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The present work deals with the analysis of RELAPS5 results obtained from the evalua-
tion study of the total loss of flow transient with the deficiency of the heat removal sys-
tem in a research reactor using two different nodalizations. It focuses on the effect of
nodalization on the thermal-hydraulic evaluation of the research reactor. The analysis
of RELAPS results has shown that nodalization has a big effect on the predicted sce-
nario of the postulated transient. Therefore, great care should be taken during the
nodalization of the reactor, especially when the available experimental or measured
data are insufficient for making a complete qualification of the nodalization. Our anal-
ysis also shows that the research reactor pool simulation has a great effect on the evalu-
ation of natural circulation flow and on other thermal-hydraulic parameters during
the loss of flow transient. For example, the onset time of core boiling changes from less
than 2000 s to 15000 s, starting from the beginning of the transient. This occurs if the

pool is simulated by two vertical volumes instead of one vertical volume.

Key words: research reactor, loss of flow, natural circulation, nodalization effect,
thermal-hidraulic parameters, RELAPS5

INTRODUCTION

Nowadays, the best estimate (BE) system
codes (like RELAP5) are extensively used in the
area of design and safety evaluation of thermal hy-
draulics of nuclear power/research reactors. A pre-
liminary request for such use is the comprehensive
code-user-nodalization qualification [1].

Since the ‘60s, system codes have undergone
big changes and substantial improvements by the
code’s developing group and relevant research cen-
tres around the world. This has imposed, among
other things, a continuous assessment process lead-
ing to new released versions of the codes [1, 2, 3].
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To decrease the influence of the code user on
code results, the user should follow closely the in-
structions printed in the code manual. A good
knowledge of reactor systems, the phenomena ad-
dressed, capability and limitations of the models,
meaning and significance of the input and output
variables is also required [4, 5].

Generally, there are two different levels for a
complete qualification of a nodalization, steady
state level and transient level [6]. In the steady state
level, the nodalization is qualified against data avail-
able from nominal operating conditions and by
comparing the input data with the relevant geomet-
rical parameters of the facility. In the transient level,
the nodalization is tested in time-dependent condi-
tions reproducing the available experimental or
measured data.

This paper will focus on the effects of
nodalization on code results and, consequently, on
the safety evaluation of the reactor. It illustrates the
importance of executing a complete qualification of
the nodalization before its utilization in the evalua-
tion process. To do this, a comparison between code
results for two different nodalizations during the
analysis of loss of flow transients (LOFT) in bench-
mark research reactor (RR) are presented here.
These two nodalizations were previously used in the
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evaluation process of different transients in bench-
mark RR [7-11]. A typical MTR 10 MW bench-
mark RR was considered as the reference reactor for
this study. The LOFT with scram due to the loss of
offsite power is corresponding to the reference tran-
sient. RELAP5/mod3.3 is used to predict the con-
sequences of this transient. Tivo input decks, one for
cach nodalization, are prepared based on the in-
structions and precautions mentioned in [12] and
the data mentioned in [13, 14].

REFERENCE REACTOR DESCRIPTION

The reference reactor is a benchmark 10 MW
pool-type RR. The core is cooled by downward
torced flow of light water during the normal opera-
tion stage. During shutdown stage, the core is
cooled by upward natural convection through the
opening of the natural convection valve (NCV) on
the core outlet line. As shown in fig. 1, the compo-
nents of the core cooling system are typical for those
in most RR. Its main components are the pool of
water in which the reactor core is placed at its bot-
tom, hold-up tank, pump, heat exchanger and con-
necting pipes. The main reactor data are outlined in
tab. 113,14 ].

