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ABSTRACT

A mathematical model explaining the dynamics of the SRE
Core II, prior to constraint of the fuel clusters, has been devel-
oped and shown to match the measured SRE behavior. The model
uses an axial space-independent, nodal approach, postulating sep-
arate coolant flow regions inside and outside the fuel cluster,
plus a '"mixing flow'' between them. The model reproduces the
power coefficient and flux oscillations by demonstrating the effect

of the mixing flow on fuel-rod bowing.
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I. INTRODUCTION

The dynamics of the second core fuel loading of the SRE have been de-
scribed in detail in other repor‘csl’2"3’4 and will be only briefly reviewed here.
When the power level of the reactor was first increased to 10% of full power,
accurate control became difficult. Measurements with various experimental
techniques showed that the prompt power coefficient was unexpectedly positive,
and that it varied with the delta T across the core as shown in Figure 1. (The
moderator coefficient, which is positive, is much slower than that of the fuel

channels, and is neglected throughout this paper.)

o
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o
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7602-5005

Figure 1. Measured Fast Power
Coefficient, SRE

Outward bowing of the fuel rods was postulated as the cause of the positive
prompt power coefficient. A maximum outward bowing of 0.160 in. was pos-

sible (Figure 2), and rough calculations showed that the temperature distribution

b
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Figure 2. SRE Fuel Cluster

within the channel could cause such bowing. Measurements and calculation55
showed that outward bowing of all the rods would increase the reactivity by
0.6t0 0.7¢ per'mil of bowing of all fuel clusters. Final proof of bowing as the
cause of the positive power coefficient was made by constraining the central
seven clusters with a spiral wire wrap, a procedure which reduced the positive

coefficient by an amount equal to the statistical weight of these clusters.

After the first seven clusters were constrained, the flux was observed to
oscillate steadily with the power level constant and no control rod motion.
These oscillations could not have been detected previously because of the neces-
sity for frequent control rod motion. The amplitude and frequency of the oscil-
lations were measured at various power levels and flow rates, and the measure-
ments were repeated as additional clusters were wire-wrapped. As shown in
Figure 3, the frequency depended only on the flow rate, while the amplitude
varied with core delta T and with the number of constrained clusters. Fuel and
coolant temperature oscillations of the same frequency were also observed. No
particular clusters oscillated continuously; instead, they started and stopped

apparently at random.
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Figure 3. Measured Oscillations, SRE

After 12 clusters had been constrained, the controllability of the reactor
improved sufficiently to permit dynamic measurements. The reactor transfer
function was mea.sured6 at 2-1/4 Mwt by introducing a sinusoidal variation in
reactivity. In Figure 4 the results are compared with those obtained at zero

power. The behavior at low frequencies, where the phase angle is more
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Figure 4. Measured Oscillations, SRE

negative than at zero power, is additional evidence of the positive fast power
coefficient. The resonance structure occurs at the same frequency as the sus-
tained flux oscillations and is thus closely related. Constraining all of the fuel
clusters changed the prompt power coefficient from positive to negative, and
eliminated the flux oscillations and the resonance structure in the transfer

function.

Although these results conclusively demonstrated that bowing was the cause
of the instability, the exact nature of the experimental results was not explained.
These are: (1) the large variation in the power coefficient with power, (2) the
existence and properties of flux oscillations, and (3) the nature of the transfer
function. This paper presents a mathematical model of the fuel cluster and

coolant which provides an explanation of these effects.
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Il. DESCRIPTION OF MATHEMATICAL MODEL

Fuel bowing was caused by a difference in the cladding temperature on the
inside and outside of the fuel rod. For analysis of this effect, the fuel rods
were divided arbitrarily into two equal sections, and each section treated as a
node., Calculated and measured flux traverses show that about 75% of the
power is generated in the outer section, and 25% in the inner. Heat generated

at each node is transferred to the adjacent coolant, or to the other fuel node.

Hydraulic tests using a fuel cluster in a clear plastic process tube, with
water as the coolant to permit visual observations, indicated three flow paths
for the coolant: one inside the cluster, one outside, and a ''mixing'' flow be-
tween the two. An exact description of this, including spatial dependence in the
axial direction as well as time variation, would become extremely complicated
when coupled with all the other equations required for this model. An alternate
treatment using several nodes in the axial direction with appropriate heat gener-
ation, flows, and transport delays could be constructed on an analog computer.
However, a much simpler treatment, in which no axial space dependence is in-
cluded, was used to determine the general behavior of the model. This model
succeeded in duplicating the observed effects closely enough so that no addi-

tional complexity was needed.

