o 

14 

0 

<>2 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

< 4 

aNormal values are based on the period 1921 
^Length of record, years. 
cAlso on earlier dates, months, or years. 

—1950, and are means adjusted to represent observations taken at the present standard location. 



2.IB 

2.3. Geologyj Hydrology, and Seismology 

The geology, hydrology, and seismology of the TSF site and surround-
3 b ings have been described previously. In brief, the geological structure 

5 
is a combination of clayish soil and conasauga shale, which results in a 
high adsorption capacity for most fission products and low ground-water 
velocities. Surface water flow from high rainfall is therefore the main 
mechanism for transport of water-borne activity. A natural drain exists 
to the south of the TSF site (see Fig. 2.2), with surface run-off flowing 
into the Clinch River below Melton Hill Dam. 

Seismic activity in the Oak Ridge area is very low, an average of 6-8 
only one or two earthquakes occurring a year. "" Oak Ridge has been 
classified by the U. S. Coast and Geodetic Survey as subject to earth-
quakes of intensity mm-6 measured on the modified Mercalli Intensity 
Scale. J. Lynch of Fordham University further concluded that a major 
shock in the Tennessee area was improbable for several thousand years to 
come. ̂  

2.4. Surrounding Population 

Population data for nearby cities and counties are shown in Tables 
2.3 and 2.4. The distance to the closest population concentration, 
Gamble Valley of Oak Ridge or the north section of Lenoir City, is about 
7 miles. Land along the Clinch River south of the TSF is controlled by 
TVA for at least 3/4 mile from the TSF. There are no residences within 
1 mile of the TSF. 
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Table 2.3. Population of the Surrounding Towns* 

Distance 
from TSF Direction 

City or Town (miles) fn.cn? A — WW 

Oak Ridge 6-13 M E 
Lenoir City 8 SSE 
Martel 9 SE 
Oliver Springs 10 N by W 
Coalfield 11 W 
Windrock 10 N by W 
Kingston 12 WSW 
Harriman 13 W 
South Harriman 13 W 
Petros 14 m by H 
Pork Mountain 15 W W 
Emory Gap 15 W 
Friendsville 15 SE 
Clinton 16 HE 
South Clinton 16 HE 
Powell 17 ENE 
Briceville 19 HUE 
Wartburg 20 NW by W 
Knoxville 18-25 E 
Greenback 20 S by E 
Rockwood 21 W by S 
Rockford 22 SE 
Fountain City 22 ENE 
Lake City 23 NNE 
Norris 23 M E 
Sweetwater 23 SSW 
ITeuberts 27 ENE 
John Sevier 27 E 
Madisonville 27 S 
Caryville 27 N by E 
Sunbright 30 NW 
Jacksboro 30 N by E 
Niota 30 SSW 

Population 

27,121* 
4,979 

500* 
1,1^3 
650* 
550* 

2,010 
5,931 
2,884 
790* 
700* 
500* 
606 

4,943 
1,356 

500* 
1,217 

800* 
111,827 

960* 
5,343 
5,345 
10,365 
1,914 
1,389 
4,145 
600* 
752* 

1,812 
1,234* 

600* 
577* 
679 

+Based on 1960 census except where indicated by an asterisk, which figures 
were based on 1950 census. 



Table 2.4. Rural Population in Surrounding Counties 

Estimated Population 

County-

Total . 
Area® 
(sg mi ) 

Rural ^ 
Population 

Density 
($Fo. people 
per sq mi ) 

Within 
10-mile 
Radius 

Within 
20-mile 
Radius 

Within 
30-mile 
Radius 

Anderson 338 26,600 79 395 14,200 22,800 

Blount 584 38,325 66 0 6,720 23,200 

Knox 517 138,700 238 13,100 46,400 96,000 

Loudon 240 18,800 78 6,080 16,900 18,700 

Morgan 539 13,500 25 225 3,625 8,630 

Roane 379 12,500 33 3,070 9,170 11,110 

a Does not include area -within Oak Ridge reservation. 

b 1960 census - does not include communities with population of 500 or more. 
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3- ACCIDENT ANALYSIS 

The accident conditions and analyses presented here relate to the 
1 

TSR-II as described in Volume I of the Design and Operations Report, 
which should be consulted for a detailed description of the reactor and its 
primary suspension system. Since the reactor has been operated from 1960 
at power levels of up to 100 kW, the mechanical system and the instrumenta-
tion systems for reactor operatiory and protection have been tested, the 
reactivity coefficients have been measured (see Appendix D for TSR-II core 
characteristics), and the probability of accidents from operational causes 
has been reduced, although not, of course, eliminated through actual operat-
ing experience. The accident analysis investigation was therefore primarily 
concerned with fission-product release due to reactivity accidents and to 
reduction or loss of core coolant. A major topic is the probability of a 
dropped core, the one conceivable accident that will cause a loss of coolant. 
The possible mechanisms for minor release of fission-products are also dis-
cussed, but the mechanism for a major release of fission-products is dis-
cussed in Chapter In Chapter 6 it is shown that such a release will not 
occur. 

3.1. Reactivity Accident 

A reactivity accident is the addition of reactivity to the reactor in 
an uncontrolled manner at a rate sufficient to cause the reactor power to 
increase to a level where damage occurs. 

In the present analysis a TSR-II startup accident is compared with 
SFERT experiments in which only intrinsic shutdown mechanisms limited the 
reactor excursions to safe levels. The capability of the reactor protection 
system with only neutron level trips to protect the reactor from even larger 
reactivity insertions without any intrinsic shutdown mechanisms is also 
examined. For any real reactivity accident the intrinsic shutdown mechanisms 
and the reactor protection system would act to limit the power excursion and 
the shim-safety plates would be inserted to eliminate any subsequent power 
pulses. Reactivity additions from other possible mechanisms are shown to 
be smaller than that from the startup accident. 

I 
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3 • 1 -1• Startup Accident -with Intrinsic Shutdown Paly 

The conventional startup accident is considered to he a situation in 
"which all of the control rods or, in the TSR-II, the control plates are 
withdrawn at their maximum rate, and all the instrumentation for reactor 
operation and for reactor protection, except for the neutron level trips, 
fails to operate. In the following analysis of SEERT experiments it is 
shown by analogy that the intrinsic shutdown mechanisms in the TSR-II are 
sufficient to protect the reactor from reactivity additions that are 
greater than any that can be added by the shim-safety plates. 

At the position where the clean-cold core is normally critical the 
—2 

shim-safety plates add reactivity at the rate of 0.066 x 10~ Ak/k per 
seoond which from a SEERT empirical relation (see TSR-II Self Shutdown 
Characteristics, Appendix B) is equivalent to a 0-90 x 10 Ak/k step 
Increase in reactivity and an asymptotic period of approximately 55 msec. 
The rate of reactivity addition decreases as it becomes necessary to 
further withdraw the plates to compensate for temperature rise, fission- • ~ 
product buildup, and fuel depletion. The probability that the above failures will exist at source-power 
level is extremely low. The consequences of such an accident can, however, 

2 
be deduced from SEERT tests with U-Al plate-type fuel elements since only 
self-siiutdown mechanisms were operative in those tests. From the brief 
discussion of the SEERT test results in Appendix B, which relates the TSR-II 
with the SEERT B-16/40 core, a 50-msec period excursion in the TSR-II can 
be expected' to be terminated almost solely by coolant and fuel expansion, 
with essentially no coolant vaporization and no metal-water reaction occurring. 

The energy release to peak power from a 50-msec excursion is estimated 
from SEERT data (see B-16/40 in Fig. B.2) to be approximately 4 Mtfsecj the 
accompanying pressure pulse is negligible (see Fig. B. 4), and the fuel plate 
surface temperature rise is approximately 80°C (see Fig. B.3)« The effect 
of system pressurization (see Appendix B) will no more than double the 
energy release and the maximum fuel plate temperature rise. Since the TSR-II 
is larger than the SPERT core, the specific power in the TSR-II for an equiva-
lent energy release is smaller. Therefore, the energy release in the TSR-II 
to attain equivalent temperatures for shutdown will be larger. Correcting 
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the energy release to peak power for pressurization and for the ratio in 
masses of the two cores give a maximum energy release to peak power of l4 
MWsec which is not a damaging excursion by SFERT standards. 

The inherent self-shutdown characteristics of the TSR-II are better 
at power-operation core temperatures than they are at the ambient (~20°C) 
temperature at startup. For example, 0.1 x 10*"̂  Ak/k per second reactivity 
ramp experiments in the SPERT-I B--12/64 core (the SPERT I core which was 
used for this comparison) yielded inverse asymptotic periods of 15 and 
3 sec"1 for initial power levels of 5 mW and 10 kW- respectively, with 

2 
corresponding peak powers of 80 and 8 MW. For reactivity insertions at 
1 MW from realistic mechanisms such as 0.066 x 10~2 Ak/k per second for 
control rod withdrawal in the TSR-II, self-shutdown would occur with less 
excursion energy than it would at source-power level. 

3.1.2. Hypothetical Reactivity Accident with Protection System Action Only 

The reactivity insertion that can be controlled by the TSR-II protection 
system was studied (see "Analog Computer Tests,11 Appendix A) under conditions 
that ignored intrinsic shutdown mechanisms and assumed that all control and 
protection systems except the neutron level system were inoperative. Investi-
gation showed that the power increase' from a step reactivity change that 
results in a l4.5-msec positive period (Ak/k ~ 1.175 x 10~2) would be limited 
by the reactor protection system to a factor of 200 over the operating power 
level, which for l-MW operation would be a 200-MW peak power (see Fig. A.l in 
Appendix A). The total energy release to peak power is approximately 5 MWsec, 
which is a fairly mild excursion. Thus with no self-shutdown mechanism acting 
and no period scram, the protection system is able to protect the core from 
damaging excursions for step reactivities as large 1.175 x 10~ &k/k. In 
the situations postulated in Sections 3.1.4 - 3.1.7- for possible reactivity 
additions, it is shown that additions of such magnitude are nou credible. 

3.1.3. Operation of Control Mechanisms and Shim-Safety Plates 

There are five neutron-absoring shim-safety plates in the TSR-II, each 
of which scrams independently due to a spring force. If the positioning 
spool in any of the five mechanisms were to bind, the drive motor which 
drives the positioning spool in all five mechanisms will stall. To keep 
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foreign material out, the water to the control mechanisms is filtered twice, 
once at the pump house and again at the reactor, with filters which remove 
particles down to 3.5 mils. Each of fiv© control mechanisms is so designed 
that the force of the shutdown spring is balanced by a hydraulic pressure 
differential across a piston and no load can be transmitted to the position« 
ing spool (see Section 3-6 Vol. 1). Even if the drive motor fails to operate, 
all five neutron-absorbing shim-safety plates will still scram independently 
due to the action of the spring on each control mechanism and any one of the 
plates will shutdown the reactor. The performance of each shim-safety plate 
is checked periodically and no significant change in performance has been 
noted for any plate since the reactor has been in operation. 

3*1.4. Void Formation 

Void formations in all regions of the core except the region internal 
to the fueled cover plates on the control mechanism housing produce negative 
reactivity effects As described below it is not credible for any sizeable 
void to be maintained inside the control mechanism housing without void 
formations also existing in the core proper and the next reactivity effect 
is negative. 

The measured void coefficient of reactivity in the water inside the 
- 6 

control mechanism housing is +1.06 x 10" Ak/k per cubic centimeter, which 
is a conservative value (see Section 4.1.6 of Vol. l). The region contains 
20,000 cc of water, which includes the volume inside the control mechanisms 
and tubing. Conceivably, water pumped into the region could contain voids 
or voids could be created by excessive heating. 

The maximum heat generation inside the control mechanism housing is 
8.8 kW (see Appendix C). It is necessary to maintain a water flow rate 
of 5«5 gp® to the control mechanisms in the housing to keep the reactor 
critical. Thus the temperature rise cannot exceed 11.0°F unless the main 
cooling flow is lost, in which case boiling would occur in the regions 
exterior and interior to the control mechanism housing. 