REACTOR NODALIZATION

Figures 2 and 3 show the two nodalizations
(N1, N2) used previously in [7-11] and considered
in this study. These two nodalizations, due to the
lack of experimental data, were not qualified before
their utilisation in the analysis of RR transients. In
these nodalizations, the core is represented by a

Table 1. Main reactor data [13, 14]

Reactor description

Reactor type Pool type
Power 10 MW
No. of fuel elements 23 standard fuel elements
5 control fuel elements
Fuel description
Type MTR, straight plates
Fuel meat UAL,-AL HEU
Plate thickness, [mm] 1.27
No. of plates per fuel 23 in standard fuel element
element 17 in control fuel elements
Meat thickness, [mm] 0.51
Clad thickness, [mm] 0.38
r channel thickn
E/[Vnaglc] channel thickness, 2,188
Core thermal hydraulics
Coolant Light water
Coolant flow rate, [m¥%h] 1000 (downward forced
tflow)
Core inlet temperature, [°C] |38
Core outlet pressure, [Pa] 1.56 105

channel (100) and bypass (101) connected to an
upper and lower plenum. NCV required to develop
the natural convection loop is represented by a valve
(245) connecting the core outlet line with the reac-
tor pool during the shutdown phase. As can be seen,
the only difference between the two nodalizations is
in the simulation of the upper part of the reactor
pool. In the N1 nodalization, the upper part is rep-
resented by one volume (110), whereas in N2 the
nodalization is simulated by two volumes (110) and
(120). The correspondence of the main reactor
components, as defined by the basic system in fig. 1,
as well as their equivalent elements in (N1) and
(N2) nodalizations, are shown in tab. 2.

1 — Reactor pool

2 — Natural convection valve

3 — Core outlet line

4 — Hold-up tank

5 — Primary pump

6 — Heat exchanger primary side

CORE

7 — Heat exchanger secondary side
8 — Core return line
9 - Distribution ring

Figure 1. Description of the basic system [13]
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Figure 2. First nodalization (N1)
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Figure 3. Second nodalization (N2)

TRANSIENT DESCRIPTION

The LOFT in RR was extensively studied in var-
ious research centres [10-13]. These studies were fo-
cused on reactor safety during the first 100 s after the

Table 2. Main components of the nodalization

C Equivalent element
omponenet

N1 N2
Core 100 100
Reactor pool 110 110, 120
Natural convection valve 245 245
Hold-up tank 280 280
Pump 310 310
Primary side heat exchanger 330 330
Secondary side heat exchanger 340 340

initiation of the transient through the verification of
safety parameters like clad temperature, onset of nu-
cleate boiling, flow instability limits. Limited work
has been done for extended times beyond 100 s [7-9].
This paper focuses on the coolability of the reactor
over a prolonged period, >100 s, after the beginning
of the transient. The transient time is extended to
20000 s to permit the code to predict any expected or
unexpected phenomenon in core cooling.

Description of imposed events

The imposed events involved in this transient
are outlined in tab. 3. The code runs at steady state
tor 100 s to stabilize all the relevant thermal-hy-
draulic parameters. At 100 s, the cooling pumps of
the primary and secondary circuits are stopped due
to the loss of offsite power. The reactor protection
system receives a scram signal from the core flow
measurement device at 85% of core nominal flow.
After 0.2 s, the first shutdown system makes an ac-
tual scram. At 15% of core flow (~41.7 kg/s), the
NCV opens and the natural circulation develops.
The sequence of events is summarized in tab. 3.
This sequence is typical to that used in [13] during
the analysis of LOFT, except that the transient time
is extended here to 20000 s.

Table 3. Imposed sequence of events

Time Imposed event
0-100 s Steady-state normal
operation regime
At 100 s Pump trip

At core flow 85% of nominal Scram signal

Time of scram signal +0.2 s Actual scram

At 15% of core flow NCV opens
End of transient
20000 calculations
RESULTS AND DISCUSION

The steady state code results for thermal hydrau-
lic parameters of the two nodalizations are compared
with the corresponding reactor design parameters de-
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scribed in [13]. To qualify the nodalizations on the
steady state level, errors in calculated values are com-
pared with permissible errors mentioned in [6]. Due
to lack of experimental or measured data, the
nodalizations are not qualified in the transient stage.
The values of the calculated thermal-hydraulic param-
eters of the two nodalizations are compared in order
to clarify the effect of the said difference between the
two nodalizations on code results.

Steady state

The analysis of calculated steady state code re-
sults of nodalizations N1, N2 shows that both are
identical in values, tab. 4. This means that the differ-
ence between the two nodalizations has no effect on
steady state results. The comparison of calculated
values with those of design parameters mentioned
in TECDOC 233 [13] shows that they are identical,
except for the inlet core temperature, core pressure
drop and core outlet pressure, the difference being
within the acceptable error mentioned in [6]. Con-
sequently, the two nodalizations are qualified to
simulate the reactor thermal hydraulic on the steady
state level.

