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COEFFICIENTS OF REACTIVITY - MARK VII-A
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TO: A. A. JOHNSON

INTRODUCT TOR

Tests vere performed under TA 1-620 to determine the moderator temperaturs
cosfficiant of reactiviiy, the prompt tempsrature coefficlent of reactivity and

the power coafficient of reactivity of Merk VII-A charges. This documant

gsummarizes the results of the tests and reports values of the coefficients that
are commengurate with the test data.

SUMMARY

The mederator tempsrature coefficient of reactivity is presented in Figure 2 as
a Punction of ths moderator temparature and fusl exposura.

pouer coafficient of reactivity was measured ai 46,000 M4D %o be -0.000558 %

A k/k per Md by the xenon mathod and -0.000654 % & k/k per Wi by the rod os-

cillation method. The result of the rod oscillation method agrees bettsr with

the moderator temperature coefficient. The power coefficient as determined from

the moderator temperature coefficient is plotted in Figure 3 as a function of

moderator temparaturs and exposure. The average power coefficlent of reactivity is
prasented in Figure 4 as a function of river water temperature, bulk moderator
temperature and reactor exposure. .

The
PY =)

Quelitetive analysis of the prompt coefficient test data shows that the prompt
coefPicient of reactivity is negative and consequently is not a major conaideration
in determining the degree of safety afforded by the safety circults againgt fast
pover transients. It was felt that the data were not of gufficient accuracy and
importance to warrant the necessary computer tims to make a quantitative analysis.
From the change in the resonance integral due to the Doppler broadening of the
regonance absorption peeks, the prompt fuel coefficient was calculated to be
-0.0012 ¢ & k/%/ par °C of the fuel.
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CONCLUS TONS

The value of the power cosfficient of reactivity measured by the rod oscillation
technique is in good agreement with the theoretical sxtrapolaiion of the measured
modarator temperature coafficient of rsactivity. Hovever, there st1l]l exists a
discrepancy of about 15% between the valus of the pover cosfficient as determined
by the xenon mathod and as determined by the rod oscillation method. Work that
may help resolve the discrepancy is in progress. No further expsrimantal work i
planned.

(]

The curves of the power coefficient in Figures 3 and 4 should be used in reactor
calculetions.

D SSION

A .series of four tests uera performed to determine the coefficlents of reactivity
of Mark VII-i charges. Tests wers performad &t low power (5-10 M¥) to detsrmins
the moderator temperature coefficient and to make the low power measurements of
the prompt coefficient test. Tests were perf&rmed at operating power levels to
measure the power coefficient and to make the high power measurements of the

prompt coefficiant test.

Moderator Tempsreature Cosfficient of Reactivity

The moderator temparatura coefficient was measured by heating the moderator while

mod ﬁtaiﬁing eriticald t‘&g with calibrated control rods, Tha moderator uas haatad
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from 11,4 to 34.9°C in incremsnts of 3 or 4°C by throttling the cooling water
flow to the heat exchangers. Gang I full control rods were used to maintain
eriticality, and the control rods wsre calibrated after every increment by rod
oscillation techniques.

The rod configurations, number of control rods oscillated, reactivity worth of the
ogscillated rods, aversge moderator tempsrature, and the rsactivity worth of xenon
in the reactor are pressnted in Table I for each increment of the tgst. The
reactivity worth of Geng I control rod withdrawal is pressnted in Figure 1 as a
function of the moderator tamperaturs. Figure 1 has been corrected for the changs
in the reactivity worth of xsnon during the test, azsuming a power level of 7.5 MW.
The measured values of the moderator tempsrature coefficiant ars presented in

Figure 2 as a2 function of moderator temperature. The valuses were determined by

measuring the siope of the curve in Pigurs 1 for saeveral temperatures and sub-

tracting -0,0012 % 4 k/k/°C from the measured value to correct for fuel heating
effacts (Doppler broadening). The mathod of extrapolation of the measured data
is ziven in Appsndix A. ’

Pouwsr Coesfficient of Reactivity

The power coafficient wes measured at a reactor exposure of 46,000 MdD by reducing
pousr approximately 100 Md from full power using calibrated Gang I full rods. The
louer power level was meintained by withdrewal of Gang I full rods until the rods
wors withdrawn to their original configuration. The pouer coefficient then was
computed by two methods: :
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1} Ths calculated xmnon transient durfing the test was divided by the power decrease
. %o determine ths coafficiont by the xemon transient method.