As shown in Figure 2, Region 1 consists of the ''outer' coolant and fuel
while Region 2 contains the "inner'' coolant and fuel. Therefore, the model has
four nodes, two in the fuel and two in the coolant. The mixing flow between the
regions is expressed as that portion, Mx’ of the total coolant flow which flows
between the coolant nodes. Since the fuel rods are individually wire-wrapped,
mixing occurs over the entire length, reaching a maximum at the center where
bowing is greatest. On a nodal basis, therefore, total mixing flow may be
greater than total coolant flow since the outer flow may swirl around the fuel
rods several times. The differential equations describing the temperatures at

the four nodes are as follows:

dT

(MC ) - p, n-(UA) (T

p'fl  dt f1 L

f£1 - Tep) - (UA) L (Tg - Tgy) cee (1)
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deZ

(MC ) 5 g7 = P - (UA)g, (Tgp = T p) + (UA) (T - Tyy) ... (2)
aT
(MC.) 1 == = (VA (Tyy - Ty - (wCh) 1 (Touts = Tin)
.. (3)
- WG AMNT g - Tep)
aT
(MC_)a 3o = (UA)g, (T, - Tgy) - (WCL )2 (Touez = Tin)
. (4)
+ (WCp)C M (T, -T5)

Here the symbols have standard definitions, and Subscripts 1, 2, and tr refer
to outer and inner regions and transport between them, respectively. The
distinguishing feature of these equations is the last term in Equations 3 and 4.
As the fuel rods bow with increasing temperature, the ''mixing fraction," Mx’,
increases and thereby increases the inner coolant temperature. As TcZ in-
creases, fuel rod bowing tends to decrease; thus, the restoring force necessary

for oscillation is provided.

Fuel rod bowing is determined by the temperature difference between the
inner and outer cladding, since the fuel is in the form of 6-in. -long slugs.
Detailed calculations of the temperature distribution show that the cladding

temperature is well represented by:
T1aq = (1/3)T + (2/3)T

Thus, the difference between outside and inside cladding temperature is:

£2 c1 - 2T vo« (3)

(AT)clad = 1/3(Tﬂ - T, +2T
If d is the peak deflection of a rod per °F of (AT)clad’ then the average bowing
is$

6?:%(Tﬂ-T + 2T . - 2T . (6)

f2 cl CZ)

NAA-SR-8431
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As the rods bow, mixing flow increases. The change is assumed to be
proportional to the average change in the spacing between the rods. This is

expressed as:

5M R
M =M | EMNESLE S TRV 1 +420EY . v (142 BE) o (T)
x X M X 5b x

[e]e) XOO 00 0] 00

where bo is the initial spacing between the 5 rods, and Mxoo is the fraction of

the total flow which flows between the rods at zero power. Since bo = 90 mils,

M_=M_ (1+0.0146F) . ... (8)
[e]e)

The flows inside and outside the cluster also change with bowing. This

change may be expressed as the change in average flow volume in each region:

1 5T

W T 7250 - r ’
o
00

where T is the zero power deflection from an original spacing of 250 mils. The

regional flows become:

g
]

6T
1 Wl é-m) ’ e oo (9)
[e]e} (o]

w
6T 1oo
> =W, 1+<250-r - ) ...(10)
00 o 2

(e]e)

and

€
]

where "1oo and W2 o 2Te the respective regional flows at zero power. The fuel
rods deflect due to normal '"'sagging,' since the lower ends of the rods are fixed.
This effect, as measured directly and calculated from zero-power criticality
measurements with a single constrained fuel cluster, is about 80 mils peak at
zero power, or 40 mils a.verage.7 Since WlOO/WZ = 3 for the no-bowing case,

00
substitution in Equations 9 and 10 gives:

W = 0.63w, and w, = 0.37w
00 oo

NAA-SR-8431
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Therefore,

6T _
wy = 0.63w (l-zT%>:O.63w(l—Ki 5F)
and
w —037w[1+—‘51(17)]—037w(1+1<' 3
2= 0 206 Latdf = L 2

