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DECAY HEAT MEASUREWZNTS

BY FAST-RESPONSE BOIL-OFF CALORIMETRY

BY

J; L. Yarnell and P. J. Bendt

Los Alamos Scientific Laboratory, University of California

LOS Alamos , NFf 87545

ABSTRACT

A liquid-helium boil-off calorimeter with a 1-s time constant was used
235

to measure U fission product decay heat at times between 10 and 105 s

following a 2 ::166 :+thermal neutron irradiation. The uncertainty in the

data was “.2% (1 o) except at the shortest cooling times, where it rose to

~ 4%.



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, md, in particular, For the analysis of

the Loss-of-Coolant Accident (LOCA).

Calorimetric measurements have the advantage that 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 measurements were carried out with a cryogenic boil-off calori-

meter. In this technique, decay heat is used to evaporate a cryogen, In

our case liquid helium, and the rate at which boil-off gas is evolv~d 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

boil-cff rate. Direct calibration by means of elec~rical heating provides

a check on these calculations.

Altho~lgh the idea of boil-off calorimetry is an old one, we chose

it because it offered an opportunity to develop a calorimeter with a short

thermal time constant. By operating nearly isothermally, and by t;lking

-dvantage of the large reduction in

at the tempera:.ure of liquid helium

constant of less than one second in

radiation absorber.

the heat capacity of solids which occurs

(4 K), we were able to achieve a time

a calorimeter which contained a 52-kg

235 239PU
Samples of U and , each wciEhillg % 60 mg and encased in clad-

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

a c.onst.anttliermml–neutron flux Of 3 x 1013 n/cm2 s. ‘1’l)eywe’re Lllen trans-

ferred to the calorimeter in m 1 s, and had r(’acllcdthe t(’n]pctaLUI-C!of liquid

Ilclium after an addition 3 s. Dccily Ilcat data wrre ohl-ainrd fo]-cooling

times bctwccn 10 and 105 s. After tl~e calc]rimrtric me:l:;urci]ic~nt.s w(’rc com–

plcted, Lhe Ilumbcr of fissiuns in [he :;:]mplcswas determined r:ld’[~cllc,lnically.



Corrections to the data were made for the leakage of gamma radiation

from the calorimeter (3Z maximum) and for the initial transient (3.4% max-

ii,lulIl). The overall uncertainty (1 u) in the experimental data is estimated

to be w 2% except at the shortest cooling ti!!esp where it rises to ~ 4%

The measurements on
235

U have been completed, and Lhose on
239 -

I% are In

progress.

The experimental data for a 2 x 104 s thermal neutron irradiation of
235

lJagree Within the errors with summation calculations based on the

ENDF/B-IV 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 ex~ended data for infinite irradiation are in good agree-

ment with the summation calculation.

Both the extended experimental data and the summation calculations are

significantly (w 7%) below the current ANS Decay Heat Standard at short

cooling times. This standard, plus 20%, is currently used in reactor safety

evaluations.

A preliminary report of our decay heat measurements was presented

at the Fourth Water Reactor Safety Information Meeting in September, 1976.

A complete description of these measurements is given in The l,OSAlamos

Scientific Laboratory Report LA-NUREG-6713, July 1977 (in pub]icaLion).

T!le details of the cxprriment and its rcsulLs are inclicat(,din the

following Figures and jn the Table.
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Fig. 1. Heat capacity of c~pper as a function of the absolute temperature.

By operating the calorimeter at 4 K, the heat capacity of the 52 kg copper

.absorbcrwns minimized. The tcnlpcrature was stabilized by a liquid he]i~un

bath boiling at nearly constant pressure in a reservoir within the copper

absorber. The absorbed decny ~;eat evaporated liquid helium from the

reservoir and a hot-film anc’mnme~er-type mass f]owmcter me~sured the evolution

of the boil-off gas. The flowmeter had a t~,me constant of ~ 1 ms. The

~“~ssure drop across the flowmeter at maximum flow ( ~ 1 liter/s) was

% 1 torr. This pressure cl~angc corr(~sponds to a tt!mperature change of

“U1.7 mK in the helium reservoir. Llndcr these conditions, there ‘is a mi.m~.rnum

