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EUREKA-2, a coupled nuclear thermal hydrodynamic kinetic code, was
adapted for the testing of models and methods. Code evaluations were
made with the reactivity addition experiments of the SPERT III E~Core, a
slightly enriched oxide core. The code was tested for non damaging power
excursions including a wide range of initial operating conditions, such
as cold~-startup, hot-startup, hot-standby and operating-power initial
conditijons., Compariscons resulted in a good agreement within the experi-
mental errors between calculated and experimental power, energy,

reactivity and clad surface temperature,
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1. Introduction

Reactor safety is generally assessed on the basis of calculaticn
models that predict the courses and consequences of postulated reactor
éccidents. The accuracy of these predictions can be determined only by
comparison with experimental data.

The EUREKA-2 codel) was adapted for the testing of models and
methods. Comparisons were made with the‘exPerimental results from the
SPERT III E-Core reactivity accident testsZ).

The EUREKA-2 code is an extension of the EUREKA codes), originally
developed for the analysis of neutronic, thermal and hydrodynamic
transient behaviors in a water cooled reactor. The EUREKA-2 code can
provide a coupled thermal hydraulic and point kinetics capability with
reactivity feedback and a voidiﬁg model that estimates the voiding
produced by subcooled boiling.

The SPERT III E-Core experiments cover a wide range of initial
conditions, typical for PWR, such as cold-startup, hot-startup, hot-
standby and operating-power initial conditions. These initial system

conditions are defined as tabulated below. The excursions result from

Coolant Average Initial
Inlet System Coolant  Reactor
Accident .. Temperature  Pressure Flow Rate Power
Conditions (°F) {psig) (fps) (MW)
Cold Startup 70 Atm 0 5 %1073
Hot Startup 260 1500 2.4 to 22 5x107°
500 1500 4.8 to 24 5x107°
Hot Standby 500 1500 . 14 1
Operating
Power 500 1500 14 20

rapid reactivity insertions ranging from 0.5 to 1.3 S.

The kinetic behavior of the E-core has been discussed by evaluating
the codes, PARET*) and IREKINS, 1In the IREKIN code, only Doppler
reactivity feedback is taken into account., IREKIN prediction were up to
30% larger than the experimental results for the cold-startup reactivity
tests, but were 40 to 60% larger than experimental values for all the

hot-startup reactivity accident tests. The PARET code calculates the
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coupled thermal, hydrodynamic and nuclear response of the reactor, and
all the known major reactivity feedback mechanisms are accouﬁted for.
PARET predictions were within 30% of the experimental results for all
accident conditions tested. The EUREKA-2 code has similar capabilities
of calculation to the PARET code.

The EUREKA-code has analyzed a few tests of the SPERT III-E Core
(one cold-statup, three hot start-up, one hot-standby and one operating-
power tests)3). The EUREKA~Z code was evaluated using the experimental
data of the 66 power excursions including the cold-startup, hot-startup,
hot-standby and operating-power tests.

The description of the EUREKA-2 code will be given in Sec. 2, The
brief description of the SPERT I1II-E Core will be presented in Sec. 3.
The comparisons of calculation with the experiment will be described in

Sec. 4.

2. EUREKA-2 Description

The EUREKA-2 code provides a coupled thermal, hydrodynamic and point
1)

kinetics capability®’, and evaluates a reactivity addition transient.

The core can be represented by several regions in the code. Each region
may have different power generation, coolant mass flow rate and hydraulic
parameters., The reactor power can be calculated from the reactor point
kinetics equations with reactivity feedback (Sec. 2.1). Feedback reactivity
include Doppler, void, moderator temperature and fuel rod expansion

effects (Sec. 2.2). The EUREKA-2 code cover both geometries of pin-~ and
plate-type fuels. The heat conduction model is based on the method of

the one-dimensional time dependent heat conduction equations (Sec. 2,3)

In order to transfer heat from a conductor into a cooling fluid, heat
transfer correlations are utilized and shown in Sec., 2.5. The hydrodynamic
solution in the code is based on the mass, momentum and energy conserva-—
tion equation assumed to contain one-dimensional homogeneous fluid with

the vapor and liquid phases in thermodynamic equilibrium (Sec¢, 2.6)., Tn
addition, the EUREKA-2 code has prompt moderator heating effect (Sec. 2.7)

and subcoecled veid model (Sec. 2.8).
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parameters, The reactor power can be calculated from the reactor point
kinetics equations with reactivity feedback (Sec. 2,1). Feedback reactivity
include Doppler, void, moderator temperature and fuel rod expansion

effects (Sec. 2.2). The EUREKA~2 code cover both geometries of pin- and
plate-type fuels. The heat conduction model is based on the method of

the one-dimensional time dependent heat conduction equations (Sec. 2.3)

In order to transfer heat from a conductor into a cooling fluid, heat
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2.1 Reactor Kinetics Model

The normalized reactor power can be calculated from the reactor

point kinetics equations, which include delayed neutron data of 6 groups.,

%%—= {%—(R - 1) n+ igl riCi + s (2-1)

%ﬁj + 40 = %} a (2-2)
6 :

B = Z B4 (2-3)
i=1

where

n = normalized reactor power

B = effective delayed neutron fraction

£ = prompt neutron lifetime (sec"l)

R = total reactivity normalized to the delayed neutron fraction

($

Aj = decay constant of delayed neutron group i (sec™l)

Ci = concentration of delayed neutron group i

S = neutron source

Bj = effective fraction for delayed neutron group i

A Runge-Kutta method is used for the solution of the point kinetiecs equa-
tions. Table 2.1 shows delayed neutron constants.

