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NOMENCLATURE

a reactivity insertion rate for the pulse rod going up
(Ak/k sec)

Ac cross sectional srea of the fuel (CmE)

As surface area of fueled length of a fuel element (sz)

B vector of the solution wvalues

b minimum variance unbiased estimstor vector of B

Ci(t) precursor density of the ith delayed neutron group at
time t (cm—3)

C(Tf) fuel heat capacity at temperature §f (watt sec/°C)

Cp specific heat at constant pressure (watt sec/gm °C)

¢ cladding thickness (cm)
. . L 1

D inverse matrix of T V°° T

e deviation wvector

Ef energy per fission that is released in the fuel (MeV)

£ a deviation vector (f = s~! e)

g' reactivity imsertion rate for the pulse rod going
down (Ak/k °C)

; ; 2

g acceleration of gravity (cm/sec”)

G gav thickness (cm)

Gr Grashoff number

I : number of vertical positions per fuel-moderator element

I identity matrix

keff effective multiplication constant

K(Tf) core thermal conductance at temperature

Tf (watts/°C)

k thermal conductivity of the fuel (watts/em °C)
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thermal conductivity of the gap (watts/cm °C)
thermal conductivity of the clad (watts/cm °C)
thermal conductivity of the water {(watts/em °C)
core thermal conductance vector

prompt neutron lifetime (sec)

fueled length of a fuel element (cm)

total number of fuel elements in the core
number of fuel elements in the kth ring

mass flow rate per channel (gns/sec)

%

neutron density at time t (cm
U235 atom density (nuclei/ch)
Nusselt number

reactor power (watts)

Prandtl number

, . 3
volumetric heat generation rate (watts/cm™)

average volumetric heat generation rate per fuel
element (watts/cm3)

radius of the fuel (cm)

gap resistance (cm °C/watt)

remainder term of the Taylor series at time tj.
nonsingular symmetric matrix

time (sec)

average fuel temperature of the core at time t (°C)
average fuel temperature of the core at time zero (°C)

average radial fuel temperature at the ith level of
the kth fuel element (°C)

average temperature of the kth fuel moderator element (°C)



T(r)

|

fuel temperature at radius r (°C)

fuel centerline temperature (°C)

coolant temperature at channel inlet (°C)
coolant temperature at channel outlet (°C)
mixed mean temperature of the coolant (°C)
average cladding temperature (°C)

average coolant temperature (°C)

 temperature matrix

measured fuel temperature at time t (°C)

actual fuel temperature at time t (°C)

unit step function

variance-covariance matrix of the deviations

ith dependent variable at time tj

kth derivative of the ith dependent variable at time tj
reactivity temperature coefficient (Ak/k °C)

minimum variance unbiased estimator of the reactivity
temperature ccefficient

fraction of delayed neutrons of the ith delaved neutron
group

total delayed neutron fraction

thermal coefficient of volume expansion (°C—l)
effectiveness of the ith delayed neutron group
average delayed neutron effectiveness

ith reactivity loss

temperature difference betwreen average clad and reactor
tank bulk water temperature

truncation error

decay constant of the ith delayed neutron group (sec_l)



viii

prompt neutron generation lifetime (sec)

viscosity of water (gm/sec cm)

réactivity at time t (Ak/k)

zero power reactivity iunsertion (Ak/k)

density of water (gms/cmB)

fission cross section of U235

variance

time the pulse rod reaches the top of its travel (sec)
time the pulse rod drops from its uppermost position (sec)
time the pulse rod reaches its lowest position (sec)

time constant (sec)

average neutron flux at the ith vertical level in the
kth fuel element (neutrons/cm2 sec)

average flux in the kth fuel-moderator element
(neutrons/cm2 sec)



1.0 INTRODUCTION .

The pulsing capability of the TRIGA reactor provides a mechanism
for research in the areas of dose rate phenomena, short time domain
studies, reactor safety and kinetics, and other applications (1,2,3).

The development of an analytical model to predict the transient behavior
of -the TRIGA is necessary in support of pulsed reactor research.

A simplified, space independent approach, known as the Fuchs, or
the Fuchs-Nordheim, or the Hansen-Fuchs model (4,5,6,7), which neglects
the effects of delayed neutrons and heat transfer, will give a satisfac-
tory description of the reactor power during the prompt burst. However,
this model only applies to prompt critical transients where the assump-
tions of negligible heat transfer and delayed neutron effects will hold.

A more detailed model (4,23) couples the space independent kinetic
equations to a space independent thermal model through the reactivity
temperature coefficient. This model describes the time dependent behavior
for the prompt burst and for later times, when the effects of the delayed
neutrons and heat transfer become important. The thermal model is based
on an average fuel heat capacity, an average core water heat capacity, a
fuel core water resistance, and a core water-reactor tank water resistance.

It is the purpose of this paper to develop a digital code to predict
the reactor power and the average fuel temperature of the TRIGA Mark II
reacfor as functions of time during a transient, and to compare the results
Wifh experimental data. A time dependent reactivity input funetion is
developed which describes the net reactivity of the reactor for specific
control rod motion and temperature effects. The time dependent position

and associated reactivity of the pulse rod are experimentally measured in



this investigation. The thermal model is based on an average fuel heat
capacity and a fuel-reactor tank water heat transfer conductanceT The
heat transfer conductance and the reactivity temperature coefficient
needed to complete this model are détermined from data obtained in steady
state experiments,

The transient model is presented in Section 2,0, Section 4.0 con-
tains the theoretical development, the experimental procedure, and the
data from which the heat transfer conductance and the reactivity tempera-
ture coefficient were obtained. The comparison between the results of

the transient model and the transient data are presented in Section 5.0.



2,0 THE TRANSIENT MODEL

The one energy group, space independent reactor kinetic equations

will be used to describe the neutron density. In particular,

dn(t) _ p(t)-8

ket B Y A, € (1), (1)
' i
dc, (t) B,
———=—=n(t) - A; C(t), 1i=1,2,...,6 (2)
dt A *

It

where n(t) = neutron density at time t,

p(t) = reactivity at time t,
A = prompt neutron generation lifetime,
B = total delayed neutron fractionm,
B; = fraction of delayed neutrons of the ith delayed
neutron group,
Ai = decay constant of-the ith delayed neutron group,
Ci(t) = density of the ith delayed neutron group precursor

at time €.

Since delayed neutrons have lower energies than prompt neutrons,
they will escape less readily while slowing down, and hence are more
effective. This increased effectiveness can be accounted for by substi-

tuting a Beff for the experimental value of B (8). In particular,

1 1

Beff=;8=§Y- B-, * (3)

vhere y is the average delayed neutron effectiveness. A wvalue of 8eff

is given (9) for the TRIGA Mark II reactor; however, there are no values

of Yy available to correct the ith group fraction. Keepin (10) suggests



that for slow,. bare systens,

A value of the prompt neutron generation time, A, is not available
for the TRIGA, but a value is given for the prompt neutron lifetime,
2 (11). These two quantities are related through the effective multi-

plication constant, keff’ l.e.,

L2 kg s

For most kinetic problems the distinction between A and & can be ignored
(10). Thus in this work % will be substituted for A.

In Eq. (1) the reactivity function must not only describe the ini-
tiation of the pulse but also the termination., Thus the following form

is assumed,

p(t) = at - a(t—?l)u(t—Tl) - g'(t-Tz)u(t—Tz)

+ g' (t-t3)u(t-13) - T (t) - T 1, (4)

fo

where a = ramp reactivity insertion rate (pulse rod up),

T, = time the pulse rod reaches the top of its travel,

u = unit step function,

T, = time the pulse rod drops from its uppermost positiom,
Ty = time the pulse rod reaches its lowest positionm,

g' = ramp reactivity insertion rate (pulse rod down),

¢ = reactivity temperature coefficient,

T _(t) = average core fuel temperature at time t,

T_. = average core fuel temperature at time zero.



The average fuel temperature can be expressed as

_ AT
Clp) g —

S P) - REME A =8, 1, (5)

where C(Tf) core heat capacity of fuel,

P(t) = reactor power at time t,

K(Tf) = core thermal conductance at average
fuel temperature Tf,

i = reactor tank bulk water temperature.

The core thermal conductance is the summation of all the conductances
between the fuel and the bulk water temperature. Reactor power is pro-
portional to the neutron flux and thus to the neutron density for a one
group approximation, and it can be determined from Eq. (1).

Note in Egs. (4) and (5) that the coefficients are functions of the
average core fuel temperature. Much of the work in this investigation
will be devoted to the determination of this average temperature. This
is necessary for the calculation of the core thermal conductance and the

reactivity temperature coefficient.



3.0 REACTOR DESCRIPTION

The TRIGA reactor core is near the bottom of a tank 20.5 feet deep
(see Fig. 1). The tank contains light demineralized water which acts as
a coolant, moderator, and radiation shield. The entire reactor assembly
is suppor#ed by the 1 foot thick graphite reflector assembly which
surrounds the core. Upper and lower grid plates bracketed to the reflec-
tor provide axial and lateral support for the fuel-moderator elements,
the graphite dummy elements, and the control rods. The fuel-moderator
elements are cooled by natural convection of the tank water passing down
around the outside of the reflector and up through 36 cooling holes in
the lower grid plate (see Fig. 2). Triangular-shaped spacers (Fig. 3)
on the top-end fixtures of the elements allow the cooling water to pass
through the top grid plate (11).

The TRIGA fuel-moderator elements are an alloy of zirconium hydrided
to approximately one hydrogen atom for each zirconium atom, and uranium

235 (12). The elements are solid cylinders approximately

20% enriched in U
1.5 inches in diameter with the fueled region being 14 inches in length.
Graphite pieces 4 inches long on either end of the fuel act as upper and
lower reflectors. The elements are clad with aluminum 0.030 inches thick.
Figure 4 depicts the arrangement of the fuel-moderator elements. Note
that the elements form 5 concentric rings, where the innermast ring is
designated the B-ring, the next is called the C-ring, and so on out to
the F-ring. There are 63 fuel-modérator elements with a total mass of
2291 grams of P 7.

The reactor is operated with 3 boron carbide control rods. The shim

and regulating rods are motor driven and are used for controlling the
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Fig. 2 Grid plates
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power of the reactor. The pulse rod is pneumatically operated and is

used for pulsing operations. The pulse rod movement for the KSU TRIGA
Mark II reactor is characterized by a finite time interval at the top of
its travel. This time interval between the full up position and the start
of the drop back into the core is approximately 3 seconds. Thus this time
interval (1,) has been incorporated into the reactivity input function
(Eq. (4)) in addition to the finite travel times (r, and 13). Steady
state operation is restricted to a reactor power below 250 kilowatts.

Transient peak powers are to be held below 250 megawatts.
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4.0 EXPERDMENTAL DETERMINATION OF TEE PARAMETERS
4.1 Theory

With the reactor at steady stzte, Eg. (5) becomes

P = K(Tf) [lf - Twl

1,

- R(T,) = s (6)

T_=~T
Tf wl

Since the power and the average fuel temperature are known, the core thermal
conductance can be obtained. The amount of reactivity needed to bring

the reactor to a steady state condition at some power is

p=p, + cx('ff e T (7

fo) ’
where py is the zero power reactivity insertion., Zero power is that power
where there is negligible heat generation in the fuel, Thus the slope of

a curve of p vs. (Tf—TfO) will yield the value of the reactivity temperature

coefficient,
4.1.1 Average Fuel Temperature

If Tfik is the average radial temperature at the ith level in the
kth fuel element, then the average temperature of the kth fuel element
is

I :
Tei = 11— 121 “fik ®)
where I is the number of vertical positions or levels. The average
temperature of the fuel across the core is then

T, ==

1§
£ M, &

e Lo » )

==



i3

where m is the pumber of fuel elements in the kth ring and M is the

total number of fuel elements in the core.
4.1.2 Average Radial Temperature

The solution of Poisson's equation for the temperature of the fuel

in a long cylindrical fuel element with constant thermal conductivity is

- . R
Tf(r) = Tfm K s (10)

where Tf(r) fuel temperature at radius r,

Tfm = fuel centerline temperature,
q''' = average heat generation rate per unit volume,
kf = thermal conductivity of the fuel.

The average radial temperature is then

r tt

2 (f q'"'rg
Tf = ;%' fo Tf(r)rdr = Tfm - -S—k-f—' 5 (11)

where re is the fuel radius. Thus by measuring the centerline temperature
and the heat generation rate, the average radial temperature can be deter-

mined,
4.1.3 Heat Generation Rate

In a thermal reactor it may be assumed that 907 of the fission energy
is deposited in the fuel elements and that this heat source is distributed
in a manner proportional to the neutron flux (8). This heat source is
called the volumetric heat generation rate and is expressed in units of
power per unit. volume, In particular,

(12)

q =EfN505$:
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energy per fission that is released in the fuel,

vhere Ef =
Ng = U235 atom density,
og = fission cross section of UZBS,
b = average neutron flux.

