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General Solution of the Reactor Kinetic Equations®
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University of California, Los Alamos Scientific Laboratory, Los Alamoes, New Mexico
Received August 22, 1960

The reactor kinetic equations are reduced to an integral form convenient for explicit numerical
solution, involving no approximations beyond the usual space-independent assumption. Numerical
evaluation is performed by the RTS (Reactor Transient Solution) code, written in FORTRAN
II for the IBM-704 computer. The characteristic roots and residues which arise in this method of
solution have been computed and are tabulated in detail for each of the main fissile species. Ana-
Iytic or point-function reactivity variation may be introduced, together with constant or time-
varying reactivity compensation, and the resulting power response, total energy release, and
compensated reactivity computed precisely as functions of time. The code solves the general non-
equilibrium kinetics problem with extraneous sources, the customary equilibrium solution being
a special case of the general solution. Practical use of the method is demonstrated through com-
puted response curves for representative reactivity-addition functions in various types of chain-

reacting systems.

GENERAL SOLUTION OF THE REACTOR
KINETIC EQUATIONS

The general equations describing the time be-
havior of a chain reacting system are stated rigor-
ously in terms of neutron transport theory. The
usual reduction of the time-dependent transport
equations to the more tractable one- velocity-group
space-independent form (/-3) involves the intro-
duction of an effective delayed- neutron fraction,
¥8, and an effective prompt neutron generation time,
A. Both of these quantities are dependent on indi-
vidual reactor geometry and, strictly speaking, both
are functions of time, although the latter dependence
can usually be ignored.

In the space-average approximation, the reactor
kinetic equations may be written

dn(t) _ k(O(1 —98) — 1 )
dt A . (1)
+ 2 A GO + 780

dC(0) _ Bik() /(z‘) n(f) —

dt
where
n{t) = neutron density at time £ .
k(1) neutron reproduction number for ﬁmto
geometry at time ! :

)\iC,'(l) 1= 1,2 -6 (1b)

* Work perfm'm(\d under the auspices of the UL S, Afomie
Fnergy Commission.

prompt neutron generation time for
finite geometry (2).
i = decay constant (reciprocal meanlife,
771 of the ¢th delayed neutron group.
C;() = density of Zth delayed-neutron-group
preeursor at time ¢,
B: = ¢th group fraction of total neutrons
from fission.
8 = 2_:B; = total delayed neutron fraction.
~; = effectiveness (in producing fission) of
7th group delayed neutrons compared to
prompt neutrons.
¥ ﬁ“z,-'y,ﬁ,' = average delayed neutron
‘ effectivencss.
v.5(1) = effective contribution from extrancous
sources at time {.
Integrating Eq. (1a)

B . /3:‘ ' ~A(t=t") g st Ny
Ci)y = & f_xc () dt

o
1

and substituting into (1a) yields .
(In(t) /'([)(1 - 38 -1
4‘\
(2)
f ORRIL LB Ol e+ .80

1=1

In principle, 2. (2) could be solved numerically
for 2n(t) given the time dependence of £(¢) together
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Taking
1 Het
(4) for

direct])
thus fo

where ¢



with appropriate initial conditions on n, &, S, and
the ;. However the appearanee of prompt neutron
generation time, A, as a factor in Eq. (2) imposes a
severe limitation on the maximum time inerement
permissible in the computation, especially for “fast”
systems where A ~ 107 see. An enormous number
of points would have to be caleulated, requiring
prohibitively long computing time for all but the
simplest case of constant & (step function response)
for which straightforward analytieal  solutions
already exist. In the present development we shall
simplify Eq. (2), keeping &(¢) arbitrary, and reduce
it to a form convenient for numerical analysis.

We introduce 6k(t) = k(¢) — | and assign the
initial conditions: n(0) = necutron density at t = 0

and (;(0) = precursor densities at { = Q for { =
1,2, -+ 6. Then Eq. (‘)) can he rewritten

1= :{n(l)

"8 sk(tynlt) = n(t)

] t
-2 ———Y'ﬁ'h'f M) dbY

vl

Z‘,“’ ‘3 Ai f e 51 () dt!

fmal

e for
& - Z )‘ ‘Y:(M(O)e—k f— 'YNS(t)
anlife, & =

Integrating the third term on the right-hand side by

oup.
\-group parts and combining similar terms
— 78 dn(t)

wutrons T sk(t)n(t) = ~r
getion. Z v:B: j‘ ri=y dn(t ) dar’
.\O'ﬂ.) Of_ =1 d (3)
ared 10

Z 7'3 Lt f TNk () dt

fum]
neutron .

+ T B a0) - ne] - 750

raneous =l A

) Taking the Laplacg transform, £, of Eq. (3),! we

¢ 1 Here we employ standard Laplace transform methods
. {4) for solving Eq. (3). The integral terms in Eq. (3) are

thus for the first integral term:

A ;YJE’ ~Ai(t—t') d_n_(Q 4
: [Z A /‘; € o dt
£ [Z R e.-w] 2 [d—";i” ] |

6
vibi
g-:i Als + \)

i

(sLlr@®)] — n(o)

Fhere 5 iy the transform variable.

. direetly transformed by the convolution (Faltung) theorem;
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have

(1+ e[z ]) s (etuor - 20
’ A 3
_ (l - 38 + e [Z 'Y_“i;)\_‘(»—x"]> LIk n(t))

A
o (;3_:_»\(_02 -\ (.:'.-(0>>]

+ £y, 8] (4)

Applying the inverse Laplacian, £7 to Eq. (4)
{again utilizing the econvolution transformation)
and solving for n(¢),

! -\ 8 /OJ NGk dt’

.

- £[Z yie

n(t) = n(0) +

+ f e H ) d
0

+'£ [%S(t) - ; yie *"'C% n(0) — N('f(‘))ﬂ

e7aE) d’ (5)
with ’

Iﬂ

G(s) = s7'(1 + & [2 yiBia™e)
H(s) = G(s)(e [ viBidid™ e‘*“J)

In order to evaluate the inverse transforms of
G(s) and H(s) we attempt expansions in partial
fractions

lH

G(s)=(s+x‘2“’ﬁ‘ ) Zs—s (6)

s+ A\

Z yiBihds +A)™
H(s) = —= Z - (6a)

sA + s Z: NiBils + 20 o

Expansions (6) and (6a) are possible in the present
case since (1) the number of roots, S;, is finite (it
turns out §; = S;*forj = 0,1, --- 6) and (2) all
poles are simple (i.e., no essential singularities
exist). Numerical values of the parameters B;,
R;, and S; have been obtained with the IBM 704
digital computer® for various values of the prompt
neutron generation time A, for each of the three
main fissionable species, U™, Pu™, and U™, The

2 In the computation G(s) is first expressed as a ratio of
two polynomials: G(s) = P(s)/Q(s). Then B; = P(S;)/
Q'(S;) where the S; are the seven roots of Q(s) = 0. The
same procedure is used to obtain E;. Roots of Q(s) =
were extracted by LASL code 8-871, a general polynomial
solver subroutine; B; and K; were evaluated using the RTR
code, written specifically for this problem.
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most recent delayed neutron data (3, 6) were used
in these calculations and we have taken v; = 5 =
unity.) Computed values of S;, B;, and 4; =
[(1 — B)/A}B; + R; are tabulated in Tables I-11I],
which were lithographed directly from the IBM 704
print-out, format. By definition, the S; and 4; have
units of reciprocal seconds, while the B; are dimen-
stonless.

Having obtained the roots and coefficients of Eq.
(6), the inverse transforms of G(s) and H(s)
(evaluated at time ¢ — ¢') are obtained directly
through term by term inversion of Egs. (6) and

(6a); thus
6
£7NG(D] Tl [Z ; W] - Z Bjcsi(t—t')
DS — 8 =
8
- LSit=n
[Zé L]~ S

Recalling that S; = §8;* identically and 4; =
[(1 — B)/AB; + R;, Eq. (3) reduces to

n(t) = n(0)

L7H )] |-

+ Z Aj f M ”ak(z’)n(t’) dt’ + 2,(t)

Feth

with Qu(¢) defined as

2 = [ [%S(t') + 300 CA0) = A8 (0)
e N ] Z B, 0 g

j=0

Equation (7) represents a general solution of the
reactor kinetic eguations for arbitrary 8k(1), in a
form readily adaptable to numerical solution by
high-speed digital computers. The quantity Qu(¢),
can be caleulated for specified values of #(0), C;(0),
and v.8(?), together with appropriate values of S;
and B; from Tables I-III. Nonequilibrium kineties

solutions (i.e., for Qu(¢) = 0) have been obtained for
several representative problems. In most cases it
may be assumed that y; = ¥ = unity, and that
extraneous source contributions are negligible. For
the most common case of equilibrium (delayed
critical operation prior to ¢t = 0), C;(0) = 0, and

1(0) = 1. Under these conditions, Eq. (1a) reduces

3 Taking y; = ¥ = unity is required for the purpose of
generalization, and sheuld be applicable in most practieal
cases. In specific instances where individual y; and/or §
are known, and are appreeiably different from unity, the
appropriate constants 8;, A, and B may be computed
(for given A) using the RTR code and S-871 subroutine,

4 A very low flux levels, as in reactor startup, the source
perturbation on kinetie behavior ean be appreciable (7).
However, many reactor control problems are coneerned
with power levels at which source perturbation is negligible,
and the source-free form of Iq. (7) may he safely assumed.

nition of excess reactivity, 8b =
correspond to the roots of the inhour equation at & = ko

to

Bi n(0)
A

and Qy(¢) vanishes for the source-free case.

It may be noted that 4;, S;, and B; in Tables
I-III are given to five figures while individua]
delayed neutron parameters (5, 6) are ouly accurate
to within a few per cent. As explained in reference
4, the errors indicated for individual delayed neutvon
parameters were evaluated as part of the iterative-
least-squares fit computation. In so far as reactor
kinetic behavior is concerned, these errors are
effectively an order of magnitude smaller, as demon-
strated by the comparison of six-group inhour rela-
tions with their corresponding Laplace-transformed
period-reactivity relations (8).

It is noteworthy that in Eq. (7) [and its numerical

counterpart, Eq. (7a), below] we have formal
separation of the time dependent 8k({)n(¢) product
from the characteristic parameters 4;, B;, and
S;, which may be considered universal constants of
a particular fissile species.” This may be contrasted
with the analogous roots of the simple inhour equa-
tion which are directly dependent on & (6). In the
numerical solution of Eq. (7), neutron density is
given explicitly as a function of time, no iteration
being required as is the case with many numerical
methods for solution of the reactor kinetie equations.
For many kinetics problems this simplification
represents a considerable saving in computing time,
and in general operational convenience.

