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ABSTRACT 

This report presents the results of experimental measurements and calcu
lations of the transient fuel plate temperatiires obtained in the short-period power 
excursion tests of the Spert I plate-type destructive test program. In this 
program, step-initiated, self-limiting transients, with reactor periods in the 
range from 1.3 sec to 3.2 msec, were performed on a water-moderated, highly 
enriched U-Al alloy, plate-type core. In the final 3.2-msec-period test, a large 
amplitude pressure burst was suddenly generated several msec after the 
nuclear excursion had effectively terminated, resulting in large scale destruction 
of the core. Transient fuel plate surface temperature data were obtained during 
the tests using small-mass, fast-response, chromel-alumel thermocouples. 
These data have been used as input in computer calculations of the transient 
temperature distributions in the fuel plates. For the 3.2-msec-period destructive 
test, the calculational results indicate that the fuel plate meat temperatiire 
at the core hot spot reached a maximum value of approximately 1400''C during 
the excursion, decreasing thereafter to a value of about lOOO'C at the time the 
core was violently destroyed. Based on these calculations approximately one-
third of the fuel plate volume in the core had reached the melting point at the 
time of core destruction. The fuel plate temperatures achieved during the 
destructive test do not appear to be sufficiently high to make an aluminum-water 
chemical reaction a reasonable cause of the large, sudden pressure burst which 
was observed. A more likely mechanism, consistent with the analytical results 
showing that a sizeable volume of the core was in a molten and physically 
weakened condition at the time of the pressure pulse, involves the self propa
gating effect of rapid fuel plate fragmentation giving rise to high heat transfer 
rates to the water with the consequent generation of large steam pressures. 

E r r a t a f o r IDO-16884 

TRANSIENT TEMPERATURE DISTRIBUTIONS IN THE SPERT I 
D-12 /25 FUEL PLATES DURING SHORT-PERIOD POWER EXCURSIONS 

Page 2 , S e c t i o n 2 . 1 , l i n e 3 - s u b s t i t u t e " . . . 0 . 0 0 0 5 i n . . . . " fo r 
".. 0.005 in. ..". 

Page 32, Ref. 2 - the report number is IDO-16883, not 16884. 



TRANSIENT TEMPERATURE DISTRIBUTIONS IN THE SPERT I 
D-12 /25 FUEL P L A T E S DURING SHORT-PERIOD POWER EXCURSIONS 

CONTENTS 

ABSTRACT ii 

I. INTRODUCTION 1 

n . DESCRIPTION 2 

1. CORE 2 

2. THERMOCOUPLE INSTRUMENTATION 2 

2.1 Fuel Plate Surface Thermocouples 2 
2.2 Buried Thermocouples 2 
2.3 Fuel Cell Thermocouples 4 
2.4 Signal Conditioning 4 
2.5 Designation of Thermocouple Location in the Core 4 

III. EXPERIMENTAL TEMPERATURE MEASUREMENTS 9 

1. POWER EXCURSION TEST SERIES 9 

2. TRANSIENT FUEL PLATE TEMPERATURE DATA 9 

3. ERRORS IN TEMPERATURE MEASUREMENTS 14 

TV. CALCULATED FUEL PLATE TEMPERATURE DISTRIBUTIONS ... 16 

1. CALCULATIONAL METHOD 16 

2. CALCULATIONAL RESULTS 18 

2.1 The 9 .5-msec-Per iod Test 18 
2.2 The 4 .6 -msec -Pe r iod Test 20 
2.3 The 3 .2-msec-Per iod Test 22 
2.4 Fuel Pla te Energy Part i t ion 27 
2.5 Fuel Plate Tensile Strength and Extent of Fuel 

Plate Melting in the Core 27 

V. DISCUSSION OF RESULTS 30 

VL REFERENCES 32 

APPENDIX A - THERMAL PROPERTIES OF THE SPERT I-D CORE 

FUEL PLATES 35 

1. FUEL PLATE CHARACTERISTICS 37 

2. THERMAL PROPERTIES OF THE MEAT ALLOY 37 

2.1 Uranium Weight Fract ion 37 

iii 



2.2 Coefficient of Linear Expansion (9 < 640°C) 38 
2.3 Volumetric Heat Capacity (9 < 640''C) 38 
2.4 Thermal Conductivity (9 < 640°C) 38 
2.5 Meat Density (9 > 640'C) 38 
2.6 Specific Heat (9 > 640»C) 40 
2.7 Thermal Conductivity (9 > 640°C) 41 

3. CLADDING 41 

3.1 Volumetric Heat Capacity and Conductivity (9 < 649*^:) 41 

3.2 Volumetric Heat Capacity and Conductivity (9 > 649^1) 41 

4 . WATER 42 

4.1 Volumetric Heat Capacity and Thermal Conductivity 42 

5. HEAT OF FUSION 43 

5.1 Heat of Fusion of Meat Alloy and Melting Approximation . . . . 43 
5.2 Heat of Fusion of Cladding and Melting Approximation 43 

FIGURES 

Cutaway view of the Spert I r eac tor 3 

Cross section through the Spert I-D core 4 

Fuel plate instrumented with surface thermocouples 5 

Fuel plate instrumented with surface thermocouples and 
buried thermocouples 6 

Detail of typical fuel plate showing surface thermocouple junctions connected 

in para l le l and buried thermocouple junctions peened into the plate 7 

Fuel capsule mounted on a fuel plate 8 

Transient fuel plate surface tempera ture data at position E5 (7W)0 . . . 11 

Transient tempera ture data obtained with buried and surface 
thermocouples during the 4 .6-msec-per iod tes t 11 
Transient tempera ture data obtained with buried and surface 
thermocouples during the 3 .2-msec-per iod destruct ive tes t 12 

Fuel plate t empera tu res indicated by the buried thermocouples 
in the +8-in. plane at the t ime of core destruction 12 

Maximum fuel plate surface tempera ture and total burs t 
energy ve r sus rec iprocal period 13 

Maximum tempera tures as a function of total burs t energy 14 

iv 



13. Calculated and experimental fuel plate surface temperatures up 
to time of boiling at E5(7W)0 18 

14. Calculated fuel plate temperature distributions at E5(7W)0 for 

the 9.5-msec-period test 19 

15. Transient temperature data at E5(7W)0 for the 9.5-msec-period test . 20 

16. Calculated fuel plate temperature distributions at E5(7W)-3 
for the 4.6-msec-period test 21 

17. Transient temperature data at E5(7W)-3 for the 4.6-msec-period test . 22 

18. Transient fuel plate temperature data at E5(7W)0 for the 
3.2-msec-period test 23 

19. Transient fuel plate temperatures at E5(7W)0 for the 
3.2-msec-period test 24 

20. Calculated fuel plate temperature distributions at 
E5(7W)0 for the 3.2-msec test 25 

21. Calculated fuel plate temperature distributions at 

E5(7W)+6 for the 3.2-msec-period test 26 

22. Transient temperature data at E5(12W)+6 for the 3.2-msec test 27 

23. Calculated fuel plate temperature distributions at C7(9E)0 
for the 3.2-msec-period test 27 

24. Transient temperature data at C7(9E)0 during the 
3.2-msec-period test 28 

25. Tensile strength in the fuel plate at E5(7W)0 during the 
3.2-msec-period test 29 

26. Tensile strength in the fuel plate at C7(9E)0 during the 
3.2-msec-period test 29 

TABLES 

I. Transient Test Data Summary 10 

II. Buried Thermocouple Temperature Data at Time 

of Destructive Pressure Burst 13 

III. Prompt Fission Heat Source Distribution in the Core 16 

rv. Least-Squares-Fitted Conductivity and Heat Capacity Data 17 

A-I. Spert I-D Core Fuel Plate Characteristics 37 

v 



A-II. Properties of Dilute Uranium Alloys 37 

A-III. Average Linear Expansion Coefficient of 23.8 WT% U-AL Alloy . . . . 33 

A-rv. Thermal Properties of 23.8 WT% U-AL Alloy 39 

A-V. Volumetric Heat Capacity and Thermal Conductivity of Al-6061 . . . . 42 

vi 



I. INTRODUCTION 

The Spert I destructive test of a plate-type core in November 1962 con
stituted the first of such tests conducted at Spert as part of an overall program 
to investigate the destructive consequences of a reactivity accident for a given 
class of cores. The destructive test program is designed to provide information 
on questions relating to reactor kinetics and shutdown behavior; the initiation 
and nature of explosive reactions in reactor accidents; the mechanical effect 
of explosions on reactor environs; and the extent of radiation exposure, fission 
product release, etc, resulting from a destructive burst. 

In the destructive test program [1, 2] of the Spert I alimiinum-clad, plate-
type core (designated the D Core), a series of step-initiated power excursion 
tests was performed, with asymptotic reactor periods in the range from about 
1.3 sec to 3.2 msec. For periods as short as 6 msec, damage was restricted 
primarily to fuel plate distortion, and, as observed in some fuel plates, to 
temporary loss of tensile strength. Damage effects in a 5-msec-period test 
included not only fuel plate warping, but also (in the central six-plate fuel 
assembly of the core) a melting and fusing together of fuel plates. In a 4.6-msec-
period test, fuel plate damage effects, while similar in kind to those of the 
5-msec-period test, were more extensive, with melting obtained in 52 of the 
270 fuel plates in the core, many of them being fused together. In each of these 
tests, newfuel assemblies were installed to replace those damaged in the previous 
test. 