Finally, assuming Ti constant, and redefining all temperatures as the

excess above Ti (e.g., Tf = Tf - Ti)’ Equations 1 through 4 are written:

by /
Tnat - Ka? = (T - Top) - K (T - Typ)
aT,, )
Tea at - Kpa = (T - Top) + K (T - Tpy)
chl
Tarar = (Tg - Top) - 2K [W (T ) - Kow[M T ) - T,,)
aT_,
TCZ dt (TfZ - TcZ) - ZKCZ [Wz] (TCZ) + KCW[MX](TCl - TCZ) i

.(11)

. (16)

since Tout = ZTC. The quantities in brackets are those which vary with bowing.

The constants are:

Ta = Tep = i K/ = L,
2 ZUA)fC £ (UA)

N Pa L
fl = (UA) f2~ (UA), °’
. (MCp)cl . ) (MCp)CZ ’
17 A, 7N
cl = TOA),, c2 = (OA),_
and
(Cp)
- - _ C
Kcl B KCZ - Kc ~ (UA) ’
fc
where

(UA), = (UA)g = (UA),

NAA-SR-8431
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Thus, Equations 6, 8, and 11 through 16 define the mathematical '"mixing
model."" In the following section, these equations are solved on an analog com-

puter in order to examine the power coefficient of the SRE.

NAA-SR-8431
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[1l. POWER COEFFICIENT

In order to study the SRE Core Il power coefficient and to provide steady-
state conditions for study of the flux and temperature oscillations, the foregoing
nonlinear differential equations were solved on an analog computer. Although

the analog circuitry is not included here, a block diagram is shown in Figure 5.

[Ts1.T¢2] FUEL -
TEMPERATURES | g
, it COOLANT
=1 TEMPERATURES —9[Tc1 T2
BOWING
$ ‘I—-»sr
MIXING ——
" 1
-OW
I——- [wi,w2]
REGIONAL FLOWS
R o

7602-4619
Figure 5. Block Diagram, Mixing Model

As previously stated, outward bowing of the fuel rods was the cause of the
positive prompt power coefficient. Therefore, the analog was used to solve for
the bowing, 0%, as a function of power. Assuming a constant coefficient of re-
activity for bowing, the prompt power coefficient then becomes the slope of the
bowing vs power curve. The core parameters used in calculating the constants

of the model equations were the best values available. The parameters concerning

NAA-SR-8431
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bowing and mixing were subject to some question, and were varied widely on the
analog. Since the results outlined in this section were achieved with several sets
of bowing parameters, parameter values will not be presented here. However,

the character of the results is clear.

Using reasonable parameter values, the computed prompt power coefficient
compared extremely well with the measured results (Figure 6), and the tendency
for the coefficient to ''flatten out'' as the core AT increased was reproduced.
This behavior was confirmed for different flow rates, and implied that bowing
tended toward a linear function of power as power increased. In the model, as
power rises and the fuel rods begin to bow, the mixing from outer to inner chan-
nels increases and the outer region flow decreases. The former effect decreases
Tcl (hence, ATC), while the latter increases it. At first, the regional flow effect
predominates, and ATC rises sharply; but as the mixing effect increases, the

rate of change of ATC approaches linearity.

l5 T T T T T T T T
= MEASURED
-
S >
=4 ~
— COMPUTED
&
QIO— -
L
L
Ll
(@]
(&)
o
L
3
a Sr .
}._
a
S
(@)
et
o
O 1 1 1 1 1 1 1 |
0 0 20 30 40 50 60 70 80
CORE AT (°F)
7602-4618

Figure 6. Prompt Power Coefficient,
Measured and Calculated
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In addition, because of the sharp rise in ATC due to regional flow change
with bowing, 01 rises sharply, exhibiting an exponential-like behavior (Figure 7)
at lower AT's. This effect substantiates previous assumptions of an exponential
flux or bowing character in analyzing ramp mea.surernents,2 and provides the

sharp increase of the power coefficient at low core AT's (Figure 6).