fitoraec? Of thermal energy i.n Lhe calnrimc~.er, and a fast rc~sponse tjm,c is

possible. The high thermal conductivity of the very pure, well–annraled

copper used for the ab.sorbcr also cnnLrjhuLcd t.o tk short time! c,onstant.
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Fig. 2. Essential features of the calorimeter. The

copper block, which absorbed > 97% of the radiation

energy emitted by the sample, was 177.8 mm in diameter,

299.5 mm high, and weighed 52.008 kg. The reserJoir in

the top of the block was 3/4 filled with liq~id helium.

Tne block was suspended in vacuum by a 10-mm-i.d.

L;~~.=’ thin-wall stainless steel tube which conducted the

—— boil-off gas to a flowmeter at room temperature. The

I
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tube was also used to insert and remove samples and to

rransfer the liquid heliur to the reservoir, A heater

In the iIGzeof the bloc? was used for calibration and

testfng. To prevent heat leak, a copper vacuum jacket,

immersed in an outer liquid helium beth, surrounded the

calorimeter block. A commercial liquid-nitrogen-

jacketed dewar contained the entire assembly. A1l

electrical leads reaching the calorimeter block

passed through the outer helium bath, which Intercepted

heat conducted along them from warmer regi~ns, The

outer helium bath wss kept 25mK above the temperature

of the helium in the i~ner reservoir to prevent the

boil-off gas from condensing on the tube wane after

it left the reservoir. The boil-off gas wa8 raised to

room temperature in a controlled manner to minimize the

effect of changes of temperature gradients along the

gas-transport tube with boil-off gas flow rate.
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Fig. 3. Calorimeter response to step changes in electrical input. Step

changes in electric heat i~lput to the calorimeter were supplied via the

electric heater 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 yleliled a value of 0.85 t 0.09 s for

~he exponential response time. Below 70 mW, the anemometer flowmeter was

no lon~,er accurate. For powers below 70 mW, the boil–off flow rat-ewas

m~asured using ~o L[lLegrating vulurnctric flow-meter and a sropwa-ch. Th iS

caused no problems, since the decay heat was changing very slwly hy the
4

time (~ 3 X 10 s) it had fal.lzn to 70 mW. The electric heater was also

used to determine an a~.:;olu:ecalibration curve for the calorimeter. The

calibration curve so obtained was in excellent agreement with one obtained

from absolute gas–flw measurements using the well-k,lown heat of vaporization

of helium. The final calibration curve used in the determination of the
235U

decay heat was a combination of the curves obtained by the tvo independent

methods. In an additional measurement, the heat leak into the copper block

v.fiscietermincd to be ~_ 20 PW under the conditions of the (~perimcnt.
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Fi~. 4. Uranium - 235 sample and the By8tem used to

transport it from the irradiation position to the

calorimeter. During irradiation, the sample waa held

between the hinged halves of an aluminum dgrt, which

was clamped todether 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 wa~ released,

then fell intc the calorimeter through a ball valve

that was opened at the c~rrect time. The sample

reached the liquid helium in the calorimeter Q 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 eample cool-down had escaped; then It was closed,

forcing the boil-cff gas to pass through the flow-

meter. During irradiation, helium gas flowed over the

sample 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 rejscted. During the calorimetric

measurements , the samples were at 4 K and all fission

producte kere solids.
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Fig. 5. Fission-product gamma spectrum (left) measured at a mean cooling time of 660 s after a