The explicit numerical solution of Eq. (7) for
neutron density, ., , in the mth time interval may
be written

m—1
n(0) + Z 4,5 S e sk g b+ Qu,
Ny B St 61=n
- A él\fm l -
1 f;" 1; ] (7a)

where &, the integration time interval, is restricted
to values less than

[:Z 1 6/.,,,] _1\/5/‘.m

F=h

in order to obtain finite », . Recursion relations

® In the most general interpretation,-S; are actually the
seven roots (stuble plus six transient periods) of the inhour
equation for any arbitrary value of &, which must by defi-
nition be a constant; i.e., sk = 0. If we generalize the defi-
k — ko, the §; would then

(ef., plot of inhour-equation roots versus L in Fig. 2, refer-

enee 6. Following customary praetice, we have taken ke
equal to unity; the S, are then simply the seven roots of
the inhour equation at delayed eritiend (ks = 1),

= \; CH0) i=12...4
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TABLE T-A
Cuaracreristic Roors, S;, vor [

m

P

stricted g

in(t) has been coded in FORTRAN II, and is

A =S - -3 -5 -5 -S4 -5 -5
1.-08 0.0000 60 1.5052—-02 7.0099—-02 1.0852-01 1.2404 00 3.7801 00 6.3000 05
2. —~08 0.0000 00 1.5052—-02 7.0999-02 1.9852-01 1.2404 00 3. 7801 00 3.2500 05
3.—-08 0.0000 00 1.5052-02 7.0099 —-02 1.9852-01 1.2404 00 37801 00 2.1666 05
4. —08 0.0000 00 1.5052~-02 7.0000 ~02 1.9852-01 1.2404 00 3.7801 00 1.6250 05
5.—08 0.0000 00 1.5052-02 7.0090—-02 1.9852—-01 1.2404 00 3.7801 (30 1.3000 05
G.—08 0.0000 00 1.5052-02 7.0009—-02 1.9852—-01 1.2404 (0 3.7801 00 1.0833 05
7.—08 0.0000 00 1.5052—-02 7.0099-02 1.9852-01 1.2404 00 3.7801 00 0.2857 04
8. —08 0.0000 60 1.5052—~02 7.0090—-02 1.9852-01 1.2404 00 3.7801 00 8.1250 04
9. -08 0.0000 00 1.5052—02 7.0099-02 1.9852-01 1.2404 00 3.7801 00 7.2232 04
1.-07 (.0000 00 1.5052~02 7.0099—-02 1.9852-01 1.2404 00 3.7801 00 6. 5000 04
2, =07 0.0000 00 1.50532—02 7.0000—-02 1. 9852 -0t 1.2404 00 3.7801 00 3.2500 04
3. =07 0.0000 00 1.5052-02 7.0999—02 1.9852—-01 1.2404 00 3.7801 00 21667 04
4. —-07 0.0000 00 1.5052—-02 7.0090-02 1.9852-01 1.2404 00 3.7801 00 1.6250 04
5.-07 0.0000 00 1.5052-02 7.0999-02 1.0852-01 1.2404 00 3.7801 00 1.3000 04
6. =07 0.0000 00 1.5052-02 7.0009-02 1.9852-01 1.2404 00 3.7801 00 1.0833 04
7.—07 0.0000 00 1.5052-02 7.0099-02 1.9852-01 1.2404 00 3.75800 00 9.2861 03
8. =07 0.0000 00 1.5052-02 7.0999-02 1.9852~01 1.2404 00 3.7800 00 8.125¢ 03
9. —-07 0.0000 00 1.5052-02 7.0999—-02 1.9852-01 1.2404 00 3.7800 00 7.22246 03
1.—=06 0.0000 00 L.5052—02 - 7.0009-02 1.9852-01 1.2404 00 3.7800 00 6.5004 (03
2,06 0.0000 00 1.5052-02 7.0008—02 1.9851 01 1.2403 00 3.7800 00 3.2504 03
3. =06 0.0000 00 1.5052-02 7.0097—02 1.9851-01 1.2403 00 3.7799 00 21671 03
4. —06 0.0000 00 1.5052—-02 7.0007 =02 1.9851-01 1.2403 00 3.7799 00 1.6254 03
5.-06 0.0000 00 1.5052-02 7.0096-02 1.9851-01 1.2403 00 3.7708 00 1.3004 03
G.~006 0.0000 00 1.5052-02 7.0996—02 1.9851-01 1.2402 00 3.7798 00 1.0837 03
7.-06 0.0000 00 1.5052~02 7.0995-02 1.9850-01 1.2402 00 3.7798 00 9.2900 02
8. —-06 0.0000 00 1.5052--02 7.0094—=02 1.9850-01 1.2402 00 3.7797 00 8.1293 02
9. —06 0.0000 00 1.5052—-02 7.0994+—02 1.9850—01 1.2402 00 3.7797 00 7.2265 02
.05 ~ 0.0000 00 1.5052-02 7.0993-02 1.9850—-01 1.2401 00 3.7796 00 6.5043 02
2.-05 0.0000 00 1.5052—-02 7.0087-02 1.9847 01 1.2399 00 3.7701 00 3.2543 02
3.-05 0.0000 00 1.5052-02 7.0981—-02 1.9845-01 1.2396 00 3.7787 00 2.1710 02
4. -05 0.0000 00 1.5052—-02 7.0975—02 1.9843-01 1.2393 00 3.9782 00 1.6293 02
5.—05 0.0000 00 1.5051-02 7.0969-02 1.9841-01 1.2391 00 3.7777 00 1.3043 02
6. —-05 0.0000 00 1.5051-02 7.0063—-02 1.9838-01 1.2388 00 3.7772 00 1.0877 02
7.-05 0.0000 00 1.5051-02 7.0057—-02 1.9836-01 1.2385 00 3.7767 00 9.3297 01
8.~05 0.0000 00 1.5051-02 7.0951-02 1.9834~01 1.2383 Q0 3.79762 00 8.1691 01
9.-05 0.0000 00 1.5051-02 7.0945-02 1.9831-01 1.2380 00 3.7757 00 7.2664 01
1.-04 0.0000 00 1.5050—-02 7.0939—02 1.9829~-01 1.2377 00 3.7752 00 6.5443 01
2. ~04 0.0000 00 1.5048-02 7.0878—-02 1.9807~01 1.2350 00 3.7697 00 3.2051 01
3.—-04 0.0000 00 1.5046—02 7.0817—02 1.9784-01 1.2321 00 3.7637 00 2.2127 01
4, —04 0.0000 00 1.5044—02 7.0757-02 1.9761-01 1.2292 00 3.7568 00 1.6720 01
5.—-04 0.0000 00 1.5042-02 7.0696— 1.9739-—-01 1.2262 00 3.7491 00 1.3481 01
6.—-04 0.0000 00 1.5040-02 7.0636—02 1.9716-01 1.2231 Q0 3.7403 00 1.1327 01
7.—-04 0.0000 00 1.5038-02 7.0575~02 1.9694—-01 1.2199 00 3.7302 00 9.7932 00
S.—04 - 0.0000 00 1.5036—-02 7.0515—-02 1.9671-01 ©1.2167 00° 3.7186 00 8.6477 00
9. -04 0.0000 00 1.5034—-02 7.0454—-02 1.9649—-01 1.2133 00 3.7050 00 7.7622 00
1.-03 0.0000 00 1.5032-02 7.0394-02 1.9626-01 1.2099 00 3.6801 00 7.0596 00

* Universal constants, S;, in Eq. (7), calculated using U2 delayed neutron data of reference 6. Parameter A is prompé
Reutron lifetime. Floating decimal notation: 1.2345 03 = 1234.5; 5.—08 = 5 X 10-%, ete All roots are negative: note that

~8; values are tabulated.

have been developed which greatly reduce the designated the RTS (Reactor Transient Solumon)
Number of numerical operations formally indicated code; cf., Appendix A.

9 Lq. (7a). The general numerical solution for The mdlcated summation over [ in Eq. (7a)
[corresponding to integration over ¢’ in Eq. (7)] may
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TABLE I-B
CHARACTERISTIC COEFFICIENTS, ;, FOR [

A Ao .-11 Az A;‘ A, A,r, As
1.—-08 1.2063 01 1.3349 00 8.5532 00 1.1402 01~ 2.1302 01 1.2305 01 9.9349 07
2. —-08 1.2063 01 1.3349 00 8.5532 00 1.1402 01 2.1302 01 1.2305 01 4.9674 07
3. 08 1.2063 01 1.3349 00 8.5332 00 1.1402 01 2.1302 01 1.2305 01 3.3116 07
4. -08 1.2063 01 1.3349 00 8.5532 00 1.1402-01 2.1302 01 1.2306 01 2.4837 07
5.—08 1.20063 01 1.3349 00 8.5532 00 1.1402 01 2.1302 01 1.2306 01 1.9869 07
G.—08 1.2063 01 1.3349 00 8.5532 00 1.1402 01 2.1302 01 1.2306 01 1.G6558 07
7.—08 1.2063 01 1.3349 00 8.5532 00 1.1402 01 2.1302 01 1.2306 01 1.4192 o7
§.—08 .1.2063 01 1.3349 00 8.5332 00 1.1502 01 2.1302 01 1.2306 01 1.2418 07
0.-08 1.2063 01 1.3349 00 8.5532 00 1.1402-01 2.1302 01 1.2306 01 1.1038 07
1.-07 1.2063 01 1.3349 00 8.5532 00 1.1402 01 2.1303 01 1.2306 01 9.9349 (6.
2.—07 ©1.2063 01 1.3349 00 8.5532 00 1.1402 01 2.1303 01 1.2308 01 4.9674 06
3.-07 1.2063 01 1.3349 00 8.5532 00 1.1402 01 S 2.1304 01 1.2309 01 3.3115 06
4. 07 1.2063 01 1.3349 00 8.5532 00 1.1402 01 2.1304 01 1.2310 01 2.4836 06
5.—07 1.2063 01 1.3348 00 8.5532 00 1.1402 01 2.1305 01 1.2311 01 1.9869 06
G.—07 1.2063 01 1.3348 00 8.5532 00 1.1402 01 2.1306 01 1.2313 01 1.6557 06
7.=07 1.2063 01 1.3348 00 8.5532 00 1.1402 01 2.1306 01 1.2314 01 1.4192 06
8. —07 1.2063 01 1.3348 00 8.5532 00 1.1402 01 2.1307 01 1.2315 01 1.2418 06
9, 07 1.2063 01 1.3348 00 8.5532 00 S1.1402 01 2.1308 01 1.2316 01 1.1038 06
1.-06 1.2063 01 . 1.3348 00 8.5532 00 1.1402 01 2.1308 01 1.2318 01 9.9343 05
2.—-06 1.2063 01 1.3348 00 8.5532 00 1.1402 01 2.1315 01 1.2330 01 4.96G8 05
3.—06 1.2063 01 1.3348 00 8.5532 00 1.1402 01 2.1321 01 1.2343 01 3.3109 05
4. —~06 1.2062 01 1.3348 00 8.5532 00 1.1402 01 2.1327 01 1.2355 01 2.4830 05
5.—~00 1.2062 01 1.3348 00 8.5532 00 1.1402 01 2,133+ 01 1.2368 01 1.98G3 05
6. —06 1.2062 01 1.3347 00 8.5532 00 1.1402 01 2.1340 01 1.2380 01 1.6551 05
7.—06 1.2062 01 1.3347 00 8.5633 00 1.1402 01 2.1347 01 1.2393 01 1.4186 05
§. -6 1.2002 01 1.3347 00 8.5533 00 1.1402 04 2.1353 01 1.2406 01 1.2412 05
9. —06 1.2062 01 1.3347 00 8.5533 00 1.1402 03 2.1359 01 1.2418 01 1.1032 05
1.-05 1.2062 01 1.3347 00 - 8.5533 00 1.1402 01 2.1366 01 1.2431 Ot 09.9282 04
2.-05 1.2060 01 1.3345 00 8.5534 00 1.1403 01 2.1430 01 1.2359 01 4.9607 04
3.-05 1.20560 01 1.3343 00 8.5535 00 1.1404 01 2.1404 01 1.2688 01 3.3049 04
4,05 1.2057 01 1.3341 00 8.5537 00 1.1404 01 2.1559 01 1.2820 01 2.476G9 04
5.-05 1.2056 01 1.3330 00 | 8.5538 00 1.1405 01 2.1623 01 1.2054 01 1.9802 04
G.—03 1.2054 01 1.3338 00 8.5539 00 1.1405 01 2.1688 01 1.3089 01 1.6490 04
7.-05 1.2053 01 1.3336 00 8.5540 00 1.1406 01 2.1754 01 1.3227 01 1.4124 04
R.—05 1.2051 01 - 1.3334 00 8.5541 00 1.1406 01 2.1819 01 1.3367 01 1.2350 04
9. —05 1.2050 01 1.3332 00 8.5542 (0 1.1407 01 2.1885 01 1.3509 01 1.0970 04
1.—-04 1.2049 01 1.3330 00 8.5544 00 1.1408 01 2.1951 01 1.3633 01 9.8660 03
2.—-04 1.2034 ™1 1.3312 00 8.5555 00 1.1413 01 2.2623 01 1.5228 01 4.8063 03
3.~ 1.2020 01 1.3204 0 8.5565 00 1.1418 01 2.3321 01 1.7080 01 . 3.2379 03
4,04 1.2005 01 1.3275 00 8.5574 00 1.1423 01 2.4043 01 1.9276 01 2.4071 03
5.—-04 1.1991 01 1.3257 00 §.5582 00 1.1428 01 2.4792 01 2.1900 01 1.49070 03
B6.—04 1.1976 01 1.3239 00 8.5580 00 1.1432 01 2.5568 01 2.5062 01 1.5719 03
7.~04 1.1962 01 1.3221 00 8.5595 00 1.1436 01 2.6371 01 2.800u 01 1.3307 03
§.—04 1.1948 01 1.3203 00 8.5601 00 1.1440 01 2.7203 01 3.3632 01 1.1477 03
9. —(4 1.1933 01 1.3185 (0 8.5605 00 1.143 01 2.8063 01 3.9481 01 1.0030 03
1.—-03 1.1919 01 1.3167 00 8.5608 00 1.1446 01 2.8052 01 4.6785 01 8.8451 02

e Universal constants, A, in Eq. (7), ealeulated using U delayed neutron data of reference 6. Parameter A is prompt
netron lifetime. Floating decimal notation: 1,2345 03 = 1234.5; 5.—08 = 5 X 10~¥, otc.