70 T T T T T I T T
60 :
%)
=
s . |
O
=
=
S 50 f |
m
s N S— |

O { ISAG BlOW|NGl 1 1 1 1 | {

0 10 ZOT 30 40 50 60 70 80
CORE AT (°F)

7602-4613
Figure 7. Calculated Fuel Rod Bowing as a
Function of Core AT

In the next section, the oscillating character of the model is examined,
using core parameters obtained during these static studies. Note that the model
as programmed on the analog computer showed tendencies to oscillate, using

various sets of reasonable bowing parameters.

NAA-SR-8431
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V. FLUX OSCILLATIONS

Although the analog computer was required for the above work in examining
the nonlinear nature of the power coefficient, for analysis of flux oscillations, it
is possible to linearize the equations and solve them analytically. The analog
computer results will then be used to determine the equilibrium conditions for

the linearized model.

Trial and error attempts at an analytical solution of the equations showed
that the simplest and most useful solution is obtained by solving for the differ-
ence in the inner and outer channel coolant temperature. For simplicity it was
assumed that the difference in temperature across the cladding is determined
only by the difference in coolant temperature; the effect of fuel temperature on

bowing is thus neglected.

The linearized equations for fuel temperature, from Equations 13 and 14,

yield:

(K, - K, )+ (6T,

= GTC
6T¢y - 6Ty, =

1 2)

Lo (17)
'rfs+l

The coolant equations, when Equations 6,8, 11, and 12 are inserted into

Equations 15 and 16, become in the linearized form:

4
Tcls 6Tcl - (GTfl - 6Tcl) =& chlo ‘}Kl g Tclo (GTcl B 6Tc2)+ 6Tcl:’
- cho I:MX + Mx ad ATC :]((STC1 - 6TC2) ... (18)
o feYe) o.
4
T ,s 8T _ = (éTfZ - 5TC2) - 2K w, [KZ d T, (GTCl . 5TC2)+ GTCZ]
c2 c2 o o
+ K ow I:Mx +M_ ad AT, :l(aTC1 -6T,) , oA dY)
o feYe} )

"

where terms with subscript ""o'" refer to equilibrium at-power conditions.

NAA-SR-8431
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One parameter not present in the previous analysis must be added: a lag
term associated with changes in mixing flow and regional flow. Although the
bowing of the fuel rod proceeds essentially simultaneously with changes in tem-
perature, there is a transport lag associated with changes in the flow between
the rods, and the consequent change in regional flow. This lag is about 1 sec
(because of the spiral flow path) at 650 gpm, which is the flow which will be used
for this analysis. However, Storrer® showed that a temperature wave is trans-
ported more slowly than the coolant velocity, because the wave must also change
the temperature of the fuel. It is not clear how this should be treated in the case
of flow between fuel rods; but based on Storrer's expressions, it was estimated
that the temperature travels a factor of 2 slower than the coolant. For simplicity,

this was treated as a time lag; i.e., (TX s + 1)—l instead of a transport lag.

From Equations 6 and 7,

where ATC is determined from the analysis with the analog computer.
o
It is convenient to define

AT
o
P = AT ;
core
and also to assume
Tcl :TCZ :(l/Z)ATcore ?
o o

which the nonlinear analysis showed to be reasonably accurate, for the power

and flow rates used here,

Including these factors in Equations 18 and 19, partially solving each equation,

and subtracting 19 from 18:

NAA-SR-8431
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[Tcl s+ {F+2 chlo):l (GTCl - GTCZ) = 5Tfl - 6T

f2
/ /7
2K d (6T ) - 0T ) lw; KT, +w, K;T ;)
ot O (@] (0] O
sz Eiie]
ZKCWOMX
P e loo 1+ 2ad ATco (éTcl_éTcg) s ...(20)
X

where it has been assumed (again based on the analog results):

s+ (1+ 2 KCWZO) = 0 s+ (14 2 chlo)

TCZ

Use of Equation 17 now gives the required solution. It is convenient to write this
in the form of a feedback system, to permit the use of root-locus analysis rather

than a direct solution of the equation:

on(Ky) - K;)) 1
- = ’
(GTcl 5TCZ) Tf s+ (1+ ZKf') Te1 Tt Gc(s) - TchHc(S) (GTcl B 6Tc?_) ’
... (21)
where
(1+ 2 Kf’)
s+ ———
LE
Gc(s): > : .
sT o+ |(1+ sz)+ (1+ ZKC Wlo) s+ [(1+ ZKf) (1+ ZKC Wlo) -1
Tt Tel Tt Tel
...(22)
Hc(s): __l___
s + l/‘rX ... (23)
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2K w M 2K w d W W
crox c .0 lO ZO
K’ = + 2aM_ P - (1/2\=—K’ + K’ J|AT ,
X W core

¢ Te lTx Tc lTx feYo) 1 Wo 2

o wi{24)

and the factors are in the form required for root-locus analysis.

