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INTRODUCTION

For safety and control purposes it is important to
know the response of a reactor to small perturbations 1in
reactivity, and to know the response of a detector to the
variations in the neutron flux at various locations in the
reactor. Many studies (1) have concerned the response of
the reactor to sinusoidal variations from the steady state
system., Experimentally the macroscopic absorption cross
section is caused to vary sinusoidally with the use of an
oscillator or neutron pulses are introduced. These can be
reduced analytically to a series of sinusoidal changes in
reactivity. When a sinusoidal variation in reactivity is
introduced in the reactor, the measured reactor response is

also sinusoidal, but of different magnitude and phase. From
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Figure 1. Magnitude of detector response versus fre-
quency for a location in the UTR-10



frequency studies (5) in the two-core UTR-10 reactor, a so
called 'dead spot' or position in the reactor was found at
which the response of a detector to the neutron flux dies
out. This was observed at certain frequencies called sink
frequencies, the first occurring at approximately one
hundred cycles per second. In these experiments the oscil-
lator was placed in an outer graphite region adjacent to the
two cores and detectors were placed at other locations.
Figure 1 (5) shows the nature of the detector response in
the vicinity of the first sink frequency. From a safety
point of view a lack of response from a detector at certain
frequencies and locations in the reactor could result in a
serious situation. ﬂ

The object of this thesis is to investigate the appli-
cability of a thermal model of the neutron flux to study the
sink phenomenon. An analogy is established between a two-
core reactor prototype and a thermal model; the theory of
similitude establishes the conditions under which they are
similar, and provides the approach to studying one in terms
of the other. From the thermal model, with the analogy that
conduction of heat pulses down a metal rod is similar to
neutron pulses in the UTR-10, a study was made to reproduce
the sink frequency behavior in the model and hence learn
more about its nature in the real reactor system.

In developing the thermal analogy it is necessary to
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consider the characteristic equations that describe the
reactor system and those proposed for the analog, and to
determine the conditions under which they satisfy similitude
requirements. The analog consists of a rod with two heat-
source sections, separated by sections without heat sources,
to represent fuel and graphite regions of the two-core re-
actor. A temperature pulse driver on one end of the rod is
analogous to the oscillator in the reactor system super-
imposing a rectified sine temperature variation on the
steady state condition. As in the reactor, the frequency
response of the model is also sinusoidal, but of different
magnitude and phase. Thermistors are placed along the rod
to correspond to the neutron detectors in the reactor pro-

totype.



THEORETICAL DEVELOPMENT OF THE THERMAL ANALOGY

Derivation of Prototype and Model
Characteristic Equations

In this development of the characteristic equations
governing the reactor, one-group theory is assumed to be
valid. Neutrons are assumed to travel at the most probable
thermal velocity (v) as predicted from the Maxwell-Boltzmann
distribution for room temperature. Further simplification
includes considering only the one-dimensional differential
diffusion equation for the flux distribution in the unstead-
y state. In considering a two-core, heterogeneous reactor
such as the UTR-10, two basic regions are recognized - the
fuel regions and the graphite reflector sections. The re=-
actor is moderated by light water in the two core tank

regions.
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Figure 2. Sketch of UTR-10

Neither core A nor core B can achieve criticality alone,
but only with additional contributions of neutrons from one
another, From the application of the diffusion equation

in the fuel region, the net number of neutrons in this



region is equal to the neutrons produced minus those lost
by absorption or leakage and the one dimensional differen-
tial equation for the flux distribution in the unsteady

state can be written as,l

DVO-Zad+hZ, =%

This is the equation of continuity (8) where

% = B Yo
D V¢ agyz

leakage term (2)

i Z-q_ (,b = absorption term (3)

)Q Z..&d) = a production term (4)
oN _ | P

and St - v s Since CP= nv (8) and v is con-

sidered constant. Equation (1) simplifies to

3% E31'¢=—'— 30

ax* blv ot

Equation (5) is the characteristic equation for the fuel

(5)

regions of the reactor. The diffusion equation is the same
in the graphite regions, except for the omission of the

source term. The diffusion equation for the nonmultiplying

1
graphite regions is .81 e ¢ -1— QQ_ (6)
X

lA list of symbols and definitions used in all expres-
sions is given in the Appendix.



Simplification of equation (6) supplies the characteristic

equation for the ngnmultiplying graphite region

b —Z.a :L& (7)

<+ 3x2 vV ot
3¢ _ L. d= 1_ 20

Equations (5) and (8) are descriptive of the one-dimension-
al unsteady state flux distribution in the two regions of
consideration in the reactor. Though the fission mecha-
nism is stochastic in nature, equation (5) is considered
valid throughout each core region and equation (8) is valid
throughout each graphite region.

The development of a heat balance in a volume element
containing a heat source provides an initial step in the
derivation of the characteristic equations of the thermal
model. From the law of conservation of energy, the net
flow out of heat energy must equal the flow of heat energy
into the volume plus the heat energy generated within the
volume minus the heat energy lost within the volumej; this
difference is the change in the internal energy of the

volume element. Figure 3 illustrates heat conduction in a

—

slab where
AREA

(dﬂd!)
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X — . t = time

. -— dx
Figure 3. Volume element with a heat source



The amount of heat in the volume in the x direction 1s given

by —Jh(ircht(dch) e The thermal conductivity k is basi-
X

cally a transport property of the medium. The temperature

gradient séu- describes the distance rate change of temper-

ature. Finally <Jt is the change in time and dﬂ A? is the

flow-in area. Since the (flow-in, conduction in x direc-

tion) = —A db}_-_ At Glld C’Z‘ (9)
Ax

and the (flow-out, conduction in x direction) =
—/h El_(w+d_\a._dx)dt clﬁdé, (10)
clx Ax

the net flow-out in the x direction = flow-in - flow-out,

or (net flow-out, in the x direction) =

-R %Atajda— _hi_(ua-%%dx)& dydz

____j‘ B}XLL clxd-jclz- dt (11)

similarly it can be shown that

(net flow in y direction) =

- R g&_d‘jc‘xdi dt (12)
éj*
and

(net flow in z direction) =
2
— R cltjcl?_-clx dt (13)
oz*

Thus, the total heat loss is the sum of the heat losses in



the three directions.

_</h U, chdgdadt +k39%1353;_c\xc1t + R %%cledﬂdxdt)
= —k (VW) dxdydzdt —
The total heat loss = — h(v‘u)clxéadz.dt (15)

The next point to be considered is the heat lost within the
element volume in order to raise its temperaturej; in other

words the heat stored is to be considered.

Heat stored = C./O %%_ CIK d!ddi& dt (16)

The specific heat gives the quantity of heat required to
raise the temperature of a body per unit mass by one degree,
Thus,C?O is the heat required to raise the temperature of

a unit volume one degree. So, CP%%AXJUAtJt accounts for

the heat stored. Since this volume element contains a heat
source, P can be defined as the amount of heat generated
per unit volume per unit time. The total heat generated
pacomes P JXC‘UCIE' at. . Now, the heat balance can be
written as the heat stored = heat generated -~ heat lost.
cp %‘%dxdﬂdedt =
Pdxdydzdt + R(70)dxdydzdt an

This reduces to ’h (V;_u)+ P: C/O %é_ (18)

or



vlu"‘%:cf%% (19)

If heat is generated proportional to temperature an equation
p-"—Q( u can be written. Now equation (19) can be re-
written vl\l * Q%l == Q%%% (20)
Equation (20) is the general expression for the temperature
distribution for unsteady state conduction in the case of a

sS50urce presence,

Although the reactor characteristic equations are
written to describe a slab reactor, it is convenient to use

a cylindrical rod geometry for the model.