2X104S
235

U irradiation. The solid cuzve was obtained from the ENOF/B-IV data base using a

summation calculation. 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

number of fissions was estimated from an analysis of the calibration method

used and from consistency checks with other Laboratories. The initial-

transient correction consisted of (1) subtraction of the signal from an

irradiated aluminum dummy sample and (2) an analytic correction based on the

0.85 s time constant of the calor.imeLer. The total initial-transient

correction was assfg~ed an uncertainty of 50% of it:.value. The gamma escape

correction was assumed known to 15% of its value at the shortest cooling

times , and to 10% of its value for cooling times > 70 s. The flowmetcr

calibration curve uncertainty was estimated from the accuracy of the

calibration standards and from the scatter of the callbrat~on points around

the fitted calibration tune. Flow measurements for t > 60 000 s were made

using an integrat~.ng volumetric flowmeter. Its uncertainty is shown by a

separate part of the curve. Because they are uncorrelated, the total syste-

matic uncertainty, O., was taken to be the RMS SUM of the individual

systematic ~ncertainties.
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Fig. 7. Total uncertainty, a, in the

the systematic uncertainty, Uo, (Fig.

urements made on different samples at

experimental data as estimated from

6.) and the RMS scatter, S, in tl.e meas-

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 wer~ @L~ined f~r cooling times near 7000 s after the

calorimeter was refilled with liquid helium. These times are indicated by

dotted portions of the g~aph 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 statr.d uncertainties are intended to

represent one standard deviatjon of a no~mal distribution.
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Fig. 8. Experimental and calculated dt :ay heat for a 2 x 104 s Irradiation
of 235

U :,tconstant thermal-neutron flux. The calculations used the ENDF/B-IV

data base as listed and corrected hy England and Schenter in Los Alamos

Scientific Laboratory Report LA-6116-MS (ENDF-223). Neasul,,ments and

calculations fndicate that, under the conditfo s of the experiment, neutron
238 239U and

capture in fission products, fission of U, and p.-duction of
239

Np were all negible. The calorimetric measurements were normalized to the

fission rates in the samples determined by counting <ielected fission products
99 140

subsequent to the calorimetric measurements. ‘I’heisotopes Mo and Ba were
95zr 99F,0

beta-counted in chemically separated aliquots of the sample; , ,
140

Ba-La, 141Ce, and 147-!ddwere gamma-counted in an unseparated aliquot.

The fission determinate.ons were calibrated against direct fission cr)unling.
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Fig. 9. Ratio of !?xperimental to calculated decay heat for a 2 x 104 s
235

U irradiation. To emphasize the stlialldifferences in the results shown

in Fig. 8, the experimental data points have been divided by the sununation

calculation for the same cool~.ng time and the ratios have been plotted on

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

for the cxpcrimcnt and the calculation.



10~ --q-n 111 —--- ~f -i q
.

—T. --f--q .q ------ ---~

9,
\

\
.

23’U Thermal flSSlOn

k“”. in flnlle Irrodlo!lon

2[

1

Emperimenl (ex! 10 inf ,rrod 1

CINDER-10 coicu[ot, on WiIh

ENDF/ B-m data

ANS ,Iofldord(1971 , Rev 1973)

I ,! LJ!_,_J..J J.l. u.d . . , : .1 l., :.—J AA! ! LIL... : --- J —’. -

10 100 1000 10’ 105

Fig . 10. Decay heat for infinite (10
13

s) thermal-neutron irrad ia~ion of
235

U at constant fission rate without ncu.~ron capture in fission products.

The

the

The

16%

the

experimental data points have been extended to inftnite irradiation by

addition of summatioil calculations made using the ENDF/B-lV data bane.

calcula~j.unal contribution to the infjnite-irradiati on decay hc,at~ns

att=10sD51%att = 2500 c, and 95% at t = 105 s. Also shown are

summation calculation and tl~epresent ANS Decay Heat Stanclnrd for

<ilfill~te irradiation. It may be seen that the cxtcndcd cxperfmf!ntal data

are in F,ood agr~lernent ~ith the summation c.alculntion, and ;lre 7% below

the standard at short cooling times. Moreover, the uncertainly ;J:;socjnted

with these ncasurrmcnts and calculations is significantly Inwcr tl}iin that

assj.gncd to the s~andard. Tl)cANS sL:lnda~d plus 20% Is cllrr(,ll~ly[Islvlfol

the dscay l}cat source term in r~acLor salcty cv.-iluat-lrms.
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EXPt RI M~~AL A*D CALCIJLA’IED DE~Y HEAT FOR TW PRODU~S OF THERMAL FISSIOti OF
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Experimental

kcny

Heat

(Mcv/flss)
.——. .—

S.](I

7.38

6.933

6.595

6.335

6.109

S.920

5. 75B

5.614

5.481

5.35B

5.244

5.]41

5.047

4.95B

4.881

A , B06

4.734

4.667

4.544

4.426

4.3J9

4.251

4.170

4.092

4.021

3, 960
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————

4,1

3.0

2.6

2.4
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~,~,~
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4.195