For the average radial temperature at the ith vertical position of the

kth fuel-moderator element (Eq. (11)), the average meutron flux is ¢ik'
4.1.4 Fuel Centerline Temperature

A TRIGA instrumented fuel-moderator element is presented in Fig. 5.
Note that there are only 3 thermocouples and they are located near the
middle of the element on its vertical centerline. Thus some estimate
must be made of the fuel centerline temperatures at other positions.

The fuel centerline temperature at vertical level z can be expressed

as
A z
Tfm(z) = Twl + = Z f q'''(z)dz
P o : (13)
+ q”I(Z)r% [ RPN | 2n rf+G) +-—-:-L-2n (rf+G+c) + L 1
2 Zkf kG L kc rf+G h(rf+G+c) !
where Ac = cross sectional area of the fuel,
@ = mass flow rate of coolant in channel surrounding the fuel-
moderator element,
cp = specific heat at constant pressure of coolant,
kG = thermal conductivity of the gap,
G =.gap thickness,
k = thermal conductivity of the cladding,

¢ = cladding thickness,
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h = film coefficient of heat transfer between the fuel moderator
element and the coolant,

Twl = g¢oolant temperature at channel inlet,
The lower limit on the integration of the heat generation rate starts at
the bottom of the active region of the fuel element.

All of the above quantities are known or can be measured except the
film coefficient h, the flow rate m, the thermal conductivity of the gap
kG’ and the thickness of the gap G. Bonilla (13) suggests the use of the

following correlation for natural convection flow past vertical tubes,

Nu = 0.13 (crpr)}/3 | (14)
where Nu, Gr, and Pr are the Nusselt, Grashoff, and Prandtl numbers

respectively., Recall that

where L is length of the active portion of the fuel-moderator element,
and k is the thermal conductivity of the cooclant. The Grashoff number
is defined as

Gr = p2L2 g B AT/p? ,

where p, B, and.u are the density, thermal coefficient of volume expansion,
and the viscosity of the coolant respectively. The témperature difference,
AT, used was the difference between the average cladding and the reactor
tank bulk water temperature, i.e., T =~ T _. The Prandtl number is

c wl

defined as

Pr=c ulk .
P
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The physical properties of the coolant are evaluated at the mixed mean

temperature, i.e.,
T= (T, + T)/2, (15)

where T = the average cladding temperature,

the average coolant temperature (the arithmetic mean of

£H| 0
]

the channel inlet and outlet water temperatures),

The average cladding temperature is determined by

2 Trre

rfq

Te =T+ 30 Aeron (16)

where q''' is the average heat generation rate in the fuel-moderator
element.
The mass flow rate of the coolant can be found by making a heat

balance between the fuel element and the cooling water. In particular,

A

L

] c 191

h = —-————:n———-f q''"(z)dz , (17)
cp(Twz Twl) ]

where Twz is the channel outlet temperature.
Making the substitution,

rf+G

!
RG_IC;‘QH(I)’

f

into Eq. (13) and rearranging leads to

. Ac Z
Ten(@) = Ty - m—f 1" (2)dz
R = P 0
G qlll(z) r%
(18)
1 1 rete 1
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where the gap thickness has been assuned to be negligibly small.

The procedure to estimate the centerline temperature along the kth

fuel-moderator element is as fcllows:

1. Assume an average cladding temperature and calculate the
mixed ‘mean temperaturc of the coolant using Eq. (15).

2. Estimate the film coefficient by Eq. (14).

3. Check the assumed Tc by Eq. (16) and if not within a
specified accuracy, repeat steps 1, 2, and 3 with the
new Tc'

4., When the preceding steps have been completed satisfactorily,
calculate the gap conductance by Eq. (18) for the three
measured centerline temperatures and average linearly.

5. Estimates of the centerline temperatures can now be made
at any vertical position with Eq. (13) using the average

gap conductance and the film coefficient.
4,2 Experimental Equipment and Procedure
4.,2.1 Absolute Flux Measurements

The spatial neutron flux distribution in the core was measured with
a 0.025 inch outside diameter fission chamber made by Reuter-Stokes
Electronics Components, Inc. of Cleveland, Ohio. The chamber was inserted
into the core through the 0.314 inch foil insertion holes in the upper
grid plate. See Fig. 4 for the location of these holes.

The thermal neutron operating range of the detector is from 1x10°
to 2x10% neutrons/cm2 sec. The active length of the detector is 1 inch

and the sensitive volume is 0.1 cm3 which contains He gas at 76 cm Hg.
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The outer shell is 304 stainless steel, the inner electrode Titanium, and
the neutron absorber is U308 enriched 23% in U235 and containing 3.34

milligrams of U235 (14). The U308 thickness is 1 milligram/cm2 and the
plated area is 4.08 cmz. Twenty feet of coaxial cable is provided with
the chamber,

Figure 6 shows the fission chamber and ;ssociated equipment as used
to map the flux in the core. The chamberrand cable were housed in a
flexible aluminum tube filled with water, but the 26 11/16 inch aluminum
probe at the bottom is rigid and it positiomned the chamber in the core.
All the equipment except the chamber was located on top of the reactor
shield.

From its bottom-most position the chamber was withdrawn at a rate of
1 inch per minute and readings were taken at 0.5 inch intervals. Since

its lowest position was fixed with respect to the upper grid plate, the

position of the fission chamber was always known.
4,2.2 Fuel and Water Temperature Measurements

Figure 7 shows the instrumentation used to measure the fuel and
water temperatures. The thermocouples are chromel-alumel and a Leeds-
Northrup potentiometer was used to measure their emf.

The instrumented fuel element qormally in B-3, number 2788 E-TC,
was used to make all the fuel temperature measurements. With the series
of measurements completed with the element in B-3, it was exchanged with
the -element in C-4 and the measurements repeated. This same procedure

was followed for the elements in D-6, E-7, and F-8.
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The thermocouple, which measured the exit water temperature from
the channel which surrounds the instrumented fuel element, was placed
in a streamlining tube to reduce the turbulence of the water. It was
found through earlier measurements that without the streamlining tube
it was very difficult to obtain a steady feading because of the turbu-
lence of the water surrounding the thermocouple. The streamlining tube
with the thermocouple was placed into the space between the triangular
block and the grid plate with a long flexible aluminum tube,

A thermocouple was placed in the water about halfway between the
reflector and the reactor tank wall and approximately level with the
bottom of the reflector. Tﬁis measurement was considered to be the
inlet water temperature to the core.

The series of measurements with the instrumented fuel-moderator
element in each ring consisted of the 3 fuel temperatures, and the inlet
and outlet water temperatures across the fuel element, all taken at

various steady state power levels from zero power to 250 kW.
4,2.3 Reactivity Measurements

For each steady state power level where the fuel and water tempera-
tures were recorded, the critical position was also recorded, i.e., the
shim and regulating rod positions. Prior to these measurements, the
rods were calibrated by the procedure outlined in the KSU Hazards

Summary Report (11).
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4.3 Results and Discussion
4,3.1 Neutron Flux Distribution

The vertical flux distribution in foil insertion holes A, B, C, D,

E, and the central thimble are presented in Fig. 8. These data were
corrected for flux perturbations using the self-shielding factor for
infinitely long hollow cylinders (15). The flux perturbation is due to
the presence of the fission chamber itself because it is relatively black
in terms of cross section when compared to the water it displaced. The
measurements were taken at a reactor power of 500 watts.

The average flux in a particular fuel-moderator element at a given
vertical level was obtained by averaging the measured flux values on both
sides of the element at the given level, and then dividing by the ratio of
the maximum flux in the water to the average flux in the fuel (Appendix A).
This ratio can be approximated by the disadvantage factor which Bouchey (14)
estimated to be the ratio of the absorbtion cross section in the moderator
to the absorbtion cross section in the fuel, i.e., 1.37.

The average heat generation rate is calculated (Eq. (12)) from the
average flux values in the fuel. The power generated in a fuel-moderator
element is just the heat generation rate integrated axially over the length

of the element times the cross sectional area of the fuel. In particular,

L
B= Ac f q'''(z)dz ,
0

where q'''(z) is the heat generation rate at vertical level z. The total

reactor power is

L
P = Ac Z mkf ql'c"(z)dz , (19)



*d pue ‘@*pfdfv S9T0Y uOTIAVSUT TTOJ PUR DTqWIYI TriIusd 9yl UL UOTINQTIISTP XNTF [eITII2) *Q 8indTg

Amoﬂx 33BM 208 Neu\cu ¥NTF UoIiInay

o 0°¢ 0°2 0°1
] _ I _ I

a31ydeal
9TquWTYl T[BAFUSD ! a D g V

AN

i 17
i
-
Ton3
-5
—ET
Wﬂ\ —51
a37ydeas “
| ! _ _ Z

T2A37T TBOTIIDA



where m is the number of fuel elements in the kih ring. Thus for 10
kilowatts, Egs. (12) and (19) yield 9.6 kilowatts which is 4% low. This

result is well within the limitations of the accuracy of the method,
4.3.2 Fuel Temperature Results

The fuel and water temperature data were processed as described in
Section 4.1. The computer code with which the analysis was performed is
discussed in Appendix A. The fuel centerline temperatures were all adjust-
ed to an inlet water temperature of 25°C and then from each the average
radial temperature was calculated at that vertical level. These radial
averages were then used to calculate the average core fuel temperature
by Egqs. (8) and (9).. The maximum fuel temperature, the average core fuel
température, and the average core cutlet water temperature as functions of

power are plotted in Fig. 9.
4,3.3 Core Thermal Conductance

Figure 10 presents the core thermal conductance as 2 function of
average fuel temperature as determined by this investigation from Eq. (6).
The data were fit to a straight line with a weighted least squares analysis

(see Appendix C). The resultant equation is

K(T) = (0.00424 * 0.00047)Tf + (0.532 = 0.054) kW/°C
4,3,4 Reactivity Temperature Coefficient

Figure 11 presents the reactivity loss as a function of the power
level. Use of Figs. 11 and 9 with Eq. (7) yields Fig. 12, the reactivity

loss as a function of the average fuel temperature rise. The average frel
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temperature rise actually refers to the température difference between
the fuel and the water. It has been observed for the TRIGA reactor (12)
that a nggligible reactivity loss would be obtained if the fuel and water
temperatures were raised simultaneously to the same temperature. Thus
the reactivity loss is presented as a function of the difference between
the average fuel temperature, Tf, and the average core water temperature,

AT
TfD + 5> where Tfo = TWl for zero reactor power.
The weighted least squares analysis was used to fit the data to a

straight line and the slope is the temperature coefficient. The value

obtained is

a = 0.869 + .02 cents/°C ,
or

a = 0,686(10~%) Ak/k °C .

Examination of the data in Fig. 12 suggests possible second order
effects may be important. Theoretical work (6) has indeed predicted an
increasing value of the reactivity temperature coefficient with temperature.
However, in this work it was considered constant for two reasons: first,
because of the basic assumption in the kinetic analysis of a constant
reactivity coefficient, and second, because of license requirements no
data could be obtained at temperatures greater than 200°C in order to
accurately predict the coefficients behavior at these higher temperatures.
It should be noted that this value differs by 50%Z from the value of
1.2(107"%) Ak/k °C determined by Stone, et al. (12), using a similar analy-
sis. No explanation can be offered for this discrepancy, but some confi-
dence can be had in the value determined in this investigation since it

predicts a reasonably good transient behavior (Section 5.2). Recent



theoretical work (6) yields a value of approximately 7(107°) Ak/k °C
averaged over the same temperature range which further supports the

value obtained herein.
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5.0 COMPARISON OF TRANSIENT MODEL WITH TRANSIENT DATA
5.1 Experimental Equipment and Procedure

The reactor power during the transient was measured with a Reuter-
Stokes neutron ionization chamber, a Keithley 410 micro-micro ammeter,
and a Clevite Mark 260 Brush recorder (see Fig. 13). The ion chamber is
1 1/32 inches in diameter and 9 1/16 inches in length. The neutron sensi-
tive material is Boron 10 and the fill gas is 95%Z Argon-5% Nitrogen at a
pressure of 76 cm of Hg. The chamber was inserted into the central thimble
and calibrated with the linear recorder on the reactor console at various
power levels below 250 kilowatts. The chamber was positioned so that the
250 kW reading was on a scale 3 decades below the maximum scale on the
Keithley micro-micro ammeter in order to allow for the predicted 250 MW
reading at the peak of a $2.00 pulse.

The recorder has six channels and uses a pressurized inking system
which produces smudge-proof traces. Input sensitivities are from 1 milli-
volt per division to 500 volts full scale with an input impedance of 10
megohms. Frequency response is flat from DC to 40 Hz full scale, and to
100 Hz at 10 divisions. Eight chart speeds from 1 millimeter per minute
to 125 millimeters per second are available,

Just prior to a transient test, the range selector switch on the
Keithley was set on the scale corresponding to the peak power of the
pulse. 1In order to obtain sufficiently accurate and readable data after
the peak of the pulse the switch had to be shifted to more sensitive ranges.
The chart paper was operated at a speed of 125 mm/sec during the test.