The test program culminated in a successful destructive test on November 5, 
1962. The excursion, self-limiting in character with predictable burst parameters, 
gave r ise to a violently destructive pressure pulse approximately 15 msec 
after peak power. The results of this test are described in detail in Ref. 2. 

To help understand the cause of the destructive pressure pulse, information 
on the fuel plate temperature behavior during the excursion is of highest 
importance. Fuel plate temperature data were obtained using (a) fast-response 
cladding surface thermocouples, (b) thermocouples embedded in the meat of the 
fuel plate, and (c) thermocouples placed in small stainless steel containers 
(fuel cells) containing small amounts of the uranium-aluminum alloy material 
used in the fuel plates. The most useful data obtained are those of the cladding 
surface temperature, which are reliable to temperatures up to about 400'C, 
above which some uncertainty in the cladding temperature data appears to be 
indicated. The cladding surface temperature data were used as a basis for fuel 
plate transient temperature distribution calculations. 

The body of the report discusses the thermocouple instrumentation used, the 
experimental and calculational fuel plate temperature information obtained for 
several of the short-period tests of the program, and the probable physical state 
of the core at the time of the 3.2-msec-period destructive pressure pulse and the 
implications thereof. 
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II. DESCRIPTION 

1. CORE 

The Spert I destruct ive core (D Core) was comprised of 25 fuel assembl ies 
mounted in a 5 x 5 a r ray in a rectangular grid s t ruc tu re , as shown in Fig . 1. 
Four synunetr ical ly-placed, gang-operated control rod assembl ies , each con
sist ing of a pa i r of poison blades with aluminum followers, provided reac to r 
control. An additional, central ly- located t ransient rod assembly consisting of two 
aluminvim blades with poison follower blades was used to initiate experimental 
reac tor t rans ien ts . A c r o s s sectional view of the core , shown in Fig. 2, indicates 
the re la t ive posit ions of the fuel, t ransient rod, and control rods . The core was 
mounted in the lO-ft-diameter , open tank facility at Spert I, which has no 
provision for forced coolant circulation. 

Each standard fuel assembly contained 12 removable fuel plates . The four 
control-rod and one t rans ien t - rod fuel assembl ies each contained only six 
removable fuel p la tes , the remaining six fuel plate positions being occupied 
by the two control blades and their housings. Each fuel plate consisted of a 
0.020-in.-thick section of highly enriched U-Al alloy fuel meat, clad on each 
side with a 0.020-in. wall thickness of 6061-aluminum alloy. Overall dimensions 
of the fuel plate were 0.060 in. thick by 2.704 in. wide by 25-1/8 in. long, and 
the nominal width of the water channel was 0.179 in. Each plate contained 14 g 
of U-235. 

2. THERMOCOUPLE INSTRUMENTATION 

Various fuel pla tes throughout the core were instrumented with cladding 
surface thermocouples and with ("buried") thermocouples embedded in the meat 
of the fuel plate. F igs . 3, 4, and 5 i l lus t ra te typical fuel plates instrumented with 
surface and buried thermocouples . 

2.1 Fuel P la te Surface Thermocouples 

The surface thermocouples were comprised of 0.010-in.-diameter , nylon-
insulated, chromel-a lumel wires , the ends of which were stripped of insulation 
and flattened into thin "wafers" about 0.005 in. thick, which were d i scharge-
welded to the fuel plate surface. As shown in Fig. 5, the method of attaching 
the wire to the plate involved the use of a c r o s s wire connected to the main wire, 
such that,with the th ree wire ends welded to the plate surface, a multiple contact 
point could be obtained. This multiple contact provided a measu re of the average 
tempera ture of the th ree junctions, reducing the importance of t empera tu re 
variat ions on the surface that covild resu l t from fuel inhomogeneities or localized 
boiling. The multiple jimction also reduced the probability of overall t he rmo
couple failure and the loss of all infornaation. 

2.2 Buried Thermocouples 

Thermocouples embedded in the fuel plate were comprised of 0.005-in.-
diameter , chromel-a l iunel , nylon-insulated wires , with 0.005-in.-diameter . 
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CONTROL ROD 
COUPLING ASSEMBLY 

FUEL ASSEMBLIES 

REACTOR TANK 

Fig. 1 Cutaway view of the Spert I reactor. 
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FUEL PLATE 

TRANSIENT ROD 

CONTROL ROD 

SPERT I - D CORE CROSS SECTION 

Fig. 2 Cross section through the Spert I-D core. 

cross a r m s welded near the ends. The ^ 
ends of the c r o s s a r m s were embedded | 
in the fuel plate to a depth of approxi- 3 4 5 
mately 0.030 in., near the center of the 
plate. The wires were laid in a thin 
groove cut into the plate to the des i red 
depth, with the lip of the cut then peened 
back over the wi res , a s shown in Fig. 5, 
It was expected that in a severe power 
excursion the buried thermocouples 
would p e r s i s t longer than the cladding 
surface thermocouples before high t e m 
pera tu re failure occurred. This behavior 
is indicated in the t empera ture t r a c e s 
obtained from a cladding surface the rmo
couple and from a buried thermocouple 
during the 4 .6 -msec-per iod tes t (Fig. 8, 
page 11). 

2.3 Fuel Cell Thermocouples 

In an attempt to obtain a measu re of the actual fuel t empera ture in the co re 
at t imes after fuel plate melt ing had taken place, two special capsules were 
constructed and installed in the co re pr ior to the final (3.2-msec-period) 
destruct ive test . Each capsule was made from a flattened s ta inless steel tube 
(3/16 in. d iameter x 3/8 in. long x 0.020-in. wall thickness), welded closed at 
each end. The capsule contained two 0.020-in.-thick pieces of the uranium-
aluminuna meat alloy used in the fuel p la tes , with a W/W-Rh thermocouple 
junction placed between the two small sections of meat. The thermocouples 
were then placed in a smal l -d iameter s ta inless steel tube which penetrated 
the welded top end of the capsule. The capsule was then heated in an oven to a 
tempera ture exceeding the melting point of the U-Al alloy to ensure good contact 
between the meat and the thermocouple junction. A fuel capsule mounted on a fuel 
plate is i l lustrated in Fig. 6. 

2.4 Signal Conditioning 

Thermocouple leads were connected through a reference junction to a low-
level DC amplifier, followed by a vol tage- to-current amplifier. The signals were 
then t ransmit ted 3000 ft to a recording oscil lograph located in the r eac to r control 
building. The frequency response of the system was limited by that of the 
oscillograph r e c o r d e r , which is l inear up to 3 kc, but reduced by 3 dB at 5 kc. 

2.5 Designation of Thermocouple Location in the Core 

Fuel assembly lat t ice positions in the D Core were specified by a le t ter and 
number (Fig. 2). Within a fuel assembly, the fuel plates were numbered from 
west to east (left to right in Fig. 2) with the east or west side of the plate 
designated by E or W, respectively. In addition, the ver t ical distance in inches 
of any point from the center of the co re was specified to be positive for points 
above the center plane of the co re or negative for points below the center plane. 
Thus, the designations of the surface and buried thermocouples (specified by the 
letter B) located at the center of the core a r e , respectively, E5(7W)0 and 
E 5 (7W)0B. 
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Fig 3 Fuel plate instrumented with surface thermocouples. 



Fig. 4 Fuel plate instrumented with surface tfaermocotqiles and buried thermocoiq)les. 

6 



» >rr 

Sfi,̂  ̂ ^^^^TZS.'^.SZX?itl "•'™"°*='-« ions connected in parallel and 



I.
 

§ 

I i 
1

 

bo
 



I I I . EXPERIMENTAL TEMPERATURE MEASUREMENTS 

1. POWER EXCURSION TEST SERIES 

A series of 54 step-initiated, self-limitingpower excursion tests was carried 
out in the Spert I-D core, with initial asymptotic reactor periods in the range 
from 1310 to 3.2 msec. The following burst parameters are summarized in 
Table I [3]: TQ, reactor period; ao, reciprocal period; Akg, step reactivity 
insertion; 0(tin), peak power; E(tin), energy release to time of peak power; Ex, 
total burst energy; 0(tm), fuel plate temperature at E5 (7W)-3 at peak power; 
and 0rnax, maximum fuel plate temperature at E5 (7W)-3. The thermocouple 
position E5 (7W)-3 represented the approximate flux peaking point in the core 
during the long-period tests (roughly, 50 msec or longer). For the shorter-period 
tests, corresponding to higher control rod positions, the flux peaking point in 
the core was more nearly represented by the s l i^ t ly higher thermocouple 
position of E5 (7W)0. 

2. TRANSIENT FUEL PLATE TEMPERATURE DATA 

Transient cladding surface temperature data obtained at the core hot spot, 
E5 (7W)0, during the five shortest-period tests of the transient series are shown 
in Fig. 7. The initial temperature for each trace is approximately 20°C. The 
temporary halt in temperature rise that is generally evident in the traces in the 
temperature range above the saturation point and below 200''C is believed to be 
the result of high heat transfer rates obtained momentarily during the nucleate 
boiling phase. 