be evaluated using either the trapezoidal rule or  expression over the appropriate time interval(s) is

Simpson’s rule for numerical
implicit assumption that
aceurately represented by a linear (or quadratic)

integration,
the integrand can bhe

The

clearly valid as long as h is kept sufficiently small.
Subjeet {o this imitation, however, it is desirable to
keep b reasonably large to reduce the number of
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SOLUTION OF REACTOR KINETIC EQUATIONS (375

TABLE [-C

Cuaraernmistic Convretenes, B8;, vor Une
A ,}o Bl E I;_l 7 B~; B‘ BJ Bﬂ
77 1.-08 1.2063—-07 1.3349-08 8.5532-08 1. 140207 2.1302-07 1.2305—-07 0.9999 - 01
s 2,08 2.4127-07 2.6698—08 CL7106-07 2280407 +.2604—-07 2. 461107 9.9999-01
a7 3.-08 3.6190-07 +.0047 - 08 2.5659 =07 3.4206-07 6.3907 =07 3.6917-07 9.9999-01
7 4. ~08 +4.8254—07 5.3396~08 3421207 +4.5608-07 8.5210-07 4,9224—-07 4.9999 =01
7 5. 08 6.0317 07 6.6745—08 4.2766 07 5. 7011 =07 1.0651 06 6.1531 07 9.9999 -01
07 G.~-08 7.2381 =07 8.0094—-08 5.1319-07 6.8413-07 1.2781-06, 7.3837 =07 0.9999-01
07 7.-08 8. 4407 9.34H43-08 5.0872-07 7.0815~07 1.4911 =06 8.6144 =07 9.9999-01
07 ' 8.—-08 9.6508—-07 1.0679—07 G.8425—-07 0.1217 =07 1.7042-006 9.8452~07 9.9999—01
o7 0.-08 1.0857—06 1.2014~07 7.6978-07 1.0261 00 1.9172-06 1.1076-06 9.9999—01
L)) 1.-07 1.20063--06 1.3340 =07 8.5532-07 1.1402-06 2. 1303—06 1.2306-06 9.9999-01
0% 2.-07 2412706 2.6698-07  1.7106-06  2.2804—06  4£.2607-06  2.4616-06  9.9998—01
06 3.-07 3.6190—-006 4. 0047 -07 2.5659 ~06 3.4206—-006 6.3912—-06 3.6927 006 9.9997 —01
06 4. -07 +4.8253-006 5.3306-07 3.4212-06 4.5608—-06 8.5219-06 +4.9242—-06 9.9997 -0t
06 - 5.—-07 6.0317 =006 6.6744 =07 4.2766—06 5.7011-06 1.0652-05 6.1559-00 9.9996—-01
06 6. -07 7.2380-006 8.0093—-07 5.1319-06 6.8413—-06 1.2783-05 7.3878-06 0.9995—01
Q6 7.-07 S 444t =00 Q. 3442-07 5.9872—-00 7.9815—-06 1.4914-05 8.6200—-06 9.9095-01 ;
06 8. —07 9.6507 —06 1.0679—06 6.8425-06 0.1218-06. 1.7045-05 0.8524—006 9.9994—01
06 9. 07 1.0857 —05 1.2014-06 7.6979—06 1.0262-05 1.0177-05 1.1085-05 9.9993-01
03 1.-06 1.2063-05  1.3348-06 8.5532-00 1.1402-05 2.1308-05 1.2318~05 9.9993-01
03 2. —06 2,4126-05 2.6697-006 1.7106—05 2,2804—-03 +4.2630—-05 2.4661—-05  9.9986—-01
05 3.—-06 3.6180—05 4.0045—-06 2.5659—05 3420705 6.3004—05 3.7029-05 9.9979—-01
5 4. —06 4.8251-05 5.3393-06 3.4213-05 4.5609-05 8.5311-05 4.0423~05 9.9973-01
05 5.-06 6.0314-05 G.6740-00 4.2766—05 5.7012-05 1.0667 =04 6.1842-05 9.9966—-01
05 6. —06 7.2376~-05 - 8.0087—06 5.1319-05 6.8415-05 1.2804 -0 7.4280-05 9.9959—-01
v 05 7.-06 8.-4H437 05 9.3434—-00 5.9873—-05 7.9818-05 1.4943-04 8.6756—~05 9.9953-01
205 N 8.—06 9.6499-05 1.0678-05 6.8426-05 9.1221-03 1.7082~04 9.9251-05 9.9946-01
105 - 9.-06 1.0856 -0+ 1.2012-~-05 7.6979-05 1.0262-04 1.9224-04 1.1177-04 9.9939-01
104 ki 1.-05 1.2062—04 1.3347-05 8.5333-05 1.1402-04 2.1366 04 1.2431-04 9.9932-01
© 04 2.-05 2.4121~04 2.6690-05 1.7106—04 2.2806—~04 +.286G1 -0+ 2.5120-04 9.9865-01
)y 0% 3.—-05 3.6177 04 4.0030~05 2.5660—04 3.4212-04 6.4485-04 3.8070-04 9.9797-01
) 04 4.-05 4.8230—-04 5.3367-05 3.4214-04 4.5618—-04 8.6240—-04 5.1280-04 9.9720-01
304 5.~05 6.0281—-04 6.6699—05 4.2769—04 5.7026—04 1.0812—-03 6.4783-04 9.9660-01
)0t 6. 05 7.2328-04 8.0028—05 5.1323-04 6.8435—-04 1.301+-03 7.8557 —04 9.9591—-01
104 7.-05 8.4373-04 9.3353-05 5.9878 04 7.9845—04 1.5220-03 9.2618-04 9.9521-01
9 04 8. 05 9.6415—04 1.0667 —04 6.8433 -04 9.1257-04 1.7457—-03 1.0697 -03 9.9451-01
004 9.-05 1.0845—03 1.1999-04 7.6989—04 -1.0266—03 1.9698—03 1.2162-03 9.9381-01
003 1.-04 1.2049~03 1.3330—-04 8.5544—04 1.1408-03 2.1953—-03 1.3659—03 9.9310-01
3 03 2.—04 2.4063-03 2.6624—04 1.7111-03 2.2828-03 4.5258—-03 3.0480-03 9.8575-01
9 03 3.-04 3.6060—03 3.0882—-04 2.5670—03 3.4258-03 6.9989—03 5.1300-~-03 9.7787-01
103 4.-04 4.8022—-03 5.3103—04 3.4230—03 4.5699-03 9.6222—-03 7.7221-03 9.6932-01
0 03 5. —04 5.9956—-03 6.6288—-04 4.2792-03 5.7147-03 1.2404-02 1.0970-02 9.5097-01
19 03 6.—04 7.1861~-03 7.9437-04 5.1356—-03 6.8604—03 1.5352—02 1.5071-02 9.4959—-01
7 03 7.—-04 8.3737—-03 9.2550—04 5.9920~03 8.0067 —03 1.8476—~02 2.0289—02 9.3793-01
77 03 8. -04 9.5585—-03 1.0562—-03 6.8484~03 9.1536—03 2.1783-02 2.6986—02 9.2461-01
30 03 9.—-04 1.0740-02 1.1866—03 7.7049—-03 1.0300—-02 2.5284—-02 3.5652-02 9.0913-01
31 02 1.-03 1.1919-02 1.3167-03 8.5614—03 1.1448—02 2.8987-02 4.6959—02 8.9080—01
-
prompt * Universal constants, Bj, in Eq. 7, calculated using U delayed neutron data of reference 6. Parameter A is prompt i
Reutron lifetime. Floating decimal notation: 1.2345 03 = 1234.5; 5. — 08 = 5 X 1073, ete.
al(s) ¥ " tomputed points, minimize possible round-off error, automatically as dictated by functional behavior of

- ete. For some problems a single integration interval the problem. Thus ideally the time scale is expanded
(k) can be used over the entire time range of inter- or contracted to provide near-optimum time inter-
est. In general, however, it is desirable to vary h  vals for local 6k(¢) and n(t) variation. In the RTS