RI non-he.ﬂf}ﬂm non-heat hedt|non-heat ()

| =

Figure 4. Sketch of thermal model
For a cylindrical rod region with a heat source, equation

(20) becomes

Ue  J'Ug au _L3 + s Ue ¢

For a %?n-heat source reglon, equatlon (20) becomes
3,,_: A Ih  A* Fet axu ‘E‘ Ttm (22)
From symmetry considerations the angular temperature varia-

. 3u
tions can be neglected and the terms }t:. 339"' and }{'1 BBE"
are dropped from the equations. The terms éL* and

BJL"
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QZLJF are also dropped by the assumption of linear radi-
on*
al change in temperature. From Newton's law of cooling (7)
au | _ uu) (23)
g=-RAM = hAU-U
=R

Equation (23) reduces to the following expression,

%‘% = xb_[:U(R,xM,tH)-uaj
a=R -R i (24)
This means that the term _L QL&J becomes
| =R

_R;EEX(R:XMK)'\&] . Now equations (21) and (22) can be re-

written as - é%
- A U (R M Eu = *Mt)
%[UF(R.&.#A-U&] * g;:—f( s ) N i; uF(RJ‘“;tH)- % a't‘: |

and
-/9"1. (Q,xH;tH -u -+ S‘UC,CR,xu,m)= C;P:_ SUG (RJ"‘M#&D
AR (% - S5 K, 5,

The following functions can now be defined as
/
uF - UF(R,XH ,'tM)" ua_

and
qu - uG(R,XH,‘tH>—ua_ ®

a |/
Since ?_L:'_F — é:_[uF(R'x“ttH)'u‘;.l - azuF' (Rlxnltﬂ)

N X

| o
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Q)Ll, Bi[uGCR iM'tH) uq_,l - aau (R xH!tH)

3*2‘« T X
and

ébl:- « @ CUF(R)“M)-&H)"HG-] - 9JUg

oty T T

ot,, at,,

/
s - b_E_L_lc,ﬂR."HJ*H)'q‘A - oUg
atM At _ért:‘

equations (25) and (26) can be simplified.

J‘é%ffp‘,xm-t“) (k __ Bu (RKH'EB GA U (R,XN,'C)

..—

szu (R‘K -+ _ )1 / /
gx_;“G 1%m4) H) r?-R_ uG(R,xH,tH)= c-z_p} é_lﬁ_( R,x";t,,)

2 R, I, (28)

These equations are no longer effectively dependent or r,

and it will be understood that u,.f: (R %p1tm) =uF,(x“"JtH)

and u(; (R, X4 ]tM) - ulG C X )tH) - For convenience

these functions can be redefined so that u‘:’ ("M; tM) =
uF(x”ltH) and UE; (XH,tH)= uG(xM;'tH)
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Therefore the following equations are approximately correct
for the model one-dimensional case. Equation (29) is the
characteristic equation for the source regions of the ther-

mal analog.

L Xy X —-'%I - / QLA 0&5&)
S [5,- v o e

Equation (30) is the characteristic equation for the non-

source regions of the thermal analog.

2 "E 2 /C : ™y ."l) (30)
—._.-.T.G xN)tH) o 2 S G

In summary, the four characteristic equations for the reac-
tor prototype and the model are as follows:.
Reactor

Source region:

él(Pp Bl =1 9 ¢F
= (31)
Non—sourqc)e region: d}
M, _ ) =1l 9
L 'LTT ct‘)G- »82\1 S't& (32)

Thermal Analog

Source region:

Ju = _ kK ) U. = ¢p ou
il ! pEY =0 (33)
X, (’R' RR)T R S

Non-source region:

Me _ ’%A;RUG:C?-/O’- auf:' (34)

2
O Xy
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Establishment of the Relationship Between the
Characteristic Equations

The characteristic equations display similarities.,
Equations (31) and (33) as a pair and equations (32) and
(34) as another pair may be related through the use of
arbitrary constants. In order to consider equations (31)
and (33) as related through the use of arbitrary constants,

the following are defined:

Cb =n MW (35)
X =Ny Xy (36)
£ = N, Ty (37)

The subscripts M refer to the model; n, Ny, and n, are
arbitrary, dimensionless constants in the case of n, and n,.
The quantity n necessarily must have dimensions; Now, the
neutron diffusion equation (31) can be expressed in terms

of the model and arbitrary constants.

. su T = 4o n 3w
Y]'z ax; + E)Ylu 'ajv -nz "—‘,E"M (38)

This equation reduces to

A
31"‘—+ﬂ,"52u=2§—l&»
O Xy Yo M at,, (39)

Equation (39) will be analogous to equation (29) if,
2 p2
-—'jHl forer Yﬁl B
, RR

(40)
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z
s L =N L (41)
' )12 JB vV

/

A similar development can be used with equations (32) and
(34). Since the proportionality between time and distance
in each pair of characteristic equations is the same, the
proportionality between the flux and the temperature should
also be the same. In a manner similar to that used just
previously, it can be shown that the same substitutions
hold true. Now equation (32) can be written in terms of

the arbitrary constants and model variables,

U L U = 22 QW
%’l‘ X L 5i_—\/ T, 9tm

(42)
which reduces to
L 1. "
bi-muen
M %3 T,V Otm (43)

This equation will be analogous to equation (34) if the

following relationships are made:

A

2 = nt
}Eji —EEF (44)
and
CP Yﬂl i .
‘—';-h-—- e "Tq—l ﬁ‘}_ vV (45)
L

In summary, equations (31) and (33) are analogous if,

74 —p\, o ﬂ?‘ 61

k RR

(40)
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< i - (41)
& - 7 VD

Equations (32) and (34) are analogous if,

'—p-\—"- == ) (44)
AR~ Br )

€,/ (45)
2= B
¢& and QB refer to the neutron flux in the system and the

subscripts refer to the particular region of concernj; the

same is true for the analogous temperatures in the model.
Boundary Conditions Considerations

With the necessary relationships between the charac-
teristic equations developed, the boundary conditions should
be observed next. The diagram of the two core reactor
indicates that equation (31) refers to regions 2 and 4, and

equation (32) refers to regions 1, 3, and 5.

| 2 - 2

—mMmCw
—mCcT

3
I
|
|
|
|
|
|

4 i i il
L] L]

t t
-b-a 0 a b
Figure 5. Boundaries of a two core reactor

Now from the diagram the boundary conditions can be written.

(a) Since the flux must be continuous across the bound-
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ary between two different media (8),

¢F ¥ wid, 2h

(b) Since there can be no accumulation of neutrons at

= ¢ (46)
are 2, +b

an interface, the net number of neutrons leaving one medium
per second per unit area must equal the number of neutrons
that enter the other medium per second per unit area (8).

From Fick's law (8) this boundary condition may be expressed

as

B 9| _ 440

dx (47)
x=ta,tb X |yoea s
(c) To establish a time reference the fluxes in both
regions of fuel and reflector are assumed to be constant

for particular values of x and at time zero. L
Pr = ConsTanT -b<ix <=-d, Q<x<b,t=0

¢ = CONSTANT -d<x<4da ,t=0
Next is the consideration of the boundary conditions of the

0

thermal analog.

6) heat

i L
-b -3 8 = b
Figure 6. Boundaries of thermal model

g

From the figure the boundary conditions can be written as

follows:

(a') The temperature must be the same across the inter=-
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face of the two different media.
u\’-’ - G
X=1a,th x=ath (48)

(b') Since there can be no heat accumulation at the
interfaces, the flow of heat leaving one medium per second
per unit area must equal that entering the other medium per
second per unit area. From Fourier's law of heat conduetion

R, Ag_!u =k Qe (49)
X |x=td,th

dx |x=ta,zb
(c') The temperatures in the regions of heat and non-

heat sources are considered constant for particular values
of x and time zero, in order to establish a time reference.