In each of the tests with reactor periods less than 6 msec, the surface 
thermocouple in Fig. 7 failed at a temperature below the Al-6061 cladding melting 
range of about 620 - 650''C. This failure is attributed to the differential thermal 
expansion between the meat and cladding, and/or the generation of cracks by hot 
short cracking inside the fuel plate at high temperatures. Fairly large fuel plate 
cracks were detected in post-test metallurgical examinations of various fuel 
plates for the transient tests with periods shorter than about 6 msec W, in 
which the maximum cladding surface temperatures at the core hot spot exceeded 
550°C. 

Figs. 8 and 9 show buried and cladding surface temperature traces from the 
4.6- and 3.2-msec-period tests, respectively. The two transducers of Fig. 8 were 
on opposite sides of the central coolant channel of the E6 fuel assembly, which 
is adjacent to the central fuel assembly of the core (see Fig. 2). The two trans
ducers referred to in Fig. 9 were about 1/2 in. apart on the same plate of the 
central fuel assembly (E5). For reactor periods belowabout 20 msec, the buried 
thermocouples consistently indicated temperatures 10 to 25 percent higher than 
those given by surface thermocouples, but considerably lower than the cor
responding meat temperatures indicated by the fuel capsule thermocouples. In 
Fig. 8, an example is indicated of a cladding surface thermocouple that failed 
early, at a temperature of roughly lOO'C below the melting point of the cladding 
material. 
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TABLE I 

TRAUSIENT TEST DATA SUMMARY 

Run 
No 

1 
2 
3 
1| 

5 
6 

7 
8 
9 

10 
11 

12 
13 
Ik 
15 
16 

17 

18 

19 

22 
23 
2lt 
25 
26 

27 
28 

29 
30 

31 

32 

33 
31* 

35 

36 

37 
38 

39 

ko 

111 
1*2 

1*3 

kk 

k6 

•*! ka 
1*9 

50 

51 

52 

53 

51* 

To 
(msec) 

930 
640 
355 
163 

98 
65 

' '7 
3". 
25 
19 
Ih 5 

12 1 
9 8 
9 5 
8 2 
7 2 

6 9 

6 6 

6 1* 

880 
19 3 

9 0 
7 5 
6 0 

8 1 
5 0 

1.9 5 
7 6 

6 9 

h 6 

380 
118 

2 1 7 

8 9 

880 
112 

22 It 

8 7 

6 8 
6 9 

6 9 

6 9 

1310 
21*3 
11*0 

21 1 

i . 6 

7 >̂  

9 6 

9 7 

3 2 

(s?c-Xi 

1 06 
1 56 
2 82 
6 111 

10 2 
15 ll 

21 3 
29 1* 
llO 0 
53 
69 

83 
102 
105 
122 
139 

11*5 

11*7 

156 

1 11* 
52 

111 
133 
167 

121* 
200 

20 2 
132 

11*5 

218 

1 11* 
8 1*8 

1*6 1 

112 

1 11* 
8 93 

1*5 8 

115 

11*7 
11*5 

11*5 

11*5 

0 76 
1* 12 
7 11* 

1*7 1* 

101* 

^.3 

lOl* 

103 

313 

Si 
0 80 
0 85 
0 92 
0 99 

1 0 5 
1 10 

1 16 
1 2 3 
1 32 
1 Il2 
1 56 

1 67 
1 80 
1 85 
1 99 
2 13 

2 I B 

2 20 

2 27 

0 8 1 
1 1*2 
1 90 
2 08 
2 30 

2 00 
2 63 

1 13 
2 03 

2 i l l 

2 72 

0 8 1 
1 03 

1 37 

1 9 1 

0 8 1 
1 03 

1 35 

1 93 

2 20 
2 1 8 

2 18 

2 1 8 

0 75 
0 95 
1 02 
1 38 

1 85 

2 16 

1 8 5 

1 81* 

3 55 

0(t j 

0 67 
0 96 
1 50 
3 25 

6 60 
11* 2 

27 5 
50 0 
87 0 

l l i l 
210 

290 
380 
1*30 
530 
630 

690 

685 

7I15 

0 9 8 
120 
395 
555 
890 

505 
1130 

19 1 
510 

620 

1270 

0 76 
ll 50 

107 

1*60 

0 7 8 
5 05 

105 

1*70 

635 
61*0 

660 

665 

0 39 
1 1*3 
3 80 

110 

350 

620 

380 

360 

2250 

(Mu-sec) 

1 ail 
1 7 6 
1117 
1 1 3 

1 3 1 . 
1 68 

2 25 
2 90 
3 20 
1* 05 
1* 10 

ll 60 
5 15 
5 70 
5 85 
6 00 

falls 

6 Oj 

6 60 

(•1) 
3 liO 
1* 70 
5 55 
7 20 

5 1*5 
8 35 

1 81* 
5 20 

6 1*0 

8 90 

1 79 
1 00 

3 1*0 

5 05 

2 21 
1 18 

3 60 

5 25 

5 75 
6 00 

6 35 

6 60 

1 1*9 
0 91 
0 91* 
3 60 

5 00 

6 1*5 

5 10 

5 05 

13 8 

(M»-5ec) 

( d ) 
(a) 
(cl) 
( d ) 

W 
W 
3 95 
1* 90 
1* 90 
5 85 
5 80 

6 1*5 
7 55 
7 85 
8 55 
9 32 

10 2 

10 00 

10 5 

(<i) 
ll 70 
7 10 
8 80 

1 3 2 

9 20 
17 5 

3 20 
9 1*0 

10 9 

19 0 

Ŝ ! ( d ) 

5 05 

7 65 

W 
W 
5 lio 

8 20 

9 20 
9 70 

10 1* 

10 1* 

( d ) 
( d ) 
( d ) 
5 lio 

T 15 

10 2 

7 25 

7 1*5 

30 7 

e ( t m ) * 
(°C) 

6 5 ( a ) 
66 
61 
60 

73 
92 
9 3 ( a ) 

110 
122 
130 
11*5 
156 
I61l (a ) 
166 
180 
188 
181 
181 

171* 
2 0 3 ( a ) 
188 
1 9 8 ( a ) 
176 
1 9 8 ( a ) 

511(a) 
125 
157 
158 
185 
2 1 0 ( a ) 
177 
320 

1 2 5 ( b ) 
172 
2 5 0 ( b ) 
190 
2 9 0 ( b ) 

?SM 
61*(b) 
59 
6 7 ( b ) 

125 
l l*9 (b ) 
1 5 1 
2 3 0 ( b ) 

6 9 ( b ) 
63 
6 8 ( b ) 

120 
l l t 6 ( b ) 
167 
2 1 6 ( b ) 
2 3 2 ( b ) 
156 
2l*6(b) 

160 
21*3(b) 
1 6 1 
2 5 0 ( b ) 

6 5 ( b ) 
6 i ; a ) 
62fa) 

iWib) 

1 9 5 ( b ) 

2 2 3 ( b ) 

2 0 8 ( b ) 

2011(b) 

1130(b) 

hf. 
69(a) 
95 
98 

101* 
1 0 5 ( a ) 
110 
115 

117 
I2I1 
132 
150 
165 

180 
227 
255 
315 
360 
3 7 5 ( a ) 
llOO 

420 

455 

9 4 ( a ) 
132 
300 
355 
545 
5 6 0 ( a ) 
325 
585 

1 2 9 ( b ) 
400 
4 6 5 ( b ) 
440 
4 9 0 ( b ) 

SS(b) 

9 4 ( b ) 
102 
1 0 9 ( b ) 
1 2 8 
1 5 5 ( b ) 
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(d) Total energy undefined due to absence at long periods of a distinct power cutoff 
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Fig. 10 shows, for the 3.2-msec-
destructive test, fuel plate meat tem
peratures (as indicated by buried thermo
couples) in the horizontal plane 8 in. 
above the center plane of the core, at 
the onset of the destructive pressure 
pulse, about 15 msec after peak power. 
Additional buried thermocouple temper
atures at the time of the pressure burst 
at several points in the horizontal plane 
4 in. below the core center are listed in 
Table II. Although the measured buried 
thermocouple temperatures in the +8-
and -4-in. planes are all below the 
melting temperature of alunainum, con
siderations of the temperature distr i
butions in the fuel plate (discussed later 
in this report)indicate that an appreciable 
portion of the core was in the molten 
state at the time of the pressure burst. 

Fig. 11 presents transient test data 
on the maximum fuel plate surface tem
perature obtained at position E5(7W)-3 
and data on the total burst energy as 
a function of the reciprocal period. 
The break in the maximum surface 

c 
o 

•5 

o 

o 
o 

LU 

or 

< 
Q-

1 -

-

-

— 

-

-

~~ 

1 1 1 1 1 ! 
FUEL PLATE SURFACE TEMPERATURE 

AT POSITION E5 (7W) 0 

/ FAILURE 

/ / FAILURE 

/ / 
To = 3 2 msec / j 

J / FAILURE 

7-0=4 6 nis«c/ / 

/ 
r o - 5 m « c ^ ^ 

/ ^ 
7c,-9 5 m ! « / ^ 

ro = 9 6 msec • ' ^ 

^ n 1 1 1 1 

-

; 

-

-

-

-

-

- 3 0 -20 -10 0 10 20 

TIME AFTER PEAK POWER (msec) 

Fig. 7 Transient fuel plate surface tempera
ture data at position E5(7W)0. 
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Fig. 9 Transient temperature data obtained with buried and surface thermocouples during 
the 3.2-msec-period destructive test. 

temperature curve occurring in the 
vicinity of the melting point of aluminum 
can be understood in terms of a reduction 
in heat transfer from the meat to the 
cladding surface as a result of the loss 
of energy in heat of fusion as the meat 
melts, and as a result, perhaps, of hot 
short cracking in the cladding. The upper, 
dashed portion of the temperature curve 
in Fig. 11 represents the estimated 
probable peak temperatures obtained 
when the melting point of aluminum has 
been reached. The plateau takes into 
account the relative constancy of the 
temperature during the melting process 
in the plate. Beyond the plateau, the 
maximum surface temperature in
creases in proportion to the energy 
absorbed by the plate after completion 
of melting. 