Assuming that the water inside the housing is completely and quickly 
removed and that an equal void volume were established just outside the 
fuel loaded cover plates and extending into the fuel elements, the net 
effect would be a reactivity reduction of 0.37 x 10~^ Ak/k. The measured 



negative void coefficient (-6.3 x Ak/k per cc) was used for the unfueled 
volume outside the housing and the calculated negative void coefficient (-1.5 x 
10"^ Ak/k per cc) was used for the void that extended into the core proper 
(see Void Coefficients, Vol. l). 

Two pumps supply water to the region under discussion: the shim pump 
supplies 5*5 gpm to operate the control mechanisms and an additional 14.5 
gpm to cool the control mechanism housing, and the main pump supplies less 
than 2 gpm of water to operate the seat switches. Float-operated bleed 
valves (see Fig. 6 . 1 in Vol. l) in the shim line at the 120-ft level in 
tower leg I and at the top of the reactor turret remove any air bubbles 
that might be trapped in the shim supply line. Even if air were to reach 
the control turret, air directed to the control mechanisms would reduce 
resistance to the spring-actuated shim plates and cause a shutdown,before 
more than a few hundred cc of air could enter. An average reactivity ramp 
of +0.127 x 10~2 £k/k per second would result if air were added to replace 
the water at a rate of 19 gpm. The probability of a critical reactivity 
addition from this mechanism is very low because of the inherent shutdown 
action of the control mechanisms with air addition; the protection afforded 
by the protection system; the low probability of air reaching the control 
turret; and the tendency of air to escape from the control mechanism housing. 
The 2-gpm total flow of water to the seat switches is too small to be of 
any consequence in introducing voids. 

3.1-5. Cold-Water Slug 
The possibility of a slug of cold water entering the reactor is minimized 

by reactor control interlocks. The reactivity effect that would accompany 
any conceivable reduction in the inlet cooling water temperature is shown to 
be very slow and easily counteracted by the protection system (see Appendix 
A). 

If the reactor could be started with little or no cooling water flow, 
it is conceivable that the water in, say, the air coolers or the holdup 
. tank would be at a lower temperature than the water in the rest of the 
system. Initiation of flow would then cause a cold slug of water to enter 
the core. Since the control system interlocks require that the cooling 
water be pumped through the reactor at the maximum rate for 3 min before 
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the recotor can be started, any large changes in water temperature would be 
displayed for the operator. Nevertheless, analog studies were made to 
determine what would happen if the water leaving the air coolers was well 
below the operating temperature. The studies showed that the reactivity 
effect of the slug of cold w*ter would stretch out in time so that the 
power level would increase at a slow rate and that the neutron level sensors 
would trip the protection system at 150p of maxlmisa permissible power seconds 
before the fuel plate temperature reached the saturation temperature in the 
core* Thus in the actual case the power swing would be reversed by a fast 
shutdown, and no excessive heating or damage would occur. 

3.1.6. Core Structural Changes 

The probability of a reactivity accident doe to core structural changes 
is virtually nil while the reactor is in service. The reactor core is 
located at the lower end of a closed pressurized tank so that the fuel 
elements are not accessible for manipulation. Furthermore, the geometry 
of the fuel in the core is fixed and all the volume la the core is occu-
pied so that inadvertent movement is not likely. 

The metal-to-water ratio of the core was optimized so that any change 
in the ratio would make the reactor less critical. Thus if the reactor is 
covessed so water is removed or if the core starts to expand, the reactor 
becomes less critical. 

Regularly scheduled measurements are made of ths worth of the regulat-
ing plate and the operating position of the shim-safety plates is recorded 
to ensure that no unexpected change has been caused by burnout of the boron, 
packing and settling of the boron carbide powder, or development of holes in 
a stainless steel control plate, followed by spilling or leaching of the 
powder. 

A significant possibility of generating a reactivity accident occurs 
only when the reactor is in a dismantled state. Dismantling and reassembly 
are performed with the reactor at ground level and are adequately covered 
in maintenance procedures. The four upper central fuel elements, which must 
be removed before the control housing can be removed, contain IT$ of the fuel, 
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and their removal leaves the reactor many dollars subcriticsi, even after the 
control housing has been removed. The hazard is associated with the possibil-
ity of accidental insertion of one of the upper central elements before the 
control housing is reinstalled. If an element were lowered to the center of 
the reactor, a region of high importance, a nuclear excursion would result. 
The amount of excess reactivity that would be introduced in this way is not 
known, but in the initial critical experiments it was shown that the reactor 
would be critical in this abnormal configuration with the water level only 
a little above the core mid-plane. 

Such an accident, which appears to be the only way that fuel handling 
could cause trouble, will be diligently guarded against by reviewing main-
tenance procedures each time a control mechanism housing is removed and a 
new one installed. 

3.1.7' Shield Configuration Changes 

No dangerous reactivity effects can occur due to shield changes with 
the presently available shields. The reactivity worths measured for various 
shield configurations are given in Table 3-!• 

When a new shield is to be installed around the reactor or when the 
configuration is changed in any other way that could influence reactivity, 
a critical experiment will be made according to procedures in the Tower 
Shielding Facility Manual. The TSR-II will not be operated with the excess 
reactivity exceeding 1.9 x 1(T2 Ak/k, which is approximately half the worth 
of the shim-safety plates. 

3*2. Changes in Core Cooling 

The action of the instrumentation for operation and protection of the 
reactor will prevent damage from loss of heat sink or loss of coolant flow. 
The loss of some coolant from the system is a minor problem. Loss of all 
coolant from the reactor requires a catastrophic failure which is very 
improbable. 

3.2.1. Loss of Heat Sink 

The heat sink of the heat removal system consists of a forced-draft 
water-to-air heat exchanger in which two large variable-pi ;ch fans blow 
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Table 3.1. Reactivity Change Associated vlth Shield Changes 

Abbreviated^ Reactivity Change 
Shield Configuration Nomenclature from Bare Reactor in Water 

Lead-Serai Reflector Replaced with a 3A~in. -Thick Aluminum Shell 

Bare reactor la air Bare A3 -0.31 x -2 10 * 

Bare reactor in water (nominal 
case) 

Bare B3 0.0 

Reactor in beam shield Beam A3 -0.08 X 10~2 

Reactor in beam shield with water 
drained from shield 

Beam B3 -0.05 X 10 " 

Cool-I shield ( 1 1/2 in. lead) 
in air 

01-03 -0.01 X -2 10 * 

Cool-I shield in water CT-D3 +0.09 X -2 10 • 

Cool-II shield in air CII-A3 +0.05 X 10 * 

Cool-II shield in water CXI-A4 +0.14 X 10"2 

Lead-Boral Reflector in Place Around the Core 

Bare reactor submerged in water Bare B1 -0.21 X 10 

Bare reactor in air Bare A1 -0.29 X 10-* 

Reactor in beam shield Beam A1 -0.04 X 10~2 

Reactor in beam shield with water 
drained from shield 

Beam B1 +0.l6 X xc"2 

Lithium hydride shield PW-A1 •0.07 X 10 

Fuel in water (reference only) Bare B6 +0.17 X 10 * 

* 

For a description of the abbreviated nomenclautre, see Appendix A, Volume 1 
of the Design and Operating Report. 
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air across aluminum tube-and-fin radiators. Fan blade pitch can be 
automatically controlled to maintain a constant exit temperature from 
the heat exchanger. To prevent freezing damage, louvers have been installed 
in the radiators which close automatically when the water temperature drops 
to a preset value. Reduction in air flow across the radiators would result 
in a water temperature rise at the core inlet, when the core outlet tempera-
ture reaches 150°F, the reactor would be shut down. Since the maximum core 
temperature would still be well below the saturation, no damage would occur. 

3*2.2. Loss of Coolant Flow 

The reactor protection system will automatically scram the reactor if 
the water flow rate through the core becomes less than 500 gpm or if the 
pressure drop across the reactor falls below that equivalent to the 500-gpm 
flow rate. Also an annunciator would alarm when the coolant temperature 
rise across the core reaches 12°F and a reactor shutdown would occur when 
it reaches 1^°F. Analog studies (see Appendix A) have shown that the time 
lag is of the order of seconds between cessation of water flow and elevation 
of the fuel temperature to the water saturation temperature for 10-psig 
overpressure. Therefore there is more than adequate time for the protection 
system to shut down the reactor before any core damage could occur if flow 
were to cease. 

3*2.3* Loss of Coolant 

Although it is not possible to drain all the water from the reactor 
pressure vessel, l o s s of sose water from the reactor pressure vessel could 
result from rupture of the hoses or pipes supplying cooling water. Any 
break, in the system which causes a reduction in water flow through the 
reactor causes a reactor shutdown as noted in Section 3*2.2. Any break, 
however* causes a reduction in the base pressure which operates two annunci-
ators to alert the operator so that he may take any action that is necessary. 
If the rupture started a siphoning action, the syphoning would be stopped 
when the vater level reached the lower end of the central cylinder from 
'which the reactor core is suspended. If the syphoning action resulted 
from a break in the outlet cooling hose, additional cooling water could be 
added to the core through the inlet hose, if the break occurred in the 
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inlet hose, water could he supplied to the core through the shim pump line. 
Furthermore, the heat capacity of the core, including trapped water, would 
limit fuel temperatures to below the point at which any fuel element melting 
would occur. 

If the reactor were dropped from an elevated position, the coolant 
lines to the reactor would undoubtedly be severed and it is possible that 
all of the coolant water would be drained from the pressure vessel. It 
is also possible, depending on the manner in which the accident proceeded, 
that water would remain in some enclosures in the pressure vessel, e.g., in 
the chamber wells, in the lead-water shield, or in some portion of the 
pressure vessel itself. The probability of an accident which would result 
in a dropped core is discussed in the following section. 

3»3> Dropped-Core Accident 

A failure of the reactor suspension system, comprised mainly of the 
tower legs, suspension cables, and connectors, could initiate a dropped-
core accident. An independent stress analysis indicated that there is a 
very low probability that the reactor will be dropped because of mechanical 
failure. Current operating and maintenance practices further reduce this 
probability. Prescribed Federal Aviation Agency requirements have been met 
to alert low flying aircraft to avoid the structure. 

3 
The design of the suspension system required conventional safety 

factors of 3 to 6 in all components except the tower structure. Since the 
intended use of the towers required that there be a minimum amount of neu-
tron and gamma-ray scatter from the steel in the towers, the towers were 
designed to have a minimal but adequate safety factor for the worst con-
ceivable condition. This worst condition was for a wind loading of a 105 
mph, a wind velocity that has not been observed in this area. Operating 

* i The highest wind mile reported over a 40-year period in the Knoxville area 
prior to the erection of the TSF was 71 mph.^" Through December 1966, the 
highest wind velocity in the area was 73 mph on July 6, 1961, From Jan-
uary 1, 1956 through July 31, 1970 the wind velocity "at the TSF site has 
exceeded 60 mph on the average of once a year with a maximum of 78 mph 
occurring on February 2 1 9 5 6 * 
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procedures have been developed to prevent situations that may impose 
unusual loads or service conditions, and Inspection procedures' have been 
developed to provide means of detecting any deterioration or change in the 
suspension system with time. 

Operating stresses in the tower suspension system and TSR-II components Q 
have been reviewed and checked in an independent ORNL stress analysis. 
The study re-examined stress levels in the tower legs to detenaine the effect 
of changing the live load (TSR-II in place of the original TSR-l) and in 
changes in the wind load resulting from additions to the tower area and a 
higher assumed wind pressure. From this analysis^ which is summarized below, 
it is concluded that there is a very low probability that the reactor will 
be dropped because of a mechanical failure. ir 

The minimum yield stress for structural grade steel (ASTM-A7 carbon 
steel) is 33?000 psi. The allowable unit stress for the TSF calculated 
with a formula recommended by the American Institute of Steel Construction 
(A.I.S.C.) in "Specifications for the Design, Fabrication, and Erection of 
Structural Steel for Buildings," is 14,400 psi for normal conditions. The 
AISC specifications permit the allowable stress to be increased to 19,200 
psi when wind forces are considered. 

In the recheck of the original calculations, the maximum stress in a 
tower leg considering the static load (tower weight plus prestressing on 
guy wires) and the effect of supporting a 55-ton reactor and shield elevated 
to 185 ft* midway between tower legs I and II is only 10,487 psi. This is 
well below the 14,4-00 psi for normal conditions. 