\J._ =CONSTANT -b<x<-a, da<x<b, tz0
i (50)

]

uG = CONSTANT -d< %< 2 5 ¢=0 (51)

The model boundary conditions are derivable from the reactor

boundary conditions by making the necessary substitutions:
¢F’ =T\L,{F X=N Xy

t=n, ty

_TF o due
dx " dx
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From equation (41)
y

P _ M L
K- A s ko
: : ol i Sy
and solving for B, results in I (52)
1 Vh_C,fq v
for heat source regions. From equation (45), the diffusion
coefficient for the non-heat source region is given by
Fe

N, C, LoV

With these substitutions and the fact that v is assumed to

" (53)

be constant in any medium, the reactor boundary conditions
may be rewritten as follows:

= 'nLi;

x=1d,th

(a') nu

which reduces to

F ¥= ia)tk

U = Vg
NEET- RN xzxad,tb
(b")
kR ' n JUE = k‘z n CIUG'
oy T o CYRRYATRTN Ly
IPI < M |x=:d 1k (54)

which reduces to

R dUe = k. éﬁgt
C;P; AXM X=Iajib C'Zfol dxM x::&,ﬂo

From Fourier's law
A, _..du" - kz C(_UC:
dxM x = £d,tb C‘XM xs 14, th
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This establishes the condition that

A, dldp = R,qu (55)
dXM X:ia,;&_b d)(M x:ia,ib

from which C‘pl==C2f% e« The proper materials selection

can satisfy this condition.

(c') Finally, the third reactor boundary condition can
be rewritten in terms of the constants and model terms which
yield the same boundary condition as expressed in condition
(c') of the thermal analog.

In summary, the boundary conditions of the reactor can
be put into terms of the analog conditions, providing that

the materials selected for the thermal analog comply with

the following design conditions:

o /p'H a 1&1'
- ="M
R, RR T (40)
2
T —‘ﬁ; B,V (41)
\
b, _n'
’R R = L:—_r (44)
2
Cala _ Di‘_ i, -
" N2 bﬂ.v (45)

uFIx:t&,‘-t—L; uG K= t&,tb (54)
/h'éﬁﬂi . ‘hz dbh.
dx“ X= :td',:tb dxM x:ta)zB(SS)
S p = Czpz_
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ACTUAL MODEL DESIGN
Materials Selection
The first step in the design of the model is selecting
two materials for the thermal analog, materials which can
be related to graphite and fuel regions of the two core
UTR-10 Reactor. From previous work (9) the one-group values
of the diffusion coefficient of the graphite and fuel re-
gions are
L= 0121 M ‘
fuel region and
"Q’L = 0.843 <M graphite region
From the summary definition requirements, a ratio of.é& must

L _ R,

" . =1 e e
tisfy the follo dit = T = =
satisfy e fo wing conditions, F:, | . >CJFI = 1/02-

The values of D, and D2 establish the requirements imposed

1
on the relative conductivities of the materials for the

source and non-source regions. /&' = O .15 .hz_

Table 1. Determination of source and non-source materials

Material Thermal Conductivity 0.144 K
of Material, K cal/sec cm °C
cal/sec cm °C

Copper 1.043 00,1502

Aluminum 0490 0.,0706

Lead 0.082 0.012

Steel 0.107 0.0154
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From the tabulated calculations it is ascertained that the
best choice of materials is for heat source sections of
iron and non-heat source sections of copper. This means

that k, has the value 0.151 cal/cm sec °C for the iron se-

1
lection and k2 has the value 1,043 cal/cm sec °C for the
copper selection. The condition that <,p0 =& ©, must also
hold. Thus at temperatures of consideration (limit of

167 °C), Coy oy = Cp [, 0F 0090246 cal/cm® °C = 0.,091104
cal/cm3 °C. These values are the best achievable and com-
pare well with the definition requirement. Therefore, iron
and copper are suitable choices. The materials are easily

worked, permit good contacts at interfaces, and are rela-

tively inexpensive.
Determination of Desirable Design Parameters

With the materials selected considerations can be given
to the other design features. Relationships (40), (41),
(44), and (45) are most important to the design conditions.
They represent four linear equations with four unknown quan-
tities 713') T

- =
2 0() and R to be determined. If o= X, 7711:)9.

141=X3:) *§= X4 then these four equations may be rewrit-

- *ﬁhxq

ten as follows,
%
\
Ci P
X, = X = i)
K, 3T =

&
— teb=o
(56)



X o M, W
—— 4 T = O (58)
H 1

B, v ke

It can be shown that the solution of this system of equa-

tions is
X4 = .7
& (60)
& = bk, +h, kLB
qu;‘l (61)
% 1=
h = by b (62)
&k, R
n, = Ay R, (63)
leRBlVCIPI

The unknown quantities can now be determined by substituting
in the formulas the known values of all the terms, except
those for the film coefficient and the radius of the rod,

Table 2. Properties of iron and copper (6)
(for temperatures of consideration)

Material Density, Q0 Specific Heat, Thermal

(gm/cm3) c (cal/gm °C) Conductivity, k
(cal/sec cm °C)

Iron 7«8 00,1168 00151

Copper 8.9 0.1014 1,043
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Table 3., Properties of reactor core and materials
(for one-group theory) (9)

Diffusion Macroscopic, cﬁ' No. of Lg, B?

Coefficients, Cross Section Neut/Fission

cm 2 -2
ﬂ) cm cm

D, D, y Z’F

0,121 0.843 0.0908 0.0502 2044 9+29 0,262

With these values of the material properties, B, and L,

equations (61), (62), and (63) can be rewritten as

C>(=[(J.&) 0353(%)] cal/sec cm® °C (61)
n = 2985 (&)

- -5(
'H1_=: 5.5 x /0

(62)

}17_)
R (63)

Before suitable values of h and R are determined, the
limitations on the design of the model must be considered.
The model size is determined from the given reactor size
and limitations of laboratory space. From experimental
work further limitation on the model size is the ability to
detect a heat pulse at certain distances from a heat pulsing
device on one end of the rod. Model frequencies are limit-
ed by the thermal conductivity of the material. A limiting
" factor on the diameter of the rod is the size of the ther-

mistors used in taking temperature readings. Size is also
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an important consideration in the method of heating and con-
trolling the model heat sources of iron. Finally, oK (the
proportionality constant between temperature and heat gen-
erated in the iron sources) must remain small to avoid the
possibility of an unstable system.

Since the model frequencies can only be determined
within the limits of the ability of iron or copper to con-
duct heat, and since the temperature-power proportionality
constant depends heavily on the equipment available for pro-
ducing power in the model heat source regions, the only de-=
sign parameters left with a small but considerably better
degree of latitude in selection are the dimensionless length
scale, Ny, and R, the radius of the rod. From experimental
results of the best responses to temperature variations
along the rod as a function of size, lengthwise distance
from the pulse generator, thermistor size and locations,

a radius of 0.317 cm was selected and an ny value of 15,
In the reactor prototype the core regions are approximately
15 cm wide and the graphite coupling region between them
45 cm long. Thus from the similitude requirement that

X= ﬂl XM , the model iron heat source regions are each
one cm long, with a radius of 0.317 cm. The copper coupling
region between the iron cores is 3 cm long with a radius of
00317 cm. The outer regions of copper are each arbitrarily

selected to be approximately 10 cm long, with a radius of
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0¢317 cm., These measurements allow adequate space for a
heat pulse driver section on one end of the rod and several
thermistor locations on the other end. With values assigned

to both R and n the solutions for the other design parame-

1’
ters can be evaluated, given the hl value. A good

approximation for the film conductance due to free or natur-
al convection of air at atmospheric pressure over horizontal

rods less than a foot in diameter is given by the following

restricted equation (3). _b,
AW
/ﬂ\ = 0.2a3 2R (64)

The temperature of the surrounding air is considered to be
approximately room temperature, the constant 0.23 is approx-
imated for experimental results, R is given in feet, and the
temperature change is given in degrees fahrenheit. On the
average, the temperature difference at most was found to be
approximately 240° F in the non-heat source regions, and
280° F in the heat-source regions. Since the heat source
section surface area is not as extensive as the non-heat
source region, the conductance of heat to the surrounding
medium in the non-heat source region is greater than that

in the heat source region. From equation (64), the follow-
ing values of h, and h, were determined: (with h, referring
to the heat source region and the h2 referring to the nona-

heat source region.)
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4

f, = 3,33 % 10" cal/sec cm® *C

h-. = 3.19 x 10"4 cal/sec cm2 el &

2

With the values of h and R specified the other design

1% By

parameters determined for true model requirements can be

evaluated as

o = 14.05 x 10~4 cal/sec cm3 o'
~ 1,06 x 10™4 watts/°k
24 - 5.6 % 10~°

2
Equation (62) was first used to evaluate what true model
requirements indicate the h2 value to be. The value of h2
obtained was 7.99 cal/sec cm2 °C, and it was used in the
evaluation of equations (61) and (63). Obviously, the value
of h, calculated from equation (64) is different from the
value obtained from equation (62). This difference is a
first indication that the model may not be a true one be-
cause the design conditions cannot all be satisfied. Anoth-
er indication that this is not to be a true model can be
seen from the value of the frequency or time scale value.
From the relationship t'_'ritM y the model frequency is re-
quired to be 5,6 x 10-6 cps at the reactor sink frequencye.