Fig. 10 Fuel plate temperatures indicated by 
the buried thermocouples in the +8-in. plane 
at the time of core destruction. 
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Fig. 12 is a summary plot of the 
maximtmi temperatures measured during 
an excursion as a function of the total 
burst energy released. The data were 
obtained from surface and buried 
thermocouples at E5(7W)-3 and other 
nearby positions, and from a fuel capsule 
thermocouple located at E6(3W)-4 (at a 
point 'ftiiere the power density is approxi
mately 15 percent below the peak power 
density in the core). The solid curve is 
calculated, and represents the maximum, 
isothermal temperature obtained in an 
insulated fuel plate at the core hot spot 
as a function of the total energy r e 
leased in a burst. As seen in Fig. 12, 
the experimental data fall below the 
calculated curve, except for the two 
points obtained during the 4.6- and 3.2-
msec-period tests. The fact that these 
two meat temperature data are above 
the isothermal adiabatic temperature 
curve in contrast to corresponding 
thermocouple data lying below the curve 
in the longer period (lower energy) 
region may be imder stood in terms of 
the greater fuel plate temperature 
gradients achieved in the shorter-period 
tests. In the temperature region below 
the melting point, the indicated slope of 
the distribution of experimental points 
is seen to be relatively steeper than 
the slope of the adiabatic curve, an effect 
which can be interpreted in terms of 
the increased thermal insulation of the 
fuel plates provided by film boiling as 
the reactor period is reduced. 

The fuel capsule thermocouple data 
in Fig. 12 are not directly comparable 
with the fuel plate thermocouple data, 
but because the capsule fuel is relatively 
well insulated in comparison with a fuel 
plate, the capsule data are useful in 
providing a rough measure of the max
imum meat temperatures achieved in the 
core during an excursion. In the temper
ature region below the melting point, 
the capsule temperature data are seen 
to be approximately proportional to the 
calculated adiabatic temperatures. For 
the destructive test, the maximum meas
ured capsule temperature at E6(3W)-4 

TABLE II 

BURIED THERMOCOUPLE 
TEMRERATURE DATA AT TIME 

OP DESTRUCTIVE PRESSURE BURST 

Thermocouple 
Location 

E5 (Tw) - 4B 

D6 (TW) - 4B 

D5 (TW) - kB 

E6 (2W) - 4B 

C7 ( 9 E ) - 4B 

Tenroerature 

620 

601 

578 

597 

576 

10 

10 

10 

10 

* — i * ' 

r 
/ 

..•^^^MAXIMUM 
• - SURFACE TEMP 

RISE (°C) 

TOTAL BURSTS-
ENERGY, f/^ 
MW-sec) •>»'•" 

J L ±LU 

D E S T R U C T I V E 

T E S T T 

10 10 10 
RECIPROCAL PERIOD 

«o (sec"') 
Fig. 11 Maximum fuel plate surface tempera
ture and total burst energy versus reciprocal 
period. 
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Fig. 12 Maximum temperatures as a function of total burst energy. 

was approximately 1200''C, If normalized to the core hot spot, this value 
would be increased by roughly 15 percent . 

3. ERRORS IN TEMPERATURE MEASUREMENTS 

As noted above in connection with Fig. 11, the maximum fuel plate t empera 
ture data were not extrapolable in the very short-period region (less than 5 msec) 
where the fuel plate surface t empera ture at the core hot spot should have 
approached or exceeded the melting point. This effect may be due to nonvalidity 
of the standard chromel /a luminum-aluminum/alumel calibration curve used 
when the tempera ture is near the melting point of the aluminum cladding. A 
static t empera ture calibration of the chromel-a lumel thermocouples used in 
the D Core yielded a voltage output at 200''C that was approximately four percent 
lower than that indicated in the standard calibration curve [5]^ a possible 
consequence of the alloying of the fuel plate metal during the welding process . 
The t rue plate t empera ture also could have been less than expected for either 
of the following reasons : f irst , a s a resu l t of the heat storage mechanism involved 
in the melting p rocess ; and, secondly, as a resul t of cracking in the fuel plate. 
There is evidence t^J that the boundary between the fuel meat and the cladding 
could have been separated at a number of points by shearing s t r e s s e s a s the fuel 
meat approached the melting tempera ture . The development of such c racks would 
resu l t in a thermal gap res i s tance , which could significantly reduce the heat 
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t ransfer r a t e to the cladding and give r i s e to a lower cladding surface tempera ture 
than what might otherwise be expected for the case of no s t r e s s cracking in the 
plate. 

When the junction of a thermocouple l ies in a tempera ture gradient, the 
measured t empera tu re depends both upon the gradient and the thermocouple 
geometry. The smal le r the junction, the bet ter defined is the measured t empera 
ture, H, Emmons [^I has shown that the thermocouple voltage output depends upon 
the shape of the junction, on the rat io of the res is t iv i t ies of the two metals , and 
on the location of the attachment of the thermocouple lead wires . For instance, 
when the meta l width is g rea te r than the junction length (ie, a short, wide 
junction) the t empera tu res at all points of the junction a r e about of equal 
importance in their effect on the overal l indicated temperature . On the other 
hand, for long, na r row junctions, the tempera ture at the points of the junction 
nea re r to the lead wire connection have more effect on the overall indicated 
t empera tu re than the more distant junction points. On this bas is , the short, 
wide surface thermocouple junctions used in the present tes ts would appear 
to have provided an approximate average value of the temperature at the junction. 

It has been noted above that the buried thermocouples indicated higher 
t empera tu res than did the surface-welded thermocouples. For several t e s t s 
with per iods below about 21 msec , however, the measured fuel capsule meat 
t empera tu res were relat ively higher than the corresponding meat tempera tures 
indicated by the buried thermocouples. The resul ts indicate that these buried 
thermocouples monitored t empera tu res at undetermined points intermediate 
between the fuel plate cent'^vand the cladding surface. Thus, a quantitative com
parison of the measured buried thermocouple tempera ture data with the resu l t s 
of the calculated meat tempera ture data (discussed in the following section) 
cannot be made meaningfully. 

In summary, the cladding surface thermocouple data a r e believed to be 
re l iable up to roughly 400''C. Above this temperature , there is some uncertainty 
as to how well the measured surface tempera ture data reflect the actual surface 
tempera ture , par t icular ly in the vicinity of the melting point of the aluminum 
cladding. 
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IV. CALCULATED FUEL PLATE TEMPERATURE DISTRIBUTIONS 

1. CALCULATIONAL METHOD 

The transient fuel plate temperature distribution was calculated for several 
transient tests using the HEAT-1 program f̂ l to solve the one-dimensional 
partial differential equation for the diffusion of heat in the fuel plate: 

a ( 1 ) 

where. 

^ [c(0,x) e ( x , t ) ] = ^ [k(e,x) ^ e ( x , t ) ] + s (x , t ) 

e = temperature (°C), 

X - space variable (cm), 

t = time variable (sec), 

C = volumetric heat capacity (cal/cm^ - "C), 

k = thermal conductivity (cal/sec-cm - 'C), and 

S = heat source term per unit volume (cal/cm^ - sec). 

Solutions of Eq. (1) were obtained for multiple-region slab models using 
regionwise temperature-dependent values for the thermal conductivity and vol
umetric heat capacity, and a time-dependent fission heat source derived from the 
experimental transient reactor power. The prompt fission heat source was 
distributed in the meat, cladding, and water regions in accordance with the 
breakdown given in Table III. 

PROMPT FISSION 
(PERCENT OF 

Fission Fragments 

Neutrons 

Prompt Gamma 

HEAT 

TABLE 

SOURCE 

III 

DISTRIBUTION 
177 MeV PROMPT ENERGY RELEASE 

Meat 

9̂ .3 

0 

0.6 

Cladding 

0 

0 

1.1 

IN THE CORE 
PER FISSION) 

Water 

0 

2.3 

1.7 

Total 

94.3 

2.3 
3.4 

Several short-period transient temperature distribution calculations were 
made for check-out purposes, using a three-region model consisting of regions 
of meat, cladding, and water, with a zero-gradient boundary condition applied 
at the center of the fuel plate and at the center of the coolant channel. These were 
nonboiling calculations; heat transfer to the water was assumed to take place by 
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heat conduction alone, with no account taken of convection effects in these shor t -
period excursions. The calculations were not ca r r i ed out for surface tempera tures 
beyond saturation for lack of a sufficiently adequate understanding of boiling 
heat t ransfer . 