Transient state

der to determine which of the two is more conserva-
tive with respect to reactor safety.

Core flow

The mass flow rate through the core, as pre-
dicted by the code, using both N1 and N2
nodalizations, is shown in fig. 4. The downward core
cooling flow during normal core operation appears as
a negative value on the vertical axis (-277.8 kg/s).
The transient is started at zero time by pump trips and
at a core flow of 85% of the nominal flow; the reactor
scrams. At a core flow of 15% of nominal value, the
NCV opens and the core natural circulation starts.
This time the sequence of events is not clear on the
time axis due to the long time for the transient. With
the development of natural circulation, the core flow is
reversed and becomes upward and the core is cooled
by a single phase natural convection. The core flow in-
creases gradually, according to the difference in cool-
ant temperature/density between the core channels
and the pool. This stage of core cooling extends until
core boiling starts at nearly 2000 s and 15000 s in N1
and N2 nodalizations, respectively. The maximum
core flow during this stage is nearly 8 kg/s in N1
nodalization and 15 kg/s in N2 nodalization.

After the beginning of boiling, the core flow in
N1 nodalization increases to 31 kg/s and remains con-

A comparison between the code results of the 80 ot B
two nodalizations for some thermal-hydraulic param- g i iRt
eters is presented in figs. 4 to 8. In them, the steady g L Y'Y second nod _
state period (0-100 s) is represented as a negative pe- % 100
riod (from —100 to 0), while the transient begins at g
time zero. This period is very short with respect to the 5 °
transient time and appears as one point on the left side e
of time zero. The parameters studied are: the core
mass flow, coolant temperature at core outlet, coolant ~200
void fraction and the clad temperature. Since there are o L
no available data in literature relating to reactor mea- 25025 5 75 1 125 15 175 2 225
surements or experiments, the nodalizations can not Time (10|
be qualified on the transient level. On the other hand, Fi 4

. . gure 4. Core mass flow rate
they are evaluated from the safety point of view; in or-
Table 4. Nodalization qualification on steady-state level
Quantity Ref. [13]  |Calculated (N1) & (N2) Acce t:fl? l[e6§rr0r,
1 Primary circuit power balance, [MW] 10.0 10.0 <2%
2 Secondary circuit power balance, [MW] 10.0 10.0 <2%
3 Inlet core temperature, [°C] 38 38.15 <0.5%
4 Rod surface temperature, average shannel, [°C] 62.0 <I0K
5 Pump velocity, [rad/s] 150 150 <1%
6 Pressure drops between core inlet and outlet, [Pa] 17000 18000 <10%
7 Mass inventory in primary circuit, [kg] 77320 <2%
8 Flow rates (primary/secondary circuit), [kg/s] 277.8 277.8/307.0 <2%
9 Channel coolant velocity, [m/s] 2.97 2.97 <2%
10 | Core outlet pressure, [Pa] 1.56-105 1.55-105 <0.1%
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stant until the end of the transient. In N2
nodalization, the beginning of boiling is accompanied
with large fluctuations in flow after which the flow in-
creases to 52 kg/s and then remains constant until the
end of the transient.

This large difference in core flow rate between
the two nodalizations is due to the difference in pool
simulation. In N1, the upper part of the pool (volume
110) is connected to the core and the NCV through
the same branch (105), fig. 2. Due to this modulation,
the flow outlet from the core goes directly to the NCV
through the branch (105) and returns to the core bot-
tom through branch (200). Consequently, a small
loop of natural circulation is established without any
effect on the value of natural circulation flow in the
upper pool head. In N2, the upper pool is represented
as two separate columns. One of them (volume 110)
1s connected to the core and the other (volume 120) is
connected to the NCV, fig. 3. This modulation maxi-
mizes the driving force for natural circulation flow.
The natural circulation loop is extended to include the
entire reactor pool head; consequently; the coolant
flow is maximized.