Tests of the ability of iron or copper to respond to heat

impulses at a specific frequency gave satisfactory response
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at an average value of about 24.5 cps. In the laboratory
tests the ability of iron or copper to conduct heat pulses
at smaller cycle times was poor. This indicates that the
calculated value of n, cannot be used effectively. To
eliminate this problem necessitated considerations for a
distorted model rather than a true one.

Direct resistance heating of the heat source regions
was selected as being the most convenient method of heating
considering the equipment available. Two washers were
placed around the edges of the heat source regions as shown
in figure 7. Extending from the washers were large leads.
The leads were attached to current generators and at most
185 amperes of current was put into each of the iron source
regions. Limitations on the thermistors required that no
temperatures being measured by them exceed 300° F. It was
also desirable to keep temperatures below the level where
radiation of heat is negligble. With these limitations and
considerations the three values of o< selected for experi-

mental use were

X, = 4.4 x 1073 watts/°k
Ckl = 2.85 x 10-3 watts/°k
¢ = 1.59 x 10"3 watts/°k

3

These values of O are different from the design values.

After a value for the maximum current was chosen and after
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calculating the resistance of iron from material properties
and the area involved, a value for the power output was de-
termined. Then from the relationship P‘—' oWU  and using
a maximum temperature of 300° F, the three values of o were
selected within the experimental limitations.

In order to overcome the limitations discussed and
still make an effective model study, the true model was
finally rejected for one in which distortion was to occur in
the frequency ranges and power output of the heat source re-
gions. These proved to be fortunate in that the parameters
affected were easily varied in the laboratory set-up, where-
as distortion in the model size or geometry could require

the actual construction of various models,
Model Construction

After all of the design conditions on the model were
determined, the construction was done by the Machine Shop

using the following diagram and listed requirements.

COPPER LEAD
v FE cu |
COPPER

Washer width around iron source 0,2 cm

Iron heat sources 1 cm long, 0.317 cm radius
Copper between Iron 3 cm long, 0.317 cm radius
Copper extreme regions 10 cm long, 0.317 cm radius

Figure 7. Drawing of model with dimensions given
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All sections were silver soldered to provide the best con-
tact. The copper leads to the heat source sections were
made large enough to accommodate the thick wires carrying
current of a hundred or more amperes. The large amounts of
current supplied to the iron source regions were obtained
from a transformer on one core and an ac arc welder on the
other core. 1In order to control the power input to the
source regions, voltmeters and ammeters continually moni-
tored the amount of power in the source regions,

The last construction requirement was the heat pulse
driver section. Heater wire wrapped around one electri-
cally insulated end of the rod was connected to a dc power
supply and the current pulsed by manual control. Of some
concern was the selection of the insulation material which
would give good electrical insulation, but allow the maximum
heat conduction between the heater wire and the surface of
the rod. After trial and error a combination of sauereisen
insulator paste and torr seal paste gave the best results,
An initial layer of sauereisen on the surface of the rod
gave the necessary electrical insulation and proved resis-
tant to the high temperatures involved in the experiment.
An outer layer of torr seal cemented and held the layer of
sauereisen firm to the rod. Two thin layers, one sauereisen
and then torr seal were placed on the surface of the rod.

The heater wire was then wrapped around this section of the
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rod. Two more layers in the same order as the first two
were placed on the outside of the heater wire. A final lay-
er of asbestos paper was applied. The ends of the heater
wire were then attached to a variable dc power supply and
the current pulsed manually to achieve a sinusoidal varia-
tion temperature perturbation in the model system; as cur-
rent flows in the heater wire it causes increases and de-
Creases in temperatures according to the rise and fall of
the current. The heat arises from resistance heating of
the heater wire. This heat is then transmitted through con-
duction to the surface of the model, causing the perturba-
tion in the model system.

The following diagram sketches the model set-up and
on the following pages photographs show the actual labora-

tory set-upe.
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METHOD OF TAKING DATA AND
PLOTS OF RESULTS

With the described experimental set-up, collection of
data required the efforts of three peOplé. One person was
needed to vary the dc power supply in order to give the cur-
rent a half rectified sine wave variation. This affected
the temperature pulse perturbation on the model system.

With the use of a stopwatch and manual efforts, various fre-
quencies within the experimental limits were achieved. An-
other person monitored the two cores in order to achieve

the effect of proportional control of the heat source re-
gions. A set of tables was prepared from which the tempera-
ture reading, voltage reading, current reading, and speci-
fied ™ value could be related as rapidly as possible to in-
dicate how much the current to the heat source should be
increased or decreased to achieve the proportional power-
temperature control of |3= uﬂl . This person worked as
rapidly as possible continually monitoring the cores to en-
sure as much as possible the proportional behavior required
between temperature and power. The third job included
satisfying the initial conditions on the system before each
trial run, and during the run, recording as rapidly as
possible the temperature at the specific time at each of

the ten thermistor locations. With the aid of a switch box
and a stopwatch and practice, recordings of time and tem-

perature for all ten positions were achieved on an average
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of a minute. Each temperature reading taken at either of
the two cores was called out to the person monitoring the
cores. As rapidly as possible the tables were checked and
the core power adjusted accordingly. At each frequency
readings were taken for the duration of two cycles in the
current sinusoidal variation. At the end of each run two
fans were applied to the model to speed up its return to an
initial steady state condition. Initial conditions involved
making sure that the two cores were at the same fairly con-
stant temperature level and the copper regions were also at
a fairly constant temperature. Each time the cores were
initially heated, a twenty-minute time period was allowed

to pass to ensure small, almost no variations in tempera-
tures., When this level was achieved the steady initial
conditions on the system versus the thermistor locations

on the rod show a temperature distribution as depicted in
figure 12, This temperature distribution across the model
positions for steady state shows good similarity to the
spatial flux profile in the UTR-10 reactor for the equiva-
lent steady condition. Since one-group theory has been
assumed valid, the thermal flux distribution across the
UTR=10 has the form shown in figure 1ll. This can be ex-
plained by the fact that in the coupling region, the thermal
flux buildup results from the presence of neutrons contribu=-

ted from both cores on either side. The same reasoning can
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Figure 11. Flux distribution for the UTR-10

apply to the temperature buildup in the model coupling re-
gion, as a result of the presence of the two heat sources
on either side., After the model was operated in initial
conditions, simultaneously the pulsing with the dc power
supply was started, the cores were monitored with changes
in their power output controlled as continuously as possi-
ble, temperature and time recordings were made. Various
pulse frequencies were tried. The response of the model

to the sinusoidal input proved to be also sinusoidal but

of different phase and magnitude. Figure 13 shows this
behavior. From this plot the response at all thermistor
locations indicates that the pulse was felt all along the
rod, However, when shorter cycle times were used the pulse
time was so fast until it was beyond the material response
capability. PFigure 14 shows that below a cycle time of one
minute the pulse of heat was not felt along the rod nor
even in the driver section. In actual practise all frequen-

cies of any experimental value was obtained in the range of
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cycle times above four minutes.