Most of the t empera tu re distribution calculations made involved a two-region 
model consist ing of the meat and cladding regions of the fuel plate, with the 
boundary condition at the cladding surface specified by the available exper i 
mental t empera tu re data. The meat and cladding regions were divided into a 
total of 10 subregions, each subregion character ized by temperature-dependent 
values of the volumetr ic heat capacity, C, and conductivity, k. These pa rame te r s 
were computed for each t ime step of the calculation by solving equations of the 
form A + Be + Ce^ + De^^ where the coefficients (Table IV) were determined 
on the bas is of a l eas t - squa res fit of the available experimental data (see 
Appendix A). To take account in the calculational program of the heat of fusion 
as each of the 10 subregions in the fuel plate reached the melting point, the 
subregion volumetr ic heat capactiy value was changed to an arbi t rar i ly large 
value for a t ime sufficient to account for the loss of heat in fusion (see Appendix 
A). The a rb i t r a ry heat capacity value used was such that the tempera ture of the 
subregion r o s e by only 10 to 25"'C during the t ime required to take account of 
the heat of fusion. Followingthe melting of a subregion, appropriate heat capacity 
and conductivity values were used for the molten mater ia l . 

TABLE IV 

LEAST-SQUARES-FITTED CONDUCTIVITY AND HEAT CAPACITY DATA 

(|̂ [ = A + Be + c0^ + De^) 

k 

Conductivi ty 

( ca l / cm-sec -^c ) 

Meat 

Cladding 

A 

0.1+15 

0.135 

0.390 

0.170 

B K 10^ 

- 1 . 0 

0 

2.22 

0 

C X 10^ 

0 

0 

-3.76 

0 

D_ X lOlO 

0 

0 

2.1*2 

0 

Temperature 
Range 

CO 
20-6kO 

>64o 

20-61+9 

>6i+9 

Water 0.00132 0.06k6 -0.1j-l4 0.827 2O-I5O 

Meat 

Volumetric 

Heat 

Capacity 

(cal/cm3-°c) 

0.534 

0.607 

0.575 

0.623 

3.38 
0 

2.74 

0 

- 1 . 

0 

0 

0 

1+0 0 

0 

0 

0 

20-61+0 

>6i+o 

20-61+9 

>6i+9 Cladding 

Water I.OO6 -3.1+5 -13-1+ 56.8 20-150 
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2. CALCULATIONAL RESULTS 

Calculations were made for the 9.6-, 9.5-, 5.0-, 4.6-, and 3.2-msec-period 
tests for various fuel plate locations throughout the core using heat source 
normalization factors on the basis of the measured neutron flux distribution in 
the core. 

Three-region calculational results for the cladding surface temperature at 
the flux peak position E5(7W)0 in the core are compared with the experimental 
data in Fig. 13. These calculations were carried out for cladding surface temper
atures up to saturation, with good agreement obtained between calculation and 
experiment as indicated by the results shown in Fig. 13, 

Two-region calculations, in which the cladding surface boundary condition 
was specified by the available temperature data or by reasonable extrapolations 
of these data, were made for three power excursion tests: (a) the 9.5-msec-
period test in which no fuel plate melting occurred; (b) the 4.6-msec-period test 
in which some fuel plate melting occurred; and (c) the 3.2-msec-period de
structive test. 

2.1 The 9.5-msec-Period Test 

Figs. 14 and 15 show the results of calculations made for the 9.5-msec-
period test using the surface temperature data obtained at position E5(7W)0, 
approximately 3 in. below the core hot spot. In Fig. 14, the calculated fuel plate 
transient temperature distributions are shown for various times during the 
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Fig. 14 Calculated fuel plate temperature distributions at E5(7W)0 for the 9.5-msec-period 
test. 
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excursion, where t = 0 specifies the time of peak power. In Fig. 15, the reactor 
power, fuel plate surface and central temperatures, and heat transfer rate at 
the plate surface are shown as functions of time during the excursion. The calcu
lated maximum central temperature of about 320°C occurred about 3 msec after 
the time of peak power, at which time the surface temperature was 175°C. At 
a time 60 msec later, the temperature across the plate was roughly constant 
at about 130°C. The maximum calculated heat transfer rate of 900 cal/cm2-sec 
(1.2 X 10^ Btu/hr-ft2) occurred 3 msec after peak power. 

It is noted that the central temperature decayed rapidly with the decrease 
in reactor power, even though the plate surface temperature was sustained at 
about 200'Xi; for a considerable length of time during the decay of the central 
meat temperature. The sustained high fuel plate surface temperature and low 
heat transfer ratetothewater are indicative of an extensive film blanket covering 
the plate durii^ this time. 

2.2 The 4.6-msec-Period Test 

For this test, the calculated fuel plate temperature distributions at po
sition E5(7W)-3 appear in Fig. 16. In these calculations, surface temperature 
data from the E5(7W)-3 location (about 2 in. below the core hot spot) were 
used, because of early failure of the thermocouple at E5(7W)0. The onset of 
melting in the central portion of the fuel plate is indicated in Fig. 17 by the 
break in the temperature curve occurring a few msec after peak power. The 
plateau in the temperature curve occurring about 17 msec after the time of peak 
power corresponds to the restitution of the heat of fusion as the metal freezes. 
At the time of peak power, the calculated heat transfer rate was roughly 
1600 cal/cm^-sec (2.1 x 107 Btu/hr-ft2). The maximum heat transfer rate of 
2400 cal/cm2-sec (3.2 x lO"̂  Btu/hr-ft2) occurred about 19 msec after peak 
power. As shown in Fig. 16, the central meat temperature reached a maximum 
value of about 720''C about 8 msec after peak power, at which time the surface 
temperature was about 530"C. 

— I 1 1 1 1 1 1 1—I p—n 1 1 \ 1 r—I 1 

- 2 0 0 2 0 4 0 60 
TIME AFTER PEAK POWER (msec) 

Fig. 15 Transient temperature data at E5(7W)0 for the 9.5-msec-period test. 
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Fig. 16 Calculated fuel plate temperature distributions at E5(7W)-3 for the 4.6-msec-
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The correlation between the heat transfer rate and the cladding surface 
temperature is indicated in the curves shown in Figs. 15 and 17. In Fig. 17, for 
instance, the decrease in surface temperature about 17 msec after peak power 
corresponds to a very sharp increase in the heat transfer rate. Small variations 
in the experimental surface temperature trace (perhaps produced by instabilities 
in film boiling at the thermocouple junction) are reflected in the pronounced 
variations in the heat transfer rate. 

2.3 The 3.2-msec-Period Test 

For the destructive test case, fuel plate temperature distribution calcu
lations were made for three fuel plate locations in the core: (a) at the core hot 
spot where extensive fuel plate melting occurred; (b) near the top of the core 
where partial fuel plate melting occurred; and (c) near the periphery of the core 
where no fuel plate melting occurred. 

2.31 Fuel Plate Temperature Calculations (Core Hot Spot). In Fig. 18 are 
shown the experimental reactor power data and fuel plate surface temperature 
data at E5(7W)0, and the calculated fuel plate central meat temperature and heat 
transfer rate at the plate surface. The onset of melting in the central region 
is indicated by the first abrupt break in the fuel plate central temperature 
rise at t =« - 1.5 msec. A second break in the temperature r ise at t ==0.5 msec 
is indicative of the second subregion (adjacent to the central meat subregion) 
undergoing melting. The fuel in the center of the plate appears to have begun 
to melt about one-half reactor period before peak power, at a time when the 
fuel plate surface temperature was only 215'C. 
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Fig. 17 Transient temperature data at E5(7W)-3 for the 4.6-msec-period test. 
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Fig. 18 Transient fuel plate temperature data at E5(7W)0 for the 3.2-msec-period test. 

As shown in Fig. 18, the fuel plate surface thermocouple E5(7W)0 failed 
about 8 msec after the time of peak power and about 7 msec before the destructive 
pressure pulse. To carry out the temperature calculations during this 7 msec 
interval, a reasonable extrapolation of the fuel plate surface temperature was 
required. As shown in Fig. 19, three extrapolations were considered: (a) one in 
which the fuel plate surface temperature rose sufficiently to reach GGŜ C (in the 
vicinity of the aluminum melting point) at the time of the destructive pressure 
pulse (Trial A in Fig. 19); (b) one in which the temperature rose adiabatically 
(as a result, perhaps, of complete steam blanketing) from the time of thermo
couple failiire, reaching a temperature of about 960°C at the time of the pressure 
pulse (Trial C, Fig. 19); and (c) an intermediate case between Trial A and Trial C, 
in which the surface temperature rose linearly to a temperature of 865°C at 
the time of the pressure pulse. 

While these postulated extrapolations assume relatively wide variations in 
surface temperature, they result in relatively small changes in the central meat 
temperature. Although larger differences in temperature are computed at the 
meat-cladding interface than at the fuel plate center, it is apparent (Fig. 19) that 
the fuel plate temperature distributions obtained with extrapolations A and B do 
not differ greatly except in the vicinity of the fuel plate surface. Curve A was 
assumed to represent a reasonably lower limit to the actual plate surface temper
ature rise; calculational results based on this curve are presented in Figs. 18 
and 20. 
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Fig. 19 Transient fuel plate temperatures at E5(7W)0 for the 3.2-msec-period test. 
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Fig. 20 shows the calculated temperature distributions across the fuel plate 
half-thickness at various times during the excursion. The calculated central 
meat temperature is seen to have reached 1350*0 at the time of thermocouple 
failure, approximately 1 msec after the peak meat temperature was obtained. At 
the time of core destruction, the central meat temperature had decreased to 
about lOOO'C, while the average temperature in the plate was about 850''C. 