Fuel temperature was measured with the center thermocouple of the

instrumented fuel-moderator element in position B-3. The emf of the
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thermocouple was read directly with the Brush recorder. Since the input
impedance of the recorder is very large, it was assumed that the Peltier
effect would be negligible.

The pulse rod movement was measured with the Brush recorder and two
miero switches, one for its lowest positioan, and the other -for its highest
position. Thus the time the pulse rod left its lowest position, the time
it reached its uppermost position, the time it started to drop, and the
time it reached its lowest position were all known. These measurements

were necessary for the reactivity insertion function, Egq. (4).
5.2 Results and Discussion

Figures 14 through 17 present the results of the transient power data
and the transient power calculations for reactivity insertions of $1.93,
$1.76, $1.55, and $1.25, The transient equations were solved by the
method of analytic continuation (Appendix D). The results show the excel-
lent agreement that was obtained using the point kinetic equations, the
simplified reactivity function and the average thermal model. For ther
$1.93 pulse the calculated peak power was 214 MW compared to the measured
value of 222 MW, a difference of & 4%. The full width at half maximum of
the calculated pulse was within 117 of that measured. It is interesting
to note that the analysis is valid for the pulse as well as the later
times when heat transfer effects become important (t > .4 sec).

However, there are two regions that show a small disagreement between
the data and the calculations in the $1.25 pulse (Fig. 17). First, the
caleulated peak appears to be shifted to the right of the measured peak.
This probably occurs because the upper micro switch, which marks the time

the pulse rod reaches its uppermost position could not be installed for the
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$1.25 pulse because of the location with respect to the reactor bridge.
Thus this time had to be estimated, awud an overestimation of this time
would explain the observed discrepancy.

The second region of disagreement.occurs after the pulse_rod falls
back into the core (% 3 seconds). Note that the calculated.curve lies
below the data. Again it is suspected that the discrepancy is due to the
time measurement estimation of the $1.25 pulse.

The transient temperature data and calculations are illustrated in
Figs. 18 through 21. The calculated values represent the average fuel
temperature from Eq. (5), and the data points are the temperatures measured
in the instrumented fuel-moderator element. The measured temperatures were
corrected for the time lag (Appendix F) due to the time constant of the
thermocouple. Comparison of the calculations with the data must neces-—
sarily be limited to a qualitative analysis because they represent dif-
ferent temperatures. )

The general trend is that the measured centerline temperature lags
behind the average calculated temperature during the transient, but later
on surpasses it. This is reasonable because during a transient most of the
heat is generated near the periphery of the element and negligible heat
transfer occurs during this. time. Thus the effect will be to make the
average temperature greater than the centerline temperature. After the
prompt burst, when the power is monotonically decreasing, the heat trans-—
fer will become significant, and the radial temperature distribution of an
element will tend to maximize in the center. Calculations by West, et al.
(6), and experiments by Wyman, et al. (16) have verified this behavior.

In conclusion, it has been shown that the transient model gives a

satisfactory description of the transient behavior of the TRIGA.



&0

*osTnd €°T$ =Yl I0J SUOTIVINITRD puUe ®I®P eanjeiadws] JueTsuei] '@ =2an8rg
(o@s) Bwil
0°¢ 'z 0°¢ 61 0°1 g* ok
01

_ _ _ I

B3RP 9anjeiadwal DUTTIDIUID M

sanjeiodwel TonJy 98eioA® JO SAIND PIleINO[ED —

L=

— 0%

—108

,f = 00T

=002

-1 00y

(0,) sinjeiadwsy



41

rosTnd 9/'T¢ @43 103

0'¢t §°¢

(ves) swyg

0°¢ 1

SUOTIBTNOTEY pue BIEBP @injeviasdws] juarsuea]

0°'1 5”

‘6T

9andTg

sinjeredway Tanjg

B3Ep 9ianjeisdual SUFTIDIUDD

98Bi9A® JO 8AIND PIJBTNOTED

¢

oY

08

00T

0o¢

0oY

(0,) =2anjeaadua]



42

'asTnd ¢G¢*T¢ 9YJ I0J SUOTIRINDTRD pu® BIBp sinjeisdwea] jueTsuel), "(Z °iIndtd
(998) BwWl],
0°€ "¢ 0'¢ E'T 0°T ' 0
! | _ | _ _ 101
0¢
glep 2injeiadwsl SUTTADIUID
—0%
sanjexsdwal TenJ °8BISA®R JO 2AIND PIJRINOTED
—09
—08
—00T
¢
L = 00¢
§ &
- 00%
l | | ] l

(D.) ainJEJQdma;



43

*osTnd ¢Z°'T$ 9Y3l I03J SUOTIBINOTED pue ®IBpP 2anjwasdwdl juafsuea] "Tg 2andTg
(Das) eury
0°¢ s 0°2 ¢ T 0°T G 0
_ I _ _ T _ ot
T
—~ 1 —02

sanjeasdwal Tonjg

v3ep einjexsdwsl SUFTI2IUBD ¢

o8eviaar JO =24AIND POJETNOTED =—

ay

09

08

00T

00z

00"

(D,) Panaeiaaduag



A

6.0 SUGGESTIONS FOR FURTHER STUDY

It is suggested that the method of experimental determination of
the flux distribution be extended to include the effects of control rods,
graphite dummy elements, éource, and the experimental facilities that are
in the core region. This would require several different core loadings
in order to move the particular discontinuity near a foil insertion hole.
For example, moving the fuel-moderator element in F-9 to position F—6,
the source in F-10 to F-9, and the graphite dummy in F-6 to position
F-10 would provide a geometry to investigate the effect of the source
element on the flux distribution in the fuel-moderator element in F-§
using foil insertion holes A and B. The extension of this type or a
similar analysis to the othér discontinuities in the core will eliminate
the assumption of the same flux in all the elements of the same ring.

Another suggested improvement is a more accurate method of measuring
the channel inlet and outlet water temperatures of a fuel element. The
use of 3 thermocouples, one on each side of the triangular-shaped spacer,
would provide a better estimate of the outlet water temperature. The
inlet water temperature measurement could be improved by installing a
thermocouple at the end of a tube which would be inserted into the nearest
foil insertion hole to the fuel-moderator element.

A more sophisticated measurement of the pulse rod motion is required.
The use of a slide wire or a rack and pinion gear coupled to a potentiom-
eter would provide a more accurate technique for this measurement.,

An instrumented fuel-moderator element with thermocouplés at several

different radial positions but at the same vertical level, would yield the



spatial distribution of the fuel temperature during steady state and
pulsing operations. However, the cost of such an element might be

prohibitive.
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APPENDIX A

Three computer programs were used to evaluate the data takeﬁ at
steady state power levels, The code, AVGFLUX, which calculated the
necessary neutron flux values, provided punched output on cards. This
output wa§ used as input into CLTEMP, the code which calculated the average
radial temperatures in the fuel-moderator eleﬁents. Punched output on
cards from CLTEMP provided the input to AVGTEMP, the code which determined
the average fuel temperature of the core as a function of power.

. AVGFLUX - The Computer Program
for the Average Flux Calculations

This program calculates the vertical distribution of the average
radial flux for a fuel-moderator element in each of the 5 rings as

described in Section 4.3.1. It also calculates the average flux in the

element from the equation

[ ]

1
b =7 L 9
k I i=1 ik
where $k = average flux in the kth element,
¢ik = average radial flux in the kth element at the ith level,

number of vertical levels.

The average flux in the element is necessary for the calculation of the
average heat generation rate used in Sectiom 4.1.4.

Comment cards present in the program aid in understanding the logic.
The variables are defined in the Fortran listing and in the input data

given below,



Input Data

Card 1: TFORMAT (2I3, 4X, 3F10.0, 3E13.6)

NFLUX

number of flux measurements taken per foil
insertion hole.
NHOLE - number of foil insertiomn holes used.
EIMTS - number of fuel elements in the core,
ZETA - disadvantage factor.
POWER - power in kilowatts.
FACT - conversion factor from meter current reading
fo neutron flux.
VFACT - conversion factor ffom current variance to
neutron flux variance.
FDCF - flux depression correction factor for the
miniature fission chamber.
Cards 2-16: FORMAT (8F10.0)
FLUX(I,J) - current data.
Card 17: FORMAT (8F10.0)
RING(J) - number of fuel elements in each ring.
Card 18: FORMAT (20A%4)
P(I) - title card for output listing of the calculated
flux values from the current data.
Cards 19-33: FORMAT (8F10.0)
VARF(I,J) - current variance data.

Card 34: TFORMAT (2044)

P(I) - title card for the output listing of the calculated

flux variances from the current variance data.

50
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The Fortran Listing for AVGFLUX

DIMENSION FLUXLU3G5101,FAVGILO} AFFL30,10)0sRINGID)IP120),VARF{30

1} 2FVARILIGY
FOAMAT{RBFIC.0)
FORMAT(2ELD.3)
FORMATIZCASG)

FORMAT{LH L2(EL%.8,1X))

NFLUX=NUMBER CF FLUX HEASUREMENTS TAKEN PER HOLE
NHOLE=NUMBER OF fFLUX RMAPPING HOLES USED
ELMTS="IUMBER OF FUEL CLEMENTS IN THE CORE
ICTA=DISADVANTAGE FALTCR

POWER EXPRESSED IN KILOWATTS

FLUX{T GJ)=FLUX MEASUREMENT AT [TH LEVEL IMN JTH HOLE
RING{J)=NUMBER OF FUEL ELEMENTS I[N JTH RING
VARF{I,JI [S THE VARIANCE OF FLUXI{I,J}

FACT IS THE CONVERSION FACTOR FDR THE FLUX

VFACT IS THE COUNVERSIUN FACTGR FOR THE VARIANCE
FOCF IS THE FLUX DEPRESSTION CORRECTIGY FACTOR

EEE I )

L1 g

T R A A

EE T2
W+

I I L)

FEE R+ T
%+

*

READ{1;1000)HFLUK,¥HGLE'ELMTS'ZETA;POHER.FACT.VFACT.FGEF
FORMATI213,4X,3F10,043T13.6)

J=1 1§ THE
J=& IS5 THE
I=1 IS THE

FLUX DISTRIBUTION IN THE
FLUX DISTRIBUTION AT THE
LOWEST POSITION

CEMNTRAL THIMBLE
PR PHERY

DO 1 E=14%FLUX

READ(L, 1001 M{FLUXTIT, ), =1NHOLE)
READILSIGOTYIRINGLI) =145
READ{111034}{9111II=1t20)
WRITEL{3,1009){P{1),[=1,20)
FOR®AT(1HL 20X +20A%)

DO 3 =L NFLUX

DO 2 J=1,MHOLE

FLUXIT  J)=FLUXELJYXFACT/FDLF
WAITE(3,1006) {FLUXIT 0 =1 NHOLE)
D0 5 I=1,.NFLUX

READIL, ICOLYIVARF{I ;J) s d=1,NKHOLE)
READ{1,1C04){P{l)41=1,20)
WRITE(3,10131{P(T),1=1,20})
FORMAT{LH-,20X,2044)

DO & T=1,NFLUX

00 7 J=1lMNHOLE

VARFIT s J)=VARFUI 4 JYEVFACT/ {FDLF**21)
WRITE(3,1006)(VARF{I,])1sJ=1,NHOLE]
DO 8 f=1,%FLUX

DO 2 J=1,N4DL
FLUX{EJ)=rFrLUXII:J}/ POWER
VARFIT s JY=VARFIT,,J)}/{PCWE
READIL InN4}(PLIYLT=1,20)

#%2)
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WRITEL3,10050(P(T);:[=1,20"
DO9T=1,NFLUX

9 WRITE(3, 10060 (FLUXUIJ)2J=1,NIIOLE)
READ(1,1004)(P{T),[=1,20)
HRITE{3,1013){P(1},1=1,20)
DO4I=1,HFLUX

4 WRITE(3,10058){VARFI(I,J)ed=1,NHOLE]

C
. CFxfbasietd AVERASE FLUX IN FHAE FUEL AT THE ITH LEVEL
E VARFETJ) 15 THE VARIANCE OF AFF{1,1J) .
fo AFF(I,d}) [S THE AVER2AGE FLUX PER WATT IN THE JTH FUEL ELESENT AT
C {TH LEVEL
c

