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The safety evaluation of nuclear power and research reactors is a very important step be-
fore their construction and during their operation. This evaluation based on the best es-
timate calculations requires qualified codes, qualified users, and qualified nodalizations.
The effect of code users on the RELAP5 results during the analysis of loss of flow tran-
sient in MTR research reactors is presented in this paper. To clarify this effect, two
nodalizations for research reactor different in the simulation of the open water surface
boundary conditions of the reactor pool have been used. Very different results are ob-
tained with few choices for code users. The core natural circulation flow with the begin-
ning of core boiling doesn’t stop but increases. The increasing in the natural circulation
flow shifts out the boiling from the core and the clad temperature decreases below the

local saturation temperature.
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INTRODUCTION

The thermal-hydraulic system codes are
tools developed to estimate the transient behav-
iour of nuclear power plants during off-normal
conditions. The evaluation of safety margins, the
operator training, the optimization of the plant
design and related emergency operating proce-
dures are some of the applications of these codes
[1]. This system codes have been used to evaluate
the transient behaviour and the safety margins of
research reactor (RR). A preliminary request for
all of such applications is the comprehensive
code-user-nodalization qualification.

Scientific paper
UDC: 621.039.572:532.54:536.24
BIBLID: 1451-3994, 20 (2005), 1, pp. 16-22

Authors' addresses:
! Atomic Energy Authority
National Center for Nuclear Safety
3, Ahmed El-Zomor Str., Nasr City, 11762 Cairo
I O. Box 7551, Egypt
2 DIMNP - University of Pisa
2, Via Diotisalvi
56100 Pisa, Italy

E-mail address of corresponding author:
ahmedkhedrl11@yahoo.com (A. Khedr)

System codes like RELAPS5 are usually as-
sessed and qualified in comparison with separate
effect test facilities (SETFs) and integral test facil-
ities (ITFs) or in comparison with the operating
conditions in nuclear power plants. But the re-
sults of these codes are still not accurate due to
some uncertainties in the application process [1].
These uncertainties spring from a lot of sources,
such as code model inadequacies, the fact that
equations are used out of their validity ranges, in-
accurate material properties, user effects,
nodalization effects [1-3], etc. This paper will be
focused on the last two types of the sources — user
and nodalization eftects.

Code users may interact at different levels
with code results [2, 3]. In principle, two or more
groups of users having available the same code
and the same information for developing a
nodalization should obtain the same results. This
is not usually true and differences between results
may be attributed to the user effect. User eftect
plays the important role in developing a
nodalization, interpreting supplied information,
identitying code options and physical model pa-
rameters, choosing the time step, accepting a
steady state performance of the nodalization, and
interpreting transient results.



A. Khedr, et al.: The Effect of Code User and Boundary Conditions on RELAP Calculations ... 17

A nodalization representing an actual sys-
tem (ITF or plant) can be considered qualified
when [4] (a) it has a geometric fidelity with the in-
volved system, (b) it reproduces the measured
nominal steady state condition of the system, and
(c) it shows a satisfactory behaviour in time de-
pendent conditions. Taking into account these
statements, a standard procedure for obtaining a
“qualified nodalization™ has been defined in [4].
Also, it is very important to know that a
nodalization which is qualified to simulate a cer-
tain transient may not be suitable to simulate an-
other transient and may need some modifications
and re-qualification.

The safety assessment of pool type material
testing reactors (MTR) using the best estimate
(BE) system codes has been considered in numbers
of recent publications [5-8]. These publications
show the capability of RELAPS5 for analysing the
RR transients.

The aim of this work is to identify clearly
how much the code results are affected by code
user choices. In order to do this, some modifica-
tions have been made on the nodalization used
in [7, 8] in the analysis of loss of flow transient in
MTR RR. Here, this nodalization is called orig-
inal nodalization (ON) and the new one is
called modified nodalization (MN). A compari-
son between the new and published results has
been made. The code used in this study is the
RELAPS5, the same code used in [7, 8]. To clarify
the difference in the results of the two
nodalizations, the case of loss of flow transient
at fixed power without scram is considered
here.

®

REACTOR DESCRIPTION

The reference reactor is a typical MTR,
pool-type research reactor. The considered core
power is 1 MW. The main operating as well as ther-
mal-hydraulic and kinetic characteristics of the core
are outlined in tab. 1. The core is cooled by a down-
ward flow of light water as shown in fig. 1. Any
other data are taken from [7].