Radiocactive decay terms are calculated by the follewing equatioms.

in

dr T MYy T Eym (2=4)
where

Yy = concentration of decay heat group j

Aj = decay constant of decay heat group j (sec™1)

Ej = vyield fraction of decay heat group j

Table 2,2 shows the constants used in the radiocactive decay equations.
The total power in a region is the sum of the direct fission power

and the radioactive decay power. The total power, P, is

11

P =nEf + & Ay

v (2-5)
i=1 Tt

where Ef = fraction of power produced at steady state conditions by fission.

i3_
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Table 2.1 Delayed Neutron Constants

group 8,8 A (sec™t)
1 0.038 0.0127
2 0.213 0.0317
3 0.188 0.115
4 0.407 6.311
5 0.128 1.40
6 0.026 3.87

Table 2.2 Radiocactive Decay Constants

group E; A (sec™)
1 0.00299 1772 x 10°
2 0.00825 5.774 x 1071
3 0.01550 6.743 x 1072
4 0.01935 6.214 x 10™°
5 0.01165 4.739 x 107*
6 0.00645 4810 x 107°
7 0.00231 5.344 x 107°
8 0.00164 5.726 X 1677
9 0.00085 1.036 x 107"
10 0.00043 2.959 x 107°
11 0.00057 7.585 x 107
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2,2 TFeedback Model

Contributions to the reactivity include a time-dependent inserted
reactivity and individual reactivities due to feedback effects in each
core region, Feedback reactivities contain Doppler, void, moderator
temperature and fuel rod expansicn effects. The feedback reactivity is

calculated from
R(t) = Ry + {Ray, () ~ Reyn (033 + {ZRI(t) - zRI(0)} (2-6)
i i

RI(t) = WIR(TRL()) + Wy Ry oy ()

lVFl

* W R (B (6) + WMo G TN (2-7)
where
R = total reactivity normalized to the delayed neutron fraction
(%

Rp = initial reactivity ($)

Rexp = explicit time dependent reactivity (3)

Rt = feedback reactivity from core region i ($)

wDi = weighting factor for Doppler feedback of core region i

Rp = Reactivity as a function of average fuel temperature in
entire core (%)

TFi = average fuel temperature of core region i (°C)

in = weighting factor for void feedback of core region 1

Ry = Reactivity as a function of void fraction in entire core (§)

GWTi = void fraction of core region 1

WWTi = weighting factor for coolant temperature feedback of core

region i

Reactivity as a function of coolant temperature in entire

=

core (%)

Twi = average coolant temperature of core region i (°C)

WEi = weighting factor given by fitting coefficients multiplied
in or WWTi

Aci = linear expansion coefficient of cladding material of core

_ region i (1/°C)
(¥§)1= volume ratio of fuel to moderator in core region i
TCi = average cladding temperature of core region i (°C)
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Weighting factors WDl, Wvl, WWTl and WEl are specified by importance
distributions in the core. Feedback reactivities Ry, Ry and Ryp are

fitting coefficients given in EUREKA-2 as input data.

2.3 Heat Transfer

The heat conductor consists of clad, gap and fuel with heat genera-
tion.. A part of generated heat is utilized to heat moderator directly,
The rest of internally generated heat in the fuel is transported in the
conducter. A conductor geometry is cylindrical or rectangular,.
Cylindrical geometry is used in describing the radial cross section of
a pin-type fuel, and rectangular in describing a plate-type fuel, We
show heat conductor reactions and nodarizations in Fig. 2.1. Typical

nodalizations are

1) Cylindrical type conductor

region 1 fuel
region 2 gap
region 3 clad
4+ region 2
region =1 region 3 re— [re-
1 : gionfgion
112
L L 1.1 L
~_ |1 3456/78 TS
u I

mesh point

mesh point

1) cylindrical 2) rectangular

Fig. 2.1 Heat Conductor Sections and Nodalization
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2) Rectangular type conductor
region 1 fuel

region 2 clad

Temperature-dependent thermal properties are used in the conduction
calculations as input data. The thermal properties consist of thermal
conductivity (kcal/m+hr«°C), volumetric heat capacity (kcal/m3+°C) and
linear expansion coefficient (1/°C).

The heat conduction model is based on the one-~dimensional time
dependent or steady state heat conduction., The basic conduction
equation is solved numerically for incremental volumes within a conductor.

The heat balance equation is:

v.C, %’1 —qt ak$h, - ), (2-8)
where

n = number of Incremental volume

Vo = incremental volume (m3)

Ch = volumetric heat capacity (kcal/m3-°C)

n = temperature at node n (°c)

= time (sec)

Qqn = internal heat generation rate (kcal/sec)

A = heat transfer area (m?)

k = thermal conductivity (kcal/mesec+°C)

X = radial distance {(m)

£ = subscript for left side

r = subscript for right side

2.4 Gap Conductance

The gap conductance can be expressed as the sum of gas conductance
and conductance due to radiation across the gap.

h = hgas + hrad (2—9)
where

h = gap conductance (kcal/mz-hr-°C)




h

gas

hyod =
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conductance through gas in the gap (kcal/mZ+hre °C)

conductance due to radiation across the gap (kcal/m?<«hr+°C)

hgas is predicted by the following equation.

where

hgas

hgas

Ax(t)

Rg

Tg

k(Tg(t))/Ax(t)' for ax(t) > Rg (2-10)

k(Tg(€)) /Ry for Ax(t) < Rg (2-11)

gap thickness at time t (m)
roughness factor (m)
average gap temperature (°C)

conductance of gas in the gap (kcal/m+hr-°C)

The radiation heat transfer is determined by using the heat transfer

equation of the radiation gray body.

where

q

Fip

2,5

rod

H

= ApF12(E; - E2) (2-12)
1 AF .1 -1
[—+ +— (— - 1]
EF C EC

4,88 (Tp/100)"

4,88 (Tc/100)"

subscript for outer surface of fuel pellet and inner surface
of cladding, respectively

emissivity

area (m?)

temperature (°C)

Clad Surface Heat Transfer Correlation

The heat transfer correlations used in the EUREKA-Z code are listed

in Table 2,3 and Table 2,4, The criteria of high mass flux or low mass

flux is determined by mass flux as the following.
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g > 271 kg/m?+sec : high mass flux
g < 14 kg/m?esec : low mass flux

Between high mass flux and low mass flux (14 < g < 271 kg/m?-sec) the
continuity of heat flux is kept by taking higher heat flux.

