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NRF BENCHMARK PROBLEM 1980

A control rod ejection accident was chosen as the NRF

benchmark problem 19840.

In the control rod ejection transient all the submodels of a
reactor dynamics program, namely neutronics, heat transfer
model in the fuel and hydraulics, are efficiently utilized.
(. The reactor model in this benchmark problem describes the
real behaviour of subsystems but it does not correspond to

any true reactor.

The calculation is made by one~dimensional reactor dynamics
program with one average flow channel and one fuel rod. The
reactor is a pressurized water reactor. The pressure of the
reactor is 150 bar and the total thermal power is 3000 MW.

Transient

In the stationary state there is one top control rod in the
core. At time t = (0. it is ejected. Later the shut down is

inititated and the top control rods are inserted into the

core., The calculation of the transient 1s finished at time
t = 10 seconds.
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Geonmetr Y

Height of the core

Total cross-sectional area

Total cross-sectional area
per total cross-sectional

area of the fuel

Fuel rod:
Outer radius of the cladding
Thickness of the cladding
Radius of the fuel pellet
Flow area in the core

per one fuel rod
Total number of the fuel rods

2.5'm

14 m2
3.4266
0.455 cm
0.065 cm
0.3775 cm
0.69 cm?
91260



TABLE 1

Neutronics

Two—-group diffusion theory

5 axial regions with different fuel compositions, the height
of each region 0.5 m

Doppler feedback of the average fuel temperature is of the

form:

T, = Iy,

+ ai(JTfuel - V878 K)

Moderator density feedback is of the form:

I, =L, +Db - 0.68 kg/dm3)

Y
1 10

i(“coolant

Fast and thermal absorption cross sections of control rods

ZCRal = 0.02583 1/cm
ZCRaZ = 0.006769 1/cm
Neutron velocities
-8
l/v1 = 5.3-10 s/cm
-6
1/v2 = 2.55-10 s/cm

Cross sections and feedback coefficients

Bottom of core

region

Top of core

Whole core:

coefficient a

coefficient b

Dl D2 Eal Zaz ZR VZf.I. \sz?_
{cm) (cm) {1/cm) (1/cm} (1/cm) (1/cm) (1/cm)
1 1.388 0.3646 0.01043 0.07582 0.01536 0.004695 (0.11120
2 1.391 0.3635 0.01045 0.07681 0.01521 0.004595 0.11130
3 1.392 0.3634 0.01054 06.07691 0.01520 0.004494 0.11140
4 1.391 0.3640 90.01013 0.07646 0.01525 0.004786 0.11165
5 1.388 0.3657 0.00993 0.07592 0.01546 0.004937 0.11165
- - 0.000027 - -0.000027 - -
-0.72 -0.355% - 0.0073 0.019 - -
&0 g
SE IR



Total power of the reactor
Average number of neutrons

produced per fission

Prompt energy release per fission

No delayed energy release

TABLE 2 Delayed neutrons

Groups Decay constant
(1/s)
(@

1 0.0124

2 0.0305

3 0.111

4 0.301

5 1.13

6 3.00

1-6

3000 MW
2.6
330 10”133

Fraction of total fission

neutron number

0.000215
0.001424
0.001274
0.002568
0.000748
0.000273

0.006502

Boundary condition parameters of the core:

. Radial buckling
. at top and bottom reflectors
56 ]
1
Dy 5 0.2 0.
6¢2
Dy 53 -0.1 0.1

6-10"% 1/cm2
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TABLE 3 Control Rods

Insertion in stationary state

The beginning time of the rod
motion

The end time of the rod motion

Velocity of the rod

Insertion at the end of the
transient

Ak, rod in/rod out

Absorption cross section
coefficient calculated
by TRAWA

Ejected rod

1. m
0. s

0.05 s
- 20 m/s

0. m

0.00928
06.015

Shut down rods

0. m
1.5 s

7.75 s
0.40 m/s
2.5 m

0.060
0.060

The absorption cross sections of the control rods are

multiplied by the absorption cross section coefficients given

in the Table 3.



