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PROBLEM SE? %1

1s) Consider a slab reactor of extrapolated width a in
which delayed neutrone are neglected. Assuming onge
speed diffusion theory is valid, determine the time

dependent Flux distribution in the resctor subject
to initial condition

P = hK) ; O%Kéa

end boundary conditions

b= Plat)=0, t>0 .

Utilize separation of wmriables to solve for qﬁ(x,t).

N
NN\

2.) Repeat the solution of problem (1) using laplacs transforms in timee-
i.0, Lo

5&,53 = E& st Flxt) .

Vorify that the amswer you obtain is identicel to that obtained using
separation of verimbles, (Useful Refsrence:s H. 8. Ozralaw and J. C. Jrager,
Operational Methods in Applied Mathematics (Dover, 1941), Chapter V, VI)

50} Using the solution obtained in (1) or (2), determine under what conditiocus

{ocgs o0 t, A&, Kk etc.) one could approximate the time dependent fiux
tov be ssparable space and time-wi.e.

Pa) = PU) samx .
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PROBLEM SET # 2

4.) (lsmarsh 12+16) The production of neutrons from the (b’ #0) reaction can
have en important effect on the kinetic behavior of D20 eand Be moderated
reactors. These aeutrons can be traced to certain Pission products which
decay with the emiesion of energetic {-rays. It is possible, therefore,
to treat photonsutrons as delayed neutrons lnusg these fission products
& precursors. The table bslow gives deta for USD fissions (saturation
fission product sotivity) ia Dy0.

] ulsec) 3 'ﬁ%
BT 0.0% 6| L 2%
2§343810°¢ 0.103 T 1] aualo3d 7.00
2(437416% 0.322 8 | Le1al02 | 204

Al azaio? 234 A | 2mw? | ¢
54810 247 8= Z8:= 100.75 505

f.) Show that the renctivity equation for a D0 moderated remotor is
\5
5 [
= . é. .
? ' SQ-\'\ sty =y BYM

vhere 1 a 1,2,.046 refers 1o delayed fission neutrons and i = 7,8,c0.15
refers to delayed photoneutrons.

bo) Ocupare the stable pericds of en infinite, U fusied, D0 moderated
reactor, following a step remctivity insertion of $0.10, with“and without
the delayed photoneutrons taken into consideration.

5¢) (lemarsh 12-18) A unéform, infinite, suboritical assemdly of multipli-
cation fastor k, oontains unifémmly distridbuted sources emitting S fast
neutrons/cu’sece For t< O the system is in the stomdy stete, Lut at t = O
the scuroes are suddenly removed.
u.) Show that the thermal flux quickly drops to the value®

@gﬁs = M_E_(v
) o Z0-pdl-0-8le 1 V(e

be) Compte the fractional change in the flux for & nstural uranium-water
assembly having k= 0,98, , _

os) Show thmt following the prompt drop the assembly goss on a stable period
of approximately 80 sec.

do) Discuss the prompt drop in flux in & finite suboritical assembly when

e point source is suddenly removed.
¢.) Show how this drop in flux con be used to measure ko, of a suboritioal

asseubly.
£ Use one effedie ddayed qraupto singhy algebrm,

6) List all Hhe asamphions ar appraimIons nvofred in cleraly Hhe nadon franser?
epidin). [Most of these were nat merdined i <foss.T
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PROBLEM SET # 3

7e¢) It has been mentioned in class that the sngular neutren density nlr ¥, t)
cén be regarded as s function of several aets of indeperdent varialzﬂa.
Derive the expressions relating n(x,v.t) , n(z,vsC2et), and 0z, B2y t)

where
D= 14!\ , vEWL E= Lt .