The DNB heat flux correlations utilized are tabulated in Table 2.5.
The linear interpolation related to mass flux is taken for the range of

271 < g = 1360 kg/m?+sec.

Table 2.3 Name List of Heat Transfer Correlations
used in EUREKA-Z

Regime High Mass Flux Low Mass Flux
Forced Convection Diffus-Boelter _
{subcooled)
Natural Convection - Ostrache
(subcooled)

Subcooled Nucleate Boiling | Modified Chen —

Nucleate Boiling Chen Nishikawa-Yamagata
Transition Boiling Modified Tong-Young —

Film Boiling Condie-Bengston —

Natural Convection S dhnishi—Tanzawa
(Dryout)




JAERI— M 86— 136

Table 2.4 Heat Transfer Correlations in EUREKA-2Z

M;ge Heat Transfer Correlation M;ge Heat Transfer Correlation
1 Dittus-Boelter 1 Ostrache
- k 5 0,up.0,8 -k
h=0.023 Do Pr Re h = T Ny
2 | Chen 2 | Nishikawa and Yamagata
h = hpip + h = 19550p1% ar?
min max 4NE sat® sat
kf0,7scpf0,4spf0,u9gco,25
hpin = 0.00122¢( )
o045, 0,29y  0.24, 0,28
He fg I:'g
x a1 0e24ap0+ 755
kg 0k, 0.8
hmax =0,023 ‘)S'eﬁ Prg e Reg F
3 | Modified Tong-Young 6 | Ohnishi and Tanzawa
q = qpp + App h = ho(l+f(v) ATgyp)
_ khfgoo(Pf-pp)Bc 0,25
ugrem o ATgar
PE=P
_O.OOl°XeO'EE ATgat 1+0,00168T ¢ &
(3 (-4—) 100 £(v) = 0.025+0,0L(v-1.0}, v>1.0
G'hfg De
f{v) =0,025 , vsl.0
6 Condie-Bengston 2 | Modified Chen
4 = arg * dpp =l
qpp = haTgat and
h = [0_04437kgo,u37eprg2,3070 q = hmin ATg ¢ +hpay (Ty-Tg)
« Rego,soou+o,2456£n(l+Xe)]/
[Dg0+ 7842 (14Ke)?59028]
(note) Mode numbers identify the correlations to be used in the code and

printed out.
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Nomenclature

Cp
De

ATsat
AT gub
Xe

Nu

Pr
Psat
AP

q
Re

P

o}
Subscript

DNB
t
FB
g
NB
TB

Specific heat at constant pressure (Btu/ft3+hr)
Wetted equivalent diameter (ft)

Reynolds number Coefficient (note 1)

Mass flux (%bp/ft?shr)

Gravitational conversion factor (lbm-ft/zbf-secz)
Heat transfer coefficient (Btu/ftZehrs°F)

Heat of vaporization (Btu/2bp)

Coefficient {(note 2)

Fluid temperature (°F)

Wall temperature (°F)

T, - Tg (°F)

Ts -~ Tgubcool (°F)

FEquilibrium quality

Viscosity (2by/ft hr)

Thermal conductivity (Btu/ftehr-°F)

Length of heat transfer surface (ft)

Nusselt number

Prandtl number

Saturation pressure (gbf/ftZ)

Vapor pressure difference corresponding to ATgap (8bg/ft?)
Heat flux (Btu/ft?ehr)

Reynolds number

Density (Rbm/ftz)

Surface tension (fbg/ft)

Departure from nucleate boiling
Saturation

Film beiling

Saturated vapor

Nucleate boiling

Transition boiling

Xe ,0,2 pf 0,5 1
(note 1) determined from (=——=) (EEJ ,5(E§00_1

(note 2) determined from Ref-

l_xe pg

Fl.23
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Table 2,5 DNB Heat Flux

I. g > 1360kg/m?+sec
1. Subcooled DNB correlation: Tong W - 3 correlation

Qu—3 x 1070 = 1 ¢4

1=1
C; = (2.002 - 0.0004302P) + (0,1722 - 0.0000984P)
x exp{(18.177 - 0.004129P)Xe}
Co = (0.1484 ~ 1.596Xe + 0.1729%e|Xe|)G x 10 ® + 1.037
C3 = 1.157 - 0,869Xe
Cy = 0.2664 + 0,8357¢~37.81De
Cs5 = 0.8258 + 0.000794(hg - hyp)

2., Saturated DNB correlation: Hsu and Beckener modified W - 3 correlation

1) a > 0,96
Dryout
2) a < 0,96

Ipyp = dgry + 1.76 (0.96 - o) -qw_3l§§ = 8 trss

a) Re > 2000

qgry = higher flux between Rohsenow-Choi and NSRR's

experimental correlation.
(note 1) Rohsenow-Choi
4K
q = 5_'(Tw ~ Tg)
e

(note 2) qw_SIXe=O corresponds to Tong w-3 correlation

C5=0.8258
with quality = 0 and subcooling = 0.

