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ABSTRACT

The fifth AER dynamic benchmark is the first AER benchmark for coupling of the
thermohydraulic codes and three-dimensional reactordynamic core models. In VTT,
HEXTRAN 2.7 is used for the core dynamics and SMABRE 4.6 as a thermohydraulic model
for the primary and secondary loops. The plant model for SMABRE is based mainly on two
input models, the Loviisa model and standard VVER-440/213 plant model. The primary
circuit includes six separate loops, totally 505 nodes and 652 junctions. The reactor pressure
vessel is divided into six. parallel channels. In HEXTRAN calculation 1/6 symmetry is used in
the core.

In the sequence of main steam header break at the hot standby state, the liquid temperature is
decreased symmetrically in the core inlet which leads to return to power. In the benchmark, no
isolations of the steam generators are assumed and the maximum core power is about 38 % of
the nominal power at four minutes after the break opening in the HEXTRAN-SMABRE
calculation. Due to boric acid in the high pressure safety injection water, the power finally
starts to decrease. The break flow is pure steam in the HEXTRAN-SMABRE calculation
during the whole transient even if the swell levels in the steam generators are very high due to
flashing.

Because of sudden peaks in the preliminary results of the steam generator heat transfer, thb
SMABRE drift-flux model was modified. The new model is a simplified version of the EPRI
correlation based on test data. The modified correlation behaves smoothly.

In the calculations nuclear data is based on the ENDF/B-IV library and it has been evaluated
with the CASMO-HEX code. The importance of the nuclear data was illustrated by repeating
the benchmark calculation with using three different data sets. Optimal extensive data valid
from hot to cold conditions were not available for all types of fuel enrichments needed in this
benchmark.
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1. PLANT MODELS FOR CODES

The fifth AER dynamic benchmark, lit is the first AER benchmark for coupling of the
chermohydrauiic codes and three-dimensional reactor dynamic core models. In VTT,
HEXTRAN 2.7121 is used for the core dynamics and SMABRE 4.6 /3,4/ as a
thermohydraulic model for the primary and secondary circuits. Both codes need own input
models because they can also be used separately.

1.1 SMABRE model

The plant model for SMABRE is based mainly on two input models, the model for the
Finnish Loviisa plant and the model of the standard VVER-440/213. The differences between
these plants consist mainly of three facts: reduction in the number of actual fuel assemblies in
the core in Loviisa; different loop geometry due to different suction direction of the main
circulation pumps; and different number and geometry of the pressurizer surge lines.

The Loviisa model is the basis for SMABRE input for this benchmark. The primary loop
piping geometry and steam line geometry are from the benchmark specifications. Also, the
core and core bypass flow area are modified according to the standard plant version.

The primary loop (Fig.l) includes six separate loops. The pressure vessel is divided into six
parallel channels except the upper header. The total number of nodes and junctions is 505 and
652, respectively. By the nodalization and the mixing model, 20 % turbulent mixing is provided
even if it is not necessary in this case. Division into six parallel sectors in the pressure vessel
here is helpful for the comparison if there will be in the future an asymmetric steam line
rupture benchmark.

As the primary side related operational systems, the high pressure safety injection, pressurizer
heaters and make-up water as a volume control system are described.

The steam generator model is from the Loviisa input (Fig.2). The steam generator nodes are in
five levels up to the upper level of tubes. The edge zone is described as a separate downcomer.
The riser part includes the heat transfer tubes. A detailed simulation of water level
measurements, narrow and large scale, is modelled. Feedwater is described as a separate
injection into each steam generator. The injection point is on the fourth level of the secondary
side. Starting and stopping slopes of feedwater are taken into account. The regulating level is the
narrow scale water level measured on the downcomer side similarly as in the real plant. In this
kind of symmetrical steam header break, feedwater is injected continuously when once started.
Only this feedwater is operating from the secondary side related injection systems.

The steam lines are modelled up to the turbine valves (Fig.3). The number of nodes is the
same as in the Loviisa model. The steam header is divided into eight nodes, about 10 meters
each. The break is situated in the middle junction of the header.
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The core has been divided into 5 axial nodes in SMABRE, and into 20 nodes in HEXTRAN.
Below and above the core, there are quite low lower and upper plenum nodes. The core
bypass is described with one node.

1.2 HEXTRAN core model

The input used for HEXTRAN is based mainly on the input of the fourth AER dynamic
benchmark. The 1/6 symmetry is used in the core. Nuclear data is based on ENDFB/IV library
and it has been evaluated with the CASMO-HEX code.

