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ABSTRACT

A liquid-helium boil-off calorimeter with a 1l-s time constant was used

350 fission product decay heat at times betwcen 10 and 10 s
The uncertainty in the

to measure
4
following a 2 2 1¢  « thermal neutron irradiationm.

dacta was ~ 2% (1 o) except at the shortest cooling times, where it rose to

v 47,



We report calorimetric measurements of fission product decay heat,
with emphasis on short cooling time. This work is part of a program
sponsored by the U. S. Nuclear Regulatory Commission to provide better
values and reduced uncertainties for the decay heat source term, for use
in reactor safety evaluations, and, in particular, for the analysis of

the Loss-of-Coolant Accident (LOCA).

Calorimetric measurements have the advantage tﬁat they are relatively
simple and straightforward, and thus present a minimum opportunity for the
introduction of systematic errors. Their disadvantages are that they pro-
vide only integral information (total decay heat, not B and y spectra), and

that, in general, Lhey Lend to have long time constants.

Our measurcments wefe carried out with a cryogenic boil-off calori-
mceter. In this technique, decay heat is used-to evaporate a cryogen, in
our case liquid helium, and the rate at which boil-off gas 1is evolved is
measured with a fast-response flowmeter. Since the heat of vaporization
of helium is known, the amount of decay heat may be calculated from the
boll-cff rate. Direct calibration by means of electrical heating provides

a check on these calculations.

Although the idea of boil-off calorimetry is an old one, we chose
it because 1t offered an opportunity to develop a calorimeter with a short
thermal time constant. By operating ncarly isothermally, and by taking
~dvantage of the large reduction in the heat capacity of solids which occurs
at the tempecrature of liquid helium (4 K), we were able to achieve a time
constant of less than one second in a calorimeter which contained a 52-kg

radiation absorber.

Samples of 235U and 239Pu, cach weighing ~ 60 mg and encased in clad-

ding to retain gaseous fission products, were irradiated for 2 x 104 s in

a constant thermal-neutron flux of 3 x 1013 n/cm2 s. They were then trans-—
ferred to the calorimeter in ~ 1 s, and had rcached the temperaturce of liquid
nhelivm after an addition 3 s. Decay heat data were obtained for cooling
times between 10 and 105 6. After the calorimetric measurements were com—

pleted, the number of fissiorns in the samples was determined rad ochemically.



Corrections to the data were made for the leakage of gamma radiation
from the calorimeter (37 maximum) and for the initial transient (3.4% max-
iwmum). The overall uncertainty (1 g) in the experimental data 1s estimated
to be v 2% except at the shortest cooling times, where it rises to v 4%

The measurements on 35U have been completed, and those on 239Pu are in

progress.
4

The experimental data for a 2 x 10 s thermal neutron irradiation of
235U agree within the errors with summation calculations based on the
ENDF/B-1V data base. The experimental data were extended to the case of
‘an infinite irradiation by adding the calculated decay heat due to those
fissions which took place before the experimental irradiation interval of
2 x 104 s. The extended data for infinite irradiation are in good agree-
ment with the summation calculation.

Both the extended experimental data and the summation calculations are

significantly (n 77) below the current ANS Decay Heat Standard at short

cooling times. This standard, plus 207%, is currently used in reactor safety
evaluations.
A preliminary report of our decay heat mecasurcments was presented
at the Fourth Water Reactor Safety Information Mceting in September, 1976.
A complete description of these measurements is given in The lLos Alamos

Scientific Laboratory Report LA-NUREG-06713, July 1977 (in publication).

The details of the experiment and its vesults are indicated in the

following Figures and in the Table.
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Fig. 1. Heat capacity of copper as a function of the absolute temperature.
By operating the calorimeter at 4 K, the heat capacity of the 52 kg copper
absorber was minimized. The temperature was stabilized by a liquid helium
bath boiling at nearly constant pressure in a reservolr within the copper
absorber. The absorbed decay teat evaporated liquid helium from the
reservoir and a hot-f{Im ancmometer-type mass flowmeter measured the evolution
of the boil-off gas. The flowmeter had a time constant of ¥ 1 ms. The
rressure drop across the flowmeter at maximum flow ( ~ 1 liter/s) was