II. g < 271 kg/m?+sec

1. Subcooled DNB correlation: Zuber correlation and Kutateladze's

modification
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- - Pf 0.8 Cpy*ATgyb
UYpp = YGuper | a=0 x {l.O+0.065(5-g~) -—hf—g-—}

q |a=0 is modified Zuber correlation with o=0.
Zuber

2. Saturated DNB correlation: Modified Zuber correlation

- 0,5 0,25 Pf 0.5
U per = 0+ 13hggrop T Lolog —ppdgegel 7T 177 x (0.96 -q)

Pt hg
where
g = gravitational acceleration (ft/sec?)
hin = dinlet enthalpy of subcooled water (Btu/fbpy)
P = node pressure (Zbg/ft?)
o = wveoid fraction
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2.6 Coolant Thermohyvdrodynamics

The fluid equations are derived with the one-dimensional homogeneous
conservation equations for fluid mass, energy and momentum, These equations

are as follows:
1) fluid mass equation

S _ _ W -
Ao X _ (2-13)

2) fluid energy equation

3(pre) _ _ 3 1.2 o
A ye X [W(h+2 v o+ ¢)] + 9 3% (2-14)
3) fluid momen tum equation
3CpeV) _ _ 3(v:W) 3P 82 _ 9FK
AT X tAXTPRAR TR (2-15)
where
A = flow area (m?)
Ay = wall area for heat transfer (m?)
e = total fluid specific energy (u + %—Vz + ¢) (m?/sec?)
Fg = frictional force (kgem/sec?)
g = gravitational acceleration (m/sec?)

= fluid enthalpy (u+P/p) (m?/sec?)
= thermodynamic pressure (kg/mesec?)

q, = wall heat flux (kg/sec?)

t = time (sec)

u = fluid specific internal energy (m?/sec?)
V = fluid velocity (m/sec)

W = mass flow rate (kg/sec)

X = path length coordinate value (m)

Z = elevation ccordinate value (m)

o = fluid density (kg/m°)

¢ = gravity potential function (m?/sec?)

To obtain mass, energy, momentum values, the conservation equations are

intergrated over defined control volumes. The resulting set of simultaneous
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equations is linearlized and advanced for a small time increment by a fully

implicit numerical technique.

2.7 Prompt Moderator Heating Effect (PMH effect)

The code can provide the option to transfer energy directly from a
conductor to neighbor coolant fluid (moderator). The prompt moderator

heating energy is calculated as follows:

ReMH = Qrac ¥ Pt ¥ QpMH frac * Po 590_ (2-16)
where

Qpyg = energy used for prompt moderator heating (MW)

Qfpae = fraction of total réactor power generated in the core

conductor

P = normalized power

QpMu Frac = fraction of Qfyrge utilized for PMH

Py = total initial reactor power (MW)

p/pD = ratio of coolant density to initial coolant density

This fraction of the energy produced by a given core conduction is
- subtracted from total reactor power to get the internal heat source used
in the conduction solution., The heat source for the conduction solution

is therefore given as follows:

Q= Qfrac ¥ Py * Po - Qpug (2-17)

2.8 Subcooled Void Model

Reactivity feedback phenomena in the moderator can include the
effects of any vapor volume produced during subcooled boiling. The

equation for the vapor volume fraction is

dR R '

=L ™ 2-

aa T 7 T M Ka (2-18)
where

R = volume fraction of vapor in coolant channel

T = bubble collapse life time (sec)
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= fraction of surface heat flux utilized in producing wvapor
= surface heat flux (kcal/m?%ssec)

convertion factor (m?/kcal)

rt ) oa 0 >
i

= time (sec)

The parameters, T and X are given as input data. Vapor transport is

neglected in the equation., The solution of equation (2-17) is

t/ -t/T

R = ROeT Ty ARq't(l - e ) (2-19)
where

R, = the value of R at the beginning of a time step.
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3. SPERT TII E-Core Description

A brief description of the general features of the SPERT III reactor
facility is presented in this section?’, The SPERT III reactor facility
contains nuclear and hydraulic equipments that characterizes a conventional,
pressurized-water reactor. The primary system is comprised of a reactor
vessel, pressurizer vessel, and two coolant loops as shown in Figure 3.1.
The reactor vessel and primary coolant system are designed for maximum
operating pressures and temperatures of 170 kg/cng'(2500 psi) and 343°C
(650°F), respectively. Each of the primary coolant loops consists of two
canned rotor pumps operating in parallel. The total flow capability of
both loops is 76 m3/min (20,000 gpm), which corresponds to velocities in
the E-~CORE fuel channels of 7.2 m/sec {24 f/sec). A cutaway view of the
SPERT III reactor pressure vessel is shown in Figure 3.2. Its inside
diameter is 48 inches and its overall length. is 23 feet 9 inches, After
entering the vessel bottom tee, the coolant flows upward through the core,
reverses direction, and flows downward through the thermal shields leaving
the vessel near the bottom.

The cross section for the E-core is illustrated in Figure 3.3. The
F-core fuel is comprised of 4.8%-enriched UO; fuel rods restrained in
stainless steel fuel assembly cans, which are shown in Figure 3.4. The
maximum number of E-core fuel assemblies that can be loaded in the core
is 68. The U0, fuel, in the form of 0,42-inch diameter pellets, is
contained in 40.8 inch long, 0.466-inch outside diameter Type 348 stainless
steel tubes that have a wall thickness of 0,020 inch. There is a 0.003-
inch radial, helium~filled gap between the fuel pellets and the cladding.
Fach of the fuel rods has an active length . of 38.3 inches and contains
38,5 grams of U-235, As shown in Figure 3.4, the majority‘of the fuel
rods are restrained in 48 3-by 3-inch square assembly cans that contain
25 rods in a 5 by 5 rectangular array. There are 12 smaller 2.5-by 2.5-
inch square fuel assembly cans, each containing 16 fuel rods arranged in
a 4 by 4 rectangular array. Four of the 1l6-rod assemblies surround the
centrally located transient rod guide, and the remaining eight 1l6-rod
assemblies form fuel followers of the eight E-core control rods. The
cruciform-shaped transient rod used for initiating reactor power excursions
is located at the core center.