HEXTRAN-SMABRE has been used in Steam Line Break licensing analyses for the Loviisa
plant. For these analyses a special nuclear data set was developed for large temperature area to
be valid from nominal power conditions to cold conditions. However, this data was made only
for the enrichment of 3.6 % used now exclusively in Loviisa.

Three sets of narrow range nuclear data were available for the calculations with three different
fuel enrichments: 1.6,2.4 and 3.6 %. Cross sections had been calculated for nominal full
power conditions, for hot zero power conditions (285 °C), and for cold zero power conditions
(200 °C). The albedoes for the control rods were available for the same two temperatures. It
was decided that the best estimate result with these limited data is achieved by using the hot
zero power data for the reactivity level adjustment in the initial state at 260 °C and the cold
zero power data in the ordinary transient calculation, because essential part of the transient
occurs at low temperatures.

In the definition of the benchmark it was asked that the reactivity level adjustment should be
made by adjusting the control rod reactivity worths. However, in this case where two data sets
for the control rods were used, it was better to make the adjustment by an effective burnup
correction (uniform multiplication of fission cross sections). The reactivity was -1730 before
the adjustment and -1534 after it. The importance of the nuclear data was illustrated by
repeating the transient calculation with using all three data sets.

1.3 Initial state

The initial steady state conditions are defined in Table I. The reactor is assumed to be at the
end of the first cycle (EOC, 326.8 D) in hot stand-by condition without any xenon or any
boron acid in the coolant. All control rods, except group 4, are fully inserted.

Critical flow in the breaks and valves is based on the separate break flow model by Moody
combined with contraction coefficients of the break geometry. The best proposals for the
contraction coefficients can be recommended and different values for subcooled liquid and
two-phase mixture are defined. Normally in SMABRE for steam line breaks, the contraction
coefficient for saturated flow of 0.7 is used. This value was increased to 0.72 in order get
exactly the requested 1200 kg/s initial break flow rate. On the other hand, instead of the
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requested 0.1 s a break opening time of 1 second was used. The characterising feature of t
Moody model is that no big pressure drops are encountered in the break node.

Table I. Initial state

PARAMETER
Fission power (MW)
Total core power (MW)
Upper plenum pressure (MPa)
Core inlet temperature (°C)
Total mass flow rate (kg/s)
Core bypass (%)
Pressurizer collapsed level (m)

Pressure at SG outlet (Mpa)
SG temperature
SG collapsed level (m)
SG narrow scale level (m)
SG water inventory (kg)

Break opening time (s)
Break mass flow maximum (kg/s)
Contraction coefficient in Moody model for saturated flow

Feedwater starting level (m)
Nominal SG narrow scale level

SPECIFV4/
l.OE-6
10.0
12.14
260.0
8718.
3.00
5.97

4.65
saturation
2.08
-
37 000

0.1
1200.
-

-0.075

CALCULAT
l.OE-6
10.0
12.15
259.5
8732.
3.04
5.96

4.61
159.0
2.06
0.15
36 500

1.0
1200.
0.72

-0.075
0.16

2. CALCULATION RESULTS

The main events during the transient are listed in Table II. The break flows from the
secondary system during the transient are shown in Fig 4. The break opens at 0.0 s and the
maximum total break flow is 1200 kg/s during the first second. In the figure, also the steai
flow out of the steam generator in the pressurizer loop and the average flow out from the <
five steam generators are shown.

The critical flow model was modified last year. Now it was used for the first time in a new
calculation. The problem in the earlier SMABRE calculations was discontinuities in the
mathematical fit of the Moody model when the break flow was pure steam. Now a smooth
break flow is obtained.

When the break opens the pressure in the steam lines drops rapidly. Due to flashing there i
water nearly to the top of the steam generators. This may be seen in the mixture levels in I
5. Also, the collapsed water level and narrow scale water level in steam generators are sho
in the same figure. In SMABRE a void fraction of 0.80 is considered to be the limit for sw
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level. This kind of definition for the level where no flow is considered describes the swell
level well in normal power situations, but in the case of zero power it gives an upper limit for
water droplets content. This is why there is a difference between the swell and collapsed
levels in the beginning and end of the benchmark calculation when the power level is low and
there is no actual steam below the water level.

Due to the water level drop in narrow scale, feedwater is started at 51.6 s. Some small
differences may be caused according to the feedwater regulating level. If the large scale water
level had been used as the regulating level, the feedwater starting setpoint would have been
about 30 seconds earlier

Due to the primary pressure drop, the pressurizer heaters are switched on and they are
operating until the water level in the pressurizer drops below 2.56 m. Make-up water pumps
start injecting a constant amount of water, 2.96 kg/s, into each loop after the pressurizer level
drop.