3 

In the original engineering calculations"' it was found that the maxi-
mum stresses were created during wind loading on the entire structure. For 
a 30-psf wind load (105 mph) they calculated a maximum stress of 19,978 psi, 
which exceeds slightly the 19,200 psi but is well below the 33,000 psi. In Q the review of these calculations, minor items that were neglected in the 

~The cables which support the reactor extend from the top of tower legs I 
and II to a pear shaped ring and the reactor is suspended from the ring, 
with a short suspension-from the ring a 55-ton load can be lifted to aa 
elevation of 200 ft. The TSR-II suspension system is such that the eleva-
tion of the reactor is limited to 185 ft. The stress in the tower legs, 
however, is the ssme. 
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original calculations or items that were added since the original con-
struction increased the maximum stress to 23,572 psi. If the assumed 
wind velocity were reduced from 105 mph to 80 mph, the maximum calculated 
tower leg stress would not exceed the allowable AISC stress with the reactor 
hoisted. 

In the review an additional calculation was made using the "American 
Standard Building Code Requirements for Minimum Design Loads in Buildings 
and Other Structures" (ASA A58.I-I955). This code requires a greater 
shape factor, a larger projected area and a higher wind load (40 psf above 
100 ft, which is equivalent to a 120-mph wind velocity) all of which resulted 
in a maximum stress of 27,822 psi. This value, which is based on an unusual 
high wind velocity is still below the minimum yield stress. The reactor, 
however, is not elevated for operation whenever wind speeds exceed 40 mph. 
When there is thunderstorm activity in the locality which may be accom-
panied by high wind gusts, the TSF operators use weather radar to observe 
the course and speed of thunderstorms and then lower the reactor if a storm 
is expected to cross the TSF area. 

The probability of a dropped-core accident obviously cannot be quanti-
tatively determined since adequate "failure rate" type of data does not 
exist for the suspension system components. The many years of successful 
operation of the 2BR-I and TSR-II from the reactor suspension system verify 
that the basic design and operation procedures have been adequate to date. 
The inspection procedures and techniques in use with the TSR-II have been 
made as exhaustive and extensive as practical, especially for the hoist 
equipment and cables. Therefore factors that contribute to the overall 
reduction in the probability of a dropped-core accident are (l) a design 
which allows a generous margin between working stresses and yield stresses 
in structural and hoist components for all hoist operation with moderate 
wind velocity, (2) operating procedures which prohibit hoisting the reactor 
from a secure position when the wind velocity is above 4o mph and lowering 
it from the maximum elevated position when the possiblity exists of winds 
AIITIROAFTLHRIFF fin WNH flirr-fna- •HHIMFTERFI-HFVR'MG .̂ (Insnpclvt AYI main-
tensnce of the suspension system which enab3.es significant deterioration 
of the system's strength capabilities to be detected and corrected, and 
(4) prudent operation of the hoists. A subjective evaluation of these 
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factors, which is the only evaluation procedure one has, leads to the 
conclusion that there is a very low probability that the reactor will be 
dropped because of a catastrophic failure of the suspension system during 
the useful life of the TSR-II. It is, however, one of the conditions 
necessary for the maximum credible accident discussed in Chapter if. 

O I. W âlŝ nfi 3»t« *xpox\in,i'*ivmuvw uvxcauS 

Fission-product release can result in miner contamination or in a 
major accident. The first category, leakage of fission products from one 
or several fuel plates, is discussed below. A major accident, which would 
be the meltdown of several percent of the core when it contains a heavy 
inventory of fission products, is discussed in Chapter even though it 
is shown in Chapter 6 that such an accident is not deemed credible. 

Leakage of fission products from fuel plates could result from several 
types of core fabrication errors such as inadequate clad bonding, improper 
fuel plate spacing, or inclusions in the aluminum cladding. During the 
ten years of operation at powers up to 100 kW, there has been no detect-
able fission-product leakage from the TSR-II core. The TSR-II system is 
capable of handling fission-product leakage from a defective fuel element 
as described below. 

A fission-break monitor is located in a small by-pass line between the 
heat exchanger inlet and the suction of the main pump. The gamma-sensitive * 
monitor is set to annunciate on a significant rise in count rate above 
background from induced sodium activity in the cooling water. If fission-
product activity were detected by the fission-break monitor, the reactor 
would be shut dovrn manually by the reactor operator. No automatic shut-
down by the control system or safety system is provided in the TSR-II on 
indication of fission-product activity in the cooling water since a rapid 
power reduction would not be expected to significantly decrease the amount 
of fission-product leakage resulting from a cladding failure. Particulate 
fission products would be contained in the closed cooling water system 
and most of the gaseous fission products (Kr, Xe, I) would be entrapped in 

Victoreen Model No. 9OO-69. 
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the cooling water as long as full flow Is maintained. When the cooling 
water flow Is stopped, some of the gaseous fission products may migrate 
to float-operated vent valves and escape to the atmosphere. 

Contaminated cooling water can be dumped Into the 5000-gal holding 
water system, and the contmnlnation can be subsequently handled with 
adequate safeguards. 

The amount of fission products that would be released If fuel elements 
vers damaged in handling or In a dropped-core accident Is not significant. 
In a study conducted by the ORNL Reactor Chemistry Division to measure the 
release of fission products from U-Al fuel plates at elevated temperatures, 
samples were sheared from irradiated fuel plates.^ Measurements indicated 
that the amount of fission products released during the shearing operation 
was infinitesimal.10 
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k. MAXIMUM CREDIBLE ACCIDENT 

Three conditions must exist before a Maximum Credible Accident (MCA) 
could occur in the TSR-II: (l) maximum fission-product inventory in the 
core, (2) maximum afterheat in the core, and (3) complete loss of coolant 
from the core. The fission-product inventory will be limited by limit-
ing the total fuel element exposure to 3000 Mwhr (see Chapter 5). 

The initiating incident of the MCA is assumed tc be that the reactor 
has been dropped and all the water has been lost from the pressure vessel; 
the latter assumption is conservative because some water will adhere to 
the fuel plate surfaces and some will be trapped in the lead shot above 
the core.* Such an improbable accident appears to be the only mechanism 
whereby water flow could be interrupted and all water drained from the 
core (see Sections 3.2 and 3.3). One would expect the major extent of 
damage from a dropped-core accident to be confined to the pressure vessel 
and shield. The fuel sections and control mechanism housing are rigidly 
assembled, and so would be ejected to move as a unit. Any metal-to-
metsl contact between the fuel plates and the supporting structure would 
enhance heat conduction, but no credit is taken for this. The meltdown 
calculations are also conservative in that the value of the afterheat 
generation was always greater than the actual value, the values for the 
heat capacity and the heat conduction were selected on the low side, and 
finally the surface area to remove heat was less than half the actual 
pressure vessel surface area* 
*The effect of water adhering to surfaces was noted in experiments to mea-
sure the temperature rise of U-Al fuel elements under loss of cooling 
water conditions. ' 2 The temperature rise levels ;?ff momentarily at the 
boiling temperature of water indicating that sore*? -t&ter adheres to the 
fuel elements. 
Measurements with a single TSR-II element that wzs lifted from a water 
bath and allowed to hang vertically to drain in dry roving air for over a 
minute indicate that over 3/h lb of water would remain in the fuel ele-
ments. Similarly, measurements indicate over 13 lb of water would be 
retained in the lead shot above the fuel elements after the water is 
drained* A considerable amount of water would also remain on the several 
hundred square feet of aluminum surface inside the pressure vessel and 
in the control mechanism pockets and small diameter tubes leading to the 
control mechanisms. 





If the reactor were operating, shim-safety plate action from loss 
of water pressure at the control mechanisms would reduce reactivity by 

—2 
2.0 x 10 £k/k in 160 msec and shutdown the reactor (see Section 3-l). 
Also, scram signals would result from loss of cooling water flow or from 
a low pressure drop across the reactor core. In any case the lo»s of 
water moderator would make the reactor inoperative. 

With no water coolant available, aore temperatures would rise initi-
ally but for the 1 MW operation proposed (see Chapter 6) would not reach 
melting because of convection heat losses and available heat capacity. 
For purposes of the MCA analysis, however, an instantaneous release of 
fission products from a melted portion of the core volume is assumed. 
Also, fission products released from the fuel are assumed to have been 
released directly to the atmosphere -with no deposition on fuel plate or 
pressure vessel surfaces. 

Calculation of maxin?um off-site doses following the MCA have been 
based on the conservative assumptions that are summarized below: 

Type of release Instantaneous cloud 
Release fraction from Halogens, 50$; noble gases, 100$; 
melted fuel bone-seeking nonvolatiles, 1$ 

Release height above Zero 
exposure elevation 

Atmospheric dispersion Moderate inversion or weak lapse 
conditions from instantaneous ground-

level source 
Ground deposition Maximum washout from neutral 

atmospheric conditions (see 
Table 5.?) 

These assumptions constitute a model for the fission-product release, 
dispersion, and exposure conditions following the MCA of the TSR-II. 
It should be noted that the atmospheric dispersion and ground deposition 
conditions were selected to give the highest dose rates. 

As described in Chapter 6 there would be no melting of the fuel 
in the preceding accident and therefore personnel at the exclusion boundary 
and at the TSF would not be exposed to radiation from fission product 
release. 
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5. FISSION-PRODUCT RELEASE FOR MAXIMUM EXPOSURE 
AT THE SITE BOUNDARY 

1 
The maximum doses following an MCA axe established as 300 rem to the 

thyroid and 25 rem to the whole body in 2 hr at the exclusion boundary 
or at the "low-population" zone boundary* A study was made to determine 
how much of the core could j»e!t before these maximum dose limits would 
be reached. The study involved investigation of two operation schemes at 
1 MW thermal power for a core life of up to 3000 MSflir. 

5.1. Fission-Product Release Fractions 

It was assumed that the fractional release values for melted fuel 
plates would be 100$ of the noble gases, 50$ of the halogens, arid 1$ of 
the controlling bone-seeking noavolatiles (Sr, Y, Zr, Nb, Ba, Le<, Ce, 
Pr. and Hd). These release fraction were tafcen fro, «D - 1 « W ? and, for 
low fuel burxmp, are conservative in comparison with the data of Parker 
et al. ̂  Bumup of the in the TSR-II elements in this study is 
assumed to 1.5$ which is equivalent to 3000 hr of operation* 

5.2. Fission-Product Inventories — HI UH«|||JI||IL*»1».IIH miU'Mmmim. • IIM mwmummim*—• 

Fission~product inventories were conservatively estimated for the 
following two operating modes; 1 tft! for 3 hr each day and continuous 
operation at 1 MW for 1000 hr. Tfro methods were used to estimate fission-
product inventories for cyclic operation: for long-lived fission products 
(half-lives greater than 11 days), the inventories were estimated from 

It 
the data of Blome&e and Todd for continuous operation at 3000 hr at 1 Mw; 
for shorter lived fission products* inventories ifere estimated by t?1 5 
method of Burnett, which assumes an infinite number of cycles. Both 
methods tend to oVer estiisaate the fission-product inventories: in the 
method of continuous buildup the fission-product decay during retvrtor 
shutdown periods is neglected, and in Burnett's method the fissio i piu-•• 
duct buildup is assumed to have reached equilibrium* Inventories worr» 
estimated for the fission products listed in Table 5.1. The formulau 





Table 5.1. Fission Products Listed According to Type and to Half Life 

Fission products with long half lives 

Noble gases* 

Nonvolatiles 

Short-lived fission products with 
half lives long compered with those 
of their precursors 

Halogens 

Noble gases 

Nonvolatiles 

Short-lived fission products with 
half lives comparable with those of 
their precursors 

Halogens 

Nonvolatiles 

10.3-y 8 5 Kr, 12-d 13imXe 
51-d 8 9 Sr, 28-y 9 0 Sr, 58-d 9 1 Y} 63-d 9 5 Zr, 

12.8-d 140 Ba, 33-dX4l0e, 282-d 144 Ce, 
11-d 147Nd 

8.1-d 1 3 1 1, 20-h 1 3 3 1, 6.7-h 1 3 6 1 

4.1f-heB2lCr, 15.6-m 13ssbce, 9.2-hr la6Xe, 

2.3-d 133 "hce, 5.3-d 133Xe, 2.8-h 88Kr 

l? -h 97Zr, 32-h 1 4 3 Oe 

2.4-h 1 3 3 1, 53-m 1 3 4 1 , l l k 8 3 1 f e 

35-d 9 6 Nb 

n 87 ' 8 9 1 78-m Kr and 3.2-m Kr are assumed to saturate within 4 hr 



Burnett developed for estimating the short-lived fission product inven< 
tories are given below: 

a ) 

V -

+ fe(1 - e " V ) - v r d - •-«*>] - ^ - T T } d P d p 1 - e d 

- e 

(e) 

where 
A = activity, curies, 
t = operating time per cycle, 
t = time for cycle (24 hr), 
s = saturation, 
p = parent, 
d = daughter, 
X = decay constant. 