8.} Consider the transport equation for the angular neutren flux @(_r.v,.&Q »t)
%%% + -él.V@ + ﬁ-‘-‘:pﬁ@[{,ﬁ,ﬁ,{‘) = \E’»" Mé(v‘“,ﬁ#h,fﬁ@t,vﬁﬂ ¥+ Q('c\iﬁl:t\

Integrate this oquation over angle L) to obtain mn equation forthe engie-
integrated sutron flux

Peyt) = ﬁfz Bea k)

{It will be helpful 4o note that for eossdntially all materisls of inteorest
in rea tg design, the ssattering kernel is only a function of the relative
ﬁ.ﬂgl‘.&' 3 s 1.8,

Zlw B, e 0= Llay, 53-?:,:;&

Fence we can define the angle~integrated scattering kernmel aas

fs(q'..q.g‘{'\ = ﬁ&l é(\\‘ﬂi;.'.e%i;g ;

9¢) Prove that a gelfesdjoint operator L
i.) has only real eigenvelues; . ,
ii.) further, the eigenfunctions corresponding to nondegenerate eigenw

values are orthogonal (nondegenerate eigenvalues are ones to which
there corresponds only one eigenfunction).

10.) Consider a matrix operator:

e Lp oor bw

vhose components sre themselves operators. Note that L must be definad as
wpereting on a veetor Ehone components are functionas

)

1%

k= (;‘k\;\)

1.) Define a suitable scalar product f('o the set of vectors £,
il.) Prove that the adjoint of L = Lyy ie just

= )

1l.) Prove that the diffusion operator VeD(r)V  is self-sdjoint for the
cless of all functions 43(;) which vanish on the surface of a volume V,
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. FROBLEM SET # &

12.) Using one-group diffusion theery with one-group of delayed neutrons,
show that the <) -modes for an infinite bare slab reactor of thicknesa

are |
B = (—m\ Ay s

Ml
vhere com- are the two roots of

Qeto-1 _ (Q“T[i— v —Fe T=1,2

GNa % M
where — wblb, 12
&, PRI
|
and AY‘T = Igi T:._:)?
Ariday
(Hint:s Use
D&+ (@b > o Nugd
H - ~N T Cwy‘l}

— . é-@ -
and solve the eigenvalue problm

E‘_ Em- = U“xﬂ' t.\_)\ﬂl’
with the boundery conditions g (0)= Nar(d)=0. )

Observe that Nl = Ang aim{mrx/ %) has the seme spatial distrie
bution for J « 1,2 for a fixed n. Verify the orthogonality

(E\.)wr ;Yv%x) = S g‘ﬂ"

13,) Read either: Bell & Glasstone, Chapter 8, pp. 1-23%
Keepin, Chapter 6
Neval Reactors Physios Handbook, Vol. I, Ed. by
Ao Redkowsky, pp. 8535872
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PROBLEM SET # 5

14.) Demonstrate that the "amplitude fector P{t) in the point reactor
kinetics equations can be interpreted as proportional to the time
dependence of the fundemental mode n (r,v) if one expands n(z,v,%)
in the modes (either remctivity or pericd-modes) of the critical
reference resctor. (Agsume that these modes form & complets, bi~
orthogonal aset.)

15,) a.) Consider the adiabatic epproximation in which we replace the shape
fagtor by the lowsst ¥) -mode®™ satisfying

Demanstrate that in this approximation (i.e. ‘P(E,g_,t) = Nkaff(-l-'-’-?-J )
our expression for the reactivity reduces to

o) = kg (B -

k‘ﬂ&) (the Ystatic¥ resstivity).

b.) In s similer manner, demonstrate that raplecing ‘P(g,;_e_,t) by the
lowest “:O-modé Ny (r,¥) setiafying

; N

[L(f\ +Nolf) + Zua&\ Nofd) = w‘,[\ + é ra | Nulw)

leads {0 the *dynamic® reaotivity:

‘ al
Qt’c\ = ol {l\t‘c\ + é m;&m )

16.) Describe qualitatively the approximations necessary to reduce the genoral
point reactor kinetics equations 4o the Porma we derived via one=-apeed
diffusion theory in the begimning of the course. (i.e. what does ons
choose for (V(_g,g,t), P(%), né' (zsvs ), etc. )
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PROBLEM SET # 6

17.) According to the point reector kinetics equations (with no feudback)
wlth one equivelent group of delayed neutrons, how long should . stesdy
source of 8 neutroma per secand be lef't on, in order to raise :he steady
neutron dengity in a eriticel reasctor from n; to ny?