A summary of static nuclear characteristics of the E-core is presented

in Table 3.15).
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Fig. 3.4 Nominal 25 fuel rod assembly

~Table 3.1 Feedback coefficient, peaking factor

Temperature (°F) 70 250 500 500 (20 MW)
Doppler ' :

coefficient (¢/°F) —0.72 —0.56 —0,27 —0.23
Temperature

coefhicient {¢/°F) —0.40 —1.97 -—3.99 —4,13
Void coefficient

{(¢/void) —50.0 —42.0 —-35.0 -37.0
Peaking factor 5.7 5.2 3.6 3.2
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4., Comparisons of the EUREKA-2 Calculations with the SPERT III E-Core

Experiments

4,1 Core Model and Input Data of the EUREKA-2 Code

(1) Channel Representation
The four channel division model of the SPERT III E-Core is shown in
Fig. 4.12). The fraction of core fuel rods in each channel is given in

the following tabulation,

Fraction of
Channel Fuel Assemblies Fuel Rods Core Fuel Rods

1 20 500 0.3592
2 20 500 0.3592
3 16 328 0.2356
4 4 64 0.0460

Each of these channels was subdivided axially in the core as shown
in Fig, 4.2, The coolant flows upward through the channels. The hot

channel is represented by the node of No. 4.

{2) Power Profile and Feedback Weighting Factor

The power pfofile and feedback weighting factor depend on the initial
system conditien. The peaking factor is shown in Table 3.1, depending on
the inlet coolant temperature., The temperature dependency of the peaking
factor is due to movement of the control rod bank critical position.
In the figure presented in the reference 6), the calculated axial cold
neutron flux profiles are presented as a function of control rod position,
The control rod bank critical positions are shown in the Table II in
reference 7) to be at 14.6 inches above bottom of the core for the 20°F
cold start-up test and at 28,3 inches for the 500°F test. The power
profiles at the 70°F and 260°F tests were assumed to be the profile for
the control reds withdrawal 15.8 inches of the Fig. 7 of the reference 6),
because the peaking factors are almost similar for the 70°F and 260°F
tests. The power profile at the 500°F test was assumed to be the profile
interpolated from the profiles for the control rods withdrawal 23.6 inches
and 38.3 inches. The feedback weighting factors were obtained by squaring
the power profile with radial weighting factors. Fig. 4.3 and Fig. 4.4
show the axial heat source profile of each channel and the reactivity

weighting factor used in the calculation.
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Fig. 4.1 Four-channel representation

of

the SPERT IIIl E

—————
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{3) Nuclear Kinetics Parameter
Table 4.1 shows the prompt neutron generation time and the effective

delayed neutron fraction for each coolant inlet temperaturea).

Table 4,1 Prompt neutron generation, effective
delayed neutron fraction

Coolant inlet Effective delayed Prompt neutron
temperature neutron fraction generatlon time
(°F) Beff % (usec)

70 0.00718 15.55
250 0.00724 15.78
500 0.00725 16.31

{(4) TFeedback Coefficients

The feedback coefficients except for the Doppler coefficient were
used as shown in Table 3.1. The Doppler coefficient shown in Table 3,1
did not provide a geood agreement with the experiment.. The feedback

reactivity of the Doppler effect may be represented by the equationg):
p = avT + b

a and b were determined to be 1.10x1073(8k/k//°C) and -18.18x1073(sk/k),
respectively, with the experimental results. From this equation, the
Doppler coefficient at 70, 250 and 5300°F is -0.24 ¢/°F, -0.21 ¢/°F and
-0.18 ¢/°F, respectively, which are much smaller than the coefficient

Table 3.1.

(5) Other Parameters

The thermal conductivity of the helium gap separating the UQ; fuel
pellets from the stainless steel cladding is described as a function of
the gap temperature., Anderson and Lechliter's expression for the
conductivity of the gap gas was applied to the E-core fuello).

In specifying the prompt moderator heating effect, it was assumed
that 2,6% of the energy generated in the fuel is deposited promptly in

the moderator.
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4.2 Computational Results and Discussions

Operating conditions for experimental investigations of the SPERT
III-E tests include cold-startup, hot-startup, hot-standby and operating-
power conditionsz). The experimental data selected for investigation are
reactor power, energy release, reactivity compensation and power burst
shape., The comparison of the fuel cladding surface temperature for the
hot standby and operating power tests was made between the experiment and

the EUREKA-2 calculation.

(1) Cold-startup Reactivity Accident Tests 4

40 cold-startup reactivity accident tests are performed with the
E-core. The tests are initiated with ambient temperature and pressure,
low initial power (50W), no coolant flow and rapid reactivity insertions
ranging from 0.68 to 1.21 §, A tabulation of the cold-startup reactivity
accident test data is presented in Table 4.2, 1In the appendix, Figure A.l
through A.30 illustrate comparisons between the FUREKA-2 calculations
and the experimental measures for three excursions of reactor power,
energy and net system reactivity. Table 4.3 shows the summary of the
analytical result for cold-startup accident tests, Fig. 4.5 and Fig. 4.6
present the experimental and EUREKA-2 calculated peak powers, the energy
releases to peak power and reactivity cbmpensations at peak power as a
function of reciprocal period. In the experimental data of Table 4,2,
the reactor period for a given transient is calculated from the power
data assuming an initial exponential power rise., X axis of the Figures
4.5 and 4.6 shows the reciprocal period from the experiment. The figures
illustrate that a good agreement between the EUREKA-2 calculation and
the experiment over the entire range of reactivity insertions. The
EUREKA-2 calculations are essentially within experimental uncertainty
for peak power, reactivity compensation and energy release over almost
the entire range of reciprocal periods, except for the energy release
of test No. 22, .