The roots of the denominator of G(s) are always real and negative for con-
ditions in the SRE. Using parameters consistent with those discussed in the pre-
vious section, a root-locus plot for this system is shown in Figure 8, plotted
positive values of K (negative feedback). From this plot, the following interest-

ing conclusions can be reached.

a) The system exhibits damped oscillations for gains greater than a cer-
tain critical value. For conditions in the SRE, the gain is always

greater than this value.

b) Without the lag associated with the transport time for mixing, no oscil-

lations could exist since the roots would always lie on the negative real

axis.
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Figure 8. Root Locus of Coolant
Temperature Difference
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c) In the expression for the gain, Equation 24, the coefficient of ATcore
can be either positive or negative. Since for negative values of gain

the roots would all lie on the real axis and one root would become posi-
tive, a reasonable requirement on the parameters involved is that this
coefficient be negative. This coefficient represents the interplay
between changes in regional flow, which tend to increase the bowing,
and changes in mixing flow which tend to limit the bowing. If the change
in regional flow is sufficiently effective, no stable condition will exist
until the process channel physically restrains the rods. The require-

ment that the coefficient of ATC o be negative thus requires that the

mixing flow be more effective th(;l;l changes in regional flow.

d) No great significance should be attached to the exact position of the
poles in Figure 8, since this diagram corresponds to only one of many
possible (and reasonable) sets of parameters. However, for conditions
in the SRE the gain lies in the range of 1 to 6, and the associated fre-
quency cf oscillation agrees quite well with the measured value

(Figure 3).

Before further conclusions are reached, it is necessary to include the effects
of kinetics. A control system diagram for this is shown in Figure 9, using linear-
ized, one delay-group kinetics. Notice that since root-locus assumes unity feed-
back, the feedback term existing in the coolant temperature loop must be brought
into the forward transfer function and then compensated for, outside the loop.

Since the gain around this inner loop is in the feedback, it does not affect the

closed loop gain, but only the position of the poles.

The open loop transfer function for the system shown in Figure 9 is:

n B(Ks - Kp) lag)d (s + 0.1)(s + 0.5)

KGls)H(s) = == —— = ST )5+ (s +a)(s Fa,)

... (25)

where a, and a, are the complex poles determined from the above analysis, and

2

aB is the bowing coefficient of reactivity.
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Figure 9. Control Diagram of
Kinetics With Feedback

The root-locus for this system is shown in Figure 10. This is plotted for
negative values of gain since the feedback is positive due to the positive bowing
coefficient. No feedback due to the negative Doppler coefficient is included, but
this would have little effect on the general character of the plot because it is much

smaller than the bowing coefficient.

This root-locus indicates that the oscillations are always damped. However,
by somewhat changing the parameters in the fuel-coolant loop it is possible to
obtain the plot shown in Figure 11 where the locus crosses the imaginery axis.
Thus, sustained oscillations may be explained either by assuming parameters
such that the poles always lie exactly on the imaginery axis, or by assuming
damped oscillations continuously excited by an undefined tickling function. Experi-

mental data supports the second hypothesis for the following reasons.

a) Temperature oscillations in the fuel channel were observed to start and
stop at random. This implies some unknown effect which supports the

oscillations under certain conditions.

b) According to the plot shown in Figure 11, if sustained oscillations exist
at a particular gain (i.e., power level), then a slightly higher gain should
cause divergent oscillations. However, extensive measurements over a

wide range of powers and flow rates showed no divergence.

c) A system which exhibits natural undamped oscillations will become diver-
gent when forced with an oscillating input of the same frequency. Measure-

ments of the transfer function used an oscillating reactivity input, but no
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divergence was observed in spite of extensive, and repeated measure-

ments at very small frequency increments.