NHR=MNHOLE-1
& DO 10 I=1.MNFLUX
DO 10 J=1,4NHR
VARFLUT g J)={VARF{I  J+ 1) +VARF(T,,J))/{{2.%2ETA) %2}
10 AFF{I+J)=(FLUX L, JaLY+FLUX{I,J} )}/ (2. %IETA)
WRITE(3,1002)
1002 FORMAT{LIHL20X3THAVERASGE FLUX IN FUEL AT THE ITH LEVEL/)
DO 11 I=1l,4FLUX
WRITELZ2,L1J0){AFFITI+0)4J0=14%HR}
11 WRITE(3 1005 IAFFIT s d)ed=1ynHA)
11C0 FORFAT{S5FL5.8)
WRITE{3,1014)
1014 FORMATILIH-,20X,49HVARTIANCE OF AVERAGE FLUX [N FUEL AT THE [TH LEVE
1L/}
DO 12 [=1¢NFLUX
HRITELZ, 1100 IVARFL{ I+ JYeJd=1¢NHR)
12 HRITE(3,10086) (VARF (I 4J)sd=1,0MHR)

C
Coiemsdiidxs AVERAGE FLUX IN THE JTH FUEL ELEMENT
& FAVG(J) IS THE AVERAGE FLUX PER WATT IM THE KIH FUEL ELEMENT
c AFVARIDJ) IS5 THE VARITANCE CF FAVGLIY
c
DO 21 J=1,.~AHR
SuUM =0.0
VuUr=0,0

DO 20 I=1,4NFLUX
VUH=VUM+VARF(],J)

20 SUF=SUM+AFFI[.+J)

O OARVAR{ U =VUM/ZIFLOATINFLUX ) 2%2)

21 FAVGUJI=SUMZ/IFLCAT(NFLUX )]
WRITE{3,1012)

1012 FCRMAT(1H-,20X,36HAVERASE FLUX IN THE JTH FUEL ELEMENT/)
WRITEL3,. 1006 IFAYGIJ) »d=1 4 NHR)
WRITE(Z24 1100 {FAVGE Y e J=1NHR)

HRITEL(3,1017)

1017 FORMAT(1IH-,20X,42HYARTANCE UOF AVERAGE FLUX [N THE JTH FUEL ELEMENT
1/) e :
WRITEL3, L1006 {AFVARII) s J=1,08HR)

WRITEL2,110D) (AFVAR{J) 4 J=1,NHR)
CALLEXIT
END




CLTEMP - The Computer Prograﬁ for the Centerline
and Average Radial Fuel Temperature Calculations
The program consists of the main program and the subroutine TRAP

which is a numerical integration routine using the trapezoidal rule.
The main program (CLTENMP) performs the calculations for the centerline
temperatures and the average radial temperatures outlined in Sections
4,1.4 and 4.1.2 respectively. Comment cards present in the program aid
in understanding the logic. Some of the variables used in the program
are defined in the Fortran listing and others are defined in the input
data given below. It should be noted that this program generstes a
significant amount of output, thus the user should specify 3 times the
number of rings times the number of power sets in the control cards for

the number of output pages.
Input Data

Card 1: TFORMAT (8F10.0)

RO

radius of the fuel elements (cms).
C - ¢ladding thickness (cms).

CLADK - thermal conductivity of the cladding (watts/cm °C).

AC - cross sectional area of the fuel (cmz).

cp - specific heat at constant pressure for water.

PREC =~ fractional accuracy specified for film coefficient
iteration. -

Card 2: FORMAT (5E15.8)
Al, A2, A3, A4 - coefficients for the empirical
équation of the fuel thermal conductivity.

G - conversion factor for neutron flux to power density.

53



>4

Cards 3-17: FORMAT (5E15.8)
Cards 3-17: AFF(I,J) - average flux in the jth fuel element at the
ith vertical position (punched output of AVGFLUX).
Cards 18-32: FORMAT (5E15.8)
VARF(I,J) - variances of AFF(I,J) (punched output of
AVGFLUX).
Card 33: TFORMAT (5E15.8)
FAVG(J) - average flux in a fuel element {punched
output of AVGFLUX),
Card 34: TFORMAT (8F10.0)
P - power in kilowatts.
Cards 35-37: FORMAT (8F10.0)
TM(I,J) - measured centerline temperatures at
P kilowatts.,
Card 38: FORMAT (8F10.0)
TWI(J) - measured inlet water temperatures at
P kilowatts.
Card 34: TFORMAT (8F10.0)
TWO(J) - measured outlet water temperatures at
P kilowatts.
Cards 40-44: TFORMAT (20A4)
0(I) - title for output results for this power
data set,

Cards 34through 44 are repeated for each power data set.
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The Fortran Listing for CLTEMNP

DIMEMSTION HSRUILID)pAFFT15459 )y TR X(L15) s TWOLD)Y s TR{1545),FUELRILS) 4 TAL
llS),PHFKllSIgH(193.TS(15!.fCiiG).GiZQ]-TnI\)).TF{lJl.PnFﬁ(LSP'Ath
2(5) s FAYSISY W TG 0LS Y VHSRU1S ) s VARFILS45) p VTHEXTLS ) o VPHFX{LI5 ], VR{LY)

READIL,1CO0)IR0,CCLADKLAC,CPPREC

FORMATI(2FLULC)

READ(1,10CL)A1,A42,A3,A44,5

FORMAT{5FL15.8)

CLOR=ALCGU(RAC+C)I/RD )}/ (2. #CLADK)

DOLI=1,15

READIL,LOQL)(AFF{L,4J)3J=1+5)

0031=1,15 ’

READ(L,1001) (VARF{I+J)sd=1,5)

READ(L,1001)(FAVGIJ)4J=1,5}

681=.2939025

B2=.9438443:-03

B3=-.26384246C-05

B4=,21738160-03

B5=-,16469121E+03

B6=.40903963E+07

BT=.5700616E+05

BB=.,3952822:-+C2

HAVG=.05

POWER Is KILOWATTS

READ(1,1000)9
IF(P.EQ.OOICALLEALT
WRITE(2,1001)P

D031=7,9

READIL, 1000 {THII,J)yJ=1,5)
READ(L,L1CODN{THI(I) yJ=1,5)
READ(L1,1002)(TuwG{J}sJd=1,5)
DO100J=1,5
READ{L,1000M{0ULI)[=1,20)
FURMAT (2CA%)
WRITE[3,101100{(Q(1),1=1,20)
FOREATULHL 4204420067/ 7)

J=142493:4,5 CCRESPONDS TO THE ByCeDyE,F RINGS RESPECTIVELY
I=1 IS THE LIWEST POSITION [% THE FUEL ELEMENT
HEAT GESNERATICN ANMO FLUV RATE CALCULATIGHNS

DO10I=1,15

HGR{T ) =P%G=AFF (1.4}

VHGRI{ 1) =P*P %5¥53=VARF(1+J)
WRITE(3,1020}T,H3RIT ) VHLRIT)

FORMATUILH 4 4HHGR{,13,2H1=4E14.8,5XE15.8)
CALL TRAP{HGR,;15,THFX;d:2.5%)

AHGR{J) =P*SFFAVELT)

FLON=ACHTHFA (LY /(CP=(TWD{IY-TwilJd}})
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WRITEL3,1002)}FLOW, THFX(J),AHGR{I)

1002 FCORMATULAQ,5AFLOW=EL2:6,24,16HGRAMS PER SECOND:5X5HIHFA=yE14.8,1
L4HWATTS PER SQCHM5Xa SHAHGR=,E14.8, L4HWATTS PER S5QCiH/7)
CALL TRAP(VHGR 15, VTIEFXy 4254 ,
VELCW={ (AC/(CP=ITWI{J)-THI{JI))))**2)2VTHFX{J)
WRITE(3,1201)VFLOW,VTHFX(J)

C FILM CCEFFICIENT CALCULATIONS

CAFT={TWItI)+TwOIINI 72, _
ACT=AFT+ROERIFAHGR(JI )/ 12 #IR0+C) ®¥HAVG)
4 DT=ACT-TWI(J)
BFT=(ACT+AFT) /2.
BFTF=1.8%8FT+32,
GRPA=BS5+B6*5FTF+BT*0FTF&%2 4R *BFTF &=
GRPR=52P2%D[%*].8
FLUK=BL#+B2+3FTFr+B3*BFTFE*2+R4%0FTF*%3
X=1./3. . '
HAVG={ 4 135FLUKEGRPRA%EXX) /2057
7 ECT=AFT+0%A0FAHSRIII/L2 EHAVGEIRO+C))
N.IiTE(),lZJt}}E’Fl".-".FT'EC s HAVE
[FLARS{ECT-ACT)/ACT.LELPREC)IGOTDS
ACT=ECT
GOT04
1200 FORMAT(1H 26HBFT=gF Ta234 X 4HAFT=3FT4244X 38 HECT=3FT7e2,4%,10HFILM OO
1EF=,E15.8) .

HEAT FLUX CALCULATIONS

OO

5 HHA=HAVGH*(ELT-AFT)
HAHGR=AHGR{ J)*RU/ 2.
DHA=AES (HHA-HAHGR I ¥100.7/ HAHGR
THHA=HHA*4156.
HTHFX=THFX{J)=AC
DTH=ABS(THHA-HTHFX)I*100. /HTHFK
WRITE{3,120 L YHHAHAHGR DA THHA, HTHFX,DTH
1201 FUORHMAT(140,6(ELS.8+5X)77)}
HUM=0.0
VGaP=0.0
DG20I=7,9
TT=TM{1+4)
WRITE(3,1005)1,TT
1006 FORMATULH L36HITERATION OF AVG FUEL TEMP AT LEVEL ,[243X,F7.243X,E
l14.8)

AVERAGE FUEL TEMPERATURE ITERATION

e Ealel

11 FUELKII)=AlSTTS%3+A2=TTE&24A3%TT+A4
TACT)=THE(T,J)~HGRIT)%R0#RO/ (8. #FUELK (1))
WRITE(3,1006)1,TAL1),FUELK{T)

CIF(LIABSITT-TA{I}))/TT.LE.PREC)GOIOL2
TT=TA(D)
GNinLL
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CALCULATION OF 5AP RESISTANCE

CALL TRQPIHSR,T.PHFX;I'E.SQI

PHFP{I)=PHFX{I])
I={THR{TJ)-TWILI)-ACHPHEX{ L}/ {FLCW*CP)Y/ (HGRIT)I*RO*RO)
HUT)=2-(.25/FUELK{T ) +CLDA+.5/ (HAVG*{RO+L) ) )

CALL TRAP(VHOR [ ,VPIHT X 142454)
TERMI={{AC/(FLOWRCIP ) ) &2 ) 2 {VPHFX (T ) +VILOWxIPHEP L) /FLOW) %52}
TERMZ2=VHORITI={TM{L 3} -TRILJV-ACHEPUHFP{T )/ {FLOW®CP) ) #%2
VGAP={1425+TERML+TERMZ )/ L LHGR{ T ) *ROFRO I **2 ) +VGAP

20 HuM=HUM+H(T1)

HA=HUM/ 3.
VGAP=VGAP/ 9. _
WRITE(3,10031H(T),HI8),5(9) ,HA,VGAP

1003 FORMAT{LHOsOHRIT)=9yEL12.643X,;5HR{8)=,E12.643X%, 5HQ(9!-,F12 64.3X,5H2A

LVG=4EL12.642X, Ela. )
WRITE(3,1004)

1004 FORMAT (LH—, 5HLEVEL, 6&,44T1AF 55X, 4HTAVG, 6K GHTSURy 6X 4 4HTGAP6X 4 5HTC

25
IOQE

LLAD5X s 0HTFLUID,9X4HTVAR/ /)

CENTERLINE TEMPERATURE CALCULATIONS
TM{T,J) IS THE CENTERLING TEMPERATURF
TS{I) IS THE FUEL SURFACE TEMPERATURE
TGII) IS THE GAP TEMPERATURE

S TCUID) IS THE CLAD TEMPERAATURE
TELIY IS THE FLUTID TEMPERAATURE

DO251=7,3
TM{ToJ)=THI(JI+AC*PHFP (T )/ (FLOWECP ) +HGR 1) €RO*A0={  25/FUELK (1) +CLC
I1R+1 /(2% HAVG®{0+Z) ) +HA)

TSOD)=TH(I,J)-HGRII Y& RU¥ROD/ (4 %*FUELK (1))

TGEI)=THM([,J)~ 3%([) *RO%RD* (o 25/FUELKI(] ) +HA)
TCUN)=TRIT4J)-HGRIT ) ®RO%RD&{ 1./ {4 EFUELK{ 1) )+CLO+HA)

TELIY=TRICJ) +ACRPHFPIL)/ {FLUWSCP)

CALL TRAPU(VHGR I 4¥YPHFX,142.54)

TERML=({AC/ (FLOWECP) ) 22 ) 2 (VPHFX ([} +VFLOWS(PHFP (I /FLOW ) %%2)
TERM2={((.5/FUELK(I ) +HA+ CLDR4 Lo/ (HAVGH{RU+C) ) ) %ROFRA/ 2. ) #%2 } EVHOR(
i1}

VIMAX= 0625+ TERMIH+TERM24VGAP R {HGR I ) #R0O2R0/ 2. ) %2

VRIT) =Y THAX+VHGRIT)#{RO%R0/ (8. *FUCLK{I) )1 %%

WRITEC32 1009 Lo TMIT o) o TACTI),TSUI) o TGII) ,TCULIY,TR{L) ,VRIT)
FORMATILH 4 1Xs1345X,6(F7.2,3X)43X,FE14,8)