Heat transfer in fuel rod

Radial thermal conductivity

of fuel pellet 0.0357 W/Kem
of cladding 0.215 W/Kcm
Axial conductivities 0.0

Thermal capacity
of fuel pellet 3.4 J/Kcm3
of cladding 2.44 J/Kcm3

The thermal resistance of the gas gap:

average fuel temperature gas gap thermal resistance
(K) ~ (Kcm2/W)
400. 5.
800. 5.
1400. 0.5
3000. 0.5

97% of power is released uniformly in fuel pellet

3 % of power is released in coolant

A A T T -
Q4740007



Hydraulics

System pressure at the core inlet 150 bar

Coolant inlet temperature 575 K
Total inlet mass flow 15000 kg/s
Equivalent hydraulic diameter

of the core channel 0.9 cm
Friction ccefficient

of the core channel 1.9 1/m

The pressure balance in the dynamic state is determined by

- S Y SN
Ap - Apo = =4.10 " (m mo) 710 "
where
Ap = pressure loss over thie core (bar)
m = total mass flow (kg/s)

= total mass flow acceleration (kg/s?)

Subscript o means stationary values

Recommended hydraulic submodels in this benchmark problem:

Non-equilibrium model, subcooled or superheated water and

saturated steam

Evaporation and condensation model like RAMONA II,

bulk boiling rate:

54.4+220.0¢ (1-¢ T - . -
W (W/cm3) — ( Q.0 ( A water Tsat+0 85 lTwater Tsa‘-I )
B ;
hfg
Slip ratio: Bankoff-Jones
Two—-phase friction multiplier: Thom
42 = 1+ 7.89X + 0.683%°
Heat transfer: Dittus-Boelter and Jens-~Lottes
B PSP
(,"’"-“-; - .{i.-'_ ”3

fn

ey



Results

A< a function of the time:

the
the
the
the
the

total power of the reactor

total heat to coolant

excess reactivity

coolant temperature at the outlet of the core
void fraction and the steam guality at the outlet

of the core

the

fuel center temperature and the average fuel

temperature at the height 1.75 m from bottom of the core

The axial distributions time (s)

- fast and thermal neutron fluxes 0., 0.05, 1., 10.
- mean fuel temperature 6., 1.

- coolant temperature 0., 1.

- void fraction 1.

Maximum value and its time (and position)

total neutron power

total heat to coolant

reactivity
heat flux

fuel temperature

outlet steam quality

mean void fraction
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Riitta Kyrki

NRF BENCHMARK PROBLEM RESULTS OF FINLAND

The benchmark problem is calculated by program TRAWA
/1,2,3/. The input values specified in the problem
definition /4/ are used in the calculation.

The main results are presented as functions of time

in figures 1-12. The axial distributions asked for in
the problem are in figures 13-19. 1In the figures 20-23
the development of the axial relative power distribution
is presented in the course of the transient. The maximum
values of different entities during the transient and

in the stationary state are in Table 1.



The solution methods

In TRAWA calculation the reactor core is axially divided
into 40 egual mesh intervals. Radially the heat transfer
in fuel is calculated with 4 coaxial zones in the fuel
pellet and 1 zone in the cladding. The central zone has

a width three times the width of the others, and the
temperature distribution in it is parabolic. 1In the time
discretization of the heat conduction equations the

central point difference formula is used.

The time discretization in neutronics is performed with the
spectral matching method Wll‘ The hydraulic conservation
equations are discretized with space- and time-dependent
g~method, in which the §-parameter is individually selected
for each time step and each mesh point. Now the truncation
errors remain near those of the central-point difference

formula, but the oscillations typical for it are avoided.

The time-steps are chosen automatically during the transient
and the lengths of them cover the range from 0.00l to 0.5
seconds. The aimed relative changes of the neutronic power
during the time-steps are 0.1l.

The convergence of the solution

When the amount of axial mesh points was decreased to 21,
the power peaks increased 1.5% and the mean temperature
rise of fuel increased 2.7%. The use of only 11 mesh
points axially caused oscillations in hydraulics during the

maximal steam generation and they interrupted the calculation.