Halogens - Activities of through are required to calculate 
thyroid and submersion doses. Specific dose factors, D(rem/inhaled 
picurie), were obtained for thyroid exposure by revising Burnett's D 
values using inhalation dose data of the 1959 report of the International 
Commission on Radiological Protection (ICEP). The revised D value for 
lOI 

I was 1.1*84 rem/inhaled ^curie; ratios of D values of other iodine 
131 

isotopes to that of I are listed in Table 5.2. These ratios were used 
as weighting factors on the iodine activities to obtain an equivalent 

I activity for calculation of thyroid dose. Activities of the indivi-131 
dual and totaled equivalent J I inventories are shown in Table 5.2 for 
the two operating cycles specified above. For subsequent submersion 
dose calculation, Table 5.3 contains effective energy data. E . from ' s 
Blomeke and Todd and also individual iodine inventories. 
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Table 5.2. TSR-II Iodine Data for Thyroid Dose 

1 

Isotope 

V ' l e i j 
Dose Relative 

to 1 3 11 

Equivalent Curies of 1 
At 1 MW. At 1 MW for 
8 hr/dey 1000 hr° 

If , kc 
• X 10 X 10 

1.0 0.86 2.5 
1 3 21 0.036 O.OH-7 0.1k 

1 3 31 0.269 0.62 1.5 
134 x 0.017 0.11 0.11 
135 ^ 0.083 0.26 0.42 

V 1.9 k.l 

a Data are for an infinite number of cycles. 

All iodine isotopes reach saturation, 

c Multiplying factor for equivalent curies. 



Table 5«3» TSR-II Iodine Data for Submersion Dose 

S 
(MeV/dis) 

Core Inventory, Q (curies) EgQ 6feV curies/dis) 

Isotope 
S 

(MeV/dis) 
At 1 MSf, 
8 hr/day 

At 1 MW for 
1000 hr*DJ { At 1 M , 

8 hr/day 
At 1 MW for 

1000 hr 

x - i o : X 10 X 10 If XJLQ: 
1 3 1 1 0 .58 0.86 2 .5 0 .50 1.5 
i 3 8 i 2 .4 1 .3 3 .8 3-2 9 .3 
133 t 

J . 1.0 2 . 3 5 .5 2 . 3 5-5 
134 j 1 . 9 6.5 6.6 li>-0 12.0 
1 3 8 X 1 .9 ; 3 .1 5 ,0 

2^ 38 

(a>Es = Ey +' 1/3 E p . 

(b) All iodine isotopes reach saturation. 
(Q) 
x 'Multiplying factor for equivalent curies. 
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Noble Gases. ~ Calculated inventoxies of krypton and xenon ©re 
listed in Table 5 .4 . For and "^Xe, fractions from the precursors 

end were conservatively assumed. Values of the effective energy 
for these noble gases are also listed for subsequent submersion dose 

87 88 89 
calculation. The isotopes 'Kr, Kr, and yKr contribute 80$ or more of 
the dose from all the noble gases considered* 

Nonvolatile Fission Products* - Inventories of nonvolatile fission 
products are shown in Table 5.5. The data in the last column represent 
the specific bone dose factors, B, corrected again for 1959 ICR? data, 
combined with the fission-product inventories and a 1$ release fraction. 
The isotopes making the major contributions to the bone dose are 
90Sr~Y, 93Y, 1[|0Ba-La, and lWCe-Pr. 

5.3. Atmospheric Dispersion Conditions and Calculations 

The climatology &ad meteorology cf the TSF site are dismissed in 
Section 2.2, whare data are also included on inversion duration, wind 
roses, and climatology. Predominant wind flow is shown to follow a 
N&-SW pattern during nocturnal inversion conditions, with increased 
wind flow to the direction during daytime lapse conditions* 
Therefore the major population centers of Oak Ridge and Knoxville do 
not lie in the path 01? the predominant wind flow from the TSF site. 

In the event of an MCA, fission products released from melted fuel 
are assumed to be dispersed in the atmosphere as an instantaneous point 
source. Even though much of the terrain alo^g the ABC security fence 
south of the TSF is 300 to hQO ft lower in elevation than the TSF, the 
atmospheric dispersion conditions discussed below were chosen to 
estimate x/Q' (defined below) from a ground-level, instantaneous point 
source at a distance of 1000 m. 

Radioactive cloud concentrations downwind from an instantaneous 
point source were estimated with the dispersion models of Sutton^ and 

8 9 
of Pas qui 11 and Meade* The Pas quill -Meade model was used in addition 
to the traditional Sutton model because it has greater fidelity with 
experimental results at distances greater than 1 km, and also so that 



Table 5*4* Krypton s M 3tsnon Inventories for TSR-II 

is* 
s 

I H E V / I I S ) 

« EJFC (MEV CURTES/DIS) S 

Isotope 
is* 
s 

I H E V / I I S ) 
At 1 1 , 
& — t» © nr/o&y 

A t i MKf for 
1000 hr 

At 1 M , 
O lU / U t y 

•At 1 M » for 
lAAft *»*» 

4* X 10 
K A 

X 10 K & 

X 10 4 a 
X 10 

-•MM* 0.042 0.2*2 0.013 0.01? 

®SFFIKR 0.041 0*95 1* 3 0.39 0 . 5 4 
9 6 KR 0*23 0.006 0.0018 0.0014 0.00042 

1 . 6 2.4 3.8 3.8 
AAJGR 2*4 2.8 3*1 6.7 7.4 
8 3 KR 1 . 3 4.0 4.0 5.2 5.2 
L A I N ^ 1 . 6 0.026 0.019 0.0042 0.0031 
I A A O !TE 0.23 0.049 0.13 0 . 0 1 1 0.030 
1 3 3 XE 0.20 2 * 7 0.53 1 . 1 

0.52 1 . 5 1 . 6 0.78 0.83 
* A B X E 0.57 2.8 4.4 1 . 6 

19 

3 . 5 

21 

MULTIPLYING FACTOR tor EQUIVALENT CURIES* 
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Table 5.% TSR-II Bone Dose Data 

Specific Dose 
Factor Q(curies) fDQ(rem)a 

Isotope 
f 1J^Uotnj îCBJ/ xuiiajisw 

jicurie ) 
A+ 1 MLT l>v J. I'in } 
8 hr/day 

At 1 m for 
1000 hr 

A 4* 1 wr nu x 1W j 
8 hr/day 

1 »«r.r «« x fin 
1000 hr 

4* X 10 4 * X 10 
8 9 sr 3 . 3 1 . 7 l4o 71 
9 0 Sr 44.55 0.043 0.014 190 62 
n y 0.336 4e0 1 . 9 130 64 
1 4 0 Ba 0.0896 5.4 4 ,6 48 4 l 
1 4 1 Ce 0.0199 4 .8 2 . 9 9.6 5 .8 
1 4 , 3 Oe 0.0228 2 . 1 5 .3 4 .8 12 
1 4 4 Ce 1.446 1.4 0 .49 200 71 
9 6 Zr 0.0617 4 . 1 2 .0 25 12 
9 6 lib 0.0132 2 . 1 0.66 2 .8 0.8? 
9 * Z r 0.0055 2.4 5 . 2 1.3 2 .9 

" 7 M d 0.0149 2 . 3 2.1 

760 

3 . 1 

350 

af - 1$ release fraction. 

Multiplying factor for equivalent curies. 
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the results obtained with the two models could be compared by using 
meterological parameters applicable to the TSF site. 

The downwind fission-product concentration for an instantaneous 
id-leve! 

as follows: 
ground-level point source based on the Sutton inodel"**̂  was calculated 

X 2 
Ttjc c x2"n 

y z 

where o 
X = curie sec/m , 

Q1 = curies of fission product released, 

C ,C = vertical and cross wind virtual diffusion coefficients. y z n/2 m ' , 
\ii = average wind speed, ra/sec, 

X = downwind distance, m, from release poiut, 

n = stability parameter, dimensionless. 

Values for the Sutton dispersion parameters in Table 5.6 were chosen from 11 12 
previous recommendations of the Oak Ridge Weather Bureau ' for the 
ARE and EGCR reactors in Melton Valley. 

The Pas qui 11-Meade model is employed by choosing a meteorological 
condition for which dispersion parameters have been observed as a function 
of downwind distance. These meterological conditions are given in 
Table 5.7, along with the percentage of the time that such a condition Ik 
will exist. The predominant meteorological condition is a slightly 
unstable one, C, while the worst dispersion condition, F, is estimated 
to.occur 10$ of the time. Categories C and F were therefore chosen to 
represent the most likely and the worst atmospheric dispersion conditions, 
corresponding to the weak lapse and moderate inversion Sutten dispersion 
conditions. The decreasing magnitude of the group, GTx/O,'), with in-
creasing downwind distance is shown in Fig. 5.1 for all the Pasquill-
Meade meteorological categories. 
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Table 5.6. Sutton Dispersion Parameters for TSF Site 

Parameters Meteorological - — — — n/g 
Condition jT (m/sec) n CyCg (m ) 

Moderate inversion 1.5 0.35 1 x 10 2 
- 2 Weak lapse 2.3 0.23 9 * 10 

Table 5•7. Meteorological Conditions in the Oak Ridge Area 

a b Meteorological Condition Occurrence (#) 

Extremely unstable, A 0 

Moderately unstable, B 8 

Slightly unstable, C ko 

Neutral, D 20 

Slightly stable, E 22 

Moderately stable, F 10 

a 

Applicable to heavy overcast day 

^See Reference 12. 

or night, see Reference 9 



iO1 2 5 2 5 103 2 5 \0A 2 5 405 

x (meters) 

Fig. 5.1-. Values o f a s a function of downwind distance, x , 
for various weather types; source at surface (see Table 5.7 for weather 
types). 
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•3 From Fig. 5.1 it is seen that at 10 m downwind distance the value 
of (x/Qf) from Sutton's model and from the Pasquill-Meade model la es-
sentially the same for inversion conditions (F), whereas the Pasquill-
Meade model for category C gives slightly higher results than the Sutton 
model. Numerical results for (x/Q1 ) at 10 m are summarized in Table 5.8, 
with average wind speeds (y>) of 1.5 and 2.3 m/sec used for inversion and 
lapse conditions, respectively. 

The (x/Qf) results from Pasquill-Meade's model were used to cal-
culate the following exposure doses. 

5.3»1« Inhalation Doses 

Thyroid. - Calculation of the thyroid dose at the 10 m distance 
follows from the relation 

v 6 dose (rem) = fDQI fir x 10 , 

where 
131 

D = specific dose factor for I 
= 1.1+814- rem/inhaled p.curie, 

I = inhalation rate 
-It- 3 = 5 x 10 m /sec (30 liters/min), 

131 Q = equivalent curies of I present, or core inventory, 

t = fraction released of available fission product. 

Using a release fraction of SOfo and the equivalent I inventories 
in Table 5.2, the thyroid doses calculated for the specified operation 
are shown in Table 5.9. The allowable core melting fraction for a maximum 
allowable thyroid dose of 300 rem was obtained from the ratio of 300 rem 
to the calculated dose. Thus allowable melting fractions (see Table §.10) 
are 0*036 and 0.80 for 1-MW operation for 1000 hr with inversion and lapse 
dispersion conditions, respectively* 
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Table 5.8- Values of x/Q* for Inversion and Weak Lapse 
Conditions at l(r m from TSF 

Dispersion Model 
r* ~ 

X/Q1 ^(curie sec/m )/(curies released)J 
Dispersion Model Inversion** Weak Lapse" 

Sutton 4.80 x 10"^ 1.50 x 10~5 

Pasquill-Meade h.Qo x 10 2.17 x 10"5 

g 
Average wind speeds 1.5 m/sec. 