Of interest was a comparison of the model spatial tem-
perature distribution during the pulsing action. This was
done for two cases, namely the case where temperature-power
ratio was neglected in the model core regions and the case
where it was applied. Figures 15 and 16 depict these two
conditions., From figure 15 it can be said that the tempera-
ture distribution shape does not vary in time during the
pulsing, but varies in amplitude. This is also in accord-
ance with the reactor prototype behavior. The usual assump-
tion made in applying the point or space independent reactor
kinetic equations is that the flux shows no time variation
in shape. This assumption is necessary because some of the
parameters involved in using the point kinetics equations
can be evaluated only if the instantaneous flux shape is
known. Another parallel shown here between the model and
the prototype is the change in power level during the puls-
ing never allows the system to return to the initial power
level.

From figure 16 the effect of temperature-power control
in the model core regions produces little change in the
overall temperature distribution shape. The greater drop
between temperatures in core I and core II as opposed to
the same difference in figure 15 is a result of using great-

power in the heater section, thus increasing the heat pulse
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intensity. With this taken into account the plots in both
figures 15 and 16 exhibit the same basic shape, only varying
in amplitude. The reason for using the temperature-power
proportional control in the model heat source region can be
justified not only by the fact that the similitude require-
ments demand it, but by the fact that it is more analogous
to the prototype behavior. The power of a nuclear reactor
can be given in terms of the product of some constant value
and the neutron flux.
P=Ad

where A includes a combination of the volume of the reactor;
fission rate required to produce a specific amount of power,
perhaps one watt; and the macroscopic fission cross section.

From the collection of the pertinent data it is hoped
to establish relationships between the variables significant
to the model study. Since the designed model was distorted
rather than true, it was necessary to take data for three
different models. As stated before this did not involve
the construction of other models but only involved changing
the distorted variables of frequency and temperature-power
proportionality. Therefore data were taken for the three
values of (X selected. The frequencies used ranged from
cycle times of five minutes up to twenty minutes. The data
collected were then plotted in various ways to try to estab-

lish relationships among the significant variables and to



43

try to determine the effects of the distortion on power and
frequency. The system response at each point was given by
taking the ratios of the input peaks (recorded by a therm-
istor located in the driver pulse section) divided into
output peaks determined at each thermistor location along
the rod. Since temperatures were recorded in degrees fahr-
enheit, they were converted to degrees kelvin before the
output-input peak ratios were taken. Since data was record-
ed for two cycles at each frequency, the plots of the data
included the peak ratios as a result of the first pulse
cycle and the peak ratios as a result of the second pulse
cycle. Since plots of the system magnitude response versus
frequency displays the dip corresponding to the sink fre-
quency in the prototype, the model response was plotted ver-
sus frequency to detect the possibility of a dip correspond-
ing to a model sink frequency. These plots were done for
each thermistor location for each value of the temperature-
power proportionality constant chosen. Figures 17 through
19 show these plots. Since the results for all nine posi-
tions were similar depending on the value of ™~ used, these
are only representative plots from each ™ group of all nine
positions. 1In an effort to study the relationship of the
response to the frequency for three ™ values, plots were
made using both semi-log and log-log scales. Figures 20

through 25 display the semi-log and log-log plots for the
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response versus the frequency at a given o< value for a
representative thermistor location.

Also of interest is the relationship between the peak
I ratio and the peak II ratio at each thermistor location
on the model. Figure 26 shows the relationship of peak I
to peak II values for all three «¢ values at a representa-
tive thermistor location. The plots for the other eight
positions display the same characteristics.

To aid further in determining the effect of the distor-
tion on the model other plots were made as follows. Since
the peak ratios were plotted versus frequency for three con-
stant © values, graphs were also made of peak ratios ver=-
sus ™ values for three different values of frequency. This
time with constant frequency values it is desirable to es-
tablish a relationship between the ratios and temperature-
power proportionality constant. Figure 27 is a representa-
tive plot of the relationship between the response and the
proportionality constant. It is a representative plot be-
cause the same graph for other frequency values displays
the same behavior. Finally to observe the effect of value
and frequency (hence the distortion on the model), plots
were made of the system response, or peak ratio versus po-
sition for values of constant frequency and constant val=-
ues. Figures 28 through 33 show plots of peak ratios ver=-

sus position for three frequency values, each at a specific
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™ value. Figures 34 and 35 show representative peak I
and ITI ratios versus position for three values of o at a

specific frequency value.
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DISCUSSION OF RESULTS
AND ERROR CONSIDERATIONS
Figures 17 through 19 indicate that for each value of
alpha considered, the peak ratio frequency curves have the
same form for all nine thermistor locations. SO the re-
sponse to the heat pulse at one point in the model indi-
cates its form at the other eight positions for a given al-
pha value. Graph 17 shows that for model I with ™ = 4.4 X

10™3

w/°k both peak ratios show the same form, although

peak I ratio frequency plot is higher than the same plot of
peak II ratios. This occurs because in the second cycle the
peaks attained at the various positions are almost the same
height attained during the first heat pulse cycle. However,
the heat input perturbation pulse attains a far larger peak
in the second cycle than in the first. Therefore the ratios
of the peak outputs to the input peak for cycles I and II
show peak II ratios at a lower value than peak I ratios.
Reference to figure 13 shows a comparison of output peaks
for each cycle and input peaks for each cycle. The larger
increase in the input pulse height during the second cycle
can be explained by the fact that the driver section is bet-
ter insulated than the rest of the rod and hence the second
pulse always starts on an additional thermal level and at-
tains a higher peak. The heat in the driver section isn't

lost as readily to the surrounding air as at the other ther-

mistor locations along the rod. This plot for model I in-
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dicates no dip corresponding to a model sink frequency.

The graph 18 refers to model II with an ©¢ value of 2.85 x
lO-3 w/°k. Model II was operated in a lower power range

as indicated by the lower ™ value. However, the two peak
ratios have the same form, but the peak I ratio is higher
than the peak II ratios. The form of these curves is very
similar to the forms seen in model I plots, excluding the
slight distortions in the initial parts of the curve. Mo-
del III corresponding to an © value of 1.59 x 10-3 w/°%k

was operated in the smallest power range. The response here
appears to be less favorable in regards to both models T

and ITI. Again the peak II ratios occur at lower values than
the peak I ratios. The peak I ratio however is totally dif-
ferent in form than the corresponding curves in the other
two models. The peak II ratio points appear to be largely
scatter points. The line of best fit for these points a
slope similar to the corresponding curves in the other two
models. It can be assumed that the peak I ratios of model
IIT show no real dip or sink frequency. This is based on
the fact that the other data trial points at the same fre-
quencies do not duplicate a true dip behavior. They do in-
dicate what could be considered a small ripple in the total
picture of all points beginning from the origin. In con=-
sideration of the plots of the other models and the behav-

ior of the peak II ratios of model III, the peak I ratio

plot is to be viewed with larger error than the other data
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points. Just as in the case of model I and ITI, model IIT
shows no sink frequency. From these plots for the various
alphas at a particular position, the ordinates in reality
vary very little when considered in light of the origin or
the zero point on the y axis. In view of the limited range
of data points shown on the graph, the plot can be thought
of as small variations in an overall curve beginning at the
origin. Figures 20 to 25 show that within the limits of
the experimental data, in other words the portion of the
total curve beginning at the origin, the peak ratios can
approximately be shown as a line when plotted on logarith-
mic scales versus frequency, depending on the accuracy of
the lines drawn. Model I still shows slight curvature in
figures 20 and 21, but can also be roughly approximated by
a straight line. Model II can also be roughly approximated
by a straight line. Model II can also be roughly approx-—
imated by a straight line as shown in figures 22 and 23,
Model III shows that the peak I ratio frequency curve re-
tains its unusual shape no matter how plotted; while the
peak II ratios plot with a rough straight line approximation.
These plots on logarithmic scales for all the models show
fair agreement in all cases, except the peak I ratio plots
for model III,.