DNR3CI=10,415

FUELK(I)=FUELK{I-1)

CALL TRAP{HGR,I, PHF X 142.54)
TM([WJI=TEI(JJ+KC*PHFKII}/(FLDH*CP)+HGR(I)*RO*&D*!.25/FUELK{I}£CLD
LR+1./12.%HAVS® (040 ) ) +HA)

TACD)=T#([J)-HGRIL)*A0%R0/ {8 %FUELK (1))
TSUIV=THM{T4JI-HORIT)=R0O*%A0/ {4 *FUFLKIT))

TGUI)=THM{I,J)-HCRIT ) =RO*¥A0%(.25/FJELKIT)+HA)

TCUIY=TH(T s J)=-H3RTL)*RO®RO%( 1, f {4 ®FUELK(T) ) +CLDR+HA}
TJRID)=TWIlJ)+AC*PHFX{I)/ (FLOW%CP)
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CALL TRAP(VHGR, I +VPHFX,1,2.54) :

TERML={ [AC/{FLONECP) Y &%2 )X (VPHEX( T Y4+ VFLOWS{PHEXIT)/FLOW ) 2%2)
TERMZ2=({{o5/FUELKIT) +HA*CLOR+14/ (HAVG#{RO4C) ) ) SROFRD/ 24 15 #2 1 &VHGR (
10)

VTMAX=2625+TERML+TERHZ +VEAP% (HOR [ [ ) %ROFRA/ 24 1542
VR{T)=VIMAX+VHGR 1) % (RO%R0/{ 8o #FUELK T} ) ) %=

WRITE{3,1005)0 0, TM( 143 TACI) oTS{I TSI TCOI),TF{I) YR}
FUELKIII=ALSTALT)I=%3+A2%TALL)*%24A3%TALI)+A4

TH{T 3 J¥=THILI)+ACEPHEX(L) 7 {FLOWSCP ) +HGR [ [ 1 ¥RO*R0O* (. 25/FUELK{ T +CLD
1R+1./7{2.5HAYSHIRO+S ) 1 +11A) , :

TACT)=THILI,J)-HG2( 1) %20%R0/ (8, *FUELK())
TSITI=THIL,J)-HGRII 1 2R0ERO/ (4 *FUELKI(T))
TGII)=sTMIT;J)-HGRIT ) 2R0O%R0OX( 25/ FUTLK (T ) +HA}
TCLI)=TM(L,4J)-HGRIT}E20ERO*{ 14/ (4 *FUELK (1) ) +CLDR+HA)
TRII)=TWI(J)+ACHPHFXII)/ (FLOW%CP)

CALL TRAP{VHGR I ,VPHFX,1,2.54)"

TERMLI={ (AC/(FLOWSCP ) ) %22 J R { YPHFXI L} +VFLOWS( PHEX{ I} /FLOW) % z;
TERM2={{(45/FUELKIT) ¥HA+CLDR+1 ./ (HAVGH{RO+C )} Y XROXRO/ 2, ) %42} =VHGR
11)

VIMAX= 6254 TERMLFTERM2+ VAP R (HGR{ [ ) ¥ROXRD/2. ) 5%2
VR{T)I=VIVAX4VHGRETI®(ROSRD/ (B« *FUELK{T) 1} %%2

WRITE{3,10050 1, T80T, )3 TALL) yTSLE)TGL{I),TCUI),TF{T),VRI(I)
FUELK{ 1) =ALRTAL L) *%3+A2%TA[)=#2+A3%TAI 11474

HIES LTS B .

[=7-m

FUELK{1)=FUSLK{I+1)

CALL TRAP{HGR, I,PHFXs 14254 _

TR{T 33)=Tw I {JT+ACHPHFXLT )/ {FLNW=CP ) #HGRI [ ) 2RO*R0* [+ 25/FUELK{ [ #CLD
LR+ 1. /(2. HAVSE(R0O+0) ) +HA)

TACL)=STH{I 4 J)-HOR(T)%R0O%RA0/{ 8. *FUFLKIT})
TSEII=TH{T,J)—HOR{[)%=RO¥R0/ (4 *FUELKIT))
TGUI)=TM(I,J)—HIR{I ) RRORRDE (L 25/ FUELK LT +HA)
TC(I)=TMIT,J)-HGRII)%RA0%R0% (1. /4. <FUELK( 1) ) +CLDR+HA)
TE{DI=Twl{d)+ACEPHFX LT}/ {FLOWECP)

CALL TRAPIVHGR,I,VPHFX,1,2.5%)
TERMI=({AC/{FLOWECP ) ) 222 Y& {YPHFX{ 1) #VFLOwE( OHFX (1) /FLOW) =%2)
TERM2={{{.5/FUELK{I ) +HA+CLDR+1 ./ (HAVG={RO+C) IV XROER0O/2. ) 4%21 2VHSRL
11)

VIMAX=o625¢ TERMI+TERM2+V AP {HOR ([ %RO%R0O/ 2. ) %%2
VRIT)=VTMAXEVHGRIT) E(R0%AD/{ B ¥FUELK{ T ) ) &%2

WRITE(3,1005) [, TMIL ) TALE)aTS{I)oTGII),TCLIN,TELE),VRII)
FUELK{I}=AL*TA(I)=53+A2%TA(L)*%2+A3%TALT)+A4
TH{T3J)=TwIlJ)#ACEPHFXIT )/ (FLOWSCPI+HGR (1) XRO%A0% {4 25/FUELKI T} +CLD

T LR¥L/ 12 EHAYGHRIRI4S ) ) 4HA)

T%[I} T8{l,J)-HGRITIXRUXRO/ {B.*FUELK LI} )

TSUI)=TM{L 2} -HSALT I *R0O*RC/ {4 FFUFLK (I}

TOGUIY=TMIT 4 IV -HGRITI*RO=A0C(L25/FUELKL T Y +HA)

TCITY=TMIL 41 -HGRIL I *RAOKA0H (L. /16 . *FUELKI L) }+LLDR+HA)
TR{I)=THI{JY+AC*PHF XL/ IFLCWECP)

CALL TRAP{JHGR14YPHFXs14.2.54)

TERMLI={ {AC/{FLOW* P))**ZJ*iVPHFX{I}+VFLQR*{PHFX[I)fFLUH?**z)
TERMZ2= ({(-5/FU LK(I ) +0A+ CLOR+ L o/ {HAYS=(RO+C) ) 1 *ADHA0/ 2. ) =%2 ) #VHGR

“1l)
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VIMAX= 2625 +TERIAL+TERM2+VGAPH{HGR [ ) #RO=RD/ 2, ) 542

VRIT)=VTHAX+VHGRI T ) # (RO*RO/ (B FFUELK T} ) ) %%2

WRITE(3, IOOSII'T”I{1J),T1(Il.TS(I),ToiII,TC({).TFII) VRI(T)
35 FUELKIL)=AL*TA(T)*%34A25TA(T)*%2+A3=TA{I)+A4

ADJUSTHMENT OF CENTERLINE TEMPERATURE

D020GI=1,415
200 TM(TJ)=TH(I4J)4(25.-THTI(J))

D0220I=1,15

TT=TM{I, 0

WRITE(3,1005)1,TT
211 FUELK(T)=ALXTT#%3+A2&TT#42+A3%TT+A4

TACD)=THMUT, ) -HGR(T)*RO*RO/{B. *FUELKI(1))

WRITE(3,10006)I,TA(I)FUELKIT)

IFLLABSITTI-TA(IN))/TT.LEL.PREC)IGOTO212

TT=TA(])

Garcell
212 CALL TRAP(HGR,I,PHFXs[,2.54)

CONTINUE

CALL TRAPIVHGH, I, VPHFK-T-L.Sf}

TERMI={ (AC/ (FLOWRHCP Y ) *F2 )= I VPRFX{TI )} +VFLOw* s {PHEXITV/FLOW) %%2)

TERMZ={((.5/FUELRITI)}+HA+CLDR+L ./ {HAVG*{RO+C 1)) ZRO*A0/ 24 1252 ) £VHGRU

11} :

VIMAX= o 625+ TERMI+TERMZ+VIAP: (HGRIT ) *R0%RD/ 2,4 )% %2
VRIT)=sVTIFAXHVHGRIT ) = {R0%RD/ (B FFUELK(T)) ) %%2

220 WRITE(3,1209),TH{T o J)oTALL) ,VR{I}

1205 FORMAT(LH #1X,[3,5X:2(FTa2,3X)}43X,E14.8)
WRITE(2,100L){TA{L)+1=1,15)
WATTE(Z2, 10000 (VRLT),1=1,15)

1006 CONTINUE

GOT02
" END

SUBROUTINE TRAPLY,NPTS,T,J,DELTA)
DIMEMSICNY(15),T(15) . i
IF(NPTS.LEL.2)GCTNS
DO21=1,5PTS

2 T{1)=0.0
NPR=NPTS-1
DOLM=2,PR

1 T{II=TLareym)
TUJ)=(T{I)+05%{Y(L)+Y(NPTS)))*DELTA
RETURN

5 IF(MPTS.EQ.2)G0OTCLD
TL1)=Y(1)

- RETURN

10 T(JUI=u5%(Y(L)+Y{2))=D"LTA
RETURN
END



'AVGTEMP - The Computer Program for the
Average Fuel Temperature Calculations

This program calculates the average temperature of the fuel in the

core at a particular power and the value of the thermal conductance

(Eq. (5)) corresponding to that power and temperature. Comment cards

present in the program aid in understanding the logic. The variables

are defined in the Fortran listing and in the input data given below.

Input Data

Card 1: FORMAT (413, F8.0, 2F10.0)

NFLUX -

NHR -

NTLO -

ELMTS

TO -

VIO -

number of vertical temperatures per element,
number of rings.

lowvest vertical position of measured centerline
temperature.

highest vertical position of measured
centerline temperature.

number of fuel elements in core.

reactor tank water temperature.

variance of reactor tank water temperature.

Card 2: TFORMAT (5E15.8)

RING (J)

- number of elements per ring.

Card 3: FORMAT (5E15.8)

POWER -

powver in kilowatts (punched output of CLTEMP),

Cards 4-8: FORMAT (5E15.8)

TEMP(I,J) - average radial temperatures (punched

output of CLTEMP).
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Cards 9-13: TFORMAT (5E15.8)
TVAR(I,J) - variance of average radial temperatures
(punched output of CLTEMP).

Cards 3 through 13 are repeated for each power data set.
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The Fortran Listing for AVGTEMP

DIMENSION TEMPU15,5)TVAR{LIS:51,TAVGI(D) ,VARATI{5),RINGIS)

NTLO=LOWEST VERTIZAL POSITION OF TEMPERATURE HMEASUREMENT
NTHI=HIGHEST VERTICAL POSITION OF TEMPERATURE MEASUREMENT

READIY 1000 IMNFLUX yNHRyNTLOsNTHI ZELMTS,TO,VTO
FORMAT(413,F8.0,2F10.0)

Ti=1.0

V1=0.0

FORMATISELS.8])

READIL, 1001} {RING{J),J=1 MNHR)

WRITE(3,1008)

FORMAT(1HL,36X,30HTEMPERATURE DATA AND AVERAGING///)

POKER IN RILCWAITS

READ(L,10011PGHER
IF{POWERLEQ.0.0)CALL EXIT

TEMP LT JY=AVERAGE RADIAL TC#P AT THE TTH LEVEL IN THE JTH ROD
TVAR([;4)=THE VARIANCE DOF TEMP({[,J)

J=142+3+4+5 CORRESPOND TOD THE B,LC,DyE.F RINGS RESPECTIVELY
I=1 IS THE LOWEST VERTICAL LEVEL

DUZJ:I'E

READU{L, 1001V TEMP{T40),1=1,15)

DO 4 [=NTLUMNTHI
WRITE{3,1009){TEMP{T Vs J=1,0HR)
FORMAT(LH S4HDATA,6X,61F15.8,2X})
D09J=1,%
READ(LL1COLI(TVARIT U} l=1,15]

DO 99 I=%NTLU,NTHI

WRITELI IO M {TVAR(T 3 J )}y J=1,MHR)
FORMAT(IH »8HVARIANCE,2X6[ELS.8,2X))

TAVGUJ)=AVERAGE VTEMPERATURE QOF THE JTH FUEL ELEMENT
VARATIS)=THE VARTANCT OF TAVG(J)

CO 31 J=1,NHR

SUM=0.0

VU."'i=O.-0

D3 30 I=4TLO,MTHI

VUOM=VUM+TVAR{4J)

SUM=SUM+TENPL{L,J)

VARAT(J)=VUM/ IFLOAT{FLUX Y %2}
TAVGLJ)=SUN/{FLOCATINMFLUX))
WRITE(3,1010)(TAVG{J), =t 4NHR)}
FORMAT(1HO,16HAVG TEMP PER ROD,5X,6({EL5.8,2X))
KRITEL3,1016){VARAT(Ji+J=14MNHR)
FORMAT(1H »3HVARTANCE,13X,4(E15.6,241)
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AVERASE FUEL TEMPERATURE (OF THE CDRE

SUM=0.0
TUM=0.0
DO S50 J=1.,%
TUR=TUMHVARAT I RIRINGEJ} ¥%2)
50 SUM=SUM+TAVGIJIERINGIG)
TRAR=SUM/ELMTS
VBAR=TUMR/{ELMIS%%E2])
TRP=PCWER/LTBAR-TO)
VPOW=(O3FPGRER)*%X2
VIRP=VPOW/ { [THAR-TO ) %%2) + POWERT22:{VBARHVTC)/ {{TBAR-TO) *%4)
WRITE{4,10L1)POKER s TBAR,VBAR,TRP,VTRP
1011 FORMAT{1HO,6HPORER=,F10.3,5X418HAVERAGE FUEL TEMP=4EL15.8,5X, FHVAR]
LANCE=,E15.8,5%,4HTRP=,EL5.8,95X+4HVAR=,EL15.8///)
WRITE{2,L1011TBAR,T1,VBAR YL TRPVTIRP
1101 FORMAT(8ELZ2.6)
G TG 39
END



64

APPENDIX B
TRIGA Flow Parameters and Temperature Distribution

The following results were calculated and used in the determination
of the centerline temperatures of a fuel-moderator element.