•jj 

Average wind speed: 2.3 m/sec. 

V. 



3 Table 5.9. Doses at 10 m for Melting .of 
Entire TSR-II Core 

Dose (rem) 
Thyroid Bone Submersion 

Operation Mode Lapse Inversion Lapse Inversion Lapse Inversion 

1 Mil, 8 hr/day 150 3^00 8.1 180 1.8 39 

1 MW for 1000 hr 370 8300 3.8 83 2.3 50 
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Table 5*10. Core Melting Fractions for Thyroid 
Dose of 300 rem from Iodine 

Core Melting Fractions 
Operation Mode Lapse Inversion. 

1 MW, 8 hr/day 2 O.O89 

1 MW for 1000 hr 0.80 O.O36 
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Bone. - Bone dose by inhalation of bone-seeking fission products is 
calculated by the same relation used for calculating the thyroid dose. 
Using the Pasquill-Meade (x/Q1) values from Table 5.8, bone doses cal-
culated (Table 5.9) for 1000 MWhr of steady operation at 1 MW are 83.U5 
rem (inversion) and 3.89 rem (lapse). Using 25 rem as the maximum dose 
to the bone, the allowable core melting fraction is (25/83.1+5) = 0.300 for 
inversion conditions and > 1 for lapse conditions following operation at 
1 MW for 1000 hr» Allowable core melting fractions for bone-dose limits 
are greater than the corresponding melting fractions for thyroid dose 
limits. 

5.,3o2. External Submersion Doses 

The whole-body dose from external submersion in a cloud of beta and 
5 

gamma emitters was evaluated by the relation, after Burnett 

dose (rem) = 0.26 fE Q , 
S Q 

where E = E + 1/3 E0, MeV.* S Y p 
The product E^Q was included in Tables 5.3 and 5.4 for iodines and 

noble gases. The contribution of nonvolatile fission products to the 
2 

external submersion dose is negligible for the same release fraction used 
in this study. Therefore values of submersion doses in Table 5.9 were 
calculated with the above relation using release fractions of 1.0 and 0.5 
for the entire core inventory of noble gases and iodines, respectively. 
As for the bone-dose results, submersion doses are less than the 25-rem 
limit for lapse dispersion conditions and with the entire core assumed to 
have reached melting conditions. For inversion conditions the allowable 
core melting fraction could be as high as 0.5 for operation at 1 MW for 
1000 hr. Submersion exposure is therefore less restrictive than either 
bone or thyroid exposure, as is the usual result for contained reactor 
systems. 
*The term 1/3 Ep from Burnett's expression for Eg is the same as Av. EQ 
from Bloraeke and Todd, Table 5.2. 
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5ok. Activity Deposition by Rainfall 

5.4.1. Maximum Rainout Dose 

The highest deposition rate of activity from a cloud release results 
from rainfall through the cloud. The highest surface deposition, curies/ 

2 
m , can be obtained from the maximum rainout or washout calculations of 

15 Culkowski, which depend only on the choice of a Pas quill-Meade meteor-
ological category. Meteorological condition D was used to obtain values 

max' for the washout parameter W /Qr [(curies deposited/m'5)/(curies released)] 
3 at 1C- m downwind distance. 

An estimation of dose rates from deposited gamma activity was based 
on a calculated dose rate of 10 r/hr at 1 m above ail infinite plane 

2 10 covered with 1 curie/m of 0.7-MeV gamma activity. The dose rate from 
gamma radiation was therefore estimated from the relation 

dose rate (rem/hr) ^ E Q , 
(0.7 MeV) (curie/m ) ^ V 

- 6 2 where (^j^/^) = 3«5 x 10~ (curies deposited/m )/(curies released) at 
10^. m, and E^ = gamma energy, MeV. Using 50$ the iodine activity and 

of the gamma-emitting, nonvolatile activity for the 1-MW operation for 
k 1000 hr and E data from Blomeke and Todd, the following values were T o 

calculated for a 10 m downwind distance: 
1*31 =2 2 equivalent I deposition = 8.14 x 10 curies/m , 

-3 2 
initial nonvolatile deposition = 8.8 x 10 curie/m , 

dose during first 2 hr = 10.4 rem, 

dose during first 2k hr = 45.9 rem, 

dose rate at 2k hr = 0.84 r/hr. 

The doses at 10 m estimated above were based on the assumption of h 
entire core meltdown after 1-MW operation for 1000 hr. The 45.9-rem 
dose for the first day would be reduced by about 96$ if the core-melting 
fraction is assumed to be that which yields the maximum allowable thyroid 
exposure (see Section 5.3«l)« Therefore long-term (>24 hr) doses from 
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maximum ground deposition at 10^ m would be well below the 25-rem limit 
for MSA exposure for the same core melting conditions that would limit 
the thyroid inhalation dose to 300 rem. Iodine inhalation exposure is 
still the controlling exposure mechanism, even with the direct dose from 
maximum washout deposition at the exclusion boundary considered. 

5.4o2. Land and Water Contamination 

Land and water contamination following a fission-product release from 
of the TSB-II core could result in curtailment of their normal use® 

Although direct doses from deposited activity would be much less than 
25 rem for nearby inhabitants or persons at the exclusion boundary (see 
Section 5*4.1), appropriate actions would be taken to minimize exposure 
to and ingestion of deposited fission products by the public. The wide 
range in possible fission-product deposition precludes establishing any 
definite course of action in advance. In fact the worst degree of deposi-
tion is between two extreme possibilities: high deposition occurring 
over a small area within the exclusion boundary and therefore not affect-
ing the public and very low daposition from widely dispersed material over 
a large area and large population but causing a negligible exposure. 
Therefore field radiation monitoring and deposition sang?ling by ORNL 
Health Physics personnel would determine the magnitude and location of 
contamination and would serve as the basis for any preeautionsspŷ aetiofis 
taken. 

The ultimate hazard from contamination of the Clinch River stems from 
its use by municipal water systems such as at Kingston. The main source 
of water for the Kingston municipal water, system, however, is spring 
water. Some water is pumped from the Clinch River when there is a pro-
longed dry spell but this could be stopped during the passage of 
contaminated water. Clinch River water can also flow upstream under 
Emsrgy River flow to the Harriman water system intake, but such backflow 
is very slow and can easily be prevented by reduction of flew in the 

16 
Clinch River. Clinch River flow is, however, very amenable to control 
by the Melton Hill and Morris Lams. Therefore the combination of flow 
control by TVA and activity monitoring by ORNL could be used to 



3 . 1 9 

discharge the contaminated volume of water past the Kingston water plant 
intake and into the Tennessee River. 

5.5° Summary of Maximum Fission-Product Releases 
for the TSR-II Site 

The results of the principal exposure doses for release from the 
entire core show that iodine inhalation is the controlling exposure 

131 
mechanism. The amount of I released under inversion atmospheric dis-
persion conditions which results in a 300-rem thyroid dose at a distance 3 131 of 1000 m is 1.7 x 10 curies. This I activity would he released if 

of the core melted after 1 MW operation for 1000 hr. The amount of 
mixed nonvolatile fission products (see Table 5.5) from operation at 
1 MW for 1000 hr which results in a 25-rem bone dose from inhalation at 
1000 ia, as above, is 5.06 x 10 curies; approximately 3Of0 of the core 
would have to melt before this amount of activity would be released. 
Therefore inhalation of iodine resulting in 300 rem to the thyroid 
would be accompanied by a bone dose of about 3 rem for an MCA. 
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6. AFTERHEAT ANALYSIS FOR LIMITING POSSIBLE CORE MELTDOWN 

The objective of this study was to select an operating power level 
that would preclude any melting of the core if complete loss of coolant 
occurred following such operation. The methods of calculations and the 
results of the final study are given below. 

The afterheat analysis consisted in calculating the temperature 
history of all portion&^ef the core to determine the fraction of the core 
that might reach melting temperature. The main problems connected with this 
analysis were the choice of the heat removal mechanisms and the estab-
lishment of the condition of the core following a dropped-core accident. 
The heat loss mechanisms in this study were conduction along the central 
cylinder which supports the fue.l elements and heat loss by convection to 
air from the surface of the pressure vessel. The major assumption of the 
analysis was that there was no water or steam present in the core. The 
effect of this assumption was to limit the available heat capacity to the 
core and pressure vessel structure, to limit heat transfer to conduction, 
and to reduce the effective conductivity. 

The GHTRC computer code, a version of the Generalized Heat Transfer 
2 

Code revised for the I3M-7090 computer, was used for the temperaturie 
transient calculations. The spherical geometry was divided azimuthally 
into a flat support plate with no fuel, called Segment I, and a 15° wedge 
containing fuel, called Segment II (see Fig. 6.1). The spherical geometry 
of the control region, fuel-bearing region, pressure vessel and shielding, 
and outer boundary was represented by rectangular cross-sectioned cells 
as shown in Fig. 6.2. The values for heat conduction between the cells 
and for the heat capacity of the cells were determined in a conservative 
manner with respect to the actual core geometry. Time-dependent after-
heat generation rates were calculated for each fuel-bearing cell oecause 
of the size of the cells and the power-density variations between cells. 3 

Afterheat generation was calculated with the PHOEBE code. Calcula-
tions were performed for cyclic and continuous operation for 1, 2, and 3 MW. 
On the basis of the integrated afterheat results from these calculations 
and of the operating times required for TSR-II experiments, the GHTRC 
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Fig. 6.1. Sector of core used with GHTRC code. 
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Fig. 6.2. Layout of cells in the TSR-II core for temperature transient 
analysis. 
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temperature transient calculations were performed for continuous operation 
at 1 MW for 75 hr. 

The GHTRC calculation for 1-MW operation was extended to a longer time 
after shutdown**- and the results are shown in Figs. 6.3 and 6.4. The hottest 
region in the core, shown in Fig. 6.3, is located on the vertical axis of 
the core directly below the control mechanism housing and was indicated 
by the conductance values used in the calculation to be the most thermally 
insulated region. This region reached a maximum temperature of about 
950°F approximately 7 hr after shutdown. This temperature is well below 
the 1184°F melting temperature of the uranium-aluminum fuel alloy. Since 
the fuel in this region is only 0.39% of the core loading, an extremely 
small portion of the core is exposed to the highest temperature. The 
next hottest portion of the cor^which contains approximately 20% of the 
core loading, reaches a temperature of only about 830°F approximately k hr 
after shutdown. 

The last part of the analysis of core-melting conditions was the ef-
fect on the maximum core temperature of adding the afterheat due to previ-
ous operation (background afterheat) to that from the operation under 
investigation. In the GHTRC calculations, it was assumed that the reactor 
was "cold" at the start of each operation; that is to say, the only afterheat 
was that produced by fissioning during the particular operation under 
investigation. The following discussion delineates a method of determin-
ing the background afterheat generation in the core. It also establishes 
a limiting value for the background afterheat in the core prior to 
operation at 1 MW so that when it is added to that from the latest opera-
tion, the maximum fuel temperature will still not reach the melting 
temperature. 

The decay of afterheat for several operating times at 1 MW and one 
cyclic operation as calculated with the PHOEBE code is shown in Fig. 6.5. 
After operation at 1 MW, the temperature rise across the reactor at a 
reduced cooling water flow rate will be monitored as a function of time 
and the values of the flow rate and temperature rise will be used to 
determine afterheat as a function of time after shutdown. These actual 
afterheat values will be compared with the values calculated with the 

(J 
PHOEBE code to determine the time at which the afterheat 
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Fig. 6.3. Temperature at the hottest regions in the reactor as a 
function of time after shutdown for loss of coolant conditions after reactor 
had been operating at 1 If for 75-hr period prior to shutdown. 
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Fig. 6.^. Map of fuel temperatures (°F) ill the TSR-II 1 hr after 
shutdown following operation of the reactor at 1 MW for 75 hr prior to 
shutdown. 
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Fig. 6.5. Afterheat generation rate as a function of time after 
shutdown following operation at 1 MW for several time intervals and follow-
ing cyclic operation. 