The calculated fuel plate heat transfer rate at the core hot spot during the 
excursion is shown in Fig. 18. It is noted that the heat transfer rate reached 
a maximum value of 1800 cal/cm2-sec (2.4 x 107 Btu/hr-ft^) at about the time 
of peak power, in comparison with the corresponding values of 1600 and 900 
cal/cm2-sec obtained at the time of peak in the 4.6-msec test (Fig. 17) and the 
9.5-msec test (Fig. 15). 

2.32 Fuel Plate Temperature Calcu
lations (Near Top of Core). Figs. 21 
and 22 show the calculated fuel plate 
temperature behavior at position 
E5(12W)+6, about 6 in. above the core 
hot spot, during the destructive test. 
As shown in these figures, melting was 
sustained in the central region of the 
plate from about 2 to 11 msec after 
peak power. During that time, however, 
the temperature in the central region 
did not increase much above the melting 
point, and the calculated maximum 
central temperature of about 680*C was 
reached at a time about 6.5 msec after 
peak power. A maximum heat transfer 
rate of about 2600 cal/cm2-sec (3.4 x 
lO"̂  Btu/hr-ft2) is calculated to have 
occurred 3.5 msec after the time of peak 
power. This was the largest heat t rans
fer rate obtained in all of the calcu
lations, exceeding the maximum rate at 
the core hot spot (during the same test) 
by nearly 50 percent. 
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Fig. 21 Calculated fuel plate temperature dis
tributions at E5(12W)+6 for the 3.2-msec-period 
test. 2.33 Fuel Plate Temperature Cal

culations (Near Periphery of Core). A 
third set oftemperature calculations for the destructive test was carried out using 
the experimental surface temperature data obtained at the position C7(9E)0, 
which lies in the core centerplane, near the periphery of the core. The fuel plate 
temperature distributions, shown in Fig. 23, indicate that at the time of core 
destruction the temperature distribution through the plate was approxinaately 
uniform at about 390°C. The maximum fuel meat temperature of 430''C was reached 
about 5 msec after peak power. The calculated heat transfer rate (Fig. 24) 
reached a maximum of 1580 cal/cm^-sec (2.1 x lO''' Btu/hr-ft2) about 2 msec 
after peak power. 
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Fig. 22 Transient tempera ture data at E5(12W)+6 for the 3.2-msec test . 

2.4 Fuel Plate Energy Partition 

The fraction of the total prompt 
energy released to a given time that is 
still retained in the fuel plate at that 
time was calculated for each of the five 
transient tests studied. The results indi
cate that at time of peak power in each 
of the tests an average of about 70 percent 
of the fission energy released was still 
in the fuel plates. In the case of the 
3.2-msec test, about 55 percent of the 
fission energy was still retained in the 
fuel plate at location C7(9E)0 at the time 
of the destructive pressure pulse. 

2.5 Fuel Plate Tensile Strength and Ex
tent of Fuel Plate Melting in the Core 

Corresponding to the fuel plate tem
perature distributions shown in Figs. 20 
and 23 are the distributions of the tem
perature-dependent aluminum rupture 
strength in Figs. 25 and 26, respectively. 
In both Figs. 25 and 26, the top curve 
(t = - t») represents the ambient-temperature, ultimate tensile strength (-45,000 
psi [8]) at each point in the meat and cladding at the start of the excursion. 
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Fig. 23 Calculated fuel plate temperature d i s -
tr ibutionsat C7(9E)0 for the 3.2-msec-period 
test. 
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Fig. 24 Transient temperature data at C7(9E)0 during the 3.2-msec-period test. 

At the core hot-spot position of E5(7W)0, the rupture strength of the meat 
alloy was essentially negligible at the time of peak power, while the cladding 
strength was roughly a factor of 10 lower than its initial strength (Fig. 25). At 
a time approximately 8 msec after peak power, the tensile strength of the entire 
fuel plate in the center of the core was essentially gone. 

At the core peripheral position of C7(9E)0, the rupture strength of the meat 
alloy at the time of peak power had decreased to about 10 percent of its initial 
value, while the cladding strength had been reduced to roughly 30 percent of its 
initial value (Fig. 26). At the time of the destructive pressure pulse (t = 15 msec), 
the average fuel plate tensile strength near the periphery of the core was only 
about 6 percent of its initial strength. 

Calculations for the fuel plate temperature and tensile strength at other 
points in the core at the time of the destructive pressure pulse also were made 
on the basis of the cladding surface thermocouple data available. At other points 
where surface temperature experimental data were not available, estimates of 
the fuel temperature and tensile strength at the time of core destruction were 
obtained on the basis of the power distribution across the core (as deduced from 
the experimental static flux distribution data, corrected for the effect of the 
change in control rod position) and the transient fuel plate energy partition 
behavior (obtained by interpolation and extrapolation of the calculated behavior 
for fuel plate positions where thermocouple data were available). The results 
of such calculations for various points throughout the core indicate that at the 
time of the destructive pressure pulse the fraction of fuel plates in the core which 
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Fig. 26 Tensile strength in the fuel plate at 
C7(9E)0 during the 3.2-msec-period test. 

were molten across the entire fuel plate thickness was 8 percent, but that approxi
mately one-third of the entire fuel plate volume in the core had reached the 
melting point of aluminum. Since the tensile strength of type-6061 aluminum at 
375°C is only about 7 percent of the ambient temperature value, and effectively 
negligible near the melting point [8], it is reasonable to expect that at the time 
of the destructive pressure burst a large portion of the quasi-molten plates 
were in a physical state which would permit a large scale fragmentation and 
dispersal of the fuel plates by one or more mechanisms, such as a pressure wave 
propagated throughout the core, mechanical vibration of the core structural 
components, etc. The calculated volume of molten fuel plate material is not 
inconsistent with the fact that 35 percent of the fuel plate volume in the core 
was not recovered intact after the final 3.2-msec destructive burst [4], 
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V. DISCUSSION OF RESULTS 

Several important features of the fuel plate temperature behavior in the 
destructive test may be examined with respect to the problem of nuclear safety 
of water-moderated, plate-type reactors. In particular, consideration may be 
given to those aspects which bear on the problems of (a) the importance of the 
metal-water chemical reaction in a violent accident, and (b) the question of the 
systematics of nuclear excursion behavior in a destructive accident. 

In the hazards evaluation of heterogeneous water-moderated reactors, 
consideration is given to the possibility of achieving sufficiently high tempera
tures to cause melting or vaporization of the metallic fuel elements, which could 
then exothermically react with the water to give an explosive chemical energy 
release. The analysis of the debris in the vessel [2,4]^ following the destructive 
3.2-msec-period test, indicated that about 0.4 percent of the aluminum in the D 
Core actually burned, yielding about 3.5 MW-sec of chemical energy. 

Had this aluminum burned as rapidly as an explosive, this amount of energy 
could have produced the severe damage which was obtained in the D Core. 
However, there is evidence indicating that the extent and rate of the aluminum-
water reaction are low unless extremely high temperatures (above 1700 to 1800°C) 
are achieved [^J. On the basis of these results, the 1300 to 1400''C maximum fuel 
plate temperatures that were achieved durir^ the Spert I destructive test imply 
that the aluminum-water reaction proceeded slowly relative to the time scale of 
the destructive pressure burst. Hence, as a mechanism for providing the high 
heat transfer rates required to explain the very rapid destructive pressure burst, 
the metal-water reaction appears tobe a poor candidate. The mechanism of rapid 
plate fragmentation, on the other hand, would give the necessary heat transfer 
rates, and might also be instrumental in enhancing whatever chemical reaction 
there was by permitting the hot interior portions of the fuel plates to be directly 
exposed to the water. 

A rough comparison may be made of the Spert I chemical energy release 
with the estimated chemical energy generated in the SL-1 accident. The Spert I 
chemical energy release was about 10 percent of the nuclear release, whereas 
in the SL-1 accident, the fraction was about 18 percent. While a quantitative 
comparison is not feasible, the more extensive chemical reaction of the SL-1 
excursion can probably be associated with the higher fuel temperatures obtained 
in SL-1, which have been estimated [10] to have reached higher than the region 
of the aluminum vaporization point of 2040°C, well above the 1300-1400''C 
maximum fuel temperature reached in Spert I. Thus, on the basis of the aluminum-
water reaction rate data, the SL-1 chemical reaction would appear to have 
occurred in the temperature domain where the rate and extent of oxidation of 
aluminum increase rapidly with temperature, whereas the Spert I reaction was in 
the domain where the rate and extent of burning are low. It might be expected 
that if a shorter period, more severe Spert destructive excursion had been run 
(with more fission energy release and higher fuel temperatures), a more vigor
ous and relatively greater chemical contribution to the total energy output 
would have been achieved than that which was obtained in the actual 3.2-msec-
period test. 

Of major significance in the destructive test was the observation that, prior 
to the onset of the destructive pressure burst, the reactor underwent a self-
limiting power excursion, with burst characteristics predictable from the longer-
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period test data. The post nuclear burst occurrence of the destructive pressure 
pulse can be interpreted in terms of (a) the time required to attain in a significant 
number of fuel plates a loss of tensile strength (effectively, a molten state) 
sufficient to permit rapid plate fragmentation; (b) the time required to develop 
a mechanism for initiating the postulated rapid fragmentation of the hot fuel 
plate material; and (c) the time required to propagate throi^hout the core the 
effects of fuel dispersal, heat transfer, and subsequent steam pressure buildup. 