Figure B-1 presents the mass flow rates per ring as a function of
reactor power. Two obvious conclusions can be made from the data: first,
the mass flow rate is proportional to the power, and second, the flow
rate is proportional to the number of fuel-moderator elements per ring.
The B and F rings have the same number of elements but B has a greater
flow rate because more power is generated in a B-ring element than in an
F-ring element, and also the cooling holes in the lower grid plate (Fig.
B-2) surround the B-ring but offer no inlet directly to the F-ring.

The average water temperature rise as a function of power is shown

in Fig. B-2, The power is calculated from the equation

P= ﬁT Cp AT
where ﬁT is the total core flow rate at some power P obtained from Fig.
B-1, and is plotted vs. measured power in Fig. B-3.

The behavior of the calculated film coefficients (Eq. (14)) with the
measured reactor power is presented in Fig. B-4. As might be expected,
the film coefficient is proportional to power. The difference between
the average cladding temperature and the average water temperature in the

channel surrounding the fuel-moderator element, i.e., Tc - Tw’ is shown
in Fig. B-5 as a function of the measured power. The reactor power can

be calculated from Figs. B-4 and B-5 and the equation
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5
B = As kél T hk (Tc_Tw)k ?

where A.S outside surface area of the fueled length of the fuel-

moderator element,

nunber of fuel elements per ring,

M

hk film coefficient of an element in the kth ring.

This calculated power is plotted vs. measured power in Fié. B-6.

The core radial temperature distribution is presented in Fig. B-7
with power as a parameter. Up to 200 kilowatts the gradient of the
distribution is as expected, i.e., the maximum temperature is in the inner-
most ring. At 250 kilowatts, however, the maximum temperature shifts
to the C-ring, but because of license restrictions, 250 kilowatts is the
maximum steady state power level, so no further data could be taken to

substantiate this trend.
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APPENDIX C
Weighted Least Squares Analysis (18)

In order to fit the calculated values of the core thermal conductance
as a function of temperature and yet propagate the errors, the following

technique was used.

Gauss Markoff Theorem:

If the general linear hypothesis model of full rank, i.e., if
I=ibre
is such that the following two conditions on the error vector are met,

1. Ele]

n
o
-

2, V]e] 021 ,

i

the best minimum-variance linear unbiased estimate of B is given by
least squares,

The above theorem states that minimum variance, unbiased estimators
result from the least squares technique if the errors have a mathematical
expectation of zere and have variances which are homoscedastic in form,
i.e., the varlance-covariance matrix of the errors is equal to a constant

times an idertity matrix (18},

(]

onsider the parameters, Ki and Ti, where Ki is 2 core thermal con-
ductance value corresponding to an average fuel temperature Ti' The

data are to be fit to the equation

K=TB+e | (c.1)
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or K1 T11 1 e]
Kz T21 By ey
- - - - + L
. . . Bs .
K 1 e
n nl n .

Equation (C.1) has the statistical properties of E[e] = 0 and
Viel] = U%E where V is a (nxn) variance-covariance matrix, i.e., the
diagonal elements are variances and the off-diagonal elements are covari-
ances. It is necessary to transform the above heteroscedastic variances
to the homoscedastic form.

Let

where § is a unique non-singular symmetric matrix,

Let . _S_—l £ = iE_ ’
where E[f] = 0 and
VI£] = E[£ £] = E[s™! e & 571]
= 57! E[e e]s™!
=§162vysgl
= ¢2 5-! 52 -1
=0¢2 1,

Thus the transformation to the homoscedastic form of variances has been
accomplished, the Gauss Markoff theorem has been satisfied, and minimum
variance unbiased estimators for B will be obtained.

The following procedure.is used to find the minimum variance unbiased

estimator of B. Premultiply Eq. (C.1) by 87!, i.e.,

s'r=sl1B+ste. (c.2)
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Apply normal least squares, in particular,

tTvig , (C.3)

where D= ( Efl -1 . _ (C.4)

For convenience define a weighting matrix W as

W=yt

<

3

[

thus b=DTWK &.5)

where the vector b is the minimum variance unbiased estimator of B.

The ith element of b is

2 n n

} D,, } T

b, » -
=1 =1 k=1

1

Wlk Kk . (C.6)

Assume the covariances are zero, i.e., the errors are statistically inde-

pendent, thus all WE = 0 and all Wkk # 0, then

k
] o, 3
b, = D,. Lo W 5
i j=1 13 2 kj kk Kk
or
n
b= 1 Wy K Uy (87
k=1
where for convenience,
2
Uy = Z D5 Tig (c.8)
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The wvariance of bi is
n

2
: 2
o?(b,) = k£1 LGy U )2 0 (K) + jZl O Ky Dij)2 0% (T, ;)]

Consider the first term,

n

n
) w, vZ = ) w._u, [D, T 4D, _T ]
k=1 kk ik k=] kk ik i1l ki iz ke
Ii. n
- W, U, T . +D, W. U, T .
il kel kk ik ki i2 kel kk ik "k2
In general
n n
Dip 1 Mg Uik Tig = Pyp L W Tpp [0y, Tee ¥ Byp Ty
k=1 =1
n n
= Dy [Py kzl T Y Ten Py, k£1 T2 e Tie?

If L = i, then

n
D.. J W. U, T . ;3
ii K1 kk ik ki ii

From Eq. (C.4)

pum -1 (.10)
or |
Wi1 Ty 1
D131 Dol |Ty1 Toy T Wy To; 1 1 0
Dy; Dppfl 1 ...1 . ] : o 1
Vonl | T 1




or

D11(T11%W11T11 + «ov + Tp1¥pnTni)d

+ Dy2(W11T1s + ove + WpnTp1)

DZI(Tllwl]Tll GBI, TnlwnnTnl)

+ Dzz(wllTll + .. T WmlTnl)

D11(T11W11 + ... + Tp1Wpn)

‘.i' Dlg(wll + e T _‘TED,)

D21(T11W11 + ew F Tnlwnn)

+ DZZ(WII—%— ees T I-Jnn)

In general then for row 1 muliiplication,

L
v
D11 4 Tkl wkk Tkl + Do
k=1
l Ii
D13 T W + Do
k=1 ki kk

n

kzl Woie Tpg = 1s
i)
k£1 W =0
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(C.11)

{L:12)

Comparison of Egs. (C.9), (C.11), and (C.12), shows that the term in the

brackets of Eq.(C.9) is unity because Tk2 = 1, For row 2 multiplication,

n

Dy } T, W + Dyy
L T M T

n
Dy )} T, W + Dyy
1l kKK

%
W. T
k=1 kk "k1

=0,

)
W, =1,
kel kk

(C.13)

(C.14)

Comparison of Eqs. (C.9), (C.13), and (C.14) shows again that the bracket

-is unity. Also, for both cases, if 2 # i, the bracket is zero. Thus the

variance of the estimator bi is

2 z
¢) (b & ) =
k=1

To generate the weighting matrix W

matrix e is made. From Eq. (C.1),

2
2 : 2 2
Dyy W 92 (K + jzl (0, K Dij) g (Tkj} ;

{C.15)

1 L I
= ¥V *, an estimate of the variance
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2
oZ(ei) = °2(Ki) + 'Z

2 2 2
. [Bj oz(Tij) TR (Bj)] (C.16)

1
which follows from the standard propagation of errors technique (21).
Thus the above equation and Eqs. (C.4), (C.7), and (C.15) will be used
in the following iterative gcheme to determine the estimators bi.

1. Neglect the 2nd terms of Eq. (C.16) and calculate U%(ei).

2, Calculate D from Eq. (C.4) using W = ETI = l[giigl.

3. Calculate the estimator vector b from Eq. (C.7).

4. Calculate oz(bi) from Eq. (C.15).

5. Calculate U%(ei) from Eq. (C.16) using B = b.

6. Repeat steps 2, 3, 4, and 5 until the difference between

the (n-1)st and the nth estimate of the vector b is less

than or equal to 1%.

The analysis is similar for the reactivity temperature coefficient.
The curves of average fuel temperature and reactivity loss as functions
of power level (Figs. 9 and 11), provide a parametric relation between
reactivity loss and average fuel temperature. If the fuel temperature is
corrected for the average water temperature increase across the core as

described in Section 4.3.3, the equation takes the form
Api = o Ti + Gy

where Api is the ith reactivity loss corresponding to Ti’ the ith average
fuel temperature corrected for the water temperature increase across the
core. The reactivity temperature coefficient is @; and o, is the inter-

cept which is negligibly small.



LINFIT - The Computer Code for the
Weighted Least Squares Analysis
This code was used to fit the data of core thermal conductance vs.
average fuel temperature (Fig. 10} and the data of reactivity loss vs.
average fuel temperature rise (Fig. 12) as described above. Comment
cards in the program will aid in understanding the logic. The variables

are defined in the Fortran listing and in the input data given below.
Input Data

Card 1: FORMAT (I3,F10.0)
NDATA - number of data points
EPSLN - fractional error to terminate iteration.
Card 2: TFORIAT (6E12.6)
X(1,J) - independent variable.
XVAR(I,J) - variance of independent variable
Y(I) - dependent wvariable.
YVAR(I) - variance of dependent variable,
The card 2 input is repeated for each data point. This input is provided

by punched output on cards from AVGTEMP.
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The Fortran Listing for LINFIT .

DIMEHSION X(50, 2)1Yl)071TVAR{SD):XVAP{50 2)W{50,50),C(2,21)5%

1)1.B(2)
C
Ceakkfgfaxt X [5 THE INMDEDPENDENT VARLABLE
CHengdiiorss XVARL |S THE VARATANCE DOF THE INDEPENDENT VARITAEDLE
Cxkdddkdsds Y IS THE DEPEMDFENT VARIABLE
Crarkdsdorsrd  YVAR [S THc VARIANCE OGF THE DEPENDENT VARTABLE
CEExikriiid NDATA IS THE NUMBER OF DATA POINTS
Cwesakksks EPSLN I> THE FRACTIONAL TERMINATION ERROR
c .