3.8 

The GHTRC results indicated that the maximum core temperature under 
MCA conditions after continuous operation at 1 MW for about 75 hr is ap-
proximately 230°F below the melting temperature. It occurs about 7 hr 
after shutdown in a portion of the lowfer fuel region which contains only 

2 3 5 

0.39% of the fuel in the core (31 g.of U) and approximately 1.4 lb of 
aluminum. If the background afterheat at the initiation of operation for 
75 hr at 1 MW is 1 kW (see curve 5, Fig. 6.5 at 80,000 sec) at the end of the 
operation,.which is approximately 270,000 sec later, it drops to about 350 
watts. Assuming that the background afterheat in the reactor remains at 
350 watts during the whole 7-hr period and assuming that none of it 
escapes from the reactor, the heat deposited in the hottest region is 
33 Fbu.' Using a specific heat of 0.24 Btu per lb for the aluminum, this 
heat raises the temperature of the fuel plates 97°F which is 133°F below 
the melting temperature. To raise the temperature of the hottest region 
to the melting temperature, the background afterheat in the core would 
have to be 829 watts. To actually melt the 0.39% of the core,the back-
ground afterheat would have to be a constant 3-5 kW for the full 7-hr 
period. 
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7. SUMMARY 

i 

Investigation concerning the possibility of fission-product release 
from the fuel plates under abnormal operating or accident conditions in-
cluded an analysis of the protection system and the inherent safety charac-

« 

teri*tics oiC the TSR-II design and a determination of the consequences of 
reduced core cooling for loss-of-coolant flow and loss-of-coolant heat sink 
conditions,. It was concluded that fuel damage would not result from any 
realistic reactivity accident or from reduction in the flow of the core 
coolant and that release of fission products to the atmosphere from a 
defective fuel plate would be restricted to noble gases and halogens and 
would not represent a significant hazard. 

Calculations based on 100% release of iodine from melted fuel and on an 
instantaneous, ground-level release, with atmospheric dispersion from 
moderate inversion, showed that at least 3.6% of the core would have to 
amlt before the dose to the thyroid of 300 rem would be reached 1000 m 
fyom the reactor. Under these conditions the calculated bone dose was 
3 rem, amd the external submersion dose 1.8 rem. Since these dose levels 
were calculated for a 1000-m distance, the low population zone boundary 
could be not only inside the 4085-ft point of closest approach but also 
inside the 3800 ft minimum distance to the TSF exclusion fence. 

Investigation of a dropped-core accident in which the water coolant 
drained from the core after operation at 1 MW for 75 hr led to two 

important conclusions: 
1. Maximum core temperatures aftsr 1-425J operation would occur at 

lease 6.9 hr after shutdown. 
2. No fuel melting would occur. 
Since the afterheat calculations indicate that there would be no 

core melting, we believe that the TSR-II can be operated in the proposed 
manner at a maximum power level of 1 MW with assurance for the safety of 
the -general public and the operating personnel. 



APPENDIX A 

Analog Computer Tests* 

Rod-Drop Test 

The TSR-II rod-drop test was performed to determine the minimum 
period for which the safety system could reverse an excursion in less than 
a three-decade power rise from the instant that the instruments first de-
tected the excursion. In the analog technique used, the reactor simulator 
(computer) at time t = 0 is clamped in transient at a low level represented 
"by a voltage of 0.1 to 0.5 V. This voltage is proportional to reactor 
power or flux and, "by proper adjustment of the computer parameters, can 
be made to represent a nuclear power. At t = 0 the clamp is removed and 
the safety system is given the information that an excursion is in progress. 
The simulation allows for the safety system delay, provides the corrective 
action, and shows the reactor behavior, heat transfer characteristics, and 
component temperature rises during the complete transient. (Authorization 
is requested for a maximum power level of 1 MW, whereas the present analysis 
is for 5-MW maximum operating power.) 

In the TSR-II test the initial power of 0.5 (Fig. A.l) corresponds 
to a power of 5 MW. A three-decade rise then would yield a peak power of 
5000 MW. Since the level safety of the TSR-II is intended to actuate a 
scrain at 15C^ of the maximum power, the level safety was assumed to be 
7-5 MW. At 7*5 MW information war, supplied to the safety actuator to re-
quest a scram. The simulated excursion continued unaltered until reactivity 
reduction was effected by simulated movement of the shim rods. The cor-
rective action was then initiated, after which the excursion was reversed 
and the simulated reactor was shut down. Since the test was for the safety 
system, the effect of the water coolant negative temperature coefficient, 
which would only have improved the performance of the safety system, was 
not considered. 

The power excursion curves obtained in this test are shown in Fig. A.l, 
along with the reactivity reduction as a function of time due to the scram 

*Work performed by R. K. Adams, ORNL. 
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action of the shim rods used in the calculations. Also shown is the re-
activity reduction that can "be achieved with the actual TSR-II shim rods 
at the beginning and the end of core life. The initial reactivity re-
duction at the end of the core life is close to the value used in the cal-
culations, but for most of the core life it is even better. The total 

- 2 reactivity reduction at the end of the core life Is 3.8 x 10 Ak/k, but 
—2 

only the initial 2.6 x 10" Ak/k reduction is indicated. The associated 
reactor period is noted alongside each power excursion curve. From these 
data it can be seen that the TSR-II safety system is capable of reversing 
a power excursion caused by a 14.5-msec period with a maximum power rise 2 
of 2.02 x 10 above the initial power. 

The mean temperature increase of the fuel in the annular elements and 
the temperature rise of the water in the annular fuel region are shown in 
Fig. A.2 for each of the power excursions plotted in Fig. A.l, 
Cold-Water-Slug Test 

Because of the negative coefficient of reactivity of the TSR-II an 
analog simulator test was performed to investigate the effects of a sudden 
drop in the reactor inlet cooling water temperature. Figures A.3 and A. 4 
show the effects on the reactor power and tempei^ature of suddenly changing 
within 0.5 sec, the inlet cooling water temperature from l45.8°F to 32°F 
while the reactor is operating at 5 MW. the assumed coefficients in Figs. ™ 5 o A.3 and A.4 are -4.28 x 10 and -6.5 x 10 Ak/k per F, respectively. 
The measured temperature coefficients at 50 and l45°F are respectively 
-6.7 x 10"^ and -1.24 x 10"^ Ak/k per °F. Prompt gamma-ray heating was 
included in the simulation. No safety rod action or control rod action 
was permitted. 

The simulation has no validity in the cross-hatched areas of Figs. 
A. 3 and A. 4 since no attempt was made to simulate boiling conditions within 
the reactor. An assumed pressure of 10 psig was used to calculate the 
boiling temperature of 239°F (the actual core inlet pressure is greater 
than 30 psig). 

The cold-water-slug analysis was carried out without actuating the 
safety system. It should be noted that there is far more than adequate 
time for the safety system to shut down the reactor before the fuel 



2-0I-060-T8R 

TIME (msec) 

> 

10 0 <50 
TIME (msec) 

250 

Fig. A. 2. Temperature increase in TSR=II annular fuel elements 
region for various power excursions. 
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Fig. A.3. Effect on reactor power and temperatures of reducing the 
inlet water temperature from 1^5.8^ to 32°F (temperature coefficient = 
-k.2Q x 10"5 Ak/k per °F). 
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Fig. A.k. Effect oil TSR-II power and temperatures of reducing the 
inlet water temperatures from 1^5.8 F to 32 F (temperature coefficient 
= -6.5 x 1(T5 Ak/k per °F. 
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temperature rises appreciably since the safety system can complete its 
action in less than 160 msec (Fig. A.l). 

Water-Flow Stoppage Test 

Mechanical conditions inherent in the design of the TSR-II cooling 
water system prompted a test to determine the effects of a sudden stoppage 
of the coolant water flow. Figure A.5 shows the results for an assumed 

-5 o 
temperature coefficient of -4.28 x 10 Ak/k per F. Prompt gamma-ray 
heating was again included in the simulation, and no safety or control rod 
action was permitted. The simulation included only the annular fuel region 
of the reactor. Again the simulation has no validity for the cross-hatched 
area in Fig. A.5. As before, the test showed that the safety system could 
easily shut down the reactor before any appreciable change occurs in the 
temperature profile. Conditions would be even more favorable with the 
actual reactivity reduction due to temperature increase. 
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Fig. A.5. Effect of sudden water flow stoppage on TSR-II power 
and temperatures. 
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APPENDIX B 

Self-Shutdown Characteristics 

A reliable reactivity shutdown mechanism has been provided for the 
TSR-II in the fast-scram protection system described in Volume I of the 
Design and Operations Report, ORNL-TM-2893. The self-shutdown feature of 
the TSR-II increases the capability of the reactor to survive reactivity 
addition accidents with a minimum of core damage and/or fission product re-
lease. It is proposed that the self-shutdown characteristics of the TSR-II 
core can be deduced from the results of the SPERT excursion tests for a wide 
range of reactivity addition accidents, including the startup accident. The 
basis for this hypothesis and its application to the TSR-II are presented 
below. This discussion has been restricted to the highlights of the SPERT 
program and results as they apply to the TSR-II since more detailed sum-

1-4 
maries on the SPERT program are readily available. 

Description of SPERT I.Cores 
M r J I H W M M M M M M a N n a H M M I a a a M i P H M M H M a B 

The SPERT I facility was an unpressurized light-water filled, open-tank 
design with cores composed of 3- x 3- x 24-in.-long box-shaped fuel elements. 
The aluminum cores consisted of 20-mil-thick highly enriched uranium-aluminum 
alloy plates clad with 20-mil-thick aluminum. The number of fuel plates per 
element ranged from 12 to 24 to vary the metal-to-water and hydrogen-to-
uranium ratios. Core size varied between 12 and 64 fuel elements per core. 
Pertinent static nuclear characteristics of the SPERT I cores, including the 
P-I8/19 stainless-steel-clad core, are shown in Table B.l. The first number 
of the core identification designates the fuel plates per element, the 
second number the elements in the core; for example, the B-12/64 core con-
tains 64 elements of 12 plates per element. 
Response of Spert Cores to Reactivity Additions 

The self-shutdown characteristics of the SPERT-I aluminum cores were 
determined for inverse asymptotic periods (a) as high as 100 to 200 sec""*" 
for step reactivity insertions. Quantitative effects of step reactivity 
excursions from source power (10 ̂  W) and 20°C ainbient temperature are 
shown by the maximum power, excursion energy to peak power, and fuel plate 
surface temperature and maximum transient pressure as a function of a in 
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Figs. B.l - BA. The maximum reactor power showed a break and the excur-
sion energy a minimum at an a value of 5 to 10 see"'*", corresponding to $1 
reactivity addition, indicating the increased energy requirementa to gen-
erate compensating reactivity once the prompt critical condition is reached. 
Fuel-plate surface temperature rise at maximum power, Fig. B.3, also exhib-
ited a minimum before saturation temperature was reached at a values of 

-1 
10 to 30 sec . Hence self-shutdown was achieved by moderator and metal 
expansion effects without moderator boiling for a < 10 sec"1 in all the 
SPERT cores listed in Table B.l. Steam generation became an important 
reactivity compensation mechanism'for these unpressurized SPERT X cores 
at a values of 10 to 30 sec , where the temperature rise to time-of-peak 
power was large enough that the fuel plate surface temperature reached 
the saturation temperature (see Fig. B.3). The compensated reactivity 
attributed to steam is illustrated in Fig. B.5 for the A-I7/28 core. The 
transient pressure was of sufficient magnitude to be be measurable only -1 1 
for periods shorter than 35 msec (a = 28.5 sec"* ) as shown in Fig. B.k-. 