Core coolant temperature

Figure 5 shows the coolant temperature in the
upper region of the core (sub-volume 11) for the
two nodalizations. At this volume, the coolant tem-
perature of both nodalizations increases sharply
from 311 K, the nominal core inlet temperature, to
375 K, due to the reverse of core flow from down-
ward to upward and then decreases with the devel-
opment of natural circulation. In N1, the tempera-
ture decreases sharply to 346 K and then increases
again due to the generation of heat from the decay
of fission products in the fuel, until reaching the sat-
uration temperature at time nearly 2000 s, remain-
ing constant after that. In N2, the coolant tempera-
ture first decreases sharply and then slowly, until
reaching 326 K at 1660 s. The temperature in-
creases again until it reaches the saturation tempera-
ture at 15000 s. It remains at saturation for a short
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Figure 5. Coolant temperature at core upper part

time (~200 s) and then decreases below the
saturation point, due to the increase in core flow.
The temperature reaches 380 K and remains con-
stant.

This difference in coolant temperature is due
to the difference in the mass content of the natural
circulation loop. In N1, the natural circulation loop
is confined by volumes (100-101-103-105-130-
-240-230-200-102), fig. 2. The coolant mass in this
loop is small compared to the total mass in the reac-
tor pool and, consequently; the rate of its tempera-
ture change is fast. In N2, the natural circulation
loop is extended to include the entire mass in the up-
per part of the pool and the heat generated is distrib-
uted over this big quantity of the coolant so that the
rate of temperature change is slow.

Void fraction

Figure 6 shows the void fractions at the upper
part of the core ( sub-volume 11 of volume 100) for
the two nodalizations. In N1, after the boiling has
been started in the core, the void fraction increases
gradually until reaching a relative value, depending
on the location of the sub-volume in the core, and
then remaining constant until the end of the tran-
sient. In N2, the core void fraction remains zero dur-
ing the transient, apart from a very short period at
nearly 15500 s at which the void fraction reaches 0.3.

This large difference in void fractions is due to
the difference in the natural circulation loop. In N1,
the two phase coolant outlet from the core is sepa-
rated at branch (105) of fig. 2 where the vapour
leaves the loop and, under the effect of buoyancy,
moves upward to the upper part of the pool and is
then condensed or released into the atmosphere, de-
pending on the pool temperature. In N2, the
vapour produced doesn’t leave the loop, decreasing
instead the coolant density in the right side of the
pool (part 110) which enhances the natural circula-
tion flow and, consequently, the cooling of the core.
Due to this, the boiling of the core stops, but the
coolant temperature at the core outlet still remains
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Figure 6. Void fraction at core upper volume
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close to its local saturation temperature. The cool-
ant moves upward and the local saturation tempera-
ture decreases, until reaching the coolant tempera-
ture after which the boiling in the pool starts. This
pool boiling promotes the natural circulation flow
in the core and prevents it from boiling again.
Figure 7 shows the void fraction at sub-volume 20
of the N2 pool, volume 110.
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Figure 7. Pool void fraction

Clad temperature

Figure 8 shows the clad temperature at core
centreline for the two nodalizations. The clad temper-
ature follows the same behaviour of the core coolant
temperature as in fig. 5. In both nodalizations, the
clad temperature increases sharply due to the inver-
sion of the core flow from downward to upward,
reaches nearly 390 K, and then decreases with the de-
velopment of natural circulation. In N1, the clad tem-
perature decreases to 352 K and then increases rapidly,
due to the increase in coolant temperature. At nearly
2000 s, the clad temperature reaches the onset tem-
perature and remains constant up to the end of the
transient. In N2, the clad temperature decreases
sharply and then slowly, until reaching 336 K at 1660
s. After that, the temperature increases gradually, due
to the increase in the temperature of the coolant. At
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Figure 8. Clad temperature at core centerline

15000 s, the clad temperature becomes higher than
the corresponding saturation temperature, but still
less than the onset temperature. At 15500 s, in a few
seconds, the clad temperature reaches the onset tem-
perature and then decreases under the saturation tem-
perature, due to the increase in the natural circulation
tlow, remaining below it to the end of the transient.