"1 torr. This pressure change corresponds to a tcmperatﬁre change of

v 1.7 mK in the helium reservoir. Under these conditions, there is a minimum
storage of thermal encergy in the calorimeter, and a fast response time is
possible. The high thermal conductivity of the very pure, well-anncaled

copper used for the ahsorber also contributed to the short time constant.
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Fig., 2. Essentlal features of the calorimeter. The
copper block, which absorbed > 97% of the radiation
energy eaitted by the sample, was 177.8 mm in diameter,
298.5 mm high, and weighed 52.008 kg. The reservoilr in
thé top of the block was 3/4 filled with liquid helium.
The block was suspended in vacuum by a 10-mm-i.d.
thin-wall stainless steel tube which conducted the
bolil-off gas to a flowmeter at room temperature. The
tube was also used to insert and remove samples and to
transfer the liquid heliur to the reservolr. A heater
in the base of the blocl was used for calibration and
testing. To prevent heat leak, a copper vacuum Jacket,
immersed in an outer liquid helium bath, surrounded the
calorimeter block. A commercial liquid-nitrogen-
jacketed dewar contained the entire assembly, all
electrical leads reaching the calorimeter block

passed through the outer helium bath, which inrercepted
heat conducted along them from warmer reglons, The
ovter helium bath was kept 25mK above the temperature
of the helium in the ianer reservoir to prevent the
boil-off gas from condensing on the tube walls after

it left the reservoir. The boil-off gas was raised to
room temperature in a controlled manner to minimize the
effect of changes of temperature gradients along the

gas-transport tube with boll-off gas flow rate.
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Fig. 3. Calorimeter response to step changes in electrical input. Step
changes in electric heat luput to the calorimeter were supplied via the
electric heacer embedded in the copper absorber block. For changes between
power levels that were both > 70 mW, the calorimeter response was well repre-
sented by a single exponential function. Ten measurements that included both
increases and decreases in input power yielded a value of 0.85 * 0.09 s for
the exponential response time. Below 70 mW, the anemometer Ilowmeter was

no longer accurate. For powers below 70 mW, the boil-off flow rate was
measured using an Integrating volumctric flowmeter and a stopwa ch. This
caused no problems, since the decay heat was changing very slowly by the

time (v 3 x 104 s) 1t had fallzn to 70 mW. The electric heater was also

used to determine an alsolute calibration curve for the calorimeter. The
calibration curve so obtained was in excellent agreement with one obtained
from absolute gas-flow mecasurements using the well-kaown heat of vaporization
of hellum. The final calibration curve used in the determination of the 235U
decay heat was a combination of the curves obtained by the two independent
methods. In an additinnal measurement, the heat leak inteo the copper block

wis determined to be < 20 pW under the conditicns of the «xperiment.
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Fig. 4. VUranium - 235 sample and the system used to
trangport it from the irradiation position to the
calorimeter. During irradistion, the sample was held
between the hinged halves of an aluminum dart, which
was clamped tozether by a tapered steeL sleeve. After
irradiation, the dart assembly was blown into the
sample release chamber, where the sleeve was stripped
off and the dart opened as it hit and stuck in a
wooden target, Upon impact, the sample was released,
then fell intc the calorimeter through a ball valve
that was opened at the correct time. The sample
reached the liquid helium in the calorimeter ~ 1.5 s
after the start of the ejection. It reached the
temperature of the liquid helium ~ 3 s later. The
ball valve remained open until the puff of gas from
the sample cool-down had escaped; then it was closed,
forcing the boill-off gas to pass through the flow-
meter. During irradiation, helium gas flowed over the
gample and through a charcoal trap near a NaI(Tl)
radiation detector, which gave a prompt and sensitive
:ndication of any escape of fission gases. Any samples
that leaked were rejacted. Duriung the calorimetric
measurements, the samples were at 4 K and all fission

products were solids.
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Fig. 5. Fission-product gamma spectrum (left) measured at a mean cooling time of 660 g after a
4 235
2 x10 s U irradiation.

summation calculation,

The solid curve was obtained from the ENDF/B-IV data base using a
The correction for gamma escape from the calorimeter (right) was ob-

~ained from ten measured spectra using a Monte Carlo gamma transport calculation,
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Fig. 6. Systematic uncertainties (those that do not contribute to the
scatter in the data points at a given cooling time). The uncertainty in the
nunber of fissions was estimated from an analysis of the calibration method
used and from consistancy checks with other Laboratories. The initial-
transient correction consisted of (1) subtraction nf the signal {rom an
irradiated aluminum dummy sample and (2) an analytic correction based on the
0.85 s time constant of the calorimeter. The total initial-transient
correction was assigned an uncertainty of 50% of itr value. The gamma escape
corre “tion was assumed known to 15%Z of its value at the shortest cooling
tines, and to 10% of its value for cooling times > 70 s. The flowmeter
calibration curve uncertainty was cstimated from the accuracy of the
calibration standards and from the scatter of the calibration points around
the fitted calibration curve. Flow mcasurcments for t > 60 000 s were made
using an integrating volumetric flowmeter. Its uncertainty is shown by a
separate part of fhe curve. Because they Aare uncorrelated, the total syste-

matic uncertainty, Uo, was taken to be the RMS sum of the individual

systematic uncertainties.
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Fig. 7. Total uncertainty, 6, in the experimental data as estimated from