Although the experimental data thus indicate the existence of a tickling func-
tion which is effective in sustaining the oscillations under certain conditions, no
firm conclusions regarding the nature of this function have been reached. One
interesting suggestion is based on the possibility of unstable flow in the channel.
Rough calculations of the flow characteristics inside the cluster indicate that the
Reynold's number may be close to the critical region between laminar and turbu-
lent flow. Changes in the coolant velocity, hydraulic diameter, or kinematic
viscosity could cause the flow to lie in this criticality region. Under these con-
ditions the flow will exhibit pulses with a frequency proportional to the flow

9

velocity,” and these pulses could provide the necessary triggering.

One additional hypothesis should be mentioned in passing. Since Figure 11
demonstrates the possibility of positive roots, the undamped oscillations may be
restrained by a limit cycle. The simple linear analysis herein does not exclude
such a possibility, and a thorough nonlinear examination of the model may verify

it. Such work is beyond the scope of this report.

Using the above linear analysis, it is possible to investigate the dependence
of the oscillations on power and flow. From Equation 24, the gain of the fuel-

coolant loop can be written:

v w26)

K/ =Aw_+ Bn_
so the location of the complex poles of this loop depends both on power and flow.
Thus, in the root-locus for the complete system it is permissible to use only
those power levels which are consistent with Equation 26. To investigate the
changes in the oscillations with power and flow the following three sets of param-

eters were used.

a) Power = 3.2 Mw, flow rate = 650 gpm, K(': = 1.9, K= 100
b) Power = 3.2 Mw, flow rate = 950 gpm, K’ = 2.3, K = 100
c) Power = 4.5 Mw, flow rate = 650 gpm, K(': =2.3, K=150

The location of the corresponding poles of the complete system are shown in

Figure 12. Increasing the flow rate at constant power increases the frequency
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of the oscillations, but leaves the damping factor unchanged. Increasing the
power level at constant flow, however, decreases the damping factor but leaves
the frequency essentially unchanged. Both of these results are in excellent agree-
ment with experimental data shown in Figure 3. Again note that the exact loca-
tion of the poles, and particularly the damping factor, can be varied considerably

within the credible range of the various parameters.

It is not clear whether the change in the damping factor predicted by the
above analysis is sufficient to cause the strong dependence of the amplitude of the
oscillations on power level (ATcore)' However, if rapid changes in flow represent
the tickling function, then these pulses would produce corresponding temperature

pulses proportional to ATC The change in the damping factor with power

ore
level would then cause the upward curvature in the curve of amplitude vs delta T

shown in Figure 3.
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V. CALCULATION OF TRANSFER FUNCTION

Based on the root-locus plot shown in Figure 10, the closed loop transfer
function of the system in Figure 9 can be calculated. Again it is necessary to
compensate for the nonunity nature of the feedback loop. Using the poles corre-

sponding to K = 37 (which is about 3 Mwt), the transfer function is found to be

approximately:

als) | Ba? (s+ 0.1)(s°+ 25+ 2)
R(s) -~ 1 > . ...(27)
(s - 0.01)(s+ 14)(s + 1.5s + 1.56)

A Bode plot of this function is shown in Figure 13. Comparison of this with the
measured transfer function at similar reactor conditions (Figure 4) reveals

agreement in the following areas.

a) A general rise in gain occurs in the region of 0.1 to 0.3 cps, and a dip

in the phase angle occurs at a slightly higher frequency.

b) The at-power gain at low frequencies (below 0.1 cps), lies above that
at zero power, and the at-power phase lies below the zero power re-
sults. This effect is due to the additional feedback of the fuel-coolant
loop, HC. Above the break frequency of the coolant transport lag
(about f = 0.17 cps), IHC‘ falls rapidly, and the system gain returns
to normal. Elimination of the bowing feedback (by wire restraints)
also brought the low frequency system response back to normal by

making d = 0.

o

R
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— 3 Mw, 650 GPM
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1 1 11 11 JJ 1 1 1 A T U |
0.0l ol 10 100
FREQUENCY (cps)
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Figure 13. Calculated Transfer Function
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The general features of the measured transfer function are thus exactly du-
plicated by this model, with only the sharp resonance peaks remaining to be ex-
plained. These are probably the result of interference of the sustained flux os-

cillations with the measurement, as shown below.