rable t0g8
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670 KEEPIN AND COX
TABLE II-A
CHARACTERISTIC Roors, S;, For Py
RS —Sp -8 -5 -5y —S. —S55 -5
1.—-08 0.0000 00 1.4789—02 8.4405—-02 2.3738—01 1.1437 00 3.1098 00 2.1000 05
2.-08 0.0000 00 1.4789—02 8.4405—02 2.3738-01 1.1437 00 3.1098 00 1.0500 05
3.-08 0.0000 00 1.4789-02 8.4405—02 2.3738—-01 1.1437 00 3.1098 00 7.0000 04
4.-08 0.0000 00 1.4789~02 8.4404—02 2.3737-01 1.1437 00 3.1098 00 5.2500 04
5.-08 0.0000 00 1.4789—02 8.4404—02 2.3737-01 1.1437 00 3.1098 00 4.2000 04
6.—08 0.0000 00 1.4789—-02 8.4404—02 2.3737—-01 1.1437 00 3.1098 00 3.5000 04
7.—08 0.0000 00 1.4780—-02 8. 4404 —-02 2.3737-01 1.1437 00 3.1098 00 3.0000 04
8. —08 0.0000 00 1.4789-02 §.4404—02 2.3737-01 1.1437 00 3.1098 00 2.6250 04
9. —08 0.0000 00 1.4789~02 8. 404-02 2.3737-01 1.1437 00 3.1098 00 2.3333 04
1.~07 (.0000 00 1.4780-02 8. 440402 2.3737-01 1.1437 00 3.1098 00 2.1000 04
2.-07 0.0000 00 1.4780—-02 8.4404—02 2.3737-01  © 1.1437 00 3.1098 00 1.0500 04,
3.-07 0.0000 00 1.4780—02  8.4404—02 2.3737-01 1.1437 00 3.1098- 00 7.0003 03
4.-07 0.0000 60 1.4789-02 8. 4404 —02 2.3737-01 1.1437 00 3.1098 (0 5.2503 03
5. =07 0.0000 00 1.4780—-02 8.4403-02 2373701 1.1436 00 3.1097 00 4.2003 03
6. —07 .0000 00 1.4789-—-02 8.4403—-02 2.3737-01 1.1436 00 3.1097 00 3.5003 03
7.—-07 0.0000 00 1.4780-02 8.4403—02 2.3737-01 1.1436 00 3.1097 00 3.0003 03
8. 07 0.0000 00 1.4789-02 8.4403—-02 2.3737-01 1.1436 00 '3.1007 00 2.6253 03
9. 07 0.0000 00 1.4789-02 §.4402—02 2.3737-01 1.1436 00 3.1097 00 2.3337 03
1.-06 0.0000 00 1.4789-02 8.4402-02 2.3737-01 1.1436 00 31097 00 2.1003 03
2. -06 0. 0000 00 1.4789-02 8. 4400-02 2.3736~01 1.1436 00 3.1095 00 1.0503 03
3.—06 0.0000 00 1.4789-02 8.4397-02 2.3735-0 1.1435 00 3.1004 00 7.0038 Q2
4. =06 0.0000 00 1.478!)-f()2 8.4395-02 2.3735-01 1.1435 00 3.1093 00 5.2538 02
5.=06 0.0000 00 1.4789-02 8.4303—-02 2.3734-01 1.1434 00 3.1001 00 4.2038 02
6. =006 0.06000 00 1.4789—-02 8.4390-02 2.3733-01 1.1433 00 3. 1000 00 3.5039 02
7.—-06 0.0000 00 1.4789-02 8.4388—-02 2.3732-01 1.1433 00 3.1089 00 3.0039 02
8. 06 0.0000 00 1.4789~-02 8.4385-02 2,3732-01 1.1432 (0 3.1087 00 2.6289 02
9. —06 0.0000 00 1.4789-02 §.4383-02 2.3731-01 1.1432 00 3. 1086 00 2.38372 02
1.~05 0.0000 00 1.4780—-02 8.4381-02 2.3730-01 1.1431 00 3.1085 00 2.1039 02
2. 05 0.0000 00 1.4788—02 8.4357—02 2.3723-01 1.1426 00 3.1071 00 1.0539 02
3.-05 0.0000 00 1.4788-02 §.4333~02 2.3716-01 1.1420 00 3.1057 00 7.0394 01
4. 05 0.0000 00 1.4787—02 8.4300~02 2.3708-01 1.1414 0O 3.1043 00 5.2847 01
5.-05 0.0000 00 1.4787~02 8.4285~-02 2.3701-01 1.1408 00 3.1028 00 4.23099 M1
6. —05 0.0000 00 1.4787=02 8.4261—02 2.3694—01 1.1403 00 3.1013 00 3.5401 01
7.-05 0.0000 00 1.4786—-02 8.4237-02 2.3686—01 1.1397 00 3.0097 00 3.0403 O
8.—05 0.0000 00 1.4786G~02 §.4213-02 2.3679-01 1.1301.00 3.0081 00 2.6655 01
9.—05 0.0000 00 1.4785-02 8.4190-02 2.3672—-01 1.1385 00 3.0065 00 2.3741 01
1.-04 0.0000 00 1.4785-02 8. 4166 —-02 2.3664—-01 1.1379 00 3.0048 00 2.1410 01
2.—-04 0.0000 00 1.4781-02 8.3027 02 2.3591-01 1.1316 00 3.0748 00 1.0937 01
3.—-04 0.0000 00 1.4777-02 8.3688—02 2.3517~01 1.1247 00 3.0472 00 7.4733 00
4.-04 0.0000 00 1.4773-02 8.3450-02 2.3443-01 1.1173 00 3.0076 00 5.7714 00
5. —04 (.0000 00 1.4769-02 8.3211-02 2.3369—01 1.1001 00 2.0485 00 4.7896 00
6.—04 0.0000 00 1.4765-02 8.2073—-02 2.3204—01 1.1001 00 2.8598 00 4.1883 00
7.—04 0.0000 00 1.4761-02 §.2736-02 2.3220-01 © 1.0904 00 2.7344 00 3.8244 00
8. —04 0.0000 00 1.4757-02 8.24908—02 2.3145-01 1.0708 00 2.5810 00 3.6143 00
0. —(4 0.0000 00 1.4753-02 8.2261-02 2.3070-01 1.0682 00 2.4213 00 3.4950 10
1.-03 0.0000 00 1.4749-02 8.2024—-02 2.2095—-01 1.0557 00 2.2721 00 3.4243 00

¢ Universal constants, S;, in Eq. (7) caleulated using Pu2® delayed neutron data of reference 6. Parnmeter A s prompt

neutron lifetime. Floating decimal notation: 1.2345 03 =
—S8; values are tabuwlated.

code we have taken én/n (relative change in n per
integration interval, A) as an indicator to dietate
changes in A. The integration interval remains un-
changed when Fy < 1énsn | < Fo, (fiducials ) and

1234.5; 5. =08 = 5 X 107, ete. All rools are negative: note that

I’y specified in input) and is appropriately increased
or decreased by a specified factor when | én/n | is
outside this range. The testing sequence actually
used in the code is given in Appendix AL
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SOLUTION OF REACTOR KINETIC EQUATIONS 6¥7

TABLE T1-B
Coanacrertstic Cokrrretents, 1, ror Py

A xlu A[ N ;l~_- : A;, .‘14 zl:, .‘lg

)

1.-08 3.2516 01 7487 00 2.8312 01 3.0828 0L 4.8465 (1 +4.2201 01 9.9789 07

2.-08 3.2516 01 2.7487 00 2.8312 0L 3.0828 01 4.8465 01 4.,2202 01 4.9804 07
3.-08 3.2516 01 2.7487 00 2.8312 0t 3.0828 01 +.8465 01 4.,2203 01 3.3263 07
4. =08 3.2516 01 2.7487 00 2.8312 01 3.0828 01 4.8466 01 4.2204 01 24047 07
5.—08 3.2516 0t 2.7487 00 2.8312 01 3.0828 01 +.8466 01 4.2205 0L 1.9957 07
6. 08 3.2516 01 2.7487 (0 2.8312 01 3.0828 01 +.8467 01 4.2206 01 1.6631 07
7.—-08 3.2516 Ot 2.7487 (0 2.8312 ot 3.0828 0L +.8467 0L 4.2208 0L 1.4255 07
8.-08 3.2516 01 2.7487 00 2.8313 01 3.0828 01 4.846G8 01 4.2200 01 1.2473 07
9.—08 3.2516 01 2.7487 00 2.8313 0t 3.0828 01 4.8468 0t 4.2300 01 1.1087 07
1.—-07 3.2516-01 2.7487 00 2.8313 01 3.0828 01 +.8468 01 4.2301 01 9.9788 06
2.-07 3.2516 01 2.7487 00 2.8313. 01 3.0828 01 4.8473 01 4.2312 01 +.0893 06
3.-07 3.2516 01 2. 7487 00 2.8313 0 3.0829 01 48477 0L 4.2322 1 3.3261 06
4. —07 3.2516 01 2.7487 00 2.8313 ot 3.0829 01 4.8481 01 4.2333 0L 2,445 06
5.—07 3.2516 01 2.7487 00 2.8313 01 3.0829 01 4.8485 01 4.2344 0L 1.9956 06
6.—07 3.2516 01 2.7487 00 2.8313 0L 3.0829 01 4.8490 01 4.2355- 01 1.6629 06
7.=07 3.2515 01 2.7487 00 2.8313 0t 3.0830 01 4.8494 01 4.2366 01 1.4253 06
8. —07 3.2515 01 2.7487 00 2.8313 01 3.0830 01 4.8498 01 4.2377 01 1.2471 06
9.—-07 -3.2515 01 2.7487 00 2.8313 01 3.0830 01 4.8503 01 4.2388 01 1.1085 06
1.-06 3.2515 01 2.7486 00 2.8313 01 3.0830 01 4.8507 0L 4.2399 01 9.9771 03
2. -006 3.2514 01 2.7485 00 2.8314 01 3.0832 01 4.8549 01 4.2508 0L 4.9876 05 -
3.—06 3.2513 01 2.7485 00 2.8315 01 3.0834 01 4.8592 01 4.2617 0L 3.3244 05
+. =006 3.2512 0! 2.7484 00 2.8315 oL 3.0836 01 4.8635 01 4.2727 01 2.4928 05
5. 06 3.2511 0L 2.7483 00 2.8316 0L 3.0839 0L 4.8678 01 4.2838 01 1.9939 05
6. —06 3.2510 01 2.7482 00 2.8317 Gl 3.0841 01 4.8721 01 4.2049 01 1.6613 05
7.—006 3.2509 01 2.7481 00 2.8317 o1 3.0843 01 4.8764 01 4.3060 01 1.4237 05
8.—006 3.2508 01 2.7480 60 2.8318 01 . 3.0845 01 4.8807 01 4.3172 01 1.2455 05
9.~06 3.2507 01 2.7479 00 2.8319 01 3.0847 01 4.8850 01 4.3284 01 1.1069 05
1.—-05 3.2506 01 2.7478 00 2.8319 01 3.0849 01 4.8803 01 - 4.3396-01 9.9603 04
2.-05 3.2495 01 2.7468 00 2.8326 01 3.0870 01 4.9326 01 4.4544 0L 4.9706 04
3.-05 3.2485 01 2.7458 00 2.8333 0L 3.0891 01 4,9764 01 4.5737 01 3.3073. 04
4.—-05 3.2474 01 2.7448 00 2.8340 01 3.0912 01 5.0208 01 4.6976 01 2.4755 04
5.—05 3.2463 01 2.7438 00 2.8347 01 3.0033 01 5.0656 01 4.8264 01 1.9764 04
6.—05 3.2453 01 2.7428 00 2.8353 01 3.0954 01 5.1109 01 4.9603 01 1.6436 04
7.~-05 3.2442 01 2.7418 00 2.8360 01 3.0974 01 5.1568 01 5.0996 01 1.4058 04
8.-05 3.2432 01 2.7409 00 2.8367 01 3.0995 01 5.2032 01 5.2446 01 1.2274 04
9.—-05 3.2421 01 2.7399 00 2.8373 01 3.1016 01 5.2500 01 5.3955 01 1.0886 04
1.-04 3.2411 01 2.7389 00 2.8380 01 3.1036 01 5.2975 01 5.5526 01 9.7759 03
2.—-04 3.2306 01 2.7291 00 2.8444 01 3.1237 01 5.8022 01 7.5522 01 4.7612 03
3.-04 3.2202 01 2.7193 00 2.8505 01 3.1431 01 6.3667 01 1.0707 02 3.0607 03
4.—-04 3.2099 01 2.7096 00 2.8563 01 3.1618 01 6.9968 01 1.5878 02 2.1710 03
5.—04 3.1996 01 2.7000 00 2.8618 01 3.1797 01 7.6980 01 2.4410 02 1.5796 03
6. —04 3.1894 01 2.6903 00 2.8670 01 3.1967 01 8.4746 01 3.7295 02 1.1102 03
7.-04 3.1793 01 2.6808 00 2.8718 01 3.2130 01 9.3289 01 5.1992 02 7.1703 02
8. —04 3.1692 01 2.6712 00 2.8764 01 3.2284 01 1.0259 02 6.1951 02 4.2984 02
9.-04 3.1592 01 2.6617 00 - 2.8805 01 3.2429 01 1.1261 02 6.4434 02 2.5632 02
1.-03 3.1492 01 2.6523 00 2.8844 01 3.2565 01 1.2323 02 6.1896 02 1.6013 02

* Universal constants, 4;, in Eq. (7), calculated using Pu??® delayed neutron data of reference 6. Parameter A is prompt
Neutron lifetime. Floating decimal notation: 1.2345 03 = 1234.5; 5.~08 = 5 X 1073, ete.