The results of the clad temperature and core
void fractions demonstrate that the core cooling in
N1 should be promoted during the LOFT by an
emergency cooling and that, after the loss of offsite
power, the operator has 2000 s to interact with the
event. However, in N2, the cooling of the core com-
ponents is sufficient and there is no need for any ac-
tion on the part of the operator.

CONCLUSION

Before using the BE system codes in the evalua-
tion of safety in research reactors, it is of utmost im-
portance to perform a complete qualification for the
nodalization of the reactor. This comprehensive quali-
fication requires qualified measurements and/or ex-
perimental data for similar transient conditions.
RELAPS results for two different nodalizations simu-
late the 10 MW RR; qualified at the steady state, they
show a significant difference only in the predicted
transient scenarios. The first one showed that core
boiling is initiated after only 2000 s upon the start of
the transient, while the clad temperature reached and
remained constant at the onset temperature during
the transient time. However, in the second case, there
was no boiling in the core and the clad remained be-
low the saturation temperature, except for a very short
period (a few seconds) of local boiling.

The two nodalizations represent two extreme con-
ditions for core natural circulation; the first one mini-
mizes the natural circulation flow and the second one
maximizes it. Consequently; they don’t simulate the ac-
tual core conditions during the transient. Nevertheless,
some modifications of reactor nodalization require a
more realistic prediction for said transient scenarios.

From the point of view of safety, the results of
the first nodalization are more conservative than
those pertaining to the second nodalization, mean-
ing that its results should be taken into account
while evaluating the issue of reactor cooling.

ABBREVIATIONS

BE — best estimate

LOFT loss of flow transient
MTR material test reactor
NCV natural convection valve
N1 first nodalization

N2 second nodalization
RR research reactor
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Axmven KEJIP, ®panuecko JAYPUJA

YTULHAJN HOJAINSAINIE HA PE3YITATE IIPOTPAMA RELAPS IIPU
INPOPAYYHY INIPEJA3HUX CTAIbBA MTR UCTPAXKHUBAYKOI PEAKTOPA

Pag ce omnocm nHa amamm3y pesynrtata nporpama RELAPS pobmjenmx kopumrhemem niBe
pas3nuuuTe HOplalu3alyje, a MpHU MpoydyaBarby MPeNa3HOr cTamba Y UCTPAKMBAYKOM PEaKTOpy ycien
TOTAJIHOT T'yOMTKa CTpyjama ca OTKa3WBalkeM cHucTeMma 3a xjabewe. YcMmepeH je Ka mociefuiama
HOAaNM3aInnje Ha TEPMOXUAPAYINUIKY MPOLEHY HCTPAaXXMBAUKOT peakTopa. AHAIM3a pe3yiITaTa mporpama
RELAPS nokazana je ga Hoganu3aiyja nMa BEeJINMKY YTHUIIA] Ha TpeiBUheHN ClieHapro MPETIOCTaBIbEHOT
npesasHor cramwa. OTyfa, Hofanu3alnjy peakropa Tpeba U3BpIIUTH BeoMa MaxKJbUBO, NOCeOHO Kajja cy
PACIONIOKUBU €KCIEPUMEHTATHA WU MEPEHH MOfalll HEJOBOJbHU 32 HEHY MOTIYHY OLIEHY. AHaIu3a
Takobe mokasyje fa cumynanyja 6a3eHa UCTPAaXKMBAUKOT peaKTopa MMa BEJMKOT yTHIaja Ha MPOpadyH
IIPUPOHOT TOKA CTpyjarba U Ha IPOPAYyH APYIUX TE€PMOXUAPAYIMYKUX TapaMeTapa Ipesa3Hor CTamba
ycaen ryoutka Toka. Ha npumep, nporeHa TpeHyTKa 3aodibamka Kibydara je3rpa Memwa ce Off BpeMeHa
Hiker oft 2000 s Ha 15000 s, MepeHO o HacTaHKa Mpea3Hor crama. OBo ce foraba ykoauko je 6aseH
MOJICJIOBAH Y BUAY ABa BEPTUKAIHA BOJIYMEHA YMECTO jeTHOT.

Kwmpyune peuu: uctlipaxusauku peaxiiop, 2yOuiliax woka, GpupooHa YupKyaauuja, Hooaiusayuja,
wepmoxuopayauuxu uapametipu, RELAPS