The largest disagreement between the experimental and EUREKA~2 curves
is about 15% for peak power, about 20%, for energy release and about 15%
for reactivity compensation. The EUREKA code predicts the analysis of
only one cold-startup test of No., 43 (reciprocal pericd 100 sec—l)s)_

Fig. 4-7 and Fig. 4-8 shows EUREKA-2-calculated time-dependent

reactivity feedback contributions for the cold-startup test 23 (11l msec
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period) and 75 (33 msec), respectively. The calculations indicated that
the SPERT TIT E~Core is essentially Doppler limited for cold?startup
tests. (see Table 4,9)

Time-dependent fuel rod cladding surface temperature rises for the
tests No. 18 and 42 are shown in Figures 4.9 and 4.10. The clad surface
temperature rises calculated using the EUREKA-2 code agree with the
unsheathed thermocoupled data to within about 10% for core locations

N33, N31, N21, E22 and E21,




Table 4,2 Data summary for cold-startup accident tests

Maximim Measured

ivity

React
Compensation

Energy Release Fuel Cladding

Initial Primary

Initial
Reactivity

Reactor Period Insertion

Time to Peak Surface
Temperature Rise

to Time of
Peak Power

Maximum

Reactor Power

Coolant
Temperature

at Peak Power

Power

Test
No.

(°F) (%)

(%) (°F) (MW) (MW-sec) {sec)
0,77 £0.03

0.90 +0.04
0.93 +0.04

{msec)

0.03

0.26

+I
]

* 0.2
x 0,1

13.7

6.9 £ 1.2

6.7

2.1+ 0,3

+l

T4
70
63

1010 20

22
isg

¢.23 + 0.03
0.19 + 0.02
0.20 = 0.02

10
13

99
127
104 + 10

5.3
3.2

3.2

+l

4.3 + 0.6

5.6
5.6

7
4
4

351
206
195

*

+ 0,06
+ 0,06
= 0.07

0.9

+l

0.8
0.8

+

+I

i3

0.9

+I1

5.3

+

+1

64
65

0,94 +0.04
0.97 £+ 0.04

+

14

0.02

0.17

14

143

1.77

4.7 + 0.8

8.1 + 1,2

+

113 2

39

¢.02
+ 0.01

0.16

131 + 13

= 0.05

1.81

4.2 £ 0,7

3.6
3.4

1.2

7.7 £

70

0.97 +0.04
0.98 £0.04

111

23
45

150 + 15 0.13

1.60 = 0.09

+1

8.2 £ 1.2
8.0 £ 1,2

9.2
8.3

78 + 4
66
82

96.8 + 1.9
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0.13 = 0,01

125 £ 13

1.57 + 0.02

1.47
1,55

0.6

+i

0.99 + 0,04
0.98 + 0.04

95.8 + 1.9

15

0.11 £ 0.01
0.14 = 0.01

150 + 15

£ 0,04
* 0,03

3.3 £ 0.6
3.8 £ 0,6

1.4
1.2

+l

+l

95.7 + 1.9
95.2

50
44

13

132 =

+!

+

0.98 £0.04 77

+ 1.9

0.15 + 0,02
0.14 £ 0.01

149 * 15
148 = 15

1.55 + Q.06

1.54 + 0.06
1.20 = 0,05

0.6
+ 0.6

+i

4,0 £ 0,7

3.6
3.3

1,2
1.3
1.3

+

8.5 £ 1.3

7.9
8.6

69
92

0.98 £ 0.04
0.98 +0.04
0.99 + 0,04

0.99

94,0 + 1.9
94.0 £ 1.9

71

46
17

0.01

0.12 + 0.01
¢.11 = 0.01

+

0.12

117 = 12

+l

+l

68
67

66

91.0 + 1.8

14

143 +
187 £ 19

1.36 + 0,04

1.35 + 0.04

0.5
0.6

+!

3.1

+

8.9

=+l

0.04

R

89.0 + 1.8

74
87
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+1

3.8.

1.4

+I

0.99 £ 0,04

87.0 =+ 1,7

0.13 £ 0,01

15

150 =
130 £ 13

1.40 £ 0.04

3.0 £ 0.5

67

0.99 +0.04
1.00+0.04
1.00+ 0,04
1.01 +0.04
1.02 x0.04

83.0 £ 1.6

73
51
49

8.8 = 1.3

11

0.01

b
0.08 £ 0,01

0.09

1.08 + 0,02

0.97

-+

I

82
76

67

72.3 + 1.4
68.4 + 1.4

2.4 + 0.4
2.1 + 0.4
2.0 + 0.3

2.1

142 + 14

0.04

+1

+l

11
12

-+l

.08 + 0,01

12
17

118 =

0.86 + 0.01

0.79

+!

+l

59.3 £ 1.2

16
38

0.07 £ 0.01

166 +

* 0,02

0.4

+|

15

+i

56

55.5 £ 1.1

0.63 =

0.01
0.01
0.01
0.01
0.01

0.07+
0.08+
0.08+
0.11+
0.11+
0.11 + 0.01
0,12 £ ¢.01
0.14 + 0,01
0.18 + 0,02

12
12

115 =+
152 + 15

0.01
0.01

1.9 £ 0.3

2,0

138
26

69 £ 4
72
68

1.03 +0,04

1.03
1.05
1.09

44,0 £ 0.9

19

123 =

0.54 +

0.3

+t

+i

+t

+0.04
£0.04
£ 0.04

1,09 +0,04

35.0 0.7

20

0.50 £ 0,02

2.1 £ 0.4

2.8 %
2.8 &

+

31
56
59
63
67

+1

33.0 + 0.7

75
21
40
48

0.38 £ 0,01 118 + 12

0.5
0.5

+1

+l

72
67

22.3 % 0.4

16
14

156 = 16

+

158
141

0.39 = 0.01

0.37

=+

+1

0.4

21.1 £ G4

+

22,0

-+l

G.0L

+|

2.8 £ 0.5

3.0
3.8

+I

-+

74
72
70
78
78

+0.04
1.09 +0.04

1.09
1.1

0.36 + 0.0

0.5

10
17
t 26

+

-+

19.9 £ 0.4

47

146 + 15

0.02

0.250 + 0,006
0.230 + 0.006

0.31

0.6

+I

110

+1

3 +0:05

15.9 + 0.3

41

147 1 15

0.8
1.0

+

4,6

170

1.17+ 0,05

12,6 + 0.3
1.21

42

0.22 £ 0,02

15

148 +

=+l

6.0

+ 42

280

4

+0.05

10.0 + 0.2

43
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Table 4.3 Summary of EUREKA-Z Analyses for Cold-Startup
Accident Tests
Inserted Compensated***
Test No. Reactivity | Peak Power Energy® Time#** Reactivity