Graph 26 relates the peak I ratio to the peak II ratio
at a position for all three models. As might be expected

the curves are fairly linear. Models II and III show the
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same linear relationship between the peak I ratio from the
first cycle and the peak II ratio from the second heat pulse
cycle., The effect of the temperature-power proportionality
constant of the three different models is not important to
the relationship between the peaks. The peak ratios from
the two cycles for the model I position shows slight curva-
ture and significant deviation from the linear plot of the
values for models II and III. Thus the peak II values in
model I increase at a non-linear rate compared to the peak I
values. A linear relationship might be expected among peak
I and II values. During the heating part of the heat pulse
the rod heats up to a peak value, then during the non-heat
part of the cycle the rod cools down to a lower value, but
not back to the original initial value. By the time the
second heating part of the next cycle is started the temper-
ature still hasn't dropped to the original value. This
means that the second pulse peaks a little higher as a re-
sult of starting from a higher temperature level. For dif-
ferent frequencies the cooling period varies according to
the length of the non-heat part of the cycle. At the same
time power is generated in the cores proportional to the
temperature as it may rise or fall. For models II and III
this core power level is smaller than for model I. The
effect of the proportional control in the cores is less pro-

nounced for the two smaller alpha values of models II and
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III. Model I has a greater effect of the power proportional
control and influences more the level on which the second
peak builds. Figure 27 shows that at each frequency value
the peak ratios tend to rise in a fairly linear fashion with
each increasing alpha value.

The plotted results have shown that the system response
as a ratio of output to input peaks for both cycles I and
II, increases with increasing frequency; within the limits
of the data range of points this peak ratio increase shows
some form of exponential rise with increasing frequency for
the logarithmic scale straight line approximations. For
each frequency value the peak ratio of response increases
fairly linearly for model values of alpha in cases II and
III, but model I exhibits slight variations in a few fre-
quency runs. Using this information plots were made to de-
termine the effect of these conditions on the temperature
peak ratio response as a function of the thermistor loca-
tions along the rod. Figures 28 to 33 show a general trend
of the space plot of the peak ratios to increase with in-
creasing frequency. This is especially true for models I
and II, particularly for peak I ratios. The peak II ratios
also exhibit this behavior, however in model I, the peak II
ratios almost coincide and overlap, for the longer frequen-
Ccies or shorter cycle times. The same plots shown for model
IITI indicate that the exact reverse is true; for increasing

frequencies the space peak ratios curve decreases in the
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cases of both the peak ratio values. This behavior further
supports that error is most likely shown in the behavior
of model III. Figures 34 and 35 give further information
by showing the space peak ratio curve as a function of the
alpha value for a specified frequency value. These curves
show that at a particular frequency value the peak ratio
response increases with increasing alpha value, for models
I and II, but not in the case of model III data. In view
of figures 28 to 31 and figures 32 and 34, the unusual dip
in one case and peak in the other case indicates probable
error at these points for model III.

Thus it is shown that the relationships between the
peak ratios and the alpha values and the frequencies seem
to be consistent for the same ratios as a function of time
and space for all the models studied, except in one instance
for model III., The major discrepancy shown here is the
reverse behavior of the peak ratio space curve for various
frequencies at a given alpha value. It is felt that the
data from model III is misleading as a result of the lack
of satisfying one of the similitude requirements - that of
proportional core control. The reason for this goes back
to the fact that at this low value of alpha in model III
the temperature changes were so small until the temperature-
power proportional control of the two cores was almost non-
existent within the range of the equipment available. So

basically these data points are not valid as in the case
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of the other data points where in the other models the
changes in the temperatures in the two cores was large
enough to warrant the manual porportional control. Earlier
it was stated that this effect coupled with the various
frequencies help to determine the peak levels for a partic-
ular cycle. So if the proportional control in the cores
was neglected then the rod just heated up more during a
slower heat pulse frequency than for a faster one. Con-
versely, the other models do exhibit the effect of the pro-
portional control, since their space peak ratio profiles
increase with increasing frequencies or faster cycle times,
This is again explained by the fact that the input peaks
are much larger than the output peaks for slower cycle
times, hence the output to input ratios of the peaks is less
and less for longer cycle times at a given alpha value,
Experimental errors may be classified in these groups:
errors in the equipment, errors in collecting data, errors
in calculations as a result of determining true peak values
for certain thermistor locations at certain frequencies.
The errors in the instruments can be seen from the per cent
accuracies given in the list of equipment for each instru-
ment used., The transformer supplying core I with current
displayed a continuous tendency to drift causing error in
the amount of current flowing into core I. Another impor-
tant error factor is the relative error between the equip-

ment monitoring and supplying current to both the cores.
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Since the transformer displayed drifting tendencies, the

arc welder on core II was used as a standard in calculating
the relative error between the equipment associated with
core I and the equipment associated with core II. These
relative error values of per cent accuracy values are listed
in the 1list of equipment. Another possible error factor was
introduced in the manner of contact made between the ther-
mistors and the surface of the rod. The thermistors were
tied in place by a temperature resistant cloth, thus permit-
ting heat losses. Another source of error was the loss of
heat down the thermistor lead wire. To minimize (2) this
the leads were positioned as shown in figure 8. The ther-
mistors were placed this way relative to the heat flow to
minimize heat losses down the thermistor leads. Another
inaccuracy introduced was a result of the sensitivity of the
equipment, This largely affected the similitude require-
ment of proportional control in the two core regions. Of
major importance was the extent of human error involved in
the collection of the data. All important phases of
collecting the data were controlled manually. Where speed
was the important requirement, human response was much
slower than an equivalent mechanical response. Another
important source of error was introduced in the determina-
tion of the true peaks of the temperature outputs at points
remote to the driver section of the rod. This problem was

increased during faster cycle times.
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CONCLUSIONS
In conclusion, the model sink frequency was not ob-

served because of two likely possibilities. First it may
not be a phenomenon for the thermal model analogy and sec-
ond the experimental frequency range may have been too nar-
row to include the possible sink frequency value. The
frequency range (5) studied for the occurrence of the sink
frequency phenomenon in the UTR-10 was from 10 to 200 cps.
The range attainable within the limits of the model study

=3 to 6 x 10> cps. From figure 1 it can be

was 0,5 x 10
seen that for the UTR-10, in the same frequency range of
0a5 X% 10”3 to 6 x 1073 cps, the magnitude of the detector
response (5) versus frequency is constant. In other words
no drop or sink frequency occurs in this frequency range
for the UTR-10. This indicates that if the model frequency
range were enlarged the phenomenon of the sink frequency
could possibly be observed. If such a phenomenon can be
observed in the analogous thermal model, true similitude
requirements, as calculated earlier, would expand the fre-
quency range to include cycle times in the range of 1.785 x

# sec or frequencies in the range of 5,6 x 10_6 Ccps.

10
This range would be very difficult to achieve without mak-

ing necessary changes in the presented model design.
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RECOMMENDATIONS FOR FURTHER STUDY

The thermal analog developed in this research proved
to be feasible and similar to the reactor prototype system
in many aspects already presented. With more development
and refinement of the equipment, it should model frequency
response studies well, and give useful information. Some
points of interest for further studies are the following,

(a) Further experimental work could involve studies
over larger alpha value ranges and greater frequency ranges.