The effect of system pressurization on the SPERT self-shutdown char-
acteristics is of interest since the TSR-II core coolant is pressurized 
to ~60 psig0 This effect was studied in the SPERT III facility, which 
allowed pressurization to 2500 psig. For short-period tests at atmospheric 
pressure, boiling of the moderator is the largest, contributor to shutdown. 
The SPERT III tests have shown that, as the system pressure is raised, the 
delay and eventual suppression of boiling merely cause an increase in the 
temperature rise of the fuel plates, with a resultant increase in the re-
activity compensation arising from water and fuel-plate expansion and with 5 
no gross change in the power burst. Peak power excursion results at 
atmospheric pressure for the stainless-steel-clad;, plate-type SPERT III 
core are shown in Fig. B.6. The shutdown reactivity coefficient of the 
SPERT III core was about the same as that for the SPERT I, A-I7/28 core 
(see below); the peak, power as a function of 05 was also the same for the 
two cores.^ The effect of system pressurization on SPERT III fuel plate 
surface temperature and energy release is shown in Fig. B.7 and B.8 for 
l8- and 11-msec transients (a values of 55 and 91 sec"1). In general, the 
largest change in the energy release to time-of-peak power occurs in the 
first 100 psi pressure increase. Above 200 psig the energy release to 
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Fig. B.l. Maximum reactor power vs reciprocal period for SHEET I 
step reactivity excursions from source power (from Ref. 1). 
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Fig. B.2. Energy to time of peak power vs reciprocal period for 
SPERT I step reactivity excursions from source power (from Ref. l). 
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Pig. B.k. Maximum transient pressure vs reciprocal period for SEERT I 
step reactivity excursions from source power (from Ref. l). 
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Fig. B.5. Compensated reactivity at peak power, K(tm), vs reciprocal 
period for SPERT I core A-17/28 step reactivity excursions from source 
power (from Ref. 1). 
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Fig. B.6. Peak power vs reciprocal period for step-transients at 
room temperature, atmospheric pressure, and no flow (from Ref. l). 
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to the time-of-peak power is approximately 18 MWsec. For power excursions 
at 2500 psig with the system initially at room temperature and with the 
initial asymptotic (steady) period about 11 msec, the total energy release 
is increased by only a factor of about 2 as compared with tests initiated 

7 
at atmospheric pressure. Also, for core pressures as high as 2000 psig 
and for reactor transients as short as 11 msec the maximum fuel-plate 
surface temperature (see Figs. B.7 and B.8) is less than a factor of 2 
above that at atmospheric pressure. 
Comparison of the TSR-II and SPERT I Cores 

One of the primary objectives of the SPERT I experimental program 
with highly enriched, plate-type cores was to test an empirical model 
for the prompt critical power-burst behavior of cores with a range of 
static nuclear characteristics (see Table B.l) but with the same shut-
down reactivity mechanism. The empirical burst model assumed that shut-
down was proportional to b[E(t - T)3 , where b is a shutdown coefficient, 
E(t - T) is the excursion energy to time (t - T) after initiation of the 
burst, T is a delay time, and n is a constant. For this model the peak 
power is proportional to where b is proportional to the average 
void coefficient cv over the neutron lifetime A value of n = 2 was 
found to fit power burst shapes of SPERT I step reactivity addition tests. 
This empirical burst model predicted therefore that Spert I peak powers 
at a given value of the inverse asymptotic period a should be proportional 
to (C/e)-1/2. 

The SPERT I cores described in Table B.l have (ĉ /jfc) values that vary 
by a factor of 50. On the basis of the relative values of (ĉ /X). peak 
power at a given 0L should vary by a factor of about 7; with the B-12/64 
and P-I8/19 cores yielding the highest and lowest peak powers, respectively. 
Experimentally, the peak power varies by a factor of about 5.5 between the 
P-18/19 and B-12/6k peak powers (see Fig. B.l). On the basis of the general 
agreement between the predictions of the elementary power burst theory and 
the SPERT I step reactivity power burst results, the dominant shutdown 
reactivity coefficient was concluded to be proportional to (c /i)"^"^. 
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The TSR-II core was similar to the Spert-I cores in that it consisted 
of 20-mil-thick highly enriched uranium-aluminum alloy clad with 20-mil-
thick aluminum. Basic dissimilarities between the two reactors are the 
presence of the control mechanism housing in the TSR-II, the spherical annu-
lar TSR-II fuel region geometry vs rectilinear fuel region of the Spert 
cores, and the H^O reflector of the Spert cores vs the composite reflectors 
of the TSR-II. However, none of the dissimilarities would be expected to 
alter the reactivity shutdown mechanism of the moderator expulsion by 
moderator density decrease, fuel plate expansion, and steam void formation. 
Therefore, the TSR-II self-shutdown characteristics should be related to 
Spert-I characteristics by the parameter (c^/A) for values of a where system 
pressure does not suppress steam void formation. The TSR-II values of the 

- 6 

average void coefficient and neutron lifetime are cv. = 2.15 x 10" (Ak/k)/ 
cm^ and A - 5 x 10~^ sec so that (c^/A) = ^.1 X 10-2 (£K/k)/cm^ per sec. 
Comparing this (c^/A) value with those of Table B.l, the TSR-II self-
shutdown characteristics should lie between those of the B-1.6/hO and A-17/28 
cores. The more conservative B-l6/if0 characteristics will therefore be 
used in the following section to estimate the TSR-II self-shutdown excur-
sion characteristics. 

TSR-II Self-Shutdown Characteristics 

The most energetic power excursion resulting from a reactivity acci-
dent is a function of the maximum rate of reactivity addition, not the 

3 
maximum excess reactivity available in the system. For the TSR-II the 
maximum rate of reactivity addition, or reactivity ramp, considered pos-
sible is from uncontrolled shim rod withdrawal. The reactivity addition 
rate of the shim rods is 0.1^7 x 10 (Ak/k)/sec at the fully insert 

- 2 I 

position, which reduces to 0.101 x 10 (£k/k)/sec at 0.3 in. withdrawn 
position and to 0.066 x 10 (£k/k)/sec at the cold-clean critical posi-
tion of 0.85 in. Since the reactivity addition rate is even lower if the 
plates are withdrawn more than O.85 in., a 0.066 x 10 (£k/k)/sec ramp 
is considered the maximum reactivity addition rate that could be at-
tained in the TSR-II during a power excursion. 
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The SHEET I step and ramn reactivity addition tests provided the 
3 following empirical relation for prompt critical excursions: 

dk _ (kex " 1 ) 2 
dt - 3 6 0 7 ^ ) ' 

where k e x = excess reactivity, $$ = ramp rate, $/sec; and = 

of neutron lifetime to delayed neutron fraction, sec. A 0.066 x 10 ^ 
(£k/k)/sec ramp is therefore equivalent to k = 01.128 or 0.90 x 10 
Ak/k; the corresponding value of a is 18 sec calculated from the inhour 

Ad-
equation for ~ > p (ref. 8) and using the following values for the TSR-II: 

P = O.OO6I4- (ref. 9), 

^eff = 88 0 , 0 0 8 0 ± 0 0 0 0 2 (ref- 1 0 )> 

^ - = 6.6l + 0.016 msec (ref. 11). 
^eff 

Spert I excursion results are therefore of interest for a values up to 
~l8 sec"^ to give TSR-II self-shutdown characteristics. 

The rationale by which the quantitative features of the SPERT I 
B - 1 6 / ^ 0 core self-shutdown characteristics can be ascribed to the TSR-II 
has been developed in the foregoing sections. The only limitation that 
exists in applying the B - 1 6 / 4 0 core excursion results directly as a 
function of a is the effect of system pressure in the TSR-II. Since the 
basic self-shutdown mechanisms have been demonstrated to be the same for 
all the SPERT cores under the same operating conditions, with the differ-
ences in excursion results attributable to variations in the value of 
(Cy/X), the effect of system pressure on excursion energy release and 
maximum fuel-plate surface temperature in SPERT III can be assumed to 
apply to the SPERT I B - 1 6 / U O and TSR-II cores also. Therefore except 
for differences in initial temperature the TSR-II fuel-plate surface 
temperature could not exceed twice the maximum temperature of SPERT I 
B-16/1JO shown in Fig. B.3 for a > 1 8 sec""1". For sxample, using the 
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B-16/H0 data at a ^ 35 sec"*'" (^0 msec asymptotic period), the TSR-II 
temperature would not exceed 2 x 170°C or 6l2°F. Assuming a maximum 
initial fuel-plate temperature of 175°F for operation at power (105 °F 
higher than the SPERT initial temperature), the maximum fuel-plate tem-
perature would not exceed 7 ^ 7 T h e r e f o r e maximum fuel-plate tempera-
tures for a 30-msec period excursion in the TSR-II would not approach 
the melting temperature of the fuel 

Summary and Conclusions 

The SPERT program review and application to the TSR-II presented 
above have been limited to a maximum a value of 35 sec" , which is larger 
than the maximum a value for a startup accident in the TSR-II. On the 
basis of the SPERT results, it j.s concluded that for such an a value 
self-shutdown would cause no damage to the reactor core from high fuel 
temperatures and there would be no significant pressure pulse. 

The shutdown behavior of the TSR-II with reactivity ramps of > 0.2 
-2 —1 x 10 (Ak/k)/sec giving a values > 35 sec would undoubtedly be similar 

to that of the SPERT III. However, as pressure pulses become more severe 
with shorter transients, the mechanical damage mechanisms in the TSR-II 
may differ from those in the relatively straight-through SPERT III coolant 
passages. Therefore no attempt has been made to predict from the pres-
surized SPERT III experiments the excursion conditions that would cause 
incipient fuel damage in the TSR-II. Such fuel damage would require a 
values between 50 and 100 sec , which would require unrealistic reactivity 
insertion rates. 

* n - 2 - 2 

Equivalent to a 0.98 x 10 step reactivity addition or 0.20 x 10 
(Ak/k)/sec ramp addition from source power, higher step and ramp addi-
tions from full-power operation. 
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INTRA- LABORATORY CORRESPONDENCE 
Oak Ridge National Laboratory-

September llj-, 1962 

To: L. B. Holland 

From: V. R. Cain 

Subject: Heat Deposition in the TSR-II Control Mechanism Housing 

An upper limit calculation of heat deposition in the control mechanism 

housing has been done. Sources considered are gamma rays produced by neu-

tron absorption in the fuel, neutron captures in the poison plates, and 

neutron captures in the housing other than the poison plate captures. The 

significant assumptions include: 

1. 13.5 MeV of gamma-ray energy is emitted per fission (this includes 

prompt and delayed emission plus emission by virtue of nonfission 

neutron captures in the fuel). 

2. Neutron flux distribution assumed to be that plotted as curve B, 

p. k-9, 0RNL-3016. This represents the best present estimate of 

5 MW flux distribution. 

3. No gamma-ray attenuation in regions external to the control 

housing. 

All gamma rays crossing the control housing surface or which 

originated in it are fully absorbed in the housing. 

5. All neutron absorptions in the housing are either in B, producing 

2.79 MeV, or in H, producing 2.2 MeV. 

6. Heat transfer from the outside of the fuel cover plates is 

adequate to insure that no fission heat is introduced into the 

housing (see J. Lewin, "Heat Transfer TSR-II").* 

*(Added in press: This report has been published as ORNL-TM-1779.) 
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Gamma Rays from Fissions in Fuel Annulus 

/ y / 
Control Housing 

r =* 21'6 cm 
23 cm = it 2*37 cm 

The fraction of gamma rays emitted from dV which strike the housing is 

1 - cos 0 _ 

Dividing the fuel annulus into Ik 1-cm thick regions of total heat 

deposition rate is: 

^ 1—cos 0 
DFA = I F(Bi> x 1 3' 5 x — 5 — ^ x v ( V S S 

i=l 

where 

Ri = average radiu- of spherical annulus, in cm, 

F(R1) - fission rate at radius Ri in fissions . cm .sec , 
-1 13-5 = total gamma-ray energy in MeV*fission , 

•a 
V(R^) = volume of spherical annulus around R^, in cm * 

This calculation is tabulated in Table 1, giving a net result of I.96 x, 

1017 MeV-sec"1. 

Gamma Rays from Fissions in Housing Cover Plates 

The fission rate in the cover plate is; 
# -1 F « 0AP fissions.sec 
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where 
-2 _ - 1 4 - thermal neutron flux in neutrons, cm" .se 

2 A = area of cover plate in cm 

P a probability of a fission occurring when a neutron crosses 

the sphere. 

P may be broken down into: 

M A o 
P « ° 

A W 

where 

2°S M = total mass of U in the plate, in gm 
.1 Aq = Avogadro's number, in atoms.gAW 

-1 V/ = atomic weight, in gm.gAW 
2 —l 

a « fission cross section, in cm .atom" . 