2) The reactivity worth of the imserted Gang T control rods as detormined by the
rod oseillation techniqua was divided by the pouer decrease to determine the
coofficient by the rod oseillation mathod. This valuc had to bo adjusted to
correct for the xenon transiant that occurred from the instant tho power ra=-
duction was started until the lowar pouwer level was stebalized and mainteined
by Gang I full control reds.

The injtial rod configuration of Gangs I, II, end III are presented in Table II.
The differential resctivity worth of the Gang I control rods, as dotermined by the
oscillation techniques, is pressnted in Table III along with rod configurations.

Power was decressed from 2125 MJ to 2059 M4 in 4.5 minutes by the imserition of

Gang I full rods from 420 veeder units to 490 veeder uniis. Powsr then uwas allowad
to drift Yo 2008 MY during the next 12 minutes with no compansating motion of
control rods. However, the control rods were calibrated and an axial £lux msasure-
ment vas obtained during this 12 mimute period. Reactor power then wss maintained
at 2008 M4 during the next 20.5 minutes, during which time the Gang I full control
rods were withdrawn to their original configuration and the test was terminated.

The power cosfficlent was determinaed to bo ~0.000558 ¢ A k/k/M4% by xsnon and
-0.000654 % & 1t/k/Mi by rod oscillation. The rod oscillation vwelue was used in
this report bocause the moderator cosfficient test uwes psrformod also by rod os-
cillation technigues.

. The moderator tempsrature coefficient and the power cosfficient may be compared

in the followlng manner. The moderator temperaturs .was £5°C and the river watar
temporature vas approximately 100C, so there would bs approximately a 28.3 My
change in powsr for a 1°C change in moderator tamparature. The moderator coefficient
of reactivity is equal to the power coafficient multiplied by 28.3 MI/°Cpoq, minus
the fuel cosffiefent (-0.0012 % & &/k/°C pyo1) multipliad by 3°C fusl/Cnod. . Thus,
the value of the moderator cosfficient as detsrmined from the power coefficiont at
839C would be -.0149 % 4 &/k/°C, which is in good agroement with the calculated
curves (see triangular point in Figure 2). .

The powor cosfficient of reactivity as a funetion of modesrator temperature and

fuel exposurs is presented in Figure 3. The curves wera gensrated by dividing the
~ moderator coefficionts presented in Pigure 3 by 28.3 Mi/°C and adding -0.000128

% Ak/k to each value to include the affect of fuel temperature changas

(-0.0012 % & ¥/&/OC pya1 * 94 MiH/OCeue; = -0.000128 § Alk/k/MH).

# Calculated by the method discribed in DPSP 59-1260, R. L. Sandors, Parametars
For Xenon Calculation, July 29, 1959, Secreat.

4 Calculations show that there is approximately a 3°C fuel tomperature rise for
each 19C modarator temparature rise.
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The average power cosfficient is presented in Figure 4 as a function of fusl
expOsurep rivor water temperaturap srd bulk mederator temperaturs, The curvas
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numbsr of curves that would be nscessary. The corrsct bulk modarator temparature
vith vhich to enter the curvas may be determinod by dividing the powsr leval by

28,3 44/°C and adding to this the river water temparaturs, The curves wers generated
by averaging the pover coefficients praesented inm Figure 3 over the full range of
indicated temperature.