100 READ(1,1C00)NDATALEPSLN
IF{NDATALEQ.O)CALLEXIT
FORMAT{I3,F10.0}
DO 1 I=1,NDATA

1 READCL100TIIXTT14d) 4 d=Le2) p IXVARIIGJ) s J=142),Y{ 1), YVARLT)
1001 FORMATI6ELZ2.6)
1101 FORMAT(LH ,2(C15.8,5X))

WRITE(3,1002)

1000

1002
1RTAMCE/ /)
03 2 I=1.NDATA
2 WRITE(3,10033 (X103 d=142) 2 XVARIT ) d=1,20,Y 1), YVAR(L)
1003 FORMATH{/E6{ELS.8,5X))
MF=0
WRITE{(3,1004)
1004 FCRMAT(1HL.3X:5HSLOPE, 13X, 8HVARIANCE,
1E,8X,16HFRAD SLOPE ERRO242X,20HFRAC INTERCEPT ERROR//)
* OFORM THE WEIGHTINS MATRIA, WlleJd)
. p0 19 I=1,NDATA
19 Wil I1=1./¥YVAR{I])
GO 10 39
20 CCNTINUE )
DO 38 [=1,MN3ATA
SUK=0.0
DO 35 J=1,2
35 SUM=SUM+XVAR{IsJIRBLIY® %2+ BVARIJIE=X [, S %%
38 WlleI)=la/{YVARTTI}+SUM)

[HE D MATRIX DESIGMATED AS CI(I,J)
DD 49 1=
DO 49 J=
Cll,J}=0
D0 49 K= 1' WWATA

49 CUI,J1=ClT,J)+X(K, IR (K, KI#X 1K, d)

VAarR(?2

FORMAT{IHL 17X 6HK-DATA; 32X, 10HX-VARIANCE 422X+ 6HY-DATA, 12X, LOHY~VA
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c
‘CrEFRxassrs [MVERT IHE C MATRIX
C

D=C{lel)*Cl2,21-C{142)%C(2:1)
TERM=C{L,1) :
C(1l,1)=C(2.,2)/D
C{l:2)=-C{1,2)/0
Cizs1)=-C{2,101/0D
Cl2:2)=TERM/D

wketessass CALCULATE THE ESTIMATORS,B(J)

57
58

DO 58 I=1'2

81{I1}=0.0

o0 58 J=1,2

SuUmM=0.0

DO 57 K=1,NDATA
SUM=SUM+XIRKsJ =AU (R K)EYIK)
BI)=BUI)+C(I . dY%SUK

*xxekr&eEs CALCULATE THE ERRDR OF THE LINEAR FIT

68
69

10C5

D0 69 I‘-‘l,Z

SUM=0.0

DO6BR=1,NDATA

no 68 J=1,2
SUM=SUM+AVARIK, ) 2 (W IK KIRY(K)EC ([, d) ) %%2
BYARLI)=SUuM+C({I,1])
WRITEL3,10051(B(116VAR{T},[=1,42)
FORMBAT(/4(EL5.8,5X))
IFIMF.STLOIS0 TOT7D

SLOPE=51(1)

CEPT=B(2)

MF=1

GO TO 20

EkdErEeess TERMINATICON CRITERION

70

10C6

SERROR={B{1)-SLOPL} /SLOPE
CERROR={31{2)-CEPTI/CEPY
IF(A3S{SERRCR)LLELEPSLN} L=0C
[F{ASSICERAGRIJLELEPSLN) M=0
KWRITE(3,1006)5E5RRORL,LERROR
FORMAT(LHY 4 A0X,2{EL5.8,5X))
LM=L+M ;
IF{LM.EQ.Q)COTUGLOD
SLOPE=2(1)

CEPT=G1{21

GO 0O 20

EAND



APPENDIX D
Solution of the Transient Equations by Analvtic Continuation

The procedure for the soluticn of the transient equations.(Eqs. (1,
(2), (&), (5)) by analytic continuation is a specialization to functioms
of a real variable of a method known as continuous anélytic continuation
(19). 1In this method the dependent variables are expanded in Taylor
series over time intervals in which they are analytic.

In general, denoting the dependent wvariable at time tj as yi(tj),
then

K

(k) k
kzo v, (tj)(tj +l—tj) /! (D.1)

e

¥i (i)

where the superscript k denotes the order of the derivative and K the order
of the expansion.
In the exact expansion of Eq. (D.1l), there is a remainder after the

(K+1)st term. In particular

Ry (tpp) = yg 0 () (e g0/ ey (0.2)
where tj <n f-tj+l
A y£K+l)(n) = [yiK)(tj+1) - yiK)(tj)]/(tj+l-tj) . (D.3)

Note that the time step, t _tj’ is present in Eq. (D.2). This time step

j+1
can be obtained by requiring the fractional truncation error for each

expansion to be equal to or less than a specified truncation error

criterion £, i.e.,

Ri(t‘+l)_

€ {(D.4)

yi(tj+l)



Substituting Eq. (D.2) into Eq. (D.4) leads to

(K+1)! € [yi(t

j+l)[ ](K+l)—1

- (D.5)
[Y].(_Id-l) () f

(tj+1-tj)i = [
which is the largest time step for the vy dependent variable. For a

fixed K and €, the time step is proportional to the ratio

Iy e Vs Pl

Thus the time step automatically expands or contracts, depending on the
behavior of the function, in order to maintain a constant fractional
truncation error (19).

A common time step must be used for all the transient equation
variables that are expanded in Taylor series, ind necessarily it must
be computed from the variable which yields the smallest time step., If
this variagble is designated Yo then the common time step is

) e (K+1)! ¢ gym(tjﬂ)I

](K+1)'1
J+1 1 ly]::lK"l‘l) (n)l

(D.6)

Because of the presence of the time step in ym(tj+l) and y;K+1)(n), an
iterative procedure is used as follows:
1) ‘A tentative time step is computed from

(K+1)! ¢ Iym(tj)]

-1
(K+1)
(t. -t =1 ]
j+1 it |Y£K+l)(tj)|

(0.7)

2) Then values of ym(tj+l) and its derivatives are calculated using the

tentative time step.



y(K+1)(n)

_3) A new time step is calculated from Eq. (D.6) using
-calculated from Eq. (D.3).

4) If the new time step is larger than its tentative time step_(which
means that the tentative time step gives a smaller truncation
error than required or smaller by a prescribed factor), the
calculations proceed to the next timé step., If the improved time
step is smaller, then it becomes the tentative time step and 2, 3,
and 4 are repeated.

Steps 1 through 4 are repeated for each variable and the smallest

time step is used. Note that to use Eq. (D.6) only values of

(X+1)
b 1
ym(tj,, ym(tj), eevs Yo (tj)

must be known to extend the solution to time tj+l'
In the neighborhood of times 7;, 7,, and 75, Eq. (4) can no longer

be expanded in a Taylor series because of the discontinuities introduced

by the step functions. Thus it is necessary to require that the time

step be such that the solution is not attempted at times which fall

within some finite time interval around these discontinuities.
The Computer Program for the Transient Calculations

The program consists of the main program and three subroutines.
Subroutine DERIV calculates the derivatives of the dependent variables,
subroutine TillE calculates the time step, subroutine FACT calculates
factorials, and the main program calculates the dependent variables
besides providing for input and output. The program can be easily

followed from the flow sheet presented in Fig. D-1. The variables



used in the program are defined in the Fortran listing and the input

data given below.

Card 1:

Card 2:

Card 3:

Card 4:

Card 5:

" Input Data

FORMAT (6I3)

JMAX - number of time steps the program is to calculate
before termination.

FORMAT (6E13.6)

DECAY(I) - precursors decay constant, maximum of six.

FORMAT (6E13.6)

B(I) - delayed fractions of precursors, maximum of six.

FORMAT (8F10.0) |

D(1,1) - neutron density at time zero.

TEMP(1,1) - average fuel temperature at time zero.

R(1,1) ~ reactivity insertion at time zero.

T¢(10,1) - time zero.

ERROR - truncation error, see Vigil (19,20).

H - conversion factor from neutron density to

pover in watts.

CONE slope of average fuel heat capacity.
CIWO0 - intercept of average fuel heat capacity.
FORMAT (8F10.0)

BETA - effective delayed neutron fractionm.
PLIFE - prompt neutron lifetime.

A - ramp reactivity insertion rate (rod going up).

ALFA - constant reactivity temperature coefficient.

85



Card 6:

OUT - the time the pulse rod reaches its uppermost
position.

RONE =~ slope of core unit conductance.

RIWO - intercept of core unit conductance.

G - ramp reactivity insertion rate (rod going down).

FORMAT (8F10.0)
DROP - the time the pulse rod leaves its uppermost
position.

DOWN - the time the pulse rod reaches its lowest position.
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- The Fortran Listing for the Transient Calculations

DIMENSION D(65500)30{6:6:500)  TEMPLO,500) 4R (6500, TL10,5001,TETA(
16):DCCAY (o) 48B(6) '
COMMON DLy TEMPRyT+DETAZCETA, TMPETAWRETALERREOR,,ITER,STEP,DECAY,BE
1TAPLIFE 4By A ALFAOUT s ITS  TENTA,HyCONEZCTHO, ROMEyRT WO+ DROPDOWNLG

1000 FORMATIBF10.0)

1001 FORMATI(AI3)

1002 FCRMAT(1HL}

1003 FORMAT(LIHL »2X,IHTIME(SEC) 10X, 12HNEUT UENSITY4+4Xy,17HPRECURSOR DEMS
1ITY 5% 12HFUEL TEMPIC) ¢5X o LEHREACTIVITY{DELTAK) 46X, 1ZHPOWERIWATTS !
2)

1004 FORMATI(G6(ELS.8,45X))

1005 FURMAT(GELJ.6)

1010 FORMAT{10X,63H%*+%x% TEN [TERATIONS FOR TENTATIVE TIME STCP HAVE BE
1EM EXECUTED )

1020 FORMAT{LlH],15HBETA EFFECTIVE=)FT.4412H GEN TIME=3F946,3H5EC,8H
1 RAMP=,F9.6,13H TEMP COEF=,F9.6,19H RAMP STOPPED AT=,F3.,06)

1030 FORMATISX,5HGROUP,I3,18H DECAY COMNSTAMI=,F8.4,201 CELAYED FRAC
1TiOA=4F8.5)

D IS NEUTRON DENSITY

C IS PRECURSOR DENMSITY

TEMP IS THE AVERAGE FUEL TEMPERATURE

R IS THE REACTIVITY

T I5 THE TIME

ERROR 15 THE FRACTIONAL TRUNCATION ERROR OF THE TAYLOR SERIES
BETA IS THE EFFECTIVE DELAYED NEUTRON FRACTION

PLIFE IS FTHE NEUTRON GENERATION TIME

A IS THE RAMP INSERTION RATE

ALFA IS THE PROUMPT TEMPERATURE COEFFICIENT

OUY IS THE TIME OF THE COMPLETION DF THE RAMP

DECAY(I) IS IHE DECAY CONSTANT OF THE ITH PRECURSDR

B{I) IS THE DELAYED FRACTIUN OF THE ITH PRECURSOR

H IS THE CONVERSION FATZTUR FROM NEUTRON DENSITY TG WATTS
COME IS THE SLOPE OF THE HEAT CAPACITY CURVE

CTWO IS THE INTERCEPY 0OF THE HEAT CAPACITY CURVE

RGNE ISTHE SLOPE OF THE THERMAL UNIT CONDUCTAWCE CURVE
RTWO IS THE INTERCEPT OF THE THERMAL UMIT CONDUCTAMCE CURVE
G 1S THE RAMP INSERTION RATE {RGD GOING DOWHAN)

DRCP IS THE TIME THE ROC LEAVES ITS UPPERMOST POSITICH
DOWN IS THE TIME THE ROD REACHES ITS BOTTCHM MOST PGSITION

READ{1,1001) JMAX
READ{1,1605) {DECAY([),1=1,6)
READ(1,1005)(BE1),1=1,6)

2 READ{1,1G00)DEL, 11, TEMP{L,1},R{L,1),T(10,1},ERROR,H,CONE,CTHI
READU1:10C0)BETA,PLIFE,A,ALFA,DUT,RONE,RTWD,5
READ(1,10001DRAP, DUXY
IFIRETALEQ.0.)CALL EXIT
WRITE(3,10201BETA, PLIFE, A4 ALFA,OUT
DC 1 1=1,6

-4
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1 HR{T5(311033,I,BECAY;I‘;@{I)
O 10 1=1,46
10 C{TI41y li”D{il*D{lallfprIFE DECAY({I)}
SUM=0.0
D0 11 I=1,:6
11 SU#M=SUM+CZ{I,1,1}
POWER= H¥=D(1s 13
BRITEL3,1003)
WRITEL3, 100’)7(1911}13f1n11953ithﬁjll 11,R{1,1),PU%

pn 12 I=1, i
12 T(I,II—Ttlo.l)
175=0
TENTAST (LG, 1)
C
C START THE TRANSIENT
C
DO 90 J=1,JMAX
M=Q
Ti=1
ITER=1
CALL DERIVIJ, S,11)
80 CONTINUE
<
Cessskrss CALCULATE THE DEPENDENT VARIARLES USING TAYLOR SERIES
c

STEP=T(10,J+11=-T{10,4J)
DlLyJ41) =D 1,3V 40{ 2, JVESTEP+D( 3, JY=STEPSX2/2.40 14, J)*STEPE=3/6.+01
Lo J)RSTEP*H4 /24,
DO 82 =126
82 C([,l JH1)=ClI 14 J1+CHT, 2, J)RSTEP+C I3, %STEP=%2/2.4¢C{1,44,J)%5TF
3/ 4L 0Ly 5y d I RSTEPRXL )24,
TEiP(l JH1)=TENPI{Ll - JI4TEMPL2,J)+STEPH+TEMP {3, ) ¥STEPRE2/2.+TEMP 4,44
LY*STEP®%3 /6. +TEMPID JIRSTEPRRL4/24
R{LyJ411=2{ 1L JI+R{24 JIFSTERP+RIB I HSTEPRS2/2. 4R 14, J)*STEPEX3/64#R L
15, J1*%5TEP=®4/ 24,
60 CONTIMNUE
GO TO (6L.63,700,11
61 M=1
1i=2
CALL DERIVIJM,IT)
555 CONTINUE
GO T 60
63 CALL TI¥Ei{J.MI1)
666 CONTIMUE
IFLITER.2QL.LT0I50 TU 9%
GO T0O 80