Lower secondary pressure leads to a lower water temperature on the primary side, and finally,
to the power increase at 103 sec (Fig. 6, middle curve). The recriticality is achieved about 40
seconds before. The prompt criticality was not observed at the time of return to power.

The HPI set points are fulfilled at 56.1 s but the injection is started after delay of 180 s. Highly
borated (40 g/kg) water injection at time 236.1 sec leads to a rapid power decrease. The
maximum core power at that time is 533 MW. At the end of the calculation 2873 kg safety
injection water has been injected and boric acid concentration at the core inlet is 0.74 g/kg.

Table II. Sequence of events

I-
f
1
I

TIME
-20.
0.0
3.3
3.3
5.3
7.5

14.2
42.1
51.6
56.1
66.0
77.2

105.0

236.1
237.0
400.0

EVENT
Steady state calculation with SMABRE
Double ended break opens
Makeup water into loops 1-6
PRZ heater group 1 on
PRZ heater group 2 on
PRZ heater group 3 on
PRZ heater group 4 on
HPIS first starting signal
Feedwater starting signal into SG 1-6
HPIS second starting signal
Recriticality
PRZ heater groups 1- 4 off
Remarkable overcriticality
and power increase
HPIS flow start into loops 1-6
Maximum fission power 524 MW
End of calculation

REASON

Pressurizer level < -0.06 m
Pressurizer pressure < 12.0 MPa
Pressurizer pressure < 11.9 Mpa
Pressurizer pressure < 11.8 Mpa
Pressurizer pressure < 11.5 Mpa
Upper plenum pressure < 10.7 Mpa
Level at least in one SG < 0.075 m
Pressurizer level < 3.26 m

Pressurizer level < 2.56 m

180 sec delay after signal
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2.1 Nuclear data variations

The importance of the nuclear data was illustrated by repeating the transient calculation using
three different nuclear data sets (see chapter 1.2), data evaluated for nominal full power
conditions, hot zero power conditions, or cold zero power conditions. The last calculation is
the best estimate solution and it was sent to the comparison of the benchmark results (a paper
in the same Symposium). A comparison of the reactivity levels given by the different data sets
with the same burnup adjustment is below:

data set for cold zero power hot zero power full power

keffat200oC 1.00680 1.00825 1.00420
keffat260°C 0.98302 0.98466 0.98297
reactivity difference 2403 pern 2376 pem 2151 pem
from 260 to 200 °C

In Fig. 6 is the total power to coolant in the core. The fission power increase is largest and
begins first with the hot zero power which gives the highest reactivity level at low
temperatures. The reactivity difference is not decisive for the course of the transient.
The effects on all the other parameters, except on the fission power, are very small before the
time of the maximum power. After that, the differences are mainly due to the different power
level.

3. IMPROVEMENT OF THE LOOP THERMOHYDRAULIC MODEL

The SMABRE code (SMAJ1 BREak) is a light water reactor accident analysis code developed
in VTT originally for independent plant calculations /3/. But in addition to this the code has
been used as a submodel in training and engineering simulators or in safety analysis code
systems for the thermohydraulic simulation of the loops. In these applications special core
models, compelete auxiliary system descriptions, or complete plant automatics can be carried
out with other coupled models.

. .The thermal hydraulic model in SMABRE is based on separated field equations for the mass
;. pf vapour and mixture of liquid and vapour; on separated liquid and vapour energy equations;
:;. and on the mixture momentum equation. The phase velocities are solved using the drift-flux
'model." • ; ' • • •"• '•• ' • • • " • . - • • . •."•'. . -

The physical model of the code has been validated by participarting in several International
Standard Problems. However, most important part of the performace evaluation is done
during code applications in different types of safety analyses. Inconsistencies in the expected
behaviour force to improve the physical models.

In the first results of benchmark calculation with HEXTRAN-SMABRE a sharp peak
appeared in the heat transfer in the steam generator highest tube node. The peak seemed to
deal with a complicated nodalization of the steam generator secondary side, when the mixture
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velocity is very low (um < 1 m/s) and high void fractions have a large axial gradient in the
level node (a > 0.95 in the node above (715), but a < 0.60 in the node below (714)) (Fig 2).
The water flow oscillates between upflow and downflow depending on the void fraction in
these two nodes. In these conditions the drift flux model combines the phase separation and
counter-current-flow limitation. The reduction in the heat transfer due to the high void in the
upper node followed by a flow turnaround and water refill in the upper node. The lower void
fraction caused sharp peak and oscillation in the tube heat transfer.