the systematic uncertainty, g, (Fig. 6.) and the RMS scatter, S, in the meas-
urements made on different samples at the same cooling time. For most cooling
times, data were obtained from three samples. When there were fewer than
three data points. S was calculated by estimating the missing data points
using nearby values from the same sample. Values of S larger than those

shown on the curve were obicined for cooling times near 7000 s after the
calorimeter was refilled with lijuid helium. These times are indicated by
dotted portions of the graph of S. The correct values were used in preparing
Table I. To compensate for the small number of samples used (three), the
experimental values of S were increased by a factor of 1.3 when the total
uncertainty was calculated. All statrd uncertainties are intended to

represent one standard deviation of a normal distribution.
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Fig. 8. Experimental and calculated d¢ :ay heat for a 2 x 104 s irradiation
of 23SU ot constant thermal-neutron flux. The calculations used the ENDF/B-IV
data base as listed and corrected by England and Schenter in Los Alamos
Scientific Laboratory Report LA-6116-MS (ENDF-223). Measurcments and

calculations indicate that, under the conditio s of the cxperiment, neutron

238 23
capture in fission products, fission of 3 U, and p:~duction of 9U and

2
39Np were all negible. The calorimetric measurements were normalized to the
fission rates in the samples determined by counting selected fission products

. 99 140
subsequent to the calorimetric measurements. The 1sotopes Mo and Ba were

beta-counted in chemically separated aliquots of the sample; 952r, 99Fo.

4 141
1 oBa—La, Ce, and 147Nd were gamma—counted in an unseparated aliquot.

The fission determinatjons were calibrated against direct fission counting.
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Fig. 9. Ratio of Experimental to calculated decay heat for a 2 x 104 8
235U irradiation. To emphasize the smnall differences in the results shown

in Fig. 8, the experimental data points have been divided by the summation
calculation for the same cooling time and the ratios have been plotted on

an expanded scale. The differences are well within the combined uncertainties

for the cxperiment and the calculstion.
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Fig. 10. Decay heat for infinite (1013 s) thermal-neutron irradiation of
235U at constant fission rate without ncutron capture in fission products.
The experimental data points have been extended to infinite irradiation by
the addition of summation calculations made using the ENDF/B-1V data ba-e.
The calculational contribution to the infinite-irradiation decay heat was
16Z at t = 10 5, 51% at t = 2500 s, and 95% at t = 105 s. Also shovn are
the summation calculation and the present ANS Decay Heat Standard for
Infinite irradiation. It may be seen that the extended experimental data
are in pood agrecment with the summation calculation, and are 7% below
the standard at short cooling times. Morcover, the uncertainty associated
with these neasurements and calculations is significantly lower than that

assipned to the standard. The ANS standard plus 202 1is currently used f{or

the docay heat source term in roactor satety cevaluations.



TABLE
! 23%
EXPERIMENTAL AND CALCULATED DECAY HEAT FOR THE PRODUCTS OF THERMAL F1SSION OF u.

oy 2 x 10_'__5 Irradiation | ___Infinite Irradiation o
- W Experimental )
Decay Heat
Calculared Extended by Calculated
Experimental ) De_cly Heat Ratie CINLER-10 E Decmy Heat Ratio
Cooling Decay Experimental using CINDER-10 Exp/Calc and periuental usang CINDER-10 Exp/Calc
Time Heat Uncertainty and ENDF/B-1V Decay ENDF/B-1V Uncenninty' and ENDF/B-1V Decay
() (Mev/{iss) (1 0o in V) (MeV/fiss) Heat . | (MeV/fiss) (1 o in V) (MeV/fiss) Heast
10 B.10 4.1 7.78D 1.04) 9.6% 1s 9.327 1.035
15 7.38 1.0 7.239 1.019 8.93 3.8 8.786 1.016
20 6.933 2.6 6.842 1.013 8.480 2.2 8. 389 1.011
25 6.595 2.4 6.531 1.010 8.142 2.0
30 6.338 2.3 6.276 1.009 7.882 1.9
15 6.109 2.2 6.060 1.008 7.656 1.8
40 5.920 2.1 S.873 1.008 7.467 1.7 7.420 1.006
45 5. 758 2.1 5.709 1.009 7.305 1.7
50 5.614 2.0 5.562 1.009 7.160 1.6
1 S.481 2.0 5.429 1.010 7.027 1.6
60 5.358 2.0 5.309 1.009 6.904 1.6 6.855 1.007
65 5.244 i.9 5.198 1.00% 6.790 1.5
70 5.141 1.9 $.097 1.009 6.687 1.5
75 5.047 1.9 5.003 1.009 6.593 1.5
BO 4.958 1.8 4.915 1.009 6.504 1.5 6.461 1.007
85 4.881 1.8 4.834 1.010 6.427 1.4
90 4,806 1.8 4.758 1.010 6.351 1.4
95 4.7\ 1.8 4.686 1.010 6.279 1.4
100 4.667 1.8 4.619 1.010 6.212 1.4 6.164 1.008
110 4,544 1.8 4.49¢6 1.011) 6.089 1.4
120 4.426 1.7 4.385 1.008 5.97) 1.4
130 4338 1.7 4.286 1.012 5.884 1.4
140 4.25] 1.7 4.19% 1.013 5.795 1.4
150 4170 1.7 4,112 1.014 5.714 1.4 5.655% 1.010
160 4.09:2 1.7 4.035 1.014 $.636 1.4
170 4.02] 1.7 3. 964 1.014 5.565 1.3
180 3.960 1.7 3.89% 1.016 5.503 1.3
190 3.9 1.6 3.838 1.016 5.442 1.3
200 3. B4) 1.6 3.780 1.016 5.384 1.3 £.323 1.011
250 3,608 1.6 1.541 1.019 5.150 1.3
300 3.419 1.6 3.355 1.019° 1.3
150 3.265 1.6 3.205 1.019 4.805 1.3
400 313 1.6 3.078 3 019 4.673 1.3 a.016 1.012
450 2.022 1.¢6 2.909 1.018 4.559 1.3
500 2,020 1.6 2.873 1.016 4.450 1.3
600 2.746 1.5 2.709 1.014 4.280 1.2 4.24) ).009
700 2.598 1.y 2.572 1.010 4.130 1.2
800 2.474 1.5 2.455 1.00R 4.004 1.2 3.9R4 1.005
200 2.36) 1.5 2.1351 1.0058 1.890 1.2
1000 2,264 1.5 2.258 1.003 3.789 1.2 3.785 1.002