*xetrEEe WRITE LQUTPUT

OO

10 SUM=0.0
pa 50 I=1v6

50 SUR=SUM+CIT,1+J+1)
POwER= HED{L, 0+ 1)
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90 WRITE(3,1006)T(L0,J+L )0 (LsJ+1)¢SUMTEMP(1,u+1),R{L,J+1),PCWER
GO TO 91 T :

95 WRITE(3,1010)

91 CONTINUE
GO TO 2
END

SUBROUTINE DERIV{J M, 111}

DIMENSTION DUO645C0)sCLl6e545ul)TEMPLE,500),R(64500),T(10,5%00),CETA{
16),DcCAYI(6),B1(6])

COMMON DsCoTEMPR Ty DETALCETA, TMPETALRETALERROUR,, [ TER,STEP,DECAY,EE
LTAPLIFE yBa A ALFA OUT ITS  TENTA HeCONELCTHO,RONELRTWO,CROPLDOWN,G
RATE=A

DERIVATIVES

DO 100 K=145
USF1=0.0
CSuUM=0.0
DO 103 [=1,96
103 CSUM=CSUMH+DECAYIIYXC (I 4K,.dxM)
DSUM=0.0
IF(K.EQ.1)50 10O 104
KID=K-1
DO 102 M=1,41C
CALL FACT{N,KID,BLN)
102 DSUM=DSUNM+BEN=R(N+]1 s J+MI XD IK-NJ+MY
104 DIK+ L+ ={{R1LyJaM}=BETAI*DIK,J+M)+DSUMY/PLIFE+CSUE
DO L10 [=146
110 C{IsK+lyJ#M) =BIIV*DI(K,J+M)}/PLIFE-DECAY(I)}*CIlI,K,J+M)
CAP=CONCHITEMPL L+ JaM)-TEMP{1451))+LTwO
RELAX=ROMERTEMPLL pJ+MY 4R THWO
KRD=K-1
[FIKRDLEQ.O)AKTH=ZELAX
IFIKRDLEGLIRKTH=RONE
IFIKRD.GEL2)KTH=0.0
IFIKRC.GEL1IUSF1=1.0
FT=H%DIK , J+ ) —RETHE(TEMP{ Ly J+MI=TEMP{ i, 1) )—{RECLAX+CONEXFLOAT{KRD) )
1#TEMP{K, J M)} ¥USF1 '
IF(KROLLE.2) GU TO 113
ST=FL8AT{ERUJ#RDME#TEHP(KRD;J+H1
GO 10 119
118 §7T=0.0
113 TEMP(K+1,J+H)=(FT+ST)/CAP
IFLITILOJ+MaGELCUT) ANDJ{TIL0,J4M) LT .DROPYIA=0.0
IF((TILO,J+ ) JOELOROPIJAMDLITLILI0,JEM) L TLOOWMY)A=-5
IF(T{lO+J+M)}.CE.DOKNYA=0.0
IFIK.GEL3) A=(Ca -
100 R{IK+1,3J+M)=A+ALFARTEMP(K+1,4J4M)
A=RATE
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IF{ITS.EQ.01G0 TO 999 i s
- G0 TD (120, 130),11
120 CONTINUE
DO 121 I=1:0
121 CETALTII=C{1+6+J}
DETA=DI(6,4J)
TMPETA=TENMP(6,J4)
RETA=R{6,4J)
CALL TIME(JaMeI1)
555 CONTINUE

RETURN TU STATEMENT NUMBER 280 IN MAIN PROGRAHM

RETURN

130 DETA=(DI(5,J#M)=DI(55J1}/5TEP
DO 135 I=1.6

135 CRTALI)={(CHI+5+J+MF-ClI1,54J))/STEP
TMBETA={TENMPID J+M)-TEMNP (5,0} )} /S5TEP
RETA={(RI5,J¥N)=RI{5,J))/STEP

RETURM TO STATEMENT NUMBER 555 IN MAIN PROGRA?

RETURN
999 T{10.J+#1)=TU{1CsJ)+1G.*PLIFE
175=1

RETUAN TU STATENEZNT NUMBER 80 IM MAIN PRIOGRAN

RETURN
END

SUBROUTINE TIME(JI,M, 11}
DIMENSION D{6:500):C{036:000) TEMPLE,500) :R16,500),7T{10,500),CETAL
16),DECAY{6),B(&)
COMMON DeCaTEMP,R,T,DETA,CETA, THPETA,RETAZ;ERRDA,ITE2,STEP,DECAY,BE
LTA,PLIFE,ByAyALFALCUT ITS,,TENTA,; HyCONE CTHO s A0ONE S RATHO s DRCP , DOWNLG
1000 FORMAT{LIH ,lOH®Fkxffedtds, 50 [2,5%,2(E15.8,5X}}
1030 FURBAT{LH ,10H®ER&ExTssk , GHEMIu=,13)
LMAX=9
TFIRIL+J4i1)eEQC.0) LMAX=8
P-—'--Z )
TF{LMAX.NELG)IGE TO 30

TIME STEP CALCULATION

T{Fed4L)=TI9,JV+ERRUR*T20.%ABSIR{1,J+M} )/ {ABSHIRETA}) }*+
30 T{8,Jd%1)=T{d4JTH+IERRORFT20.¥ARSITEMP(Ll,J+M))/{ABRS{TMPETA) )] =%
Tl 341 )=Tl1l,JI+(ERRORFT20.%ABS(DI(1,J+M) )/ {ABS{DETA)) ) *=*P
DC 31 I=2,7
K=[-1
31 TULyJ+1)=TII ) +{ERAORFT20. ¥ABSICIK, Ly J¥M)Y I/ (ABSICETA{K)Y ) )} %%P
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10

15

300

400

500

MINIMUM TIHE STEP

DUMMY=100.

DG 15 L=1,L*%AX
TFITIL,J+1) LT DUMMYIGES TO 10
GO TC 15

L¥IN=L

DUMMY=TIL,J%1)

CONTINUE

IF{DUMMYJEQ.OUT) DUMMY=DUMHY-10.*PLIFE
IF{DUMMY JEQ.DROPIDUMMY=DUMNMRY-10.%PLIFE
ITF{DUMHYLEQeDCSWNIDUMMY=DUMAY-104*PLIFE

T(10,J+1)=DUMMY
WRITE(3,1030)LMIN
GO YU (300,400C),I11
TENTA=T{10.J+1)

RETURNM TO STATEMENT NUMBER 555

RETURN

CCNTINUE

PREST=TEMNTA/L.1
IFIT(10,J+]1).GE.PRESTIGO fu 500
11=1

ITER=ITER+]

WRITE(3,10001ITZ2, T(10,J0+#1),TENTA
TENTA=T({10,J41)

RETURN T} STATEMENT MUMEBER 666

RETURN
Ii=3

RETURN TU STATEMENT NUMEER 666

RETURN
END

IM SUBROUTINE DERLY

[N MAIN PROGRAH

IN MATN PRUGRAH

94
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SUBROUTINE FACT(N.KID,BKAN)

10

15
16

20

30
31

40

45
46

K FACTORIAL

IFIKID.EC.L1)G0 TO 15
FK=FLOAT{KID)
KIDR=KID-1

DO 10 L=1,KINA
F=FLOAT(KID)-FLOAT(L}
FEK=F%FK

GO TG 16

FK=1.0

CONT INUE

N FACTORIAL

[F{N.EQ.L)G0 TO 30
FN=FLOAT (%)

NUT=N-1

DO 2C L=1,NuT
F=FLOAT(M)-FLOAT(L)
FHM=F*FN

GO 10 31

FN=1.0

CONTINUE

{K-=N) FACTUORIAL

KN=KI1D-N
IF(KNJLELLIGD Ta 45
FRN=FLOAT (KN}
KNOT=KN-1

DO 40 L=1,KNOT
F=FLDAT{®N}-FLOATI(L)
FRN=F*FKN

GO TO 46

FKH=1.0

BRKN=FK/ (FNTEXKNT
RETURN

END

95
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APPENDIX E
Average Fuel Heat Capacity

West, et.al, (6) suggests the use of the empirical equations of
enthalphy for uranium metal and zirconium hydride for the calculation

of the fuel heat capacity. In particular,

(H-Hps), ., = {0.03488 T2 + [34.446 + 14.807(x-1.65)]T
X
- 882.95 - 370.18(x-1.65)}joules/mole O (E.D)

and

[l

(B-Hy5) [0.6483(10~-%)T? + 0,1087 T - 2,758]joules/gm (E.2)

i

where (H-H,5) = change in enthalphy from 25°C,

T

temperature in °C,

It

X hydrogen to zirccnium ratio which is 1 for the

KSU TRIGA Mark IT (11).

There are an average of 37 grams of U235 per fuel-moderztor
element (11), and since each element is 8% by weight uranium enriched
20% in U235, there are 2125 grams of ZrH in a fuel-moderator mixture of
2310 grams. Thus the number of moles of ZrH per elemsnt is 23. Multi-

plying Eq. (E.1) by 23 moles and Eq. (E.2) by 37 grams, the change in

enthalphy for the element becomes
(H-Hps) = (0.815 T? + 590 T + 14,290)watt sec.

The heat capacity is then

_ °H _ - watt secs
C = AT 1.63(T-25) + 590 C element *
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Since there are 63 fuel-moderator elements in the core, the total averasze

fuel heat capacity becomes

watt secs

C = 103(T-25) + 37,200 Fg- 3

where T is the average fuel temperature of the core.
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APPENDIX F
Thermocouple Temperature Measurement Corrections

The thermocouple used for obtaining the fuel temperature data during
the transient does not have an immediate response to the rapidly changing
temperature of its environment. The thermocouple is embedded in the
center of the instrumented fuel-moderator element and has a time constant
associated with the finite time required for the heat generated in the
fuel to transfer to it. This time constant (0.29 seconds) is greater
than the largest pulse width at half of maximum (0.13 seconds). Thus
the following procedure was adopted to correct the measured data for
this effect.

Consider the thermocouple to be characterized by the following

electrical circuit:

"I ¥ ¥ o

R
e, (t) C — e, (t)
o o
By Kirchoff's voltage law,
1 t
ei(t) = R i(t) + E‘J i(t) dt , (E.X)

0

and the output voltage can be expressed as

t ,
eﬂ(t) = %—f i(t) de . (F.2)
0



2%

The Laplace transforms of Egs. (F.1) and (F.2) are
: = 1
Ei(s) = RI(s) + &> I(a) , (F.3)
and E (s) = == 1(s) (F.4)
0 Cs *

Substitution of Eq. (F.4) into Eq. (F.3) yields

E, (s)

q. |
TG e

E (8) =

where 1 = RC and is known as the time constant of the system. The corre-
sponding solution of Eq. (F.5) in the time domain can be obtained using
the convolution integral (22). 1In particular,

t-t'
et -
o)

J dt'_ei(t') 2 " (F.6)
0

-

gylry =

The corresponding form of Eq. (F.6) for the thermocouple behavior is

t-t'
T

1

£
TT{t) = ;—f dat’ Ta(t') e (F.7)

0

where TT(t) the measured fuel temperature at time t with the

thermocouple,

Ta(t) the actual fuel temperature at time t.

From a given set of transient temperature data, a trial and error
procedure was used with Eq. (F.7) to determine the actual fuel tempera-
ture. The value of the time constant was 0.29 seconds, which was
experimentally detefmined by Wyman, et.al. (16) for TRICA instrumented

fuel elements.



Figure F-1 presents the measured data and the corrected data for the

$1.55 reactivity insertiom.
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ABSTRACT

Reactors with pulsing capability, such as the TRIGA, provide a
tool for research and education in areas ranging from activation znaly-
sis to the support of power reactor programs. A necessary requirement,
to be able to utilize and understand the behavior of the reactor during
the pulsed mode of operation is to have an analytical model to predict
the response of the reactor.

The purpose of this work was to develop and test such a model.

The basic approach was to combine the spacé independent reactor kinetic
equations with a space independent thermal model through the reactivity
temperature coefficient. The thermal model describes the average fuel
temperature of the core and was based on a total average fuel heat capacity
and a core thermal conductance between the fuel and the reactor tank

bulk water, The reactivity temperature coefficient was assumed constant

and was, along with the thermal unit conductance, experimentally determined
from data taken at steady state power levels below 250 kilowatts.

The data were obtained with a movable instrumented fuel-moderator
element that was placed in various regions of the reactor. Since the
fuel temperatures could be measured only in the axial middle of the
element, estimates of the fuel temperatures at other axial locations
were made through the use of a heat balance between the fuel and the
incoming water to the reactor core. This calculation required knowledge
of the volumetric heat generation rate in the fuel which was obtained
by measuring the axial neutron flux distribution with a miniature fission

chamber.



The transient model calculations were compared with actual transient
data and were found to give a satisfactory description of the reactor

power,