In general drift-flux models based on test data for small tubes may be inadequate to describe
the situations in large volumes like a steam generator. The cross flow area in the riser upper
nodes is 13.625 m2. But in this case the problem was mostly of numeric character. In the level
node an area in the programmed drift flux model was found, where the water flow direction
may change in the described conditions. Therefore the drift flux correlations were closer
studied.

The SMABRE drift-flux model is a simplified model and best fit constants have been selected
by comparing against the EPRI model full range drift flux model 15/. Therefore the EPRI
model was closer studied, searching for better guidelines to handle the area of large void
gradients. The conclusion for the study was, that the model can well describe the phase
separation in vertical flow channels, but it does not include any guidelines for handling of the
problematic water level area.

A smooth transition in the void range 0.90 < a < 1.00 was the key to the best solution. The
modification was done fully on numerical basis by taking care that in low velocity range the
water velocity is continuously downwards. A smooth behaviour without heat transfer peaks
could be achived.

In the next chapters, EPRI and SMABRE models for the drift flux behaviour are shortly
described and results of modifications in the SMABRE vertical drift-flux model are shown in
three-dimensional plots. The adjustment of the numerics itself is not described, because then
the presentation of the whole solution procedure would be necessary. Comparison of the
models were done by using a separate test programme.

3.1 EPRI drift-flux model /5/

Drift-flux correlation makes it possible to describe momentum equation for mixture flow
instead of modelling both phases separately. But in the two-phase flow, there is always a
relative motion of one phase with respect to another. The drift-flux correlation gives a
dynamic coupling between the phases. A general expression of the drift flux model is

ug = j g / a = Co Oi + j g ) + «gj (3-1)

In the EPRI correlation, a complicated formula is expressed for the definition of the drift-flux
distribution parameter Co and the drift velocity ua\ The definition is based on numerous test
data and recognize effects of vertical and horizontal flows, geometrical features. Counter
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Current Flow Limitation (CCFL), thermodynamic situation and so on. The Zuber's bubble rise
velocity, the Nicklin's results for large tube diameters and the Wallis type of correlation for
the CCFL are the main parts included into correlation. As comparative parameters, liquid
velocity and slip velocity, relative velocity (ur) between gas and liquid flow as a function of
void fraction and mixture flow, may be used.

(3.2)

3.2 SMABRE drift-flux model 131

The origin of the SMABRE drift-flux model is a complicated formula published by EPRI as a
full range model for the vertical flow. In SMABRE the drift-flux velocity for the vertical flow
is defined by the simplified expressions

Ugj =FPAR,9 +(De.n +De.12)FPAR2o (3.3)

FPAR19 = 0.30 and FPAR20 = 0.2 were used in this case.

Q, = 1.0 + FPARv, if flow is upwards, else Co = 1.0, (3.4)

FPAR23 = 0.2 is the default value.

For CCFL limitation modelling, the factor Fj is defined as

Fj = < 0,(1.0001 -Oj)/0.17, 1.0 >. (3.5)

The application of the limitation is the key point in the numerical modification. The limitation
has to be calculated from the lower and upper node void fractions depending on the flow
direction. But just this calculation is complex, when the liquid flow can be negative or
positive. The limitation factor approaches zero when the void fraction approaches a = 1.00.
The limitation factor is used as a multiplicator in the distribution factor and drift flux velocity

C, = 1 .

For horizontal flow channels, the drift-flux parameters are defined based on the inclination of
the water level as follows

ej = (2Dj (OH - a i 2 ) / ( Z i , + z i 2 ) , (3.8)

Fj =min(30.09 j,FPAR24 + FPAR25ej), (3.9)

FPAR24 = 0.8 and FPAR25 = 2.0,
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Ugj = Fj (0.30 + (De.;, + D«j2) 0.20, (3.10)

Co =1.0 + FPAR25, (3.11)

FPAR26 = 0.2.

These drift-flux parameters Ugj and Co are used in the drift-flux model for the calculation of
the difference between the gas and liquid velocity.

Reduction in heat transfer due to high void fractions is described in boiling heat flux by the
factor

F = ( l - O i ) / 0 . 2 . (3.12)

The maximum for the boiling and convective heat fluxes is defined by the Zuber-Griffith
critical heat flux correlation

o g (P, - P,>
<at»r = 0 .131(1 - a )p . h l9( ) ° " (3.13)

3.3 Comparison of results

Differences in SMABRE and EPRI models were studied in the junction in the steam generator
riser part in the situation when the special heat transfer peakoccured. The pressure was 0.71
MPa at that time. The junction flow area is large. The problematic situation was when at high
voids the mixture velocity dropped close to zero and the liquid velocity varied between
negative and positive velocity in the SMABRE model. In the old SMABRE model as well as
in the original EPRI model, the liquid velocity was not essentially limited in high voids and
negative mixture flows, but in the new SMABRE model it is limited.