Althoiigh the central part of the fuel plates in the core hot spot were already 
melting before the time of peak power (Fig. 18), roughly 10 msec were required 
for the melting process to progress to the surface of the cladding. As indicated 
in Figs. 20, 21, 23, 25, and 26, the loss of tensile strength elsewhere in the core 
also proceeded rapidly during this interval of time. Thus, the attainment of a 
weakened fuel plate condition that could permit an easy breakup of a sizeable 
number of fuel plates was not obtained until after the nuclear excursion had been 
effectively terminated. 

With respect to the initiation of fuel plate fragmentation and dispersal at one 
or more points in the core, a number of trigger mechanisms can be postulated, 
one of these involving the effects of a steam explosion arising from the entrapment 
and superheating of smallquantitiesof water ina molten metal environment. Such 
a mechanism does not appear unreasonable in view of the pattern of fuel-plate 
thermal deformation obtained in the longer period tests of the D Core, where 
extensive channel blockage and fusion of melted fuel plates were found to have 
occurred [•'-' ^ i . 
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APPENDIX A 

THERMAL PROPERTIES OF THE SPERT I-D CORE FUEL PLATES 

1. FUEL PLATE CHARACTERISTICS 

The Spert I-D core fuel plate consisted of a 20-mil-thick, 93 percen t -
enriched uranium-aluminum alloy meat section, clad on both sides with 20-mi l -
thick claddings of type-6061 aluminum. Fuel plate charac ter i s t ics are given 
in Table A-I. 

TABLE A-I 

SPKRT I-D CORE FUEL PLATE CHARACTERISTICS 

Enrichment (^ U-235) 

Mass of U-235 pe^ p l a t e (nominal) 

Mass of U p e r p l a t e 

Meat l eng th (nominal) 

Meat v ldt t i (nominal) 

Meat thickness (nominal) 

1^ g 

15 .1 g 

2k.k i n . 

2 .45 i n . 

0.020 i n . 

2. THERMAL PROPERTIES OF THE MEAT ALLOY 

2.1 Uranium Weight Fract ion 

Experimental ly determined den
si t ies of dilute uranium alloys at room 
tempera ture a re shown in Table A-II [ H ] . 

These experimental data for dilute 
uranium-aluminum alloy mater ia l may 
be represn ted by 

2.0644 
y = 0.8793 (A-1) 

where y is the weight percent of uranium 
in the alloy and p is the alloy density 
given by 

M (A-2) 

TABLE A-II 

PROPERTIES OF 
DILUTE URAmUM ALLOYS 

Aluminum-
Uranium 
Alloy 
(wt io) 

16 

25 

35 

Unalloyed 
Uranium 

Uranium 
Density 
(g/cm3) 

0.458 

0.820 

1.39 

19.04 

Alloy 
Density 
(g/cm3) 

2.87 

3.28 

3.9 

19.04 

where M is the m a s s of uranium in the volume, V, of the alloy. F rom the above 
data, y for the Spert I meat alloy is determined to be 23.8 percent . 
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2.2 Coefficient of Linear Expansion (0 < 640*^) 

The l inear expansion coefficient, Ae, of uranium-aluminum alloys is given 
in Ref. 12 for alloys having uranium contents of 0, 12.5, 22.7, and 30.5 wt%. The 
corresponding data for 23.8 wt% alloy (obtained by interpolation of the data in 
Ref. 12) can be represented by 

A. = 18.7 X 10-6 + i.ij.5 X 10-8 e - 1.29 X 10-11 02 (A-3) 

from which the l inear expansion data in TABLE A - I I I 
Table A- in were derived. 

Using Eq. A - 3 , the volumetr ic 
expansion and density of the meat were 
computed as a function of t empera tu re . 
The variat ion of meat density with t e m 
pe ra tu re for e < 640**C is given in 
Table A-IV on page 39. 

2.3 Volumetr ic Heat Capacity (e<640°C) 

The specific heat of 23.8 wt% U-Al 
alloy was est imated on the bas i s of the 
known specific heats of uranium and 
aluminum, and their weight fractions 
in the meat alloy. The values for the 
specific heat, c(cal /g-°C), and the vol
umetr ic heat capacity, C (ca l / cm^- 'C) , 
a s a function of t empera ture a r e given 
in Table A-IV. The volumetr ic heat 
capacity data for the Spert I meat alloy for e < 640°C a r e represented by the 
equation 

AVERAGE 
COEFFICIENT 

Temperature 
Range 

(°c) 
20-100 

20-200 

20-300 

20-400 

20-500 

20-600 

20-640 

LIHEAR EXPANSION 
OF 23 .8 WJ$ U-AL AT,T,OY 

Ag(Eq. A-3 ) 

(io-6/°c) 
20.00 

21.06 

21.87 

22.42 

22.72 

22.75 

22.70 

o i, 
C(cal/cm-^-°C) = O.534 + 3.38 x 10 6 1.40 X 10"'^ e^. (A-4) 

2.4 Thermal Conductivity ( e < 640°C) 

Experimental thermal conductivity measurements on forged b a r s of 12.5, 
22.7, and 30.5 wt% U-Al alloy mater ia l were made in the tempera ture range from 
150 to 400°C [13], Interpolation of the data obtained yielded values of the thermal 
conductivity for the Spert I 23.8 wt% meat alloy (Table A-IV). These values a re 
represented by the equation 

k ( c a l / sec-cm- •°C) = 0.415 - 1.00 X 10"^ e (A-5) 

which is applied in the Spert I t empera ture calculations for the tempera ture range 
from 25 to 640''C. 

2.5 Meat Density (0 > 640°C) 

Data on the density change of U-Al alloys for t empera tu res g rea t e r than 
640°C have not been found in the l i t e ra tu re . An es t imate of the density variat ion 
may be made by considering the case of 1 g of a 23.8 wt% U-Al alloy of eutectic 
composition. The phase diagram t '*» °J yields the following data: 
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TA3LE A-rV 

THERMAL PROPERTIES OF 23-8 WT^ U-Al ALLOY 

(e <64o°c) 

Temperature 
(°c) 

25 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 

640 

Density 
(sAm3) 
3.22 

3.22 

3.21 

3.20 

3.18 

3.17 

3.16 

3.15 

3.14 

3.13 

3.12 

3.11 

3.10 

3.09 

Specific 
Heat 

(cal/g-°c) 

0.167 

0.171 

0.178 

0.183 

0.188 

0.193 

0.197 

0.201 

0.205 

0.209 

0.213 

0.217 

0.222 

0.225 

Volumetric 
Heat Capacity 
(cal/cm3-°c) 

0.538 

0.551 

0.569 

0.585 

0.599 

0.612 

0.623 

0.634 

0.645 

0.655 

0.665 

0.675 

0.686 

0.695 

Conductivity 
(cal/sec-crn'o) 

0.400 

0.395 

0.386 

0.375 

(1) 0 < 640°C (a) Solid Phase : Al = 0.654 g 
(b) Solid Phase : UAI4 (U = 68.81% or 0.238 g; 

Al * 31.19% or 0.108 g) 

(2) 0 = 640°C (a) Liquid Phase : U-Al (U = 13% or 0.105 g; 
Al = 87% or 0.702 g) 

(b) Solid Phase : UAI4 (U - 68.81% or 0.133 g; 
Al = 31.19% or 0.060 g) 

(3) 0- = 730°C (a) Liquid Phase : U-Al (U = 18% or 0.160 g; 
Al = 82% or 0.726 g) 

(b) Solid Phase : UAI4 (U = 68.81% or 0.078 g; 
Al = 31.19% or 0.036 g) 

(4) e+ = 730°C (a) Liquid Phase : U-Al (U - 18% or 0.162 g; 
Al = 82% or 0.736 g) 

(b) Solid Phase : UAI3 (U = 74.63% or 0.076 g; 
Al = 25.37% or 0.026 g) 

(5) 0 := 940°C ^^^^ (a) Liquid Phase : U-Al (U - 0.238 g; 
Al = 0.726 g) 
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The volume increase when aluminum melts is 6.6 percent [14], The volume in
c rease during the transformation UAI3 + Al-*UAl4 is 1.6%[!''']. When 6 = 640°C, 
the aluminum solid phase (0.654 g) undergoes a volume increase in melting of 
6.6 percent , and a par t of the aluminum (0.048 g), which was in the form of 
UAI4 (density 5.7 g/cm3), me l t s , producing an additional increase in volume. A 
par t of the uranium (0.105 g) in the form of UAI4 becomes liquid uranium (density 
^ 18.4 g /cm3) . This corresponds to a decrease in volume. The UAI4 phase weight 
dec reases by 0.153 g, corresponding to a decrease in volume. The net total effect 
is computed to be an increase in total volume of about 4.3 percent . Therefore , the 
alloy density at 640°C following the phase change is equal to 

P = f i ^ = 2 .96 g/cm3. (A-6) 

When the temperature inc reases from 640 to 730°C, two expansion effects 
have to be considered: (a) the volumetric change result ing from the change in 
phase, and (b) the volumetric increase due to heating. 

(a) A pa r t of the uranium (0.55 g) in the form of UAI4 mel t s , resul t ing in 
a decrease in volume. Apar t of the aluminum (0.024 g) in the form of UAI4 mel t s , 
result ing in an increase in volume. The UAI4phase weight dec reases by 0.079 g, 
corresponding to a decrease in volume. The net total effect appears to be neg
ligible since it r e su l t s from the t ransformation of small m a s s e s . 