Prompt Temperaturs Coefficient of Reactivity

=

Tha pnnmn-l' conPfisiont teat wag narformad in tuo nn‘r"i’q the 1nwu powar taat fﬁ-lOMu\
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and the full powsr test (1800 MMS The tests conaisted of a series of truncated
triangular oscillationsof Gang I full control rods. The rods wers oscillated
using all permutations of 1, 2, 3 and 4 second drive times and 0.5, 1.0, 1.5, 2.0,
3.1; 4.3, 5.5, and 7.1 second wait times. The purpose of the low power phase of
the test was to obtain flux rasponse data thai was not afiecied by temperaturs
changes. Then any differences between the high power test data and the low power
test data could be attributed to reactivity changes resultant from tempsrature
changes in the moderator, fusl, or componsnis of the rsactor.

The results of the prompt cosfficient test era presented in Figure 3. HNormelly,

the prompt coafficient and the kinetic moderator cosfficient are determined
quantitatively with an IBM-650 code. The code is designed to simulate pile kinetics
and has a provision for the inclusion of three temparature coefficlents wvwith their

pacaniated thawmal wasmavas Fimaas "Phn nm??ﬂn%mn‘l’a ﬂnr‘ theadew Ppognonae +-|mma fhﬂn
A Y W Aol e WAL WALGHS Ml & ﬁﬂyvuﬂo it O LA B - B

ars adjusted until the best fit is obtained to the exparimantal data,

It wes decided, however, not to do the numsricel evaluation of the prompt cosfficient.
The oscillations in rsactor power wers rather small, thus limiting the accuracy

with which the flux changes could bs deiermined. The analysis was not done because
of 1) the limited accuracy, 2) the fact that ths qualitative conclusions given

baloy wers sufficient to demonstrate the safety of the Mark VII-A fusl and 3) the
largs amount of computer tims that the analysis takas,

Qualitative conclusions that may be drawn from the results of the test are as
follous:

1) The prompt cosfficient is negative

n Ml Lrdenmbd o P PNt oY P8 et R - o T ot e tem et [ R S T
¥, 106 RAlGuit MOGSTaAWor COgiiiCidny i3 &BMB&VW” WeaK &OG U&UU ﬂbbllg vay

‘ compared to the resulis of the Mark VI and Mark VI J coefficisnts)
3) Flux transients rssultant from a given reactivity changs will be lsss severs
at full pouwer than at lower or zero pouwer levels.

Based on measurements of ths Doppler brouadening of the resonance intsgral the fuel
coefficient of reactivity is calculatad for a Mark VII-A charge to bs -0.0012 %
6 %/k/oC fuel.

There is no further experimentation planned for the determination of Mark VII-A
reactivity cosfficients.
L. W. FOX

«» L. Ernst
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Sequence
| JIpitial 1 | 2 3 b 5 £
Rod Configuration (vw.u
Gang I full rods 1753 1666 1567 1313 1230 1332 1407
Gang II full rods 1317 1317 1317 1317 1317 1317 1317
Gang III full rods 1317 1317 1317 1317 1317 1317 1317
Gang I hall rods 0853 0853 0853 0853 0853 0853 0853
Gang IT helf rods 0853 0853 0853 0853 0853 0853 0853
Gang III half rods “0763 0763 0763 0763 0763 0763 0763
Mumber of Gang I rods
oscillated 19 19 19 18% 18% ig# 18
Worth of Geng I rods
: % & k/k/v.u.) .000332 1.000388 |[,000439 |.000825 ].000855 |.000815 |.000456
. Average moderator '
tamparature {°C) 1.4 15.0 18.8 30.1 34.9 27.1 23.9
Worth of Xenon
% ak/k) 0392 <0445 0522 -0604, 0631 0673 0695
Tims 0228 0332 0510 0655 0732 0832 0903
% One rod faulted midway through the test.
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Gang 1 I1 111
Full rods (v.u.) 0420 0270 0216
Half rods (v.u.) 0882 0802 0707
Number of half rods 19 24 30
Alloy conceniration of

half rods (ufo) 1.5 1.5 1.5 (6 slug)