22 0.765 $ 2,3 MW | 10,3 MWs | 15.44 s 0.30 §
18 0,895 4.4 7.7 5.37 0.24
13 0.940 5.7 6.0 3.07 0.19
14 0.937 5.6 6.1 3.20 0.19
39 0.970 7.1 4.5 1.88 0.15
23 0,970 7.2 4.5 1.87 0.15
45 0.980 7.8 3.7 1.52 0.12
15 0,985 8.3 3.6 1.39 0.12
50 0,985 8.3 3.6 1.39 0.12
44 U,980 7.9 3.9 1.54 0.13
46 0.975 7.5 4,1 1.69 0.14
71 0.980 8.0 4.0 1.55 0.13
17 0.985 8.2 3.4 1.37 0,11
74 0.985 8.2 3.3 1.36 0,11
87 0.985 8.2 3.3 1.36 0.11
73 0.985 8.2 3.3 1.36 0.11
51 0.995 9.3 2.6 1.08 0.09
49 1,000 10.1 2,2 0.96 0.08
16 1,007 11.6 2.0 0.84 0.07
38 1.017 14.4 1.9 0.72 0.07
19 1,030 19.5 1.9 0.60 0,07
2u 1.035 22.0 2.1 0.57 0,07
75 1.050 31.1 2.4 0.49 0.08
21 1.080 57.9 2.8 0.38 0.10
40 1.080 57.9 2.8 0.38 0.10
48 1.085 63.6 3.1 0.37 0,10
47 1,090 69.4 3.3 0.36 0.12
41 1.120 112.6 4,1 0.31 0.14
42 1,160 190.9 5.2 0.26 0.18
43 1.200 292.0 6.2 0.23 0.21
® : Energy Release to Time of Peak Power
%% : Time to Peak Power

xhk

: Reactivity Compensation at Peak Power
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Fig. 4.7 EUREKA-2 calculated reactivity compensation
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(2) Hot-startup Reactivity Acecident Tests

33 hot-startup tests are reported in the SPERT TII-E tests. The
transient tests are all performed from the initial powers (10 to 50
watts) and an initial system pressure of 1500 psig. Two complete series
of hot-startup reactivity accident tests are done, The first test is
initiated from the system temperature of about 260°F and the second is
performed with an initial temperature of about 500°F. A summary of the
hot-startup reactivity accident test data is presented in Table 4.4.

Comparisons between EUREKA-2 calculation and experimental measure-
ments for time-dependent reactor power, energy and system reactivity are
shown in the appendix in Fig, B.l through B.13 for an initial system
temperature of 260°F and in Fig. B.14 through B.31 for 500°F tests.
Table 4.5 presents the summary of the analytical result for hot-startup
accident tests., EUREKA-2 calculated and experimental peak power, energy
release to peak power and reactivity compensation at peak power are shown
as a function of reciprocal period in Fig. 4.11 and 4.12 for the 260°F
and in Fig. 4.13 and 4.14 for the 500°F hot-startup tests. The EUREKA-
2 calculated points fall within the experimental uncertainties in the
entire range of reciprocal periods. Exception was the data of energy .
release of test No. 53 and 65. Over the 26 hot-startup tests except for
these two tests, the largest disagreement between the experiment and
the EUREKA-2 calculation is about 13% for peak power, about 187 for
energy release and 20% for reactivity compensation. The EUREKA code
calculates the excursions of three hot-startup tests of No. 56, 60 and
628) . EUREKA-2 calculated time—-dependent reactivity feedback contribu-—
tions for the 250°F hot-startup test 29 (19.6 msec period) and the 500°F
test 62 (20.6 msec period) are shown in Fig. 4.15 and 4.16, respectively.
The EUREKA-2 calculated fuel and moderator heating reactivity compensa-—
tion at the time of peak power is shown in Table 4.9, TFor the E-core,
PMH (prompt moderator heating) reactivity feedback becomes an important
feedback mechanism at elevated initial system temperature as a result of
the change in water density with temperature. PHM feedback contributes
about 1% of the total reactivity feedback for the 70°F tests, about 5%
for the 260°F test, and about 14% for the 500°F test, While these per-
centages are smaller than those of the PARET calculated PHM feedback,
EUREKA-2Z and PARET are shown to present a similar dependency of the

moderator heating on initial system temperature.

— 35 e
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Table 4.5 Summary of EUREKA-2 Analyses for Het-Startup
Accident Tests
Inserted Compensated*##%
Test No. Reactivity | Peak Power Energy® Time#* Reactivity

36 0.915 s 5.7 MW 8.4 MWs | 4,35 sec 0.22 8§
26 0.930 6.2 7.3 3.54 0.20
30 0.965 7.6 5.0 2.02 0.15
37 0.965 7.9 5.5 2,07 0.16
33 3.980 8.7 4,9 1.72 .14
27 0.980 9.0 4.4 1.55 0.13
35 0.985 9.5 4.1 1.40 0.12
34 0.993 10.4 3.3 1.17 0.10
28 1.030 21.9 2.3 0.61 0.07
31 1.035 24,4 2.2 0.57 0,07
32 1.085 70,5 3.3 0,37 0.10
29 1.092 80.4 3.5 0.36 g.11
70 1.205 317.0 7.4 0.23 0.23
53 0.775 4.3 19.4 15,03 0.31