Draw a rough sketch of n{t) va. %.

18.) Determine the remctivity §(t) necessary te achieve a sinusoid:l power
variation )

end then compute i
fﬁa& =;-%F At i;qh

(Hints First compute P(t)i{{%) noting that

Etam&,a de= Tag € Bual

where L ‘4
RN ~ST é M
DY = A et D) = < ArS
o 1, -
T te & ote that ( e T = .
© COmMPUTe igy» ROV LTS SN )

MO

19.) Find the response of e eritical reactor to the following reao ivity
insertions, ignoring delayed neutronss

) %t = Rk, + Yt
i

10) HU) = Resmad
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PROBLEM SET # 7

20.) Consider the point reactor kinetics equstions in the one delayed neutron
group approximation:

%3}% = -0 + aed

i—% = 7 -aCH

Solve these equatiocns for e ramp reactivity insertiom $(x) =¥t for t> 0
using

2.) The ecnstent delaysd neutron protustion rate approximation.

bo) The prompt jump spproximation.

(Assume the reactor is operating st e constant power level P for t< 0
and assume the source torm Q(t) is zero.) Discuss the validity of cach
of these solutions, and sketch the solutions.

21.) Find the response of a eritical reactor %o a sinusoidal reactivity insecrtion
$‘(t) =k, 8in 0t using the prompt jump approximation end ons delayed
Q
neutrom group,

22;) Find the response of a critiecal reactor %o a step reactivity input e
% = O using the small amplitude appreximaiion, smd discuss the result,
comparing it with the exact solution.

23.) "Linearizs® the point reactor kinetic equations about ay arbitrary
ref'eronce powaer level Pr' Using this result, find the stationary (i.e.
long time) response of & criticel reasctor et P_ to a sinuscidel recchtivity
input 5({'; = ko 8in ® t. OCompare the two resu¥te obtained by cheoming
Pz‘ = P, and P;: = P&v"
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PROBLEM SET # &8

24,) Determine the transfer fumction of a subcritical reamctor using one

group of delayed neutrona,{\ end present iis Bode flot uging § = « 10 §,

@ = 75 x 10'_75, N = 107" sec, and = 0.1 sec™, Indicate the low
and high frequency break frequencies, end investigate the effect of the
suboriticality considering the plot for § = 0. (Remember, to have
steady~state, non-zero powsr level Py in a subcritical reactor, you will
need to cansider the system sustained by a constant source 8ye)

25,) The -tranafer function of a reactor when the power is rising on a

' congtant period T = 1/dp is given by

g | | BN
2o = [s b+ 2R3

Using one group of delayed neutrons (as in problem 24), plot the
Bode diagram for W, m O and W,= 2 sec™, and discuss the effect of
the pericd on the mid-frecuency gain, low and high frequency response.
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PROBLEM SET £ 9

26.} Using the RouthwHurwitsz stability eriterion,

27 )

280)

>

i) dolormine whother

i5
3 +2As?+ Bg + |G

Lig) =

is steblie.

iic} Detormine the vaiucs of X for waich the system belew is stadle.

ok | W S
f’(‘;\) 7t st (s PR
-1
Pict ths Ny % diagranm for
its\ -
= (s (542) (s+ ) for P, = 10 end P = 100

Commant on tho stability of each of these systems. For the case
Py = 10, determine the gain and phase stability marzine.

(optional) Let © be a aimplo closod conmbour in the zwplane, and lat
&1-3 ve analytic on and within C, excoph Ffor poice at Dieocedsb,, nons
of which lie on Qo Suppose furthor that f °{z} hes zorcs at the points
O1s000?y inegide 0, bul does not venish on Q. Lst

g{z) = £(z) / £(z)
8o} If By is a polo of order g of £(z), shcw that

st 3_3(13]5"-‘“— -3,

be) I a_ is o zero of order v, of £(z), show that

¢ Rs (g = « Y,

E=y
Co) Show that

v 2/
A (b ) = Z“ﬁk" As‘ﬂ
20 J 'F(.: [ TX Ry

de) IF [?sa Pz j}c, denctes tho ¢ in arg f{z) after one positive

.