TABLE TIX
RO - QEFFIG TES
Gang I configuration (v.u.) ‘ 0420 | 0456 I .0490
6 Reactivity worth (%4 k,/k,/v,u.}l .000673 I 000645 l .000605
o
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APPENDIX A
CALCULATION OF THE MDDERATOR COEFFICIENT

Msasurements of the modsrator temparature coafficient vere made at zero exposure
and coverasd only the rangs of 10 to 35°C. To extend the msasurements to higher
1e

tempsratures and exposures caleunletions based on the following expression were used.
}

A e W Lad P S i WA ValWRLlln TapaTeosY =R

dke od (27 o
/kaﬁ-'?f dT an”-

in whieh kg is t the effective multiplication constant; 2 is the thermal yepro-

duction factor, £ 1is the thermal utilization, 2 1s the moderator d@nsity, T
is the moderator temperature and A is taken to be a constant. The value of A
reelly dspands on the moderator density, but, sinece the moderator density wvariss by
only three parcent over tha range of temperatura of interest, 1% can be considered
consiant.

The two terms are discusssed belou:

A d(nf)
nf dT

This term is indapendent of changes in moderator demsity but is depsndent on fuel
exposure., The contribution of this term to the coefficient was calculated as
follows: :

The basic equations are:

Y <o Vhs 25,0 _+ Yas 2;""" - ke

{1) ns- - Za &L

and

{2) Za = Ze_.ﬂ .}Z“*:f - asq ¥ 2-“;” + Z‘*L,‘ + Z;Ke + Z-q%ia"

The cross sections involved were handled by converting the thermal cross sections
listed in BNL~325 %o Westcoti’s "sigma in-vee" cross sections (& ). The value

of 1?" isg the 2200 m/nm- oroes saction for on eouivalant ']/\‘r-'lm.: anhaetenes which

NPALAE s ¥ e ua M ERAAWAE LT bl A

would give the saume raaction rate as doss the actual substancea Or
ST = o (kT §(k7)v177-°. L

in which & (kT) is the cross seciion at the tempsrature T , £(kT) is a factor to
describe the mon-l/v nature of the cross ssction and YA, is a factor rglating
o {kT) of a 1/v absorber to U™2200; the #ross section at 2 neutron velocity
of 2200 m/sec. That is,

T (kT) V T 2200

Thus é\'(kT) = U100 f(kT)
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The temperaturs variation of & 15 inciuded only in £ (kT). The &  cross
sections wvere used in calculating the valuss of the mdcroscopic cross sections

().
Differentiating squation {1) and dividing by n¥ gives the first term of the

coafficient or
e f od &a ol Z J Za
A(2%) . Z o Vs :g"ﬁ V-mzﬁg ria + ZuVhs --Ji- -Vhs Zﬁg il

From squation (1)

. Vs &syq * Vs isas
. oL or K

and from equation (2) 4

-y Jzauo,
ik - -—J“‘” T’

The derivative of & for tha 1/v abgorbers: Li, Al and D,0 is equal to zero.
Then the expressiow for the first term of the cosfficient becomss

69) _ (e 550 v Lne) - o5(Fes » L0 20

‘V"“ Zf:n + Mg Z;:s'

(3) :,-‘r;-

Since all of the "2 " terms now are fusl comnstitusnts, it is not nscessary to
flux wveight or volume waight the "Z " valucs to evaluate the abovs equation.