(b) Analytical studies could be made to compare with
the experimental results. This would involve using a
different set of characteristic equations not based on as
many simplifying assumptions and approximations. In this
area also, work could be done to develop a transfer func-
tion approach for the model, since reactor frequency studies

are done in this aspect.
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APPENDIX
List of Symbols and Definitions

A constant relating reactor power to the neutron
flux

The peak temperature value in degrees kelvin during
a given cycle at an output thermistor location

The peak temperature value in degrees kelvin during
a given cycle at the input driver section thermis-
tor location, position 10

A proportionality factor relating temperature to
the power generated in the thermal analog core

regions 61= U—J'\) Zd

The materials buckling, Ij
I

The specific heat of the thermal analog heat
source material

The specific heat of the thermal analog non-heat
source region

The diffusion coefficient for the reactor fuel
region

The diffusion coefficient for the reactor graphite
regions

The macroscopic cross section for absorption

The macroscopic cross section for fission

Neutron flux

Neutron flux in the fuel region of the reactor
Neutron flux in the graphite region of the reactor

The film coefficient in the analog heat source re-
gion

The film coefficient in the analog non-heat region
Reactor multiplication factor, otherwise the thermal

conductivity when in reference to the thermal
analog
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The thermal conductivity in the analog heat source
region

The thermal conductivity in the analog non-heat
source region
1
|t o=
T 2

Neutron density, otherwise in reference to the
thermal analog, the proportionality constant
between temperature and the neutron flux of the
reactor

The diffusion length,

The proportionality constant between dimensions
in the model and reactor prototype

The proportionality constant between reactor and
model frequencies

Power generated in either model or reactor depend-
ing on case of reference

Abbreviation for thermistor position on the model
as indicated in figure 8

The radius of the analog rod

The density of the thermal analog heat source
region material

The density of the thermal analog non-heat source
material

The number of neutrons per fission

The temperature

Average temperature of surrounding air

The temperature in the analog fuel region

The temperature in the analog non-fuel region
Time in prototype

Time in model
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The most probable of thermal neutrons, considered
constant at 2.2 x 10S cm/sec

Abbreviation for watts, a unit of power
Frequency in the model system

The longitudinal distance reference in prototype

The longitudinal distance reference in model



80

Experimental Data and Peak Ratio Calculations

Table 4., Time variation of temperature along the model,
trial 1, 20 minute heat pulse cycle

Time Temperature at these Thermistor Locations
(min) (°F)
1 2 3 4 5
0 109.0 111.0 116.0 11645 118.0
‘! 109.0 110,.,5 116,.0 117.0 118.0
2 109.0 111,0 116.0 11740 118,.5
3 109.5 111.0 116,0 117,0 11845
4 109,.5 111.0 116 .0 11745 119,0
5 110.0 11145 116,5 117.5 120.0
6 110.0 111.5 117s0 118.5 L1205
7 111,0 11245 118.0 119,5 122,0
8 11265 113,5 1195 121.0 124,5
9 113,0 114,5 120,0 121.5 124,5
10 11345 115.5 121.0 12245 125.0
i 114,0 11565 121,0 122.0 125,.0
12 114.0 115.0 120,45 122.0 124,5
13 114,.0 115,0 12045 122.0 124,0
14 11345 11545 120.5 122,.0 124,0
15 113:5 115.0 120,0 12145 12345
16 113,.0 115,0 120.0 12145 12245
18 113,0 115,0 120,0 121,0 123,0
19 113,0 115.,0 120,0 121.0 1225
20 113,0 114.5 119.5 12045 122,0
21 L1ZaD 114,5 119,0 121.0 121,.,0
22 112:5 114,.5 11940 120.0 12145
23 112,5 114,.0 119.,0 120,5 121.5
24 112,0 113,5 115.0 120.5 122.0
25 11245 114.5 1198 121,0 123.0
26 113,0 115.0 120.0 121a3 124,.5
27 1135 11555 121,.0 1230 125.0
28 114.0 11645 122,0 123,45 12645
29 115,.0 117.0 122,5 123,5 126.5
30 115 45 11745 122,.5 124,0 127.,0
32 115,.0 117.0 122.,0 123,0 126,.,0
33 115,40 1170 122.0 12345 12645
34 11550 116.5 122,0 123,5 126,0
35 115,0 11645 121.5 123,0 125.5
36 114.0 116.0 121,0 122,.5 125,0
38 114,0 116,0 121.5 122,.,5 1235

40 114,0 116,0 121.0 122,0 123,5
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Table 4 (Continued)

Time Temperature at these Thermistor Locations
(min) (°F)
6 5 8 9
0 122,0 119,0 1175 74,0
1 12T 1190 118,0 74,0
2 122,0 119,0 11845 7540
3 122.5 Y195 119.0 7740
4 12340 120.0 120.5 80.0
5 124,0 121,0 12345 87,0
6 126.0 124,0 128.0 9545
7 128,5 126,5 132 .0 103.0
8 13045 128,5 134,5 105,0
9 13145 12945 134,5 104,5
10 131,.,5 129,0 133.5 103,0
1l 131,.0 128,5 1325 100,5
12 130,5 128,.0 131.0 98,5
13 129;5 127,0 129,.5 96,0
14 129.5 1265 129,5 94,0
15 128,5 125.5 128,0 2145
16 128.0 12545 12645 90,0
18 12840 125.0 126,0 88,0
19 12745 124,.5 125,0 870
20 127,.,0 124,5 124,5 8645
4) 5 126,0 123,5 124,0 8545
22 12645 123,.5 124,0 8545
23 12645 323,5 125,00 875
24 127,0 125,0 1275 94,0
25 129,5 127.0 132,5 103,0
26 13145 129,5 136.,0 108,.5
27 133,0 131.0 1375 111a5
28 134,0 132,.0 138.0 112,.0
29 134,0 131,5 E37.5 110.5
30 133,0 131,0 135,0 106,0
32 132,0 130,0 134,0 103.0
33 132,0 129.0 133,0 101.0
34 13145 12845 13145 99,5
35 131.0 128,.0 131 .0 96,5
36 130,0 128,0 130,0 95.0
38 129,.0 126,45 128,0 91,0

40 128,5 126,0 127.0 89,0
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Table 5%. Time variation of temperature along model I,
trial 1, 20 minute heat pulse cycle
Time Temperature at these Thermistor Locations
(min) (°F)
1 2 3 4 5
0.0 110.0 113.0 1120 112.0 11045
0.5 111.0 114.0 112.0 112,5 111.0
1.0 111,0 114,0 11245 113,.0
2.0 112,0
245 112,5 11545 11345 114.0 113.,0
P 116.0 118,0 116,.0 116.0 114.0
4.5 124,0
5.0 124,1 121.1 12141 117.5 11745
6.0 144,0 136.0 132,0 131.0
6e5 124,0
7.0 163,0 151.0 143,0
75 142.0 133.0
845 170,0 157.0 149,0
9.0 147,.,0 138,0
10.0 168,0 156 .0 149,0 147,0 139.0
Jle5 163,.0 154.,0 147,0 145,0
12,0 158.0 138,.0
1245 152.0 145.0 143,.0
13,0 136.0
13,5 154.,0 149.0 143,0 141.0
14,0 135.5
14.5 151.0 146.0 141.0 140,0
15.0 148,0 134,0
1545 144.0 138,0 138,0 133,0
165 145,0 142,.0 137.0
17.0 136,0 131.0
18.0 142,0 139.0 134,0 134,0 130.0
19.0 140,0 138.0 134.0 133,0 129,0
20.0 13740 136.0 13145 131.0 127.,0
21.0 136,.,0 135.0 131.0 130,0 127.0
2245 136.0 134,0 130,0 130.0
23.0 126,0
2345 140,0 137.0
24,0 132.0 132,0 127,0

3These tables are only representative of the total
experimental data on file in the department,
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Table 5 (Continued)

Time Temperature at these Thermistor Locations
(min) (°F)