63 0.845 5.7 16.3 9.11 0.28
o4 0.840 4.6 12.9 9.42 0.27
65 0.872 6.8 16.4 7.33 0.28
54 0.928 8.8 11.2 3.84 0.21
55 1.001 16.8 3.7 1.01 0.08
56 1.035 34.3 3.2 0.60 0.07
57 1.080 88.1 b4.b 0.40 0.10
62 1.086 98.3 4.7 0.39 0.11
b8 1.118 le4.0 5.8 0.32 0.13
67 1.121 169.4 5.8 0.32 0.13
66 1.129 193.5 6.5 0.31 0.14
58 L1.135 206.9 6.3 0,30 0.14
59 1,145 236.0 7.2 0.29 0.16
60 1.201 435.,5 9.7 0.24 0.21

* : Energy Release to Time of Peak Power

%% ; Time to Peak Power

%#%% : Reactivity Compensation at Peak Power
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Fig. 4.15 EUREKA-Z calculated reactivity compensa-
tion for 260 °F, hot-startup test 29.
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Fig. 4.16  EUREKA-2 calculated reactivity compensation
for 500 °F hot-startup test 62.
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(3) High-initial-power Reactivity Accident Tests

The high-initial-power tests provide experimental data for
reactivity accidents initiated from hot-standby and operating power
conditions., The operating conditionsg chosen for the tests are 500°F
inlet coolant temperature, 1500 psig system pressure and 1200 gpm
coolant flow. The first series of the tests are performed from a steady
state reactor power of about 1 MW. This corresponds to a peak density
of about 30 kW/litre of UO ,(specific power of 0.8 kW/kg of UO,), which
is representative of hot-standby conditions in commercial PWR's. The
second series of the tests are dene from an initial reactor power of
about 20 MW. This initial power yields a peak power density of about
550 kW/litre of UO; (specific power of 16 kW/kg of UQOs) and represents
operating-power conditions in commercial PWR's. A summary of the
experimental results is presented in Table 4.6. The calculated peak
power and net energy release to peak power are shown in Fig. 4.17 and
4.18, respectively, Time-dependent reactor power, net energy release
and net system reactivity are shown in the Figure C.l through C.8 of the
appendix. The EUREKA-2 calculations are well within the uncertainties
of the experimental data. Table 4.7 shows the summary of the analytical .
result for hot-standby and operating-power reactivity accident tests.
The largest disagreement between the experiment and the EUREKA-2 calcu-~
lation is about 8% for peak power, about 15% for energy release and about
22% for reactivity compensation for the entire hot-standby tests. The
EUREKA code shows the amalytical results of a hot-standby test (No. 81)
and an operating-power tests (No. 86)8). The core hot-spot cladding
surface temperature is measured by the thermo couple located 16 inches
above the bottom of the fuel rod, Table 4.8 shows the calculated surface
temperature along with the experimental data. The calculation provides
a good agreement with the exXperiment, although the calculated maximum
surface temperature of the operating power test is rather higher than
the experimental data. EUREKA-2Z calculated time-dependent reactivity
feedback contributions for the 500°F hot-standby test 81 and the 20 MW

operating power test 86 are shown in Fig. 4.19 and Fig. 4.20.
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Table 4.7 Summary of EUREKA-2 analyses for hot-standby
and operating-power reactivity accident tests
. * Y]

79 .89 ¢ 12.0 MW 5.7 MWs 0.58 s 0.11 $
80 1.07 114.7 5.0 0.151 0.10
81 1.16 323.8 8.6 0.137 0.18
82 1.27 874.9 14.8 0.1717 0.30
83 1.228 626.9 12.2 0.123 0.25
84 0.48 35.1 2.7 0.0g8 0.01
85 0.62 131.5 6.0 0.104 0.07
86 1.17 589.4 10.4 0.100 0.21

* Energy Release to Time of Peak Power

k¥ Time to Pesk Power

%% . Reactivity Compensation at Peak Power

Table 4,8 Maximum fuel cladding surface temperature
- hot standby and operating power tests

Test No.| FExperiment EUREKA-2

Calculation

79 266X 6 °C o8y °C

80 277 £ 6 281

81 282 * 6 281

82 288 * 6 286

83 282 X6 284

84 310 = 6 319

85 310 + 6 326

86 36t o6 333
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Fig. 4.19 EUREKA-2 calculated reactivity compensation
for 500 °F hot-standby test 81.
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Fig. 4.20 EUREKA-2 calculated reactivity compensa-

tion for 20 MW operating power test 86.
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5. Concluding Remarks

The EUREKA~-2 code was evaluated by using the experimental data of
the SPERT III E-Core reactivity accident tests. The code yielded
excellent predictions comparing with the experiment in the range of 10
to 25% for all accident conditions tested. The Doppler coefficient was
shown to be much smaller than the value used in the PARET calculation.
We could not discuss the U0z-fuel temperature because the fuel tempera-
ture is not available in the SPERT III E-Core eXperiment. However, the
good agreement between the EUREKA-2? calculated reactor power and net
energy release and the experimental results, would make the Doppler
coefficient cbtained by the EUREKA-2 calculation reasonable,

The EUREKA-? code will be evaluated using the experimental data of
the SPERT III C-Core (plate type fuel) where the power excursions are

essentially limited by the voiding in the moderator.
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Appendix Plots of the calculated and the experimental reactor power,

energy release and total compensated reactivity

A summary of transient data of the EURKKA-2 calculated and the experi-
mental reactor power, energy release and total compensated reactivity is
presented in graphical form in this appendix. The cold-startup reactivity
accident tests are shown in the figure of A.l1 through A.30, the hot-startup
reactivity accident tests are presented in the figure of B.l through B.31
and the high-initial tests are shown in the figure of C.1 through C.8.

Each figure has the following symbols.

piE‘= total reactivity inserted experimentally

piC = total reactivity inserted in the calculation
T; = d1nlet coolant temperature

Flows = average coblant flow rate through the core
P; = initial system temperature

T = asymptotic reactor period.
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