Coange
cireuit areund C, show thot tho reald of pars (c) can be interpreoted
88 meaning

Eé; [;rg -l

o7

ﬂ = ¥ of szaros of £{z) inside O
< - # of poles of £(z) inside ¢

{Poles end zoros are %o be "eounted® acccraieg to their orders.)
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FROBLEM SET # 10

29.) Study the following met of differentis] equations in the phase-plene

& _
a =7

%%': X+y

Determine the singular points in the (x,y) phease-plane, and study the
bshavior of the system in the vicinity of these peinta by classifying

the singularities as apiral pointse, ssddle pointa, ete. Sketch in
the phage-plene behavior.

30.) Repeat this enalysis for

a8 _
il
¥ 2and
At:— AMN

(Incidently, if you eliminate the variable y(t) in each of these equations,

you will find that equation (29) is just the problem of a harmonic oscillator
with negative damping, while (¥) is & mathematical dessripiion of a simple

pendulum of length L such that X° = g/i.)

3l.) COongider the system

i.) Damonstrate that this system is linearly unstable.

ii.) Demonstrate, however, that it is stable in the nonlinear sense.
(Himt: Verify that

\l(‘tﬂ""" )R' * !7‘ is a Liapunov funetion.)

)(*4«-279‘
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POSSIBLE TERM PAPER TQPICS FOR N, E. 551

1,) Delayed neutron multiplication in feresubcritical apsemblies: A study
of schemes used to determine the smount of fissiomable material in reactor
and fuel processing wastes (to be used in inspection procedurss assooiated
with the Nuclear Nonwproliferation Treaty)s Refs Lee, at. al., Huc. Sci.
& Bnge 38, 114 (1969) *

2.) Pulsed neutron end delayed neutron measurements as nondestructive testing
techniques. Ref: T. Coweni, Trens. im. Buc. Soo. 12, 258 (1969)

3,) Spece-Time Synthesis methods and their application to spatially dependent
reschor leinetics calculationss Ref: J. B Yesinsky, Nuc. Sole & Eng. 34,

158 (1968)

4,)-Pulsed neutron experiments in musll, highly enriched uranium spheres
Ref: T. Gozani, Nuc. Sci. & Eng. 36, 143 (1969)

5,) Numericalseistions of the point reactor kinetice equations, Refs K. F.
Hansen, ot. al., Trans. Am. Buc. Soc. 12, 616 (1969} , R. Goldstein and
L. Shotkin, ibid’ Pn 622‘

6.) Pulsed reactors for use ae intense neuiron scurces. Ref: Asaoka and
lerrimore, irena. Aus Nuel. Soc. 12. 655 (1969)

7.) The kinetics of coupled ccre reactors. Refs Umpar £5d Ram, Trane. Am.
Fuc. Soc. 12, 706 (1969)

8,.) Xeron ossillations in large thermal reactors. Ref: Trens. fm. Nuc.
Sve. 12, ppe 760 %o 767 (1969)

9.) Sodium voiding end the calculstion of sodium void cosfficients in fast
veactors. Ref: Trane. Am. Muce. Soc. 12, ppe $04=913 (1969)

10.) Bxplosive dissassemblyof faét reactor cores. Refs Jo Co Lee®, Trans. Ame
Nuce Scoe 12, Ppe $17=520 (1969)

11.) Pulsed neutron measuvements in multiplying media. Refs E. Garelis,
Trense Ame Huce Soce }_1_’ 4o (1%8)

12.) Derivations of the point reactor kinetics equations. Refs M« Bocker,
Hug. Scie. & Fnge él ’%Q(I%S)

#NOTE: Thesa references are usually to the most recent work available. The
roferences contsined in thess papers will probably be mors useful.
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