Representative solutions of Eq. (7) computed by librium for assumed values of the prompt neutron
t}fe RTS code are plotted in Figs. 1 through 4. generation time, A = 107" and 107 sec.
Figure 1 shows the n(t) response to linear time Figure 2 shows n(t) response for the elementary

iVariution of reactivity (8k = at) from initial equi- case of constant k; i.e., step change of reactivity
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TABLE II-C
CHARACTERISTIC COEFFICIENTS, B, FOR Pu?¥e

Ba ) Bq Bs Bﬁ

BY By B, B,
1.—-08 3.2516—-07 2.7487—-08 2.8312—-01 3.0828--07 4.8465—07 4.2201-07 9.9999—01
2.—-08 6.5033—07 5.4975—08 5.6625—07 G.1657 —07 9.6930—-07 8.4585—-07 9.9999-01
3.-08 9.7550—-07 8.24(3—08 8.4938—-07 9.2485--07 1.4539—06 1.2688—06 9.9999—01
4.-08 1.3006—-06 1.0995—07 1.1325-06 1.2331-06 1.9386—0G 1.6917-06 9.9999—01
5.—08 1.6258—-06 1.3743-07 1.4156—06 1.5414—-06 2.4233-06 2.1147-06 9.9999--01
6.—08 1.9509—006 1.6492—-07 1.6987—-06 . 1.8497—06 2.9080—06 2.5378—06 9.9998-01
7.-08 2.2761 ~00 1.9241-07 1.9819—06° =~ 2.1580-—06 3.3927—-06 2.9608-06 9.9998-01
8. -08 2.6013—-06 2.1990-07 2.2650—06 2.4662—06 3.8774—06 3.3839-06 9.9908—-01
9.-08 2.9204—00 2.4739-07 2.5481-06 2.7745-06 4.3621-06 3.8070-06 9.9998--01
1.-07 3.2516—=006 2.7487-07 2.8313—006 3.0828-006 4.84068—06 4.2301-06 9.9998—-01
2.-07 6.5033-06 5.4975—-07 5.6626—-00 6.1657 06 9.6946—06 8.4(G24—06 9.9996—-01
3.—-07 9.7549—-0G 8.2463—-07 8.4939—-06 9.2487—06 1.4543—-05 ~ 1.2696-05 9.9994-01
4.—07 1.3006—05 1.0995—06 1.1325—-05 1.2331-05 1.9392—-05 1.6933—-05 9.9992-01
5. 07 1.G258—-05 1.3743-006 1.4156—05 1.5414-05 2.4243—-05 2.1172-05 9.9990-01
6. —-07 1.9509-05 1.6492—-006 1.6988—05 1.8407-05 2.9094—05 2.5413-05 9.9988—01
7.=-07 2.2761~05 1.9241-06 1.9819-05 2.1581-05 3.3946-05 2.9656—05 9.9987 —-01
8§.—07 2.6012—-05 2.1989—-06 2.2650-05 2.4664—-05 3.8799-05 3.3001-05 9.9985—-01
9.-07 2.9264—05 2.4738—-06 2.5482—05 2.7747-05 4.3652—-05 3.8140-05 -9.9983-01
1.-06 3.2515—05 2.7486~06 2.8313-05 3.0830—-05 4.8507—-05 4.2300—05 9.9981-01
2. 00 6.5020—05 5.4971-006 3.6028~05 6.1665—05 9.7100—-05 8.5017—05 9.9962-01
3.—006 9.7540~05 8.2455—00 8.4945-05 9.2504—05 1.4577—-04 1.2785—-04 9.9944 -01
4.—06 1.3004 04 1.0993-05 1.1326—-04 1.2334—-04 1.9454—04 1.7091-04 9.0925-01
5.—-06 1.6255~04 1.3741-05 1.4158~04 1.5419-04 2.4339—04 2, 1419-04 9.9907-01
G.—06 1.9506~04 1.6489—05 1.6990—~04 1.8504—04 -2.0232~04 2.5769—04 9.9888—-01
7.=06 2.275G—~04 1.9236-05 1.9822—-04 2.1500-04 3.4135~04 3.0142—-04 9.98G9—01
8. —06 2.6006—04 2.1984—05 2.2654 ~04 2.4676~04 3.9046~04 3.4538-04 9.9850—-01
9. 006 2.0256~04 2.4731-05 2.5487 04 2.7762-04 4.3065—04 3.80506 04 0.0832-01
1.-05 3.2596—04 2.7478-05 2.8310—04 3.0849-04 4.8803—-04 4.3397—-04 9.9813-01
2.-05 (G.49901 ~04 5.4936—05 5.6653 ~04 G 1741 =04 9.8655—04 8.9005—04 9.9623-01
3. —05 9.7455~04 8.2375-05 8.5000~04 9.2675—04 1.4920-03 1.3722—-03 9.9430-01
4.-05 1.2080—03 1.0979~-04 1.1336—-03 1.2305-03 2.0084-03 1.8793-03 9.9233—-01
5.—-05 1.6G231-03 1.3719—-04 1.4173-03 1.546G6—-03 2.5329—03 2.4136—-03 9.9032-01
6. —05 1.0472-03 1.6457—04 1.7012—03 1.8572—-03 3.0667—-03 2.0767—03 9.8828-01
7.-05 2.2710-03 1.9193—-04 1.9852~03 2.1682-03 3.6100-03 3.5705-03 9.8620—-01
8.—05 2.5045~03 2.1927 -04 2.2693~03 2.4796—-03 4.1629—-03 4.1067 -03 0.8407 01
9.—05 2.0179-03 2.4659—04 2.5336~03 2.7015-03 4.7255—03 4.8573—-03 9.8190-01
1.-04 3.2411-03 2.73890—-04 2.8380—03 3.1037—-03 5.2081-03 5.5544—03 9.7969—01
2. -4 6.4613-03 5.4583 -04 5.0890—-03 (6.2478—03 1.1607—-02 1.5113--02 9.5433-01
3.—-04 0.6607-03 " 8.1581 —04 8.5520—03 9.4302-03 1.9106-02 3.2150-02 - 9.2028-01
4.-04 1.2830—02 1.0838-—-03 1.1425-02 1.2048-02 2.7999-02 (.3580 - 02 8.7041 01
5. —-04 1.5008~02 1.3500—03 1.4309-02 1.5900-02 3.8511-02 1.2223—-01 7.9169—=01
6. —04 1.9136—-02 1.6142—-03 1.7203-02 1.9183-02 5.0881 -02. 2.2415-01 6.6782~01
7.—-04 2.2255-02 1.8765—03 2.0104-02 2.2494-02 (.5352—-02 3.0464~01 5.0327-01
8. —04 2.5353~02 2.1370—-03 2.3012-02 2.5832-02 8.2149-02 4.9663—-01 3.4487-01
9, —04 2,8432~02 2.3956—~03 2.5027-02 2.9192~02 1.0145-01 5.8117-01 2.3142—-01
1.-03 3.1492-02 2.6523—-03 2.8847 02 3.2573-02 1.2336—-01 (.2037-01 1.6068—01

e Universal constants B;, in Kq. (7), ealeulated using Pu delaved neutron data of reference 6. Parameter A is prompt
neatron lifetime. Floating decimal notation: 1.2345 03 = 1234.5: 5. 08 = 5 X 1075, ote.
; )

8la from initial equilibrium in U™, Pu™, and U
svstems, For 8ky £ 8, response charaeteristies are
clearly dominated by delayed neutron eharactoris-
ties whereas for 8k 3> g, trunsient response hecomes

essentially independent of fissile speeies. Another

family of solutions of Lq. (7) is given in Iig. 3 for

gquadratic time variation of reactivity in U™ sys-
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! SOLUTION OF REACTOR KINETIC EQUATIONS 679
TABLE IIf-A
Cuaracreristic Roors, S;, ror U
A —So =3 —Sg —S.t ""54 —55 _Sﬂ

| 1.-08 0.0000 00 - 1.6940-02 8.5142—02 2.2562-01 1.1863 00 3.0645 00 2.7000 05
; 2.-08 0.0000 00 1.6940-02 8.5142—-02 2.2562~01 1.1863 00 3.0645 00 1.3500 05
| 3.—08 0.0000 00 1.6940—-02 8.5142—02 2.2562~01 1.1863 00 3.0645 00 9.0000 04
| 4. -08 0.0000 00 1.6940-02 8.5141-02 2.2562~01 1.1863 00 3.0645 00 6.7500 04
| 5.—08 0.0000 00 1.6940-02 8.5141-02 2.2562-01 1.1863 00 3.0645 00 5.4000 04
| 6.—08 0.0000 00 1.6940-02 8.5141—-02 2.25(32—~01 1.1863 00 3.0645 00 4.5000 04
| 7.—-08 0.0000 00 1.6940—-02 8.5141-02 2.2562~01 1.1863 00 3.0645 00 3.8571 04
{ 8.-08 0.0000 00 1.6940-02 8.5141-02 2.2562-01 1.186G3. 00 3.0645 00 3.3750 04
{ 09.—-08 0.0000 00 1.6940—-02 8.5141-02 2.2562-01 1.1863 00 3.0645 00 3.0000 04
1 1.-07 0.0000 00 1.6940-02 8.5141—02 2.2562-01 1.1863 00 3.0645 00 2.7000 04
1 2.-07 0.0000 00 - 1.6940-02 8.5141—-02 2.25(2-01 1.1863 00 3.0645 00 1.3500 04
i 3.-07 0.0000 00 1.6940-02 8.5141—-02 2.2562-01 1.1863 00 3.0645 00 9.0003 03
1 4. 07 0.0000 00 1.6940—-02 8.5141-02 2.2561-01 1.1863 00 3.0645 00 6.7503 03
I 5.-07 0.0000 00 1.6940-02 8.5141-02 2.2561-01 1.1863 00 3.0645 00 5.4003 03
0 6. 07 0.0000 00 1.6940-02 8.5141—-02 2.25i1 —-01 1.1863 00 3.0645 00 4.5003 03
' 7.-07 0.0000 00 1.6940~-02 8.5140-02 2.2561-01 1.1863 00 3.0644 00 3.8574 03
" 8. -07 0.0000 00 1.6940-02 8.5140-02 2.2561-01 1.1863 00 3.0644 00 3.3753 03
i 9. =07 0.0000 00 1.6940~-02 8.5140-02 2.2561-01 1.1863 00 3.00644 00 3.0003 03
M 1.-06 0.0000 00 1.6040—-02 8.5140—-02 2.2561--01 1.1863 00 3.0644 00 2.7003 03
. 2. -06 0.0000 00 1.6940-02 8.5138—-02 2.2561-01 1.1862 00 3.0644 00 1.3503 03
" 3.-06 0.0000 00 1.6940-02 8.5137-02 2.2560-01 1.1862 0 3.0643 00 9.0030 02
i 1. =06 0.0000 00 1.6939—-02 8.5135—-02 2.2560—01 1.1862 00 3.0642 00 6.7530 02
n 5.—=006 0.0000 00 1.6939-02 8.5134-02 2.2560~01 1.1861 00 3.0642 00 5.4030 02
Nn 6.—08 0.0000 00 1.6939-02 8.5132-02 2.2559-01 1.1861 00 3.00641 00 4.5030 02
0 7.-06 0.0000 00 1.6939-02 8.5130-02 2.2559-01 1.1861 00 3.0640 00 3.8601 02
0 8.-06 0.0000 00 1.6939—-02 8.51290—02 2.2558-01 1.1860 00 3.0640 00 3.3780 02
o 9.-06 0.0000 00 1.6939—-02 8.5127-02 2.2558 01 1.1860 00 3.0639 00 3.0030 02
" 1.-05 0.0000 00 1.6939-02 8.5126—-02 2.2557-01 1.1860 00 3.0638 00 2.7030 02
ot 2.-05 0.0000 00 1.64938-02 8.5110-02 2.2553-01 1.1856 00 3.0631 00 1.3530 02
o1 3.—05 0.0000 00 1.6938—02 8.5094—02 2.2549~01 1.1853 00 3.0624 00 9.0303 01
01 4.—-05 0.0000 00 1.6937-02 8.5078-02 2.2545-01 1.1850 00 3.0617 00 6.7804 01
ol 5.-05 0.0000 00 1.6936-02 8.5062—02 2.2541-01 1.1846 00 3.0609 00 5.4305 01
ol 6.—05 0.0000 00 1.6936—02 8.5046—02 2,2537~01 1.1843 00 - 3.0602 00 4.5307 01
ot 7.—-05 0.0000 00 1.6935~02 8.5030-02 2.2532—-01 1.1839 00 3.0594 00 3.8879 01
01 8.-05 0.0000 00 1.6934-02 8.5015—-02 2.2528-01 1.1836 00 3.0586 00 3.4059 01.
.01 9.-05 0.0000 00 1.6934—02 8.4999—-02 2.2524~01 . 1.1833 00 3.0578 00 3.0310 01
-0t 1.-04 0.0000 00 1.6933—-02 8.4983-02 2.2520-01 1.1829 00 3.0570 00 2.7311 01
-0l 2.-04 0.0000 00 1.6927-02 8.4824-02 2.2478-01 1.1792 00 3.0477 00 1.3825 01
_ot 3.-04 0.0000 00 1.6920—-02 8.4665-02 2.2436-01 1.1753 00 3.0357 00 9.3419 00
-0l 4.—-04 0.0000 60 - 1.6913-02 8.4507—02 2.2394-01 1.1711 00 3.0200 00 7.1125 00
ot 5.—-04 0.0000 00 1.6907—-02 8.4348-02 2.2352--01 1.1665 00 2.9985 00 5.7891 00
Tot 6.—04  0.0000 00 1.6900—-02  8.4189—02  2.2310-01  1.161500  2.9681 00 4.9251 00
_ot 7.-04 0.0000 00 1.6894—02 8.4030—-02 2.2267—01 1.1561 00 2.9236 00 4.3328 00
_o1 8.-04 0.0000 00 1.6887 —02 8.3872-02 2.2224-01 1.1502 00 2.8571 00 3.9236 00
—ot 9.—-04 0.0000 00 1.6881—02 8.3713-02 2.2182-01 1.1438 00 2.7617 00 3.6509 00
_o1 1.-03 0.0000 00 1.6874—-02 8.3554—02 2.2139--01 1.1368 00 2.6395 00 3.4807 00