4,112

4.035

3.9t14
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3,635

3.780
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?,. 355
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?.969
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1.709
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1.45s
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1.041
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1.013
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1.009
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1.016
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1. OISI
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i 019
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l.Olh
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1 010

1. (108

1 .00s
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Infinite Irradiation— .——
Exper]menlal

IJccmy Hear
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Expcr~.tnt.] ‘C’’*”

Rmtio

●nd us~ne C1NDER-10 hP/Calc
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9.6S
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8.480
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7.467
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5.971
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s .795

5.714

5.636
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4, f,16

Loll

1,012

1 .(1OQ

1 .00s

1.00:



_—.

Cooling
Time
(s)

——.—.

1100
1200
1300
1400

1500

1600

1700

1800

1900

2000

2500

3000

3500

4000

4s00

SIJOO

booo

7C’00 ‘

8000

9000

10000

15000

20000

25000

30000

62183

1 ()()()00

TABLE

(conrlr,ued)

2 x 10> Irradiation_ . ..— .———

Calculated
Experimental Decay Heat hstio

Decay Experimental using CINOER-10 Exp/Calc

Uncertainty and ENOF/B-IV Decay

(1 o in %) (~cV/fisS) Heat
—..—— _. -—..-.—.—— -

Heat
(MeV/fiss)

--

2.173

2.093

2.020

1.950

1.886

1.827

1.?73

1.721

1.671

1.627

1.431

i. 283

1.166

1.067

0,9808

0.9111

0.7998

0.719s

O 6480

0.5886

0.5401

0.3803

0.2?18

0.23s9

0.1947

0.08.2:

(1 0454

.s

.s
.5

.5

.s

.5

1.5

1.s

i.5

1.5

1.s

1.s

15

1.5

1.5

1.5

2.3

2.0

1.6

1.6

1.7

1.8

2.0

2,2

2.5

2.2

2.2

2.174

2.098

2.027

1.962

1.901

1.845

1.791

1.741

1.694

1. 6S0

1 460

1.311

1.191

1.092

1’.008

0.9.362

0.8198

rJ,7287

0.65S3

0. <948

0.s440

O. ?,778

0,2s74

0.2311

0.1923

O. (la:!:

0,0455

1.000

0.998

0.997

0 994

0.992

0.990

0.990

0.989

c). 986

0.986

0.980

0.972

0.979

0.977

0.973

0.973

9.976

0.987

0.9s9

0.990

0.993

1.m77

1.015

1.021

1.012

(1 !)8s

0.998

InfiniteIrradiation—.—-—— -— --- .— ——__
E.qrerimental

Decay Heat

Extended by

:INOER- 10

and
E.’iDF/B-Iv

;}lcV/fiss)
_______

3.696

3.614

3.539

3.467

3.401

3.340

3.284

3.229

3.177

3.131

2.925

2.768

2.641

2.533

2.458

2..56 J

2.231

2.13s

2.(149

1.97s

1.912

1.6$41

1.552

1.4s3

1.37s

1.105

0,971

Decay Heat Ratio
Experimental from CINDER-10

ExP/Ca! ;

Uncertaintya b ~~DF/B-Iv Decay

(1 0 in %) (NeV/fiss) Heat
.—_. —— ——— —-. —

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.3

1.3

1.3

1.3

1.3

1.3

1.5

1.s

1.s

iS

1.s

1.6

1.7

1.7

1.7

1.9

1.9

3.416

3.154

2.5S7

2.056

1.916

1,689

1 ,s47

0.996

0.993

0.991

0.99i

0.997

0.998

1.001

1.00s

0.96!? 1.002