The use ©0f 9 mesh points in fuel pellet instead of 5
decreased the maximum of the heat flux 1.5% but increased

the mean temperature rise of the fuel 0.7%. The neutronic



fission power peak remained the same. When only 3 mesh
points were used in the fuel pellet, the time behaviour

of the fuel center temperatures was changed.

The use of the central point difference formula in the-
discretization of the hydraulic equations caused oscillations
already before the neutronic fission power peak occurred,

and the calculation was interrupted at the time 0.043 seconds.
In neutronics the central point difference formula gave
results which differed less than 0.5%, when the aimed
relative changes were 0.1 during the time steps. The use
of fully implicit discretizations in any phenomena under-
estimated the transient, but the differences remained
smaller than 10% when the aimed relative changes 0.1 and

21 axial mesh points were used.

Some consistency between the discretization in different
phenomena was required, e.g. the use of the fully implicit
discretization in hydraulics or neutronics and the central
point difference formula in fuel heat transfer caused bad
oscillations inﬁerrupting the calculation, if only 21 axial

mesh points were used.

The choice of discretizations is important in order to get
the calculation accomplished, but the results of different
successful methods do not differ very much during the

transient, and the final state of the reactor core is the

same in all the calculations.

The use of constant time steps during the transient did not
change the results. When the number of time steps was
changed from 119 to 47 by varying the aimed relative changes
from 0.1 to 0.4 and using 21 mesh points the results
differed only little, the maximum value of the heat flux -2%

and the mean temperature rise of the fuel -4%.

A A e
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The computing time

The computer Univac 1108 was used. The calculation

consumed 180 seconds of computing time of which 160

seconds was CPU time. Then 119 time steps were taken and

very abundant output was received.

When the amount of axial mesh points was decreased to 21

and the aimed relative changes were 0.4 during the time

steps, only 60 seconds of computing time were consumed
of which 50 seconds was CPU time. Only 47 time steps were

taken, but the results were nearly the same.
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Table 1. Maximum values during the transient and in the stationary state

total neutron power

total heat to coolant

reactivity

heat flux

whole core average temperature
fuel center temperature
average fuel temperature
outlet steam quality

outlet void fraction

mean void fraction

outlet mass flow

maximum

value

77000 MW
544Q MW
5360 MW
0.0082
120 W/cm2
963 K
1194 K
1030 K
0.056
.25
0.063
21100 kg/s

time

0.07 s
0.08 s
0.135 s
.05 s
.125 s
.115 s
.16 s
0.115 s
0.36 s
0.36 s
0.28 s
0.113 s

o O O o

position

1.75 m

1.75 m
1.75 m
2.5 m
2.5 m

stationary

value

3000 MW
3000 MW
3000 MW
0.0

54,3 W/cm2
885 K

1090 K

915 K

0

0

0.001
15000 kg/s

position

0.69 m

0.69 m
0.75 m
2.5 m
2.5 m
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Fig. 20.THE DEVELOPMENT OF THE AXIAL RELATIVE POWER DISTRIBUTION
DURING THE EJECTION OF THE CONTROL ROD
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Fig. 21.THE DEVELOPMENT OF THE AXIAL RELATIVE POWER DISTRIBUTION

DURING THE GENERATION OF STEAM IN THE CORE
TIMFS N.NS(+1 N.094(¥) 0.113{(x) 0.125(0) 0.16(¢0) AND 0.289(Y) SECONDS
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Fig. 22.THE DEVELOPMENT OF THE AXIAL RELATIVE POWER DISTRIBUTION FROM THE TIME

OF MAXIMAL VOID FRACTION IN THE CORE
TIMFS N.2897+1 N.779(X%X)

TO THE BEGINNING OF THE SHUT DOWN

1.0(=x) AND 1.5(0) SECONDS
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Fig. 23.THE DEVELOPMENT OF THE AXIAL RELATIVE POWER DISTRIBUTION
FROM THE BEGINNING OF THE SHUT DOKN TO THE END OF THE TRANSIENT
TIMES 1.5(+) 3.0{X} 4.0(=x) 5.85(0) 6.8(Q) SECONDS