;n:[; ¢ Univ?rsa.l constants, §;, in Eq. (7), calculated using U?* delayed neutron data of reference 6. Parameter A is prompt

heutron lifetime. Floating decimal notation: 1.2345 03 = 1234.5; 5. —08 = 5 X 1078, etc. Al roots are negative: note that

~8; values are tabulated. :
\other & ' with o and b variable. Setting ¢ equal to zero In - connection with problems of reactor startup

Corresponds to free-fall displacement of a linear and shutdown, the n(¢) or power response to various
COntrol. rod; damped control rod motion can be programmed 8%k(¢) functions have been investigated
Approximated by suitable choice of (negative) a. with the RTS code. As one example, Fig. 4 shows
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TABLE III-B
CHaRrACTERISTIC COEFFICIENTS, A, por (2

A A 0 . A 1 A Fl A 3 A 4 . 5 A 6
1.—08 2.0718 01 3.9055 00 1.8635 01 1.8429 01 2.7500 01 2.1982 01 9.9729 o7
2.—-08 2.0718 01 3.9055 00 1.86G35 01 1.8429 01 2.7590 01 2.1983 01 4.0864 07
3.—08 2.0718 01 3.9055 00 1.8635 01 1.8429 01 2.7591 01 2.1083 01 3.3243 o7
4.-08 2.0718 01 3.9055 00 1.8635 01 1.8429 01 2.7591 01 2.1984 01 2.4032 07
5.—08 2.0718 01 3.9035 00 1.8635 01 1.8429 01 2.7591 01 2.1984 01 1.9945 07
6.—08 2.0718 01 3.9055 00 1.8635 01 1.8429 01 2.7591 01 2.1984 01 1.6621 07
7.-08 2.0718 01 3.90535 00 1.8635 01 1.8429 01 2.7591 01 2.1985 01 1.4247 07
8. —08 2.0718 01 3.9055 00 1.8635 01 1.8429 01 2.7592 01 2.1985 01 1.2466 07
9. ~-NR 2.0718 01 3.9055 00 1.8635 01 1.8429% 01 2.7592 01 2.1986 -1 1.1080 07
1.-07 2.0718 01 3.9055 00 1.8635 01 1.8429 01 2.7592 01 2.1986 01 9.9728 06
2.—07 2.0718 01 3.9055 00 1.8635 01 1.8426 01 2.7504 01 2.1991 01 +4.9863 06
3.—-07 2.0718 01 3.9054 00 1.8635 N 1.8429 01 2.7506 01 2.1995 01 3.3242 06
4. 07 2.0718 1 3.9054 00 1.8635 01 18420 1 2.7598 01 2.2000 01 2.4931 06
5.~07 2.0718 01 3.9054 00 1.8635 01 1.8429.01 2.7600 01 2.2004 01 1.9944 06
6. 07 2.0718 01 3.9054 00 1.8G35 01 1.8429 01 2.7602 01 2.2009 01 1.6620 06
7.-07 2.0718 01 3.9054 00 1.8635 01 1.8429 o1 2.7604 01 2.2013 01 1.4246 06
8.-07 2.0718 01 3.9054 00 1.8635 01 1.8429 1 2.7606 01 2.2018 01 1.2465 06
9.-07 2.0718 01 3.9054 00 1.8635 01 1.8430 01 2.7608 01 2.2022 M 1.1079 06
1.-06 2.0718 01 3.9054 00 1.86G36 01 1.8430 01 2.7610 01 2.2026 01 9.0718 05
2. -06 2.0717 O 3.90533 00 1.8636 01 1.8431 01 2.7631 01 2.2071 01 4.9853 05
3.-06 2.0717 Ot 3.9052 00 1.8G36 01 1.8432 01 2.7651 01 22116 1 3.3232 05
4. =06 2.0716 01 3.9052 00 1.8637 01 1.8433 01 2.7672 01 2.2161 01 - 2.4921 05
5. 06 2.0716 M 3.9051 00 1.8637 01 1.8434 01 2.7603 01 2.2206 01 1.9034 05
6. —06 2.0715 01 3.9050 00 1.8637 01 1.8435 01 2.7713 0 2.2252 01 1.6610 05
7.-06 2.0715'01 3.9049 00 1.8638 01 1.8436 01 2.7734 01 2.2297 01 1.4235 05
8.-00 2.0715 01 3.9049 00 1.8G38 01 1.8437 01 2.7755 01 2.2343 01 1.2455 05
9. -06 2.0714 01 3.9048 00 1.8G39 01 1.8438 01 2.7775 0 2.2388 01 1.1069 05
1.-05 2.0714 01 39047 00 1.8G39 01 1.8439 01 2.7796 01 2.2434-01 9.9618 (4
2.-05 2.0709 01 3.9039 00 1.8643 01 1.8444% 01 2.8004 01 2.2000 01 1.0752 04
3.-05 2.0705 01 3.00:532 00 1.8647 01 1.8450 01 2.8214 01 2.3481 01 3.3130 4
4.—05 2.0701 01 3.9024 00 1.8651 1 1.8469 01 2.8426 01 2.3876 01 2.4818 (4
5.-05 2.0697 01 3,907 00 1.86355 01 1.8479 01 2.8641 01 2.4387 01 1.9831 04
G.—05 2.0602 11 30000 00 1.8G38 Ot 1.8480 2.8858 01 2.4014 01 1.65006 04
7.-05 2.0688 01 3.9001 00 1.8662 01 1.8409 01 2.9077 01 2.5458 01 1.4130 04
8. ~05 2.0684 01 T8 00 1.8666 01 1.8510 01 2.9208 01 2.6019 ™ 1.2349 04
9.—-05 2.0679 N 3.8086 00 1.8670 01 1.8520 01 2.0321 01 2.6508 01 1.0063 04
1.-04 2.0675 01 3.8979 00 1.8G74 01 1.8530 01 2.9747 01 2.7197 01 9.8542 03
2. 04 2.0033 01 3.8902 00 1.8712. 01 1.8629 01 3.2138 01 34424 01 4.8580 (3
3.-04 2.0590 M1 3.8826 00 1.8748 01 1.8727 01 3.4792 01 4.4779 01 3.1828 03
4. —04 2.0548 01 3.8751 00 1.8784 01 1.8824 01 3.7741 01 6.0182 2.3332 03
5. 04 2.0506 01 3.8675 00 1.8819 01 1.8918 O1 4.1023 01 8.4087 01 1.8074 03
6.—04 2.0464 01 3.8599 00 1.8853 N 1.0011 o1 4.4676 01 1.2234 02 1.4329 03
7.—-04 2.0422 01 3.8524 00 1.8885 (! 1.9103 M1 +.8743 01 1.8461 02 1.1290 03
8. ~04 2.0380 0t 3.8448 00 1.8917 Ot 1.0192 01 5.3267 01 2.7993 02 §.5100 02
9. —04 2.0:339 01 3.8373 00 1.848 1.9280 01 5.8241 01 J.0833 02 5.8008 (2
1.-03 2.0297 01 3.8207 00 1.8078 Ot 1.9365 01 6.:3850 01 4.409724 02 3.7872 02

« Unjversal constants, A, in Ba. (7, erdeutated using U delayed neutron data of reference 6. Parameter A is prompt
neutron lifetime. Floating decimal notation: 1.2345 03 = 1234.5; 5. —08 = 5 X 1075, cte.

parametrie power response curves for the indieated Nearly any analytie function for k(¢) variation
§k(6) function, designed to give steady power in-  ean be inserted into the RTS code; in cases where
crease o a predetermined “power plateau,” after  the 8h(4) variation is not readily expressed ana-
which reactor power remains exsentindly constant. Ivtically, it may be specified numerically as a point-
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v . CSOLUTION OF REACTOR KINETIC EQUATIONS
TABLE [LI-C
CuaracterisTic CORFRICIENTS, B, ror (2w
A Bo . B B. B B, B, B,

7 1. —-08 207I8-07 3.0055—08 1.8635-07 1.8429-07 2, 750007 2198207 0.9999 01
¥ 2. =08 4136 —-07 7.8110—-08 3727107 3.06858 =07 3.0181 =07 4.3966 —-07 9.0000~01
W7 3.—-08 6.2155-07 1IT16=07 3.5006—-07 3.0287 07 8.2773 =07 6.5950-07 99999 -01
7 4.-08 8.2873~07 1.5622—07 7434207 7.3716—-07 1.1036—06 8. 7036 —07 90999~ 01
7 5.—08 1. 0359 ~06 1.9527 —07 0.3178 =07 0.2145-07 1.3795—-06 1.0992—-06 9.9099-01
a7 G.—08 L2431 =06 REREREE | g 1. HSE—06 11057 =08 1.65355—06 - 1.3190-06 G.09090 ~01
7 7.-08 1.4502—-06 2.7338-07 1.3044 =006 1.2000-06 10314 —006 1.5389~006 900099 -01
o7 8. —-08 1.6574 =06 3244 —07 L4908 =06 1.4743-006 2.2073-006 1.7588-06 09.9000 =01
u7 9, —08 1. 8646~ 00 35140 -07 1.6772—006 1.6386—-06 24833~ 006 1.9787 =06 D.0008-01
o 1.~07 2.0718=06 3.9055 07 1.8635 =06 1.8420-06 2. 7302—06 21986 =06 9.9908 - 01
i 2.-07 4. 36 =06 7.8110-07 3.7201 =006 3.6858 =00 3.53180—06 4.3982—-06 0.0997 —01
b 3.~07 6.2055—-00 LATIG—08 3.5907 -0 5.5288—006 $.2780 08 5. 5087 — 06 0006 —-01
06 4. 07 S.2873 -6 1.5621 =06 74543 ~106 7.3718-06 L 1039—-05 8.8000-06 90095 —01
06 5. 07 1.0359-05 19527 -0 93170 —~06 0. 2148 =06 1.3800-05 1.1002—05 G.0094—01
a6 . ~07 1.2430=05 2343206 1. 1181=05 1. 1057 -05 \l L6361 - 05 1.3205-05 99993 =01
o 7.-07 1150205 2. 7318 =06 1.3O04A—05 1.2000-05 1.0 3 1540005 90002 —01
o6 8. =07 1.6574—05 3. 1243 —06 1.4908 =05 1474305 2.2085-05 1.7614-05 9,991 -0}
06 . 9. —07 L. 8646 —05 3.5149 =06 1677205 [.6587 =05 2. 4848-05 1.9820-05 4.0080 -0t
03 1. =06 2.0718—03 3.9054 =06 1.863G—05 1.8430-05 2. 7610-05 2.2027 05 Q.0988-01
05 2.=06 4. 143505 7.8107 =086 3.7272—05 3.6862-03 3.5203-05 4. 414305 9.9977-01
05 " 3. =086 6.2151 =05 1 1715-05 3.5010-05 3.5206-05 8.2056—~05 6. 6350 —05 9. 9966 -01
53 " =06 82867 —05 1.5520=05 7.4548-05 7.3732-05 11060 —04 8.8647—-05 9.9955-01
03 5.—08 1.0358—~4 1952505 9.3187 ~05 0.2171-05 1.3846—-04 11103 =04 0.9044-01