TABLE

{continued)
= 2 x 10% 5 Irradiation Infinite Irradiation L
Experimental
Decay Heat
Calculated Extended by
) Experizmental . Dc?ay Heat Ratio C_I.‘.'DER- 10 Experisental chay He‘at Ratioh

Cooling Decay Experme_:ntll using CINDER-10 Exp/Calc ‘and ) 2 fron 'CIM)ER-IO Exp/Cal:

Time Heat Uncertainty and ENDF/B-IV Decay ENDF/B-1v Uncertainty & ENDF/B-IV Decay

(s) (Mev/fiss) (1 o in %) (MeV/fiss) Heat (MeV/fiss) (1o in §) (MeV/fiss) Heat

1100 2.173 1.8 2.174 1.n00 3.696

1200 2.093 1.5 2.098 0.998 3.614 .2

1300 2.020 1.5 2.027 0.997 3.539 1.2

1400 1.950 1.5 1.962 0 994 3.467 1.2

1500 1.886 1.5 1.901 0.992 3.401 1.2 3.416 0.596

1600 1.827 1.5 1.845 0.990 3.340 1.2

1700 1.773 1.3 1.791 0.990 3.284 1.2

1800 1.721 1.5 1.741 0.989 3.220 1.2

1900 1.671 i.5 1.694 0.986 3.177 1.2

2000 1.627 1.5 1.650 0.986 3.131 1.2 3.154 0.993

2500 1.431 1.5 1.460 0.280 2.925 1.3

3000 1.283 1.5 1.311 0.975 2.768 1.3

3500 1.166 15 1.191 0.979 2.641 1.3

4000 1.067 1.5 1.092 0.977 2.533 1.3 2.557 0.991

4500\ 0n,9808 1.5 1.008 0.973 2.438 1.3

5000 0.9111 1.5 0.9362 0.973 2.3 1.3

6000 0.7998 .3 0.8198 0.976 2.2%1 1.5 2.251 0.99i

7000 " 0.7195 2.0 0.7287 0.987 2.13% 1.5

8000 0.6480 1.6 0.6553 0.989 2.049 1.8 2.056 0.997

9000 0.5886 1.6 0.5948 0.990 1.975 is5

10000 0.5401 1.7 0.5440 0.993 1.912 1.5 1.916 0.998
15000 0. 3803 1.8 0.3778 1.007 1.691 1.6 1.68%9 1.001
20000 0.2918 2.0 D.2874 1.015 1.552 1.7 1.547 1.003
25000 0.2359 2.2 0.2311 1.021 1.453 1.7

30000 0.1947 2.3 0.1923 1.012 1.375 1.7

62183 0.0827 2.2 0.0822 (.98% 1.105 1.9
100000 0.0454 2.2 0.0455 0.998 0.97 1.9 0.969 1.002

Btalculated on the assumptions that the caleulated infinite irradiation decay heat curve has 2% uncertainry for

t

4
0
cool 2 2% 107 u,

and that this uncertainty ix uncarrelated with thr raperinental uncertainty.