(b) Most of the alloy i s in the form of liquid aluminum. Assuming that the 
linear expansion coefficient of aluminum is about 29 x 10~6/°Cinthe tempera ture 
range 640 to 730°C, the corresponding volume increase will be equal t o 3 x 2 9 x 
10-6 X 90 = 0.8 percent . Thus, the density of the alloy at 730°C is equal to 
P = 2.96/1.008 - 2.94 g / c m 3 . 

When the tempera ture reaches 730°C, a per i tect ic t ransformation is ob 
tained in which UAI4 is changed to UAI3, with an associated volume decrease of 
1.6 percent . However, since the t ransformation affects only a smal l portion of 
the alloy (0.114 g), the resu l t i r^ volume change may be neglected. 

In summary: (a) when the tempera ture reaches 640°C, the density of the 
alloy changes from 3.09 to 2.96 g / c m 3 , and (b) between 640 and 730°C, the 
density of the alloy decreases by about 0.8 percent to a value of 2.94 g / cm . 

2.6 Specific Heat (0 > 640°C) 

Following Treadwell and Terebese [18], the following slowly-varying 
tempera ture dependence has been assumed for the specific heat of molten 
aluminum in the tempera ture range from 640 to 2300°C: 

c ( c a l / g - ° c ) = 0.255 [1 + 1-87 X 10" (0 - 6 4 0 ) ] . (A-7) 

Assuming the same tempera tu re dependence to hold for uranium, and using 
0.046 cal /g-°C for the specific heat of uranium at 640°C [19» 20], the specific 
heat of 23.8 wt% U-Al alloy will change with tempera ture in the range 640 < 0 < 
2300"C in accordance with 

c ( c a l / g - ° c ) = 0.0205 [1 + 1.87 X 10" (0 - 6 4 0 ) ] . (A-8) 
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This slow increase in the specif ic heat of the alloy as the temperature r i s e s , 
combined with the corresponding slow decrease in density, resu l t s in an e s 
sentially constant value of the volumetr ic heat capacity of the alloy for t e m p e r a 
tu res above the me l t i i ^ point. This value has been taken to be 

C = (2 .96 g/cm3)(0.205 c a l / g - ° c ) = O.6I cal /cm3-°C. (A-9) 

2.7 Thermal Conductivity (0 > 640°C) 

From Eq. A-5 the conductivity of the meat alloy at 640*'C is equal to 
0.351 ca l / sec -cm' 'C . A l i t e ra ture sea rch has rot yielded information on the con
ductivity of molten U-Al al loys. For pure aluminum, the conductivity at the 
melting point is 0.537 ca l / s ec - cm-°C; for molten aluminum up to 800°C, the 
conductivity remains approximately constant at 0.207 ca l / sec-cm-^C [21]. 
Assuming a corresponding change in the conductivity of the meat alloy for 0 > 
640°C, the following is obtained: 

k = 0 .351 X § 4 ? J = 0.14 cal /sec-cm-°C (A-lO) 

3 . CLADDING 

3.1 Volumetric Heat Capacity and Conductivity (6 < 649°C) 

Table A-V presen t s ""='ta on the volumetric heat capactiy [13] and con
ductivity [22] of type-6061 aluminum for tempera tures up to 649*^^. 

Based on these data, the heat capacity and conductivity for 0 < 649°C can 
be represented by the following equations: 

C(cal /cm3-°c) = O.575 + 2.74 x lO" 0 (A-11) 

k ( c a l / s e c - c m - ° c ) = O.39O + 2 .22 x lO" 0 - 3.76 x lO"^ 0^ 
(A-12) 

+ 2 .42 X 10 0^. 

3.2 Volumetric Heat Capacity and Conductivity (0 > 649°C) 

The claddir^ mate r ia l of aluminum 6061 contains approximately 0.6 percent 
silicon by v/eight. There is a "hot -shor tness" tempera ture range from 662 to 
649"^ [8' 23]^ ie^ at 622'X;; melting begins at the grain boundaries, with the entire 
alloy molten at 649°C. Assuming (a) the volume increase when Al-6061 mel ts to 
be the same as that for pure aluminum (ie, 6.6 percent) and (b) the change in 
heat capacity of Al-6061 to be the same as that for pure aluminum (ie, 13.3 
percent) , the following is obtained: 

C(cal /cm3-°c) = ^ .066 '1^1 .133 = ^ ' ^ ^ ^^"^'^ 

assumed constant for 0 > 649"C. 
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TABLE A-V 

VOLUMETRIC 

Temperature 

Cc) 
0 

25 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 

622 

649 

HEAT CAPACITI AND 

( e < 
Volianetric Heat 

( ca l / cm3- ' ' 

0.582 

0.590 

0.603 

0.616 

0.630 

0.644 

0.657 

0 .671 

0.685 

0.698 

0.712 

0.726 

0.740 

0.746 

0.753 

THERMAL COKDUCTIVITr 

649 ' c ) 
Capaci ty 

c) 
Then 

OF Al-6061 

nal Conduct iv i ty 
a,l/sec-cm-"*c) 

0.39 

0 .41 

0.42 

0.43 

0.43 

0.44 

0 .44 

Assuming the change in thermal conductivity as Al-6061 melts to be the 
same as that for pure aluminum (Section 2.8, above) we obtain for 0 > 649"^: 

k ( c a l / s e c - c m - ' ' c ) = 0.441 x §^I?J = O.17 (A-14) 

4 . WATER 
f. . — ^ — — — 

4.1 Volumetric Heat Capacity and Thermal Conductivity 

Leas t - squa res fits of the available data on volumetr ic heat capacity and 
thermal conductivity for p re s su r i zed water for 0 < 150°C yield the following 
relat ions [24]; 

C(cal/cm^-°C) = I.OO6 - 3-45 x lO" 0 - I . 3 4 x lO"^ 0^ 

+ 5.68 X 10"^ 0^ (A-15) 

and 

k (ca l / sec -cm-°C) = I . 3 2 x l o " + 6.46 x lO" 0 - 4 . l 4 x lO" 0^ 

+ 8.27 X 1 0 ' ^ ^ 0^. (A-16) 
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5. HEAT OF FUSION 

5.1 Heat of Fusion of Meat Alloy and Melting Approximation 

Data on the phase composition of unit mass of 23.8 wt% U-Al alloy are given 
in Section 2.5 of Appendix A. It is shown that at 640"'C, 0.153 g of the UAl4-solid 
phase and 0.654 g of the aluminum-solid phase melt , resulting in the total 
melting of 0.807 g of the alloy. F r o m 640 to 730''C, an additional 0.079 g of the 
UAI4 m e l t s . At 730"^;, 0.012 g of UAI4 melts as a resul t of the peri tect ic t r a n s 
formation at that t empera ture , and, finally, 0.102 g of UAI3 melts between 730 
and 940''C. 

The heat of fusion of the eutectic mass present in various uran ium-
aluminum alloys has been determined experimentally [25], interpolation of the 
data yields a value of 55.8 ca l /g for the heat of fusion of 23.8 wt% U-Al alloy at 
the melting tempera ture of 640''C. 

Experimental data on the heat of fusion of the alloy at tempera tures above 
640°C have not been found in the l i t e ra tu re . An est imate of this quantity is ob 
tained as follows: The heat necessa ry to melt a unit volume of uranium is about 
the same as that required for a unit volume of aluminum, or 250 ca l / cm3 [20]^ 
Thus, for UAI4, the density of which is equal to 5.7 g /cm3 [26], the heat of fusion 
is about 43.9 ca l /g , while for UAI3, with density equal to 6.7 g /cm3 [26]^ the heat 
of fusion i s about 37.3 ca l / g . Using these values, the energy absorption between 
640 and 730'\D is calculated to be 0.079 x 43.9 = 3.46 cal . At 730''C the energy 
absorption is 0.012 x 43.9 = 0.52 cal , and finally, the energy absorption between 
730 and 960°C is 0.102 x 37.3 = 3.81 ca l . 

For digital calculational purposes , the small fraction of the alloy which 
mel ts at t empera tures above 640*^ was lumped with the large fraction of the 
alloy which mel ts at that t empera tu re . In addition, the calculational assumption 
was made that the meat alloy mel ts in the temperature interval from 635 to 
645T!, with a heat of fusion equal to the total heat absorbed in the temperature 
range from 640 to 940°C, o r 63.6 ca l / g . F rom Table A-IV, the density of the 
meat alloy at 640°C is about 3.09 g / c m 3 . Thus, the value assumed for the 
volumetr ic heat capacity of the meat alloy during melting is 

C(cal/cm^-°C) = 3-09 x 63.6 x j ^ = 19-7 (A-17) 

For higher t empera tu res , the appropriate values for the volumetric heat 
capacity of the meat alloy were used (Table IV). 

5.2 Heat of Fusion of Cladding and Melting Approximation 

In the tempera ture range 622 < 0 < 649°C, the type-6061 aluminum cladding 
mel t s , with an energy absorption of 94.5 ca l /g . The density of the cladding at 
622°C is about 2.65 g / c m 3 . The volumetric heat capacity assumed for that 
t empera tu re range was 

C(cal/cm^-°C) = 2 .65 x 94-5 x | ;^ = 9-3 (A-18) 

Above 649°C, the appropriate values for the volumetric heat capacity of 
6061-aluminum were used (Table IV). 
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