The spectral density of a function x(t) may be defined as:lo
1 2
S(w) = 57 X w)| ... (28)
dhem
where
o -jwt
X pljw) = x(t)e I*at . v W29)
-T

Measurement of S(w) can be performed by neglecting the limit process in equa-

tion 28, so that for a measuring time T:

1 T f T ;
S(w) =~ T x(t) cos wt dt| + x(t) sin wt dt : ...(30)
o o

The operations indicated by Equation 30 are also used in oscillation measure-
ments at the SRE6 to eliminate higher harmonics associated with the nonsinu-
soidal reactivity input. Thus, the measured transfer function also includes the
power spectral density of the reactor noise. This is usually very much smaller
than the forced oscillations, and produces no significant effect. The sustained
oscillations, however, were about the same size as the forced oscillations, and
could thus strongly perturb the measurement at certain frequencies, producing

apparent spikes in the transfer function.

Griffin and Randall have sugge st:ed4 that the exactcharacter of the oscillations
could be studied by comparison of the effect which they produce on oscillation
measurements and noise analysis. However, investigation has shown that some
ambiguity arises in this analysis. Itis hoped that the present model will assist
in resolving this difficulty, so that this technique can be used to study further the

undefined tickling function.
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VI. CONCLUSION

The model presented in this paper differs from the usual treatment of fuel-
coolant temperature response by including a mixing flow between the rods, which
tends to equalize the temperatures inside and outside the rods. Bowing of the
fuel rods changed the amount of mixing flow, and also the ratio of flow inside and

outside the cluster. As shown in this paper, these flow changes caused:

a) the dependence of the prompt power coefficient on the power level,
which caused the reactor to be relatively stable at low power and caused

loss of self-regulation at higher power;

b) the possibility of oscillations in the temperature, which produced flux

oscillations through bowing effects;

c) the approximate frequency of these oscillations, and the dependence of

the frequency on solely the flow rate; and
d) the nature of the reactor transfer function.

The existence of sustained oscillations was made possible by an undefined tickling
function, and the hypothesis that this function is associated with coolant flow ex-
plains the dependence of the amplitude of the oscillations on the core delta T. In
addition, the model describes the results of corrective action, in which constrain-
ing the fuel clusters produced the return of self -regulation and the disappearance

of oscillations.

The model used in this analysis has several deficiencies, particularly in the
lack of any axial spatial dependence, and in the over-simplified treatment of the
hydraulics in the channel. This approach produces a certain artificiality in some
of the parameters, making it impossible to calculate them accurately from first
principles. However, in view of the success of the present analysis, there is no

apparent justification for a more complicated treatment.

Throughout the analysis, reasonable values of the various parameters in-
volved were used, but no attempt was made to determine a best set of values.
In principle, this could be done by forcing the model to give the best possible

duplication of the exact experimental results. This was not necessary, however,
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for the purpose of this investigation, which was to gain a physical understanding
of the causes of the above behavior, so that future fuel element designs will be
free of such phenomena. To accomplish this purpose, the following recommenda -

tions are made.

a) Subject proposed fuel elements to a thorough hydraulic study, experi-
mentally and analytically, being certain that Reynold's numbers are

well above the critical region.

b) Restrain fuel elements from all forms of motion within a fuel

channel.
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NOMENCLATURE

mass (fuel or coolant)

specific heat (fuel or coolant)

= heat generation fraction, fuel regions 1 and 2

overall heat transfer coefficient times area
reactor power level
coolant flow

""mixing fraction,' portion of total coolant flow flowing from
Region 1 to 2

mixing at zero power

mixing at equilibrium power
change in mixing with bowing
temperature coefficient of bowing

bowing from zero power

= change in regional flows due to bowing

fuel temperature time constant

coolant temperature time constants

= pf/(UA)fc for each fuel region

(UA)tr/(UA)fc’ conduction between fuel regions
(Cp)c/(UA)fc for coolant

temperature difference between coolant regions
change in temperature from equilibrium
Laplacian operator

open-loop fuel-coolant gain

transport lag time constant

ratio of coolant AT to core AT
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K=
Subscripts
Ll

tr =

00 =

O =

bowing coefficient of reactivity

open-loop system gain

""outer' and 'inner' regions, respectively
transport between regions
at zero power

at equilibrium power

= fuel-to-coolant
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