Cancelling A, the net result is: 
F = (9.0? x ID32) (fg) (0.6) (583) 

= 3*1^ x lO1^ fiss/sec. 

Making the assumptions of 13*5 MeV of gamma rays per fission and that 

one-half of all gamma-rays emitted enter the housing and are thereby absorbed, 

the energy deposition rate from this source is: 

D « i M (3.3A6 x 1015) HeV-sec"1 
Cm-

» 2.12 x 10l6 MeV,sec"1. 

Neutron Absorptions in Control Mechanism Housing 

Per fission neutron, the probability of an absorption in the region 

containing the B^C poison plates is about 0.0S and the probability of an 
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absorption elsewhere in the housing is about 0.02 (from GNU-II calcula-

tions). It is assumed that all the absorptions in the poison plate region 

are in the boron which emits. 2.79 MeV per absorption and all other absorp-

tions are in hydrogen, emitting 2.2 MeV per absorption. This results in 

a heat generation rate in the B^C of: 

Dn , (0.08 ) (g.frr flss.neut) (g .T? MeV) B v fiss*n?ut' v fission ' N abs ' 

x (3.1 x 10 1 0§§f£) (3 x 106 W) = 

= 5.13 x 10l6 MeV •sec"1. 

Correspondingly, the absorptions in H give: 

Du « (.02) (2.1*7) (2.2) (3.1 x 1010) (3 x !06) ii 

= 1.01 x 10 MeV* sec" . 

Total Heat Deposition 

Totaling, we have, 

1.96 x 101T 

.21 

.51 

.10 

2.78 x 101T MeV/sec, or kW 

If no credit is taken for the cooling water supplied directly to the 

housing from the shim line, assuming the only available water is that 

necessary to maintain the clutch on the five mechanisms, 11 gpm is 

inserted into the housing. 

1 
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The temperature rise of the water is: 

rn /O rrQ -i r*17 MeVv / 1 BTU N / min v , gal x T = (2.78 x 10 — ) ( - _ ) (533-35) 

x (60sec} ( 1 l^F) min BTU 

= 27.6°F 

Note by L. B. Holland: 

The values used to calculate the temperature rise in Cain's 

analysis were a power level of 5 MW and a minimum cooling-water flow rate 

of 11 gpm. Since the maximum power level proposed is 1 MW and since 

the flow rate required to operate all mechanisms is only 5.5 gpm, the 

temperature rise is 

T « 2 7 . 6 ° F ^ x i = 11.0°F. 5.5 5 



Table. 1 Calculation of Gamma-Ray Heating from Fissions in Fuel Annulus 

Radial 
Limits of 
Region 

Average 
Radivs 

*i 

1 - cos 9 
2 15.5 £ "2C0S 9] 

F(Ra) 

f(Ri)xl3.5 

1 - cos 9 

X Volume of 
Spherical 
Annulus 
V(Ri) 

F(Ri) x 13. 
fi - cos e" 

5 X 

X V(R.) 

Radial 
Limits of 
Region 

Average 
Radivs 

*i 

1 - cos 9 
2 15.5 £ "2C0S 9] 

F(Ra) L 2 

X Volume of 
Spherical 
Annulus 
V(Ri) L. 2 j 

5 X 

X V(R.) 

(cm) (cm) (Mev/fission) Pissions/cm^.se Mev 
c — a j — • — 

cm «sec 
(cm5) Mev/sec 

23 - 24 23.5 • 303 4.09 7.02 x 10 1 1 2.87 x 1022 6.94 x 105 1.99 x 1015 

2k - 25 24.5 .264 3.56 6.75 2.40 7.54 1.81 

25 - 26 25-5 .23U2 3.16 6.52 2.06 8.17 1.68 
26 - 27 26.5 .2103 2.8k 6.39 1.82 8.82 1.61 
27 - 20 27.5 .1906 2.51 6.26 1.6l 9.50 1.52 
2 8 - 2 9 28.5 .1738 2.35 6.14 1.44 10.2 1.46 
2 9 - 5 0 29.5 .1594 2.15 6.01 1.30 10.9 1.42 
3 0 - 3 1 30.5 .1469 1.98 5.82 1.15 11.7 1.34 
31 - 32 31.5 .136 1.84 5.60 1.03 12.5 1.28 
32 - 33 32.5 .1264 1.71 5.36 .916 13.3 1.21 
3 3 - 3 4 33.5 .1178 1.59 5.16 .821 14,1 1.16 

- 35 34.5 .1102 1.49 4.95 .738 14.9 1.10 
35 - 36 35.5 .1032 1.39 4.78 .665 15.8 1.05 
3 6 - 3 7 36.5 .0969 1.31 4.74 .620 16.7 1.04 

2= 19.6 x 1016 



APPENDIX D 

TSR-II Core Characteristics 

I. Reactor-Power Levels, kW 

A. Maximum steady state (limited by 
afterheat to periods of 75 hr) 

B. Reverse point 

C. Shutdown point 
-2 -1 

II. Neutron Flux at 1 MW, neutrons cm sec 

A. Maximum thermal for clean cold core 
B. Maximum thermal at end of core life 

235, 

III. Reactor Materials 

A. Fuel plates 

1. Weight of ^ U in 12 annular elements, kg 

2. Weight of 2 ^ U :Ln 8 inner elements, kg 

3* Weight of 2 ^ U in ^ lune-shaped 
cover plates on control mechanism housing 

Weight of 2 3 5U in cylindrical plug element 
poc 

5- Total fuel loading of kg 

B. Coolant 

C. Inner reflector 

D. Shim safety and regulating plates 

Jli. Outer reflector 

1,000 

1,200 
1,500 

2.1*8 x 1012 

12 2.76 x 10 

U-Al alloy, Al cladding 

5.286 

2.819 

0.233 

0.031 

8 . 3 6 9 

V 
HgO - 20,000 cc 
Al - 16.75 in-diam 
sphere with openings for 
control plates 

Bi.C powder canned in • *e 
stainless steel 

HgO, Al - other materials 
may be used 
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Heat Transfer and Coolant Data 

A. General 

1. Design heat load, kW 1,000 

2. System operating pressure psi 

a. Maximum 

b. Minimum 

3« Coolant flow rates, gpm 

a. Through fuel 

b. Minimum through control mechanism housing 

Design coolant temperature at 1,000 kW, °F 

a. Fuel inlet 

b. Maximum bulk water (fuel outlet) 

c. Maximum surface (fuel plate - water 
interface) 

B. Fuel Region 

1. Geometry: spherical annulus with 3.2 in. 
diam opening for controls. Fuel is divided 
into a main region with three types of elements 
(inner, annular, plug) and a thin spherical shell 
on the outside of the control mechanism housing. 

2. Main fuel region data, in. 

a. Inner diameter (fuel) 9.0 

b. Outer diameter (fuel) 14.5 

c. Fuel plate thickness 0.060 

d. Cladding thickness (each surface) 0.020 

e. Fuel plate core thickness 0.020 

f. Coolant channel thickness 0.120 

g. Plate dimension, length, width, All vary to obtain 
curvature spherical core 

36.5 

800 

5.5 

125 

134 

156 
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h. Number of elements 

(1) Annular 12 

(2) Inner 8 

(3) Cylindrical plug 1 

i. Number of fuel plates (per element) 

(1) Annular 1*1 

(2) Inner 33 

(3) Cylindrical plug 6 

3. Spherical fuel shell data 

a. Number of pieces h 

b. Shape lune 

c. Outer diameter, in. 17.0 

d. Shell thickness, in. 0.125 

e. Cladding thickness (each side), in. 0.03^ 

f. Fuel plate core thickness, in. 0.0̂ *6 
o k. Total heat transfer area, ft 657.5 

5. Volume of core, cc 

Main fuel annulus only 158,^56 
Total fuel volume 168,218 

6. Heat load in fuel, kW 1,000 

7. Heat flux, for main fuel armulus, 
Btu hr~*ft~2 

a. Average for clean cold core 5? 075 

b. Average for end of core life 5*062 

e. Peak to average for clean cold core 1.20 

d. Beak to average for end of core life I.37 
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8. Heat flux from spherical fuel shell (heat ~ 
transfer assumed for one side only), Btu hr-1 ft" 

a. FOr clean cold core 18,270 

b. At end of core life 20,2^6 

9- Coolant flow rate, gpm 800 

10. Pressure drop across core, psi 30.5 

11. Temperature, °F 

a. Design saturation 27^ 

b. Maximum fuel plate surface in 137 
upper region of inner fuel 

e. Maximum surface for spherical cover shell 144 

d. Maximum surface in annular elements 156 

C» Control Region 

1. Geometry: aluminum sphere with sections cut out 
for control plates. Outer surface is fuel loaded 
spherical shell. There are five shim-safety plates 
and one regulating plate. Control plate motion is 
radial* 

2. Control region dimensions 

a. Overall region diameter* in. 

b. Control plate 

(1) Plate thickness, in. 

(2) Ciin thickness, in. 

(3) Approximate area of plate 
outer surface, in. 

(4) Radial plate movement. In. 

5. Heat generation inside control region, kW 

k* Minimum water flow rate through region, gpm 

5. Temperature rise of water, °F 

17,0 

80 

1-7 

8.8 

5-5 

11.0 



D.5 

6. For heat generation and removal for 
spherical cover shell (see fuel region) 

D. Outer reflector 

1. Geometry: spherical shell made in five sections 
(lower hemisphere and four upper sections that form 
a hemisphere with opening at top) 

2. Materials can be varied (see Appendix A - Vol. 1) 
Al - H^O used most often 

3. Dimensions 

a. Inner diameter of first solid material 
must be, in. 

b. Aluminum thickness, in. 

4. Heat load 

V. Reactivities 

A. Summary of reactivities 

1. Fuel worth, Ak/k, for no fission products, 70°F, 
shield for maximum reactivity worth 

2. Shim-safety plate worth, Ak/k, (all 
plate inserted) 

Shut down margin, Ak/k 

k. Temperature defect from 70 - t\k/k 

5. Fuel depletion^ Ak/k, for 1000 MWhr 

2000 MWhr 

3000 MWhr 

6. Samarium., Ak/k, for 1000 MWhr 

2000 MWhr 

3000 MWhr 

36.75 

0.75 
Negligible 

0.019 

0.038 

0.019 
0.007 

-0.00122 
-0.0021*4 

-0.00366 

-0.00325 

-0.00552 

-0.00710 



D.6 

7. Xenon, Ak/k, for 1 MW cyclic operation -0.0034 
(2 hr on 2 hr off, 16 hr per day, 5 days 
per week) 

B. Shim-safety plate characteristics 

1. Worth with all plates inserted, i.e. O.O38 
close to fuel, Ak/k 

2. Reactivity insertion rate, Ak/k per sec 
-2 

a. Maximum, exists at position of maximum 0.015 x 10 
shutdown 

0 
h. At position where clean core is just 0.06S x lOf 

critical 
c. Minimum,rate, occurs late in core 0.05 x 10 

life with plates completely withdrawn 

C. Regulating plate characteristics 
_ o 

1. Worth with plate inserted, i.e. against 0.40 x 10 
fuel, Ak/k 

2. Reactivity insertion rates, Ak/k per sec 

a. Maximum, exists at position of 0.108 x 10 
maximum shutdown 

o b. Near normal operating position 0.047 x 10~c 

- 2 

c. Minimum, plate withdrawn to limit 0.034 x 10 

D. Reactivity coefficients 
1. Isothermal temperature coefficient of , 

reactivity, Ak/k per °F, at 50°F -O.67 x 10~^ 
at 145°F -1.24 x 10~k 

2. Void reactivity coefficients, Ak/k per cc 
of void 

-6 a. Main fuel annulus (volume average) -2.15 x 10 
-7 

"b. Between main fuel annulus and fuel -6.3 x 10 ' 
loaded spherical shel3. on control 
mechanism housing 
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.7 
c. Inside control mechanism housing +8.2 x 10 

3 c Fuel coefficient P e r of " U 

a. Main fuel region, (average) -0.027 

h. Spherical shell on control mechanism 0.086 
housing 

E. Miscellaneous 

1. Prompt neutron generation time, ĵ sec 53 