1 2 3 4 5
25,0 158.0 147,.0 140,.0 139.,0 132.,0
26,0 177.0 161.0 152.0 149.0 139,0
27.0 191.0 172.0 162,0 157.0
28,0 146 ,0
2845 195,0
29.0 17540 1650 161,.0 149.,0
30,0 189.5 172,0
30.5 162,.,0 158,.0
31.0 148,0
32.0 180.0 168,0 159,0 156.0 147.0
33,0 174,0 164.0 155,0
33.5 153,0 145,0
34,0 169,0 160.0 153,0 150.0
34,5 143,0
36,0 156,0 155,0 148,0 146,0 140.0
37.0 156.,0 150,0
38.0 145,0 143,0 137.,0
39,0 152,0 147.0 142,0 141.0 136,.0
40,0 149,0 145,0 140.0 139,.0 134.0

Table 5 (Continued)

Time Temperature at these Thermistor Locations
(min) (°F)
6 7 8 9 10

0.0 108,0 105.0 105.0 103.0 98.0
1,0 108,0 105.0 105,0 103,0 99,0
2.0 109.0 106.5 106,0 103,0 101.0
3.0 109.0 106.0 106.0 104.0 107.0
4,0 110,0 108.0 107.5 105.0 121.0
5.0 112,5 110.0 109.5

5«3 107.0 158.0
6e5 117.0 113.0 113,0
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Table 5 (Continued)

Time Temperature at these Thermistor Locations
(min) {*F)
6 7 8 9 10
740 110,0 194.0
745 123,0
8.0 120,0 119,0 115.0
845 209.0
9.0 12740 123,0 122,0
9.5 118,.0
10,0 129,0 201,0
11.0 125,0 124,0 119,.0 191,.0
12,0 129.0 125,.0 124.5 120,0 182,0
13,0 128.0 125.0 124,0 120,0 175.0
14,0 127.0 123.5 123,0 119,0 168,0
15,0 127,0 123,0 123,0 118,0 162.0
16.0 127,0 123,0 122,5 118,0 157,.,0
17.0 125,0 121,.0 121.0 118,0
175 152,.0
18,0 123,0 120,0 119,0 115,0
18.5 147.0
19,5 122,0 118,5 118,0 114.0
20,0 143,0
20,5 121.0 11V o5 117,5 113,0
21,0 140,0
2145 121.0 118,0 117.0 11345
22,0 139,0
23.0 120,0 117.0 116.0 112,0 148,0
24,0 120,5
24,5 117,0 116,.0 112.0
25,0 123,0 119,0 178,0
2545 118,0 11345
26,0 216,0
26,45 128,0 123,0 122,0
27.0 117,0 244,0
28,0 132,0 127.0 126,45 121,0 248 ,0
29,0 136.0 131.0 130,0 124,0
30,0 238.0
31.0 137.8 132,0 131,.0
31.5 125,.0 220,0
32,0 136,0 131,0 131.0
32,5 125,0
33,0 20740
3345 135.0 130,0 130.0 124,5

34,0 197.0
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Table 5 (Continued)

Time Temperature at these Thermistor Locations
(min) (°F)

6 7 8 9 10
34,5 134,0 130,0
35.0 129.0 124,0 188,40
3645 132,0 128,.0 127,0 122.0
37.0 1770
3860 129,5 126,0 125,0
3845 120.0
39.0 129.0 125,0 124,5 165.0
39.5 120,0
40,0 128.0 160,0
40,45 124,0 124,0 120.,0

Table 6. Time variation of temperature along the model,

trial 1, 20 second heat pulse cycle

Time Temperature at these Thermistor Locations
(sec) (°F)
b § 10 3 10
4 8840 89,0 92,0 23,0
6 89.0 8945 93.0 93,0
32 90,0 90.0 93.5 93,0
18 91,0 90,0 94,5 94,0
24 92.0 91.0 95,0 94,0
30 92.5 92.0 96 .0 95.0
36 94,0 93.0 96.5 9545

40 95,5 95,0 9760 96.5
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Table 6 (Continued)

Time Temperature at these Thermistor Locations
(sec) (°F)
4 10 S 10

4 95,.0 91.0 89,5 92.0
6 96.0 91.5 91.0 92.0
12 9645 92.0 91,5 9340
18 970 92,0 9240 93,0
24 98,0 93,0 93.0 94,0
30 95,0 99,0 94.0 935
36 95.0 99,5 95.0 94,0
40 95.5 9945 95.5 94,5

Table 7. Sample of peak I and II ratio calculations
(model II data)

Fre- Peak Ratios for these Thermistor Locations
quency =3

-3 (x 107 7)
x 10
cps Pos 1 Pos 2

Peak I Peak II Peak I Peak II

3.34 9.76 9.60 9.69 9.48
2478 9.66 9.50 e 57 9.36
2e78 9.70 S.61 9.64 9.49
2438 9,70 9,53 9,56 9.39
208 9.56 9,44 9.43 9.24
2.08 9,59 9,46 9.44 926
1.85 9.53 9.44 9439 9.27
0«83 9.54 9.39 9,36 9.16

0.83 9.54 9.36 939 9.15
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Table 7 (Continued)

Fre- Peak Ratios for these Thermistor Locations
quency -1

-3 tx 10™)
x 10
cps Pos 3 Pos 4

Peak I Peak II Peak I Peak II

3,34 9.67 9.41 9,63 9.38
2e T8 9,51 927 9.48 Q.24
278 9,61 9,43 9,59 9,39
2638 Da51 9.31 9.51 2 P 4
2.08 9,34 915 9,30 04,10
2.08 9..38 9416 9.36 9512
1485 9,31 915 9.28 9.11
0.83 9.26 9,06 9.24 9.02
0.83 9.30 9,05 9.26 9.00

Table 7 (Continued)

Fre- Peak Ratios for these Thermistor Locations
quency -1

-3 {x 10 )
x 10
cps Pos 5 Pos 6

Peak I Peak II Peak I Peak II

3434 9.56 9.30 e o | G2l
278 9.42 Q%16 9:34 9403
2478 94:53 9.31 9.46 9,22
2438 9.44 9.19 9437 9,09
2,08 9,22 8,99 9:13 8.86
2.08 927 95,01 9.18 8,90
1.85 9,20 9,00 9,10 8.90
0,83 9.16 8.89 9,04 B 7

0.83 9.18 8.87 9.10 Be75
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List of Equipment
1. Scientific Products - Yellow Springs Instrument Company

(a) Ten Model No. 427 Thermistors, time constant
measured to be 0,7 seconds

(b) Model 42SF Tele-Thermometer
Ambient temperature range 32° F to 120° F

Accuracy
0 to 230° F + 1.0° F
-20 to 0° F and 230 to 265° P + 2,0° F

- 40 to =20° F and 265 to 300° F + 3.,0° F
(c) Model 4002 Switch Box
2. Current Meters

(a) General Electric Company - AC Ammeter

Typ p=3 no, 1010558 Capacity 5 amps.
Resistances at 25° C + 0.25% of full scale
accuracy

(b) General Electric - AC Ammeter
Type p=-3 noe. 1013466 Capacity 5/10 amps

3. Transformer built by Monty Parker
200 amp ability off of the secondary
Supplied core I of thermal model with current

4. Variac used in conjunction with Monty Parker transformer
Powerstat - Variable Autotransformer Superior Electric
Company
Type 2PF 128 input volt - 120 12.5 amps
output volt- 140

5. Transformers for Current Meters - Two, one for each

meker General Electric Model nos. 9jPL
Three turns - ratio 200 to 5
Relative accuracy 30%

6e General Cable Guardian - R-600V, Lead Wire

7. Voltmeters
(a) Hewellett-Packard- Model 400C
R.M.S. Volts Range 0,001 - 300 volts
(b) Hewellett-Packard-Model 400D
R.M.S. Volts Range 0,001 - 300 volts
Relative accuracy 22%



8.

9.

10,
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Desk Fans for model cooling

Craftsman AC Arc Welder Model No. 245.20101

20 amps - to approx. 190 amps

Supplied core II with current

Power Supply - Electro Products Lab Model D-612T"

Filtered DC power supply

volt scale: 0 - 20 volts dc

amp scale: 0O - 10 amps

output: 0 - 16 volts 10 amps continuous duty
This was used to drive the heat pulse section of the
model