To evaluate equation (3} the following values were used:

x .
= =2 _ 1,05 =

1% = &t garomn © %

Via = 291

V;s = 2047

Cross sectiona and their rates of change with tompsroture ars given in the table
belou:
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CROSS_SECTIONS* (T
d73, dZ de T
Neutron ol T 4y _.._‘J zf__-a_s Byg ——kdT Ta
Temperature % 9 s d T A7 a7 , d -ﬁ
O %itt barns barns barns/°C | barns/°C | barns/°C | barns
120 938 555.8 0.865 -0.096 1.580 -0.121 -
150 966 553.1 0.961 -0.090 1.742 -0.109 -
180 996 550.5 1.054 -0.084 1.894 -0.099 -

# Values vera taken from C. H. Wastcott, Effaective Crogs Section Values for HWell d
Thermal Rsactor Spscira CRRD~680 THNCC {CAN (1957}

#% Thage neutron temperatures correspond toc moderator temparatures of 20°C, 50°C, and £0°C.
The additional 100°C was added to compensate for neutron spsctrum hardening in the
fuel.

T The effect of xenon on the coefficient was disregarded as negligibla. The valua of
d 2oy, /dT at pouer is effectivaly zero, although it doss become significant at lower
temperatures. Power cosfficicnt measurements made at lowsr power lsvels would have to
. be corrected for o Za, /47 to be compatible with values presented in Figure 3.

The depsndsnce of the atomie concentration of the materials on reector exposure is
ag follows: :

Atoms/ce of Fuel

Exposurs (MD) Pu39? g235 Xed35
0 0 3.475 x 1020 3.44 x 1013
30,000 1,525 x 1019 3.245 x 1020
60,000 3.279 x 1019 3,024 x 1020
90,000 4.856 x 1019 2.822 x 1020
120,000 6.217 x 1019 2,642 x 1020

The results of the caleulations are tabulated belows
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Valuog of 9F A7
Exposure (M:D) Noutron Spactrum Tomperature (Voderator Temperature ¢ 100°¢)
120°C 150°C 180°C
-0.677 x 1074 -0.667 x 1074 -0.657 x 1074
30,000 -0.419 x 1074 -0.390 x 10~% -0.344 x 1074
60,000 -0.126 x 10~4 -0.087 x 10~% -0.012 x 1074
90,000 +0.085 x 10~4 20,167 x 1074 +0.264 x 10™%
120,000 #0.275 x 1074 +0.375 x 10~4 +0.490 x 1074
il. é ﬁ’y
This term hes the follouing form
(o2 Gkoge = 1 ok o
kopf IT )n 04 Tore = .gif —=
20 density s SR\ /2 of

4025 L 2p _ B2z, 2| 4P
(v 7% -0 2 )

The various terms in the expression can ba wridtlcn as

;'-"' %—g = constant
-f;;' g/—;—' = constant/ /g%
%—-3:- = constant/ /93
)
oL* - >
§.__- constant/ o
P

Thus

A = conatant » Sopatant mconsmjani

A
-
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Over iho temparature range of interest, 10°-90°C, the D,0 density, @  varies
only from 1.106 to 1,072 grams per ce. Therefora, an approximation of sufficient
accuracy for this vwork would allow ,© to bs considered constant so that & is
also constant. Thus o

("'EL’"" Sgﬁﬁ ) = A ffﬁs,
ff dT  D,0 denslty ar

The constant A was evalueted by determining %;‘ and matching the calculated value
of the modsrator coefficient at 35°C with the maasured value of the coefficient.

The resultant value of A is 0.194. A tabulation of the density depandent portion
of the coefficient is presented belou:
VALIT A
Temperature {°C) do /ar a B

15 -0.000039 -0.076 z 1074
20 -0,000114 -0.221 x 10-4
25 -0.000191 -0.370 x 10~4
30 -0.000264, ~0.511 x 10~%
35 -0.000329 -0.639 x 10~4
L0 -0.000384 -0.745 x 10~4
50 =0.000474 -0,920 x 10~4
€0 -0.000551 -3..070 x 10~4
70 -0,000617 ~1.198 x 10~4
g0 ~0.,000676 <1.312 x 10~%
90 - «0.000731 -1.420 x 10~4

The two terms in the moderator temporature coefficiont were combined to give the
famlly of curves of Figure 2.
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