)y 03 6. =06 1.2420-04 2.3430-05 1.1182-04 1. 1061 —04 1.6628 =04 1.3351 =04 9.9033-01

5 05 7.—=08 14500 —04 2.7334=05 F.3046 =04 1.2005—-04 1.0414 =04 1.5608—=04 9.0021 =01 '

5 05 8. =06 1.6572~-04 3.1230-05 LA~ 4740 =04 2.2204 ~04 1.7874—04 9.9910-01
Y 05 9. —06 1.8643—04 3.5143-05 1.6775~04 16594 =04 2.4008-04 2.0150~04 0.0800 -0t
3 04 1.—-03 2071404 3.9047—-05 1.8639—04 1.8439—-04 2779604 2.2435-04 9.9888 -1
204 2.-05 4. 141904 7.8070-05 3.7286—-04 3.6899~04 5.6010—-04 +4.5804—04 9.0774-01
) 04 3.—-05 6.2116—-04 1.1709—04 5.5042~04 5.5379—04 8. 4646 —04 7.0150-04 9.9660~01
3 04 4. —-05 8.2805—-04 1.5600—04 7.4605-04 7.3879—04 1.1371-03 9.5318-04 9.9543-01
104 5.—05 1.0348--03 - 1.9508-04 9.3275—-04 9.2400-04 1.4321-03 1.2195-03 0.0426-01
04 6.-05 1.2415-03 2.3405—04 1.1195~03 1.1094-03 1.7316-03 1.4951-03 9.9306—-01
004 7.-05 1.4481-03 2.7301-04 1.3064—-03 1.2050—03 2.0355—-03 . 1.7824-03 9.9185-01
9 04 8.—05 1.6547 —-03 3.1195-04 1.4933-03 1.4808-03 2.3440-03 2.0820-03 9.9063 —-01
3 04 9. —05 1.8611-03 3.5088-04 1.6803-03 1.6668 03 2.6572-03 2.3945-03 9.8938-01
2 03 1.-04 2.0675--03 3.8979-04 1.8674—03 1.8530--03 2.9751-03 2.7205-03 9.8812—-01
10 03 2. =04 4.1266—-03 7.7806-04 3.7424-03 3.7260—03 6.4201-03 6.8891-03 9.7430—01
%03 3. 04 6.1771-03 1.1648-03 5.6247—03 5.6186—03 1.0441-02 1.3446-02 9.5752-01
2 03 4. 04 8.2192-03 1.5500—-03 7.5140~03 7.5302—03 1.5103—02 2.4102-02 9.3598—01
:1 03 5. —04 1.0253—02 1.9337-03 9.4100—-03 9.4606—03 2.0523-02 4.2081-02 9.0633-01
29 03 6. —-04 1.2278-02 2.3159-03 1.1312—-02 1.1408—-02 2.6824—02 7.3538—-02 8.6232-01
90 03 7.-04 1.4295—-02 2.6967—-03 1.3220-02 1.3374-02 3.4148—02 1.2949-01 7.9277-01
09 02 8. —04 1.6304-02 3.0759--03 1.5135—02 1.5356-02 +4.2653~02 2.2445-01 3.8301 -0t
08 02 9. —04 1.8305—-02 3.4536-03 - 1.7054—02 1.7355-02 5.2516~02 3.5939-01 5.3192-10

12—3_)‘,-/ 1.-03 2.0207-02 3.8298 ~03 1.8979-02 1.9370—-02 6.3929—02 4.9855—-01 3.7503—01

s prompt * Universal constants, B;, in Eq. 7, caleulated using U= delayed neutron data of reference 6. Parameter A is prompt

function of time and fed into the code in digital
form. The code as presently written can. accom-
Modate in a single run up to 500 data points, which
Need not be equally spaced in time. This allows one

teutron lifetime. Floating decimal notation: 1.2345 03 = 1234.5; 5. — 08 = 5 X 107, etc.

to follow transient response during arbitrary changes
and/or programmed discontinuities in 8k(¢). If
more than 500 points should be required the problem
can be continued by employing a “stop-start”
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Fia. 1. Response to lincar time variation of reactivity in U2 systems churacterized by prompt neutron generation times
in the range 107 see. to 107° see. All computations started from initial equilibrium with »(0) = 1 neutron/em?.

feature of the RTS code, whereby sets of data points
can be treated in sequence (cf., Appendix A).

In certain reactor control problems, one wishes to
determine the 8k(¢) variation required to produce a
given n(l); i.e., a speeified power distribution as a
function of time. In this case (the inverse of the
n(t) response calculation) Eq. (7) can be used
equally well to generate the 6k(t) corresponding to
a prescribed n(t). The explicit solution for 8k, in
the mth time interval is obvious from inspection
of Eq. (7a). (This alternative problem, “given
n(t), find 8k (¢),” is presently being included as part
of the RTS code.)

CoNPENSATED REsPoNSE CALCULATIONS

The integral form of solution, Eq. (7), may also
be used to caleulate self-limiting power execursions,
reactor accidents, ete., by including reactivity-
compensuting effects. Upon introducing the appro-
priate relation between fission energy release and
reactivity, Fq. (7) can be solved numerieadly for
(). and/or 8k(f) given the initial conditions on
&, n, und the C;.

Assuming  a ‘shutdown to

effeet  proportional

integrated neutron density (which is in turn pro-
portional to fission energy release for given A), we
represent 6k(¢) in generalized notation:
t
8l(t) = () + Pa(t) f n(l') dt’ (8)
0

Here Pi(¢) represents the impressed reactivity
variation (generalized polynomial in ¢, or data fit),
and I2(¢) is the “shutdown coefficient” of the reactor
system. As presently provided in the RTS code,
I»(¢) may be a polynomial in ¢ of degree =49,
although it is usually taken as a negative constant
of magnitude B, ranging from ~107" ¢m®/see for
slow systems to B ~ 1077 em'/see for fast metal
systems.

Typical compensated response calculations using
the RTS code are illustrated in Figs. 5-7. The results
in Iig. 5 are self-limiting excursions produced by
ramp-function additions of reactivity in U™-
graphite systems characterized by prompt neutron
generation times in the region of 5 X 107 see, and
B values ranging between 107" and 107" em®/sec.
Both w(¢)-and 64(¢) variations are plotted in Fig. 5;
both exhibit the characteristic damped oscillatory
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Fi1G. 2. Response to step changes of reactivity from initial equilibrium in U235, Pu?, and U2® systems; neutron genera

tion time, A = 10~ sec.

approach to equilibrium power level at which the
rate of reactivity compensation due to (adiabatic)
temperature increase just balances the rate of ex-
ternal reactivity addition. Heat loss from most
practical systems would, of course, result in corre-
spondingly higher equilibrium power levels.®

The power peaks in Fig. 5 are in accord with
idealized analytic solutions (9, 10) of reactivity-
compensated response to ramp-function additions of
reactivity. Analytic solutions (i.e., neglecting
delayed neutrons) are necessarily based on prompt
neutron multiplication and hence apply only to
systems which are brought to prompt critical in
times small compared to the delayed neutron
periods.

In compensated response calculations reactivity

® In first approximation one may assume a single relaxa-
tion constant, R, for energy escape from the fissioning core
volume, so that the integral term in Eq. (8) would become

¢
f n(t)e~ U= gy (8a)

0

Thus heat loss can be accounted for in the RTS code by
Specifying an appropriate value of R as part of the input
data. More sophisticated heat-loss models could be intro-

compensation is often expressed proportional to
fission energy density rather than to integrated
neutron density. The constant shutdown coefficient,
B, in units of cm’/sec then becomes B, in units of
cm®/joule:

B, = B/vZ;e >~ BAv/e em®/joule
e~ 3 X 107 joules/fission
7 = average number of neutrons per fission

For the case of compensated step-function re-
sponse we have

, |
sk = oko — B, f E() dt 9)
0

where E(t)dY = vZse n(t)dt joules/em® and
oko is the impressed reactivity step. Figures 6 and.7
were taken from a series of compensated response
calculations for various reactivity step functions
carried out in the ‘energy”—rather than the
“neutron  density’’—formulation.” An average

? Provision is made in the RTS code for printing out
power density in units of watts/em?® and energy density in
joules/cm? as an alternative to the n(f) and { » df print-out.
For both quantities, the conversion factor is vZje o ¢/A5 o
1.2 X 107" A~! watts.
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Frc. 3. Response to quadratic time variation of reactivity in U5 systems with A > 104 see. All computations started

from initial equilibrium with #(0) = 1 neutron/em3,

energy-shutdown coefficient, B, = 2 X 107" em®/
joule was assumed in both cases. The curve for A =
107" in Fig. 6 resembles observed burst characteristios
on the Godiva (bare U™ metal) assembly at Los
Alamos (11), while the curves for A = 107 and 107°
see are comparable to exeursion characteristies ob-
served in intermediate and slow systems (72),
Analytic =olutions obtained by neglecting the
delayed neutrons lead to theoretical dependence of
peak power ~38k,/AB., peak width ~4A/8k,
totul energy release ~28k,/B, and plateau height
~1/B.. Iach of these relationships has been inde-
pendently confirmed in various computed response
curves such as those plotted in Fig. 6 for A = 107°
and 107" see. On the other hand, analytic solutions
based exelusively on prompt neutron kineties do not
predict the response to reactivity steps, <$1.00, as
shown for example in Ilig. 7. In this case ($1.00 step)
the departure from characteristic prompt neutron
behavior i unmistakable, peak power and peuk
width being nearly independent of A% Cl arly,
5 1n Fig, 7 we have assumed an idealized adiabatic sys-
tem with no heat transfer, no fucl element melting, warp-

wherever kinetic behavior is dominated by the de-
layed neutrons, precise numerical evaluation of
reactor transient response becomes especially im-
portant.

It is true that for extremely fast transients,
governed almost exelusively by the prompt neutrons,
exact solutions of the reactor kinetic equations are
not always required, vr even desired. Indeed in many
such cases, approximate analytic solutions (9-13),
reduced group representations (14-16) or other
numerical methods (13, 717-20) may be preferable.
In the delayed-to-prompt-critical regime, however,
kinetic behavior is demonstrably sensitive to the
delayed neutron characteristies, and the six-group
kinetie equations are often required to assure con-
servative evaluations (72, 21).