The differences between the SMABRE model and the original EPRI model may been seen in
the three dimensional figures. In Figs 7 and 8 relative velocities are shown. In figures, mixture
flow from -5 m/s up to 5 m/s is used for defining relative velocities as a function of void
fraction. Problems for high water velocity may easily be seen in the EPRI model as very high
relative velocities at high voids with mixture flow close to zero. In Fig. 8 the limitation of
relative velocity in the SMABRE model is shown.

In the EPRI model with very low voids, relative velocity behaves differently from SMABRE.
This is due to difference in steam velocities. In SMABRE, steam velocity do not essentially
change at low voids. The actual comparison between these two models may be done by Figs 9
and 10, where superficial liquid velocities are shown. As a result, the behaviour is quite
similar.
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The original problem was discontinuities in heat transfer. In Fig 7 the heat transfer in U-tubes
of one steam generator is shown. When the void fraction in the upper node 715 is high enough
the heat transfer from the primary to the secondary side in the upper tube node drops smoothly
to zero contrary to the high peaks in the preliminary calculation.

4. CONCLUSION

When the break opens in the middle of the main steam header, the pressure in the steam
generators drops rapidly. The cooling of the core inlet water leads after two minutes to return
to power. The power level is maximised by the assumptions that main circulating pumps are
not stopped and no isolation of the steam generators happens. Therefore the calculated case is
nearly hypothetical. The maximum power is 533 MW just before the starting of the high
pressure safety injection which decreases the power. Within 164 s power is decreased to 100
MW and boric acid concentration in the core inlet is 0.74 g/kg. This is enough to keep the
reactor subcritical in this kind of transients.

The steam line break analyses made for Loviisa have been a basis to the models used in this
benchmark problem. However, the benchmark was a good opportunity to modify and check
some SMABRE models, like the critical flow and drift-flux models, because there were
simple assumptions in the operating systems and only a few signals.

The very complicated EPRI drift-flux model was successfully simplified to SMABRE. In the
calculation of the benchmark the problematic field was the reduction of heat transfer and
limitation of water velocity at high void fractions combined with very low fluid mixture
velocities. Due to the code modifications, the smooth calculational results were obtained.

In excess of phenomena in the thermohydraulic modelling, the accurate nuclear data is very
important in the calculation of this kind of cooling transients where changes in the
temperatures and densities are large and recriticality is achieved. Large differences can be
arisen even when the initial reactivity level was agreed in the benchmark definition.
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LIST OF NOMENCLATURE

a
g
a
P
h
0
P
q
u
j
coD
Dc

F
z
HPIS
PRZ
SG

void fraction
gravity constant = 9,81 m/s2

surface tension N/m
density kg/m1

enthalpy J/kg, phase average quantity
inclination from vertical direction
pressure N/m2

heat source W/mJ

velocity m/s, phase average quantity
superficial velocity m/s
drift flux factor ( 1... 1.3)
diameter m
hydraulic diameter m
factor
axial coordinate m
high pressure safety injection system
pressurizer
steam generator

Subscripts:

b
g
1
m
r ;"'

gj
i
k

boiling
steam, gas
water, liquid ::
mixture of steam and water _
relative . ;
drift-flux (empirical model)
node
heat structure
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Fig. 1 Nodalization of VVER-440 (AER-BM5) for SMABRE code
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Fig. 2 Nodalization of WER-440 (AER-BM5) steam generator for SMABRE code
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EPRI drift-flux model, vertical junction in SG riser

Relative velocitjj'im/s}

Mixture velocity

,0.4 'Void fraction (-)

.Figure 8. Relative velocity calculated with original EPRI correlation in the VVER440
steam generator riser model for SMABRE code.

SMABRE new drift-dux model, vertical junction in SG riser

Relative velocity Im/s]

-5
o

- 0 5 0 6

.0.4 Void fraction (-)
Mixture velocity fm/s] 2 3 4

Figure 9. Relative velocity calculated with SMABRE drift -flux model in the WER440
steam generator riser model for SMABRE code.
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SMABRE new drift-flux model, 7.1 bar, vertical junction in SG riser

Superficial liquid velocity |m/s]

0.5

Mixture velocity (m/sj

Void fraction (

Figure 10. Superficial water velocity calculated with original EPRI correlation in the
WER440 steam generator riser model for SMABRE code.

EPRI drift-flux model, 7.1 bar, vertical junction in SG riser
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Figure 11. Superficial water velocity calculated with SMABRE drift -flux model in the
VVER440 steam generator riser model for SMABRE code.
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