As an alternative method for solution of the

ing, ete. We see from the s£(1) plot that the $1.00 step is
ultimately reflected ubout delayed eritical, just as o reac-
tivity step is initially reflected about prompt eritical in the
euse of prompt exeursions (ef., Fig. 6). Similarly, computed
totul energy release in Fig. 7 is ~20ko/B,, just ax total
energy relense in prompt excursions is 26k,/8,.
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30 Fira. 4. Response to reactivity variation (see profile in
inset; ai = Bi/B) designed to produce steady power increase
to a predetermined constant power level. A taken 18 1074 sec.
started o All caleulations started from initial equilibrium  with
n(0) = 1 neutron/cma.
he de- 3 reactor kinetic equations in the delayed-neutron
jon of %ﬁ regime, the RTS code offers the simplicity and
ly m- e accuracy of direct numerical evaluation of transient
behavior. As suggested by the brief parameter
wients, studies outlined here, the code has proved especially
utrons, useful when extensive parametric survey calculations
ons are are required for a wide range of 8k(¢) variations.
n many To indicate the speed of the code, representative
(,9’12"‘ computing times for uncompensated and compen-
Otble sated response problems are cited in Appendix A.
‘temver’ It might be mentioned that operational experience
owe tht; with the RTS code has been gained in applications
' to oup to reactor kinetics and control problems associated
X-gF on- wittr the nuclear propulsion (ROVER) program at
ure € LASL; checks with analog simulator results were
i the obtained in the course of these studies.
o
e It is intended that this presentation of Eq. (7),
‘ is and the RTS code, together with the universal con-
¥ step
\s a reac Stants 4;, B;, and S, given in Tables I, II, and III,

ieal in the 3

compute
¢ as total &

will provide a rapid, straightforward method for
calculating the. detailed kinetic behavior of a wide
-Variery of practical systems.
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APPENDIN A THE RTS (REACTOR
TRANSIENT SOLUTIONY CODE

Recurston REnaTioNs
Fguation (7) of the text, which gives neutron
deunsity ax a function of time, is

[

S () df' + (D

e\l(l []

n(0) + Z A;

J=0

(t
n(t) = (A1)

The RTS code solves this equation recursively at
each time point for reactivities of the form

t
() = P(8) + PO f KT @y dll (A-2)
) -

where P’;(¢) is either (1) a polynomial in ¢ of specified
degree, or (2) a table of data pairs (¢, §k;) to be
fitted by the code using Aitken'’s interpolation
method. The number of data pairs to be used and
the desired degree of fit must be specified as input
parameters.

Py(t) is o polynomial in ¢ of specified (1(‘"‘[00 For
Pa(t) identically zero the feedback term in (A-2)
vanishes, and one may develop a linear solution to
Bq. (A-1).

Introducing the integration time interval,
neutron density at time ¢ 4+ 24 may be written

] 1424 o
n(t +2h) = n(0) + 2> A,-f gSit=
S = o
(Yl dt’ + @t + 20)

h,

= n{0)

t |
o | [ e s

0
+2

j=0

A
+4; f eSO sk () dt
¢

+ Qu(t + 2h)
If we define

[
I(t) = Ajf ST k(¢ ) ()
0

for all j and ¢, we have

n(t + 2h)

8
n(0) 4 2 L;(¢ 4 2h) + (¢ + 2h)
J=0

n(0) + 2 {es"gh 1;(¢)

7=

{42k . N ,
+4, f T 51 (¢ )n () clt’}
¢
+ (¢ + 2h)
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Fic. 5. Compensated response to ramp function reactivity changes in U2 systems with prompt neutron generation
time, A = 5 X 107% se¢, and shutdown coefficients in the range B = 107! em3/sec to 10~13 em?/sec. All calculations started
from initial equilibrium with #(0) = 1 neutron/cm3.

Using Simpson’s rule’ for integration, we obtain I;(t + 2h) 22 5%/ (0

the linear expressions for n(¢ + 2h) and I;(¢t 4+ 2h)
in terms of n(t), n(t + h), n(¢t + 2h), and I;(¢):

n(t + 2h)
: s
= n(0) + 2 S 1,(1)
=0

Wo 5™ 8k()n(t) : (A-3)
+ hA;+Wy €S 8k(t 4+ R)n(t + h)
+TWe k(L + 2h)n(t + 2h)

4 Q(t + 2h)

[ u(x) dr = 3 ~ @) [%ﬂu(a) + :; ¥ (—a——j;-—i) + l‘ _:/(h.)J.

W * sk ()n(t)
- hA;{+ Wy SP80(1 + h)n(t + R)
+W, 8k(t + 2h)n(t + 2h)

where Wy = Wy = tand W, = %.

To obtain linear expressions for n(¢{ -+ h) and
I;(t + h) in terms of n(t), n(¢ + k), and I;(¢), one
follows a similar procedure. Using the trapezoidal
rule® for integration this leads to the relations

(A-4)

6
n(t + k) =n(0) + 2 ¥ (8)
7=0
[} ak(t)n(t)
A +1 sk(t + R)n(t + k)
+ (¢ + B)
0[5 y(@) de 2 3(b — allyla) + y®)].

i L)

Frc
energ;
sec. D
in all

I;(¢t-

Sit
aceur
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n(t 4
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.t cursic
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”’2 =
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‘ Fic. 6. Compensated response to a step reactivity change of $1.20 (3ko = 0.0078) in U?ss systems characterized by an
(A 4) energy shutdown coefficient, B, = 2 X 10~¢ cm?/joule, and representative neutron generation times A, = 1078, 10~% and 104
- sec. Dotted curves are power response and solid curves are energy response. Initial neutron density, n(0) = 1 neutron/em?
in all cases.
It + ) = %'t and I,;(t). In particular when ¢ = 0, n(t) is known_
) and 1 5% sk(t)n(t) \ (A-6) and .Ij(t) = 0. One then uses (A-5) 'and (A-6)fto
. one 1 4+ hA; + 8k(¢ + h)n(t + h) pbtam values for n(h) and I;(h). With values for
)s dal ] ; n(0), n(h), and I,(0) one obtains values for n(2h)
2201 Simpson’s rule for integration is usually more and 7;(2h) from (A-3) and {(A-4). The recursion is
ns accurate than the trapezoidal rule and is used when- continued using (A-3) and (A-4). .
ever possible in the RTS code. The expressions for In actual practice the RTS code computes n(h/2
n(¢ + k) and I;(¢ + k) which involve the trapezoidal by trapezoidal integration making it possible to
(A-5) rule are used only to obtain values to start the re- compute n(k) by Simpson’s rule. The recursion
, - teursion. [If desired, trapezoidal integration can be relations (A-3) and (A-4) are used for subsequent
Used throughout the computation by setting Wy = time intervals.
b W, = %and W, = 1in (A-3) and (A-4).] For compensated-reactivity problems, where
To start the recursion one needs values for n(t)  Pi(t) is of degree >0 or is a constant =0, the intro-
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Fia. 7. Compensated response 1o a step reactivity change of $1.00 (kv = 0.0065) in U5 systems characterized by an tions
encrgy shutdown coeflicient, 8, = 2 X 1078 em?/joule, and representative neutron generation times, A = 1078, 107¢ and 1074 -
see. Initial neutron density, n(0) = 1 neutron/cm3 in all cases. catec
’ Si
duction of a feedback relation between 4(f) and Hence (A-7) becomes - Q)
n(t) leads to o quadratic expression for n(t) which o1\ ~ > 5 s o case
must be solved at cach time point. If one defines Ok(L 4 2h) 2= Pult + 2h) + Pl + 2h)
. ]I/roel(‘lh n (1)
rU—t") 4 ’ R2h 17 .k, Qu(t
T(t) = f KON de FHL(t) 4+ R W™ w (e + h)
0 + W, n(l + 2h)
expression (A-2) at time ¢ + 2h becomes and (A-3) becomes a quadratic expression in n:
St 4 2h) = Pr(t+2h) + Po(t+20) Te(t+20) Ot + 20)03(E + 2h) + CL(t + 2R)n(t + 2h) with
AT » .
(A7) 4+ Co(t 4+ 20h) =0 (A-8)
Using Simpson’s rule and following the same pro-  where : : Tt
cedure as for 1;(0 4 2h) in (A-D) ’ , L
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Fxperience with the RTS code thus far has
shown that o
0 <Gyl
(8 ~1
C2(8) ~ —n(?)
The explicit solution of Ty, (A-8) leads to loss of
significant figures for values of n near unity. New-

. - 11 . .
ton’s iteration method” is used to reduce this
possible loss of figures:

[Consd + Cing + C)
20[)"" + (/Yl

Nigt = 0 —

2
_ C’on.- - }2
2000 + 4

Initially n; is set equal to —Cy/C, ; iteration on n
is then continued until

[(Rigs — m)/ni] < €

where ¢ is specified ~107".
Having thus determined n(¢), values of the func-
tions n, Cy, Cy, and C: at succeeding time intervals,
{ -+ hand ¢t 4+ 2h are generated recursively as indi-
cated above.

Similar recursion relations are developed for
©(¢) when this quantity is nonzero (nonequilibrium
case), viz:

8

Qut + 2h) = X

e

eSl".!h[ni (t)

+ AB;{ +W. "Gt + h)

WoeSiG(¢) }
+WaG(t + 2h)

with -
, , .
Io,()) = ij SR atf
[
6
(;(1) = ; D\ici(o) - A—lﬁ,-n(O)]‘yie_)'” + ‘YslS(t)

Wi = 2 — [fxa)/f (x)].
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In the RTS code, the integration time interval,
DT = h, can be varied automatically in an attempt
to optimize computing speed and accuraey, The
factor by which h is changed (DT MULT) is an
input variable, normally specified in the range 1 to 2.
The magnitude of the relative change in n per time
interval | én/n |, is the criterion used to dictate
changes. The test sequence used in the code is as
shown below.

Tf
Al
§n ., . .
— | < Fy  his set equal to previous & and:
"
(option 1), testing is continued
at each time point
(option 2}, & is held constant for
the remainder of the
run without further
testing
sn ..
Fosi—I<F, h is increased hy the factor, DT
pn MULT
én . .
g l—|<F: h is unchanged
n
e an h is decreased by the factor, DT
I MULT

Typieal parameter values are DT MULT = 1.2,
Fo= 107 Fy =3 X 107, Fs = 3 x 107 The
Iy fiducial was introduced to minimize oscillations
in n(t) and «(¢) which were found likely to develop
during variable & operation when | dn/n | becomes
very small. To hold h constant one sets Fy = 10%
(in which case values of Fy and F; are immaterial),
and the input value of A will be maintained through-
out the problem.

InrPur-OuTPUT FEATURES

Quantities to be specified as input data to the
RTS code are
Form of P1(¢):
(1) Polynomial: specify degree, and coeffi-
clents
(2) Data fit: specify degree of polynomial
fit, and data pairs, t;, ok;, 7 £ 500.
Form of P:(¢): Polynomial: specify degree and
coefficients. Specify:
8, A, A.iy SJ(] = 07 6)”77
DT, DT MULT,F,,F,,F.,and R
It Qo(¢) = 0, specify:
Q INDIC = 0, and omit all parameters
specified below for Qu(¢) # 0
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If Q(t) # 0, specify:

Q INDIC = 1, A\;, B:, Ci(0), vi(z = 1, 6);

vs , Define 8(t) and supply needed parameters;
Bi(j =0,6)

“STor-START” IFEATURE

Input values must be specified for ¢, n, I
fndi,IR,Co,Cl,Cg,
Ij; if () =0, specify g,

At the end of each run, current values of these
functions (and the current integration time interval,
DT) are punched on-line onto cards and written on
tape for off-line printing. This OUTPUT DUMP
can then be used directly to continue the problem,
in which case these function values are again written
on tape to be printed as INPUT DUNMP values for
the continuation run.

A run can be stopped manually at any time (sense
switch 1 down). Alternatively, current information
can be printed on-line at any desired time (by
depressing sense switch 2) and the program con-
tinued.

Print Dara
Specify:
ND, the number of integrations for each poiut
printed
MAX PRT, number of points to be printed
" in arun, £ 10°
7 MAX, maximum (termination) value of
{in a run ,
N MAX, maximum permissible value of n
in a run
COMMENT, optional comment may be
loaded on one eard to identify problem.
Labeled quantities included in the RTS
print-out. format [print options in brackets] are
Heading; Comment statement; Input pa-
rameters; Input dunip; ¢; n(t), [watts/em’];
fndt, Goules/em®]; 86(2), (S(O];DT; Qu(1);
Co(1); C1(1); Ca(t) 5 to = a time base; a(lp) =
1(tp)/n{lp); Output Dump. ‘

With regard to computing speed: for' constant
time intervals, A, the computation proceeds at the
rate of ~1500 integrations per minute, this rate
decreasing slightly when & is allowed to vary. Inte-
gration time intervals are initially the order of A/
(maximum) for step reactivities; generally larger
for ramps and continuous 8k functions. Representa-
tive computing {imes are ~10 min per curve for
uncompensated problems as in Figs. 1-4; ~30

min per curve for compensated problems as in Tigg,
57, '

For further details, reference is made to the RTS
program listing and flow diagram on file in the
LASL code library.
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