Table 1. Selected RR operating data

Core material

Nuclear fuel MTR, U;04-Al LEU
Fuel element Plate-type clad in Al
Fuel thickness, [mm] 0.7
Cladding thickness, [mm] 0.4
Cladding material Al alloy
Meat material U;0; dispersed in Al
Uranium density, [kg/m?] 3000.0
Light water
Coolant (downward forced
flow)
Moderator Light water
Reflector Graphite-light water

Core thermal-hydraulics

Fuel thermal conductivity,

[W/m°C] 50
Cladding thermal conductivity, 180
[W/m°C]

Radial peaking factor 1.4
Axial Peaking factor 1.5
Inlet coolant temperature, [°C]  |38.0
Operating pressure, [Pa] 1.7-10°
Core mass flow rate, [kg/s] 6l.1

1 — Reactor pool

2 — Natural convection valve

3 — Core outlet

4 - Decay tank

5 — Primary pump

6 — Heat exchanger primary side

7 — Heat exchanger secondary side

L

@ CORE

8 — Core inlet
9 — Distribution ring

= Figure 1. Core cooling system
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NODALIZATION AND STEADY STATE
QUALIFICATION

The two nodalizations used here, ON or MN,
are nearly the same, the only difference between
them being in volume 175, which we have enlarged
and divided in this study into 10 sub-volumes in-
stead of in 5 sub-volumes (like in the original one).
In the ON all of the five sub-volumes are field with
water. In the modified nodalization the first
sub-volume is filled with water, the second sub-vol-
ume is partially filled with water, and all the other
sub-volumes are filled with saturated air. This modi-
fication has been made to give space for the pool
water expansion. Also, the reverse loss coefficient in
valve 177 has been increased to a high value, 10, for
result stabilization. Due to the oscillations appear-
ing in the core flow with the beginning of boiling in
[8], the maximum time step used during the begin-
ning period of core boiling has been 0.001 s. Figure
2 shows the original nodalization and the modifica-
tions made to obtain the modified one. Table 2
shows the correspondence between the main reac-
tor components and their equivalent nodes.

172 ER
)

130

Nk
Bz

105

Table 2. Main component of the nodalization

Component Nodalization element
Core 100
Reactor pool 110-120
Pool top 174-175
Natural convection valve 245
Decay tank 280
Pump 310
Primary side heat exchanger 330
Secondary side heat exchanger 340

Steady state conditions

Due to the lack of some data in [7, 8], the
nodalization qualification steps as illustrated in [4]
have not been completed. Only the steady state core
parameters, like thermal power on the primary/sec-
ondary sides, core inlet/outlet coolant tempera-
tures, core flow rate, pressure at core inlet and outlet
plenums, and mass inventory in the primary system
after running the code at steady state (with transient
option) for 100 s are outlined in tab. 3.

J

Nodalization modifications

N =

370

TS

Figure 2. The reactor nodalization
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Table 3. Steady state conditions

Quantity Value [8] Calculated

1 Primary circuit power balance, [MW] 1.0 1.0

2 Secondary circuit power balance, [MW] 1.0 1.0

3 Inlet core temperature, [°C] 38.0 38.1

4 Pump velocity, [rad/s] 150.0 150.7

5 Core pressure drop, [Pa] 9.4-10%

6 Mass inventori in primary circuit, [kg] 78500

7 Flow rates (primary/secondary circuit), [kg/s] 6l.1 61.5/60.5

8 By-pass mass flow rates, [kg/s] 2.0
SELECTED TRANSIENT RESULTS FROM THE ANALYSIS

Problem identification

The results published in [7, 8] for the loss of
flow transient at constant power without scram
have shown that the core natural circulation flow is
stopped with the beginning of core boiling. The
core boiling is accompanied with pressure and flow
oscillations in the core channels. This instable be-
haviour evacuates a big amount of water from vol-
ume 110. Due to this fact, the upper pool branch
174 becomes empty of coolant, i. e. the flow be-
tween volumes 110 and 120 and consequently the
natural circulation flow stops. In order to perform a
better simulation by avoiding this phenomenon,
water free sub-volumes are added to volume 175
and the time dependent volume 179 is filled with
saturated air to simulate the real conditions above
the pool. Also, the maximum time step is decreased
to 0.001 s to compensate the oscillations in the pool

with the beginning of boiling.

Description of imposed events

The main imposed events involved in this
transient are outlined in tab. 4. After the pump trip
the core flow is decaying exponentially with the
time constant of 1 s. At core flow 14.5 kg/s the nat-
ural convection valve opens. After this, the flow is
accelerated and due to the buoyancy forces the di-
rection of flow is inversed and the natural convec-
tion regime established. The sequences of the loss of
flow transient are as follows.

Table 4. Imposed sequence of events

Time Imposed event
Time 0-100 s
At 100 s
At core flow 14.5 kg/s |Natural convection valve open
At 25000 s

Steady state and forced circulation

Pump trip

End of calculation

The results for a transient initiated after 100 s
of steady state operation in order to stabilize all the
relevant parameters are shown here. After 100 s (at
0 time in the figures) the pump is tripped and the
coast down phase followed by the natural convec-
tion phase are considered. After the pump trip the
power remains fixed at 1 MW during the transient.
In all the figures the steady state period, the first 100
s, is considered negative and the beginning of the
transient is at zero time.

Natural convection flow

Figure 3 shows the ON and MN mass flow
rate through the NCV. In ON the natural convec-
tion flow increases with increasing the coolant tem-
perature and reaches a value equal to nearly 17 kg/s
before the beginning of core boiling. At nearly
15 700 s the boiling in the core begins and at the
same time the natural convection flow stops. In MN
the natural convection flow increases with increas-
ing the coolant temperature and reaches the same
value of nearly 17 kg/s before core boiling. At nearly
16 300 s the boiling in the core begins and the natu-
ral convection flow increases and reaches 55.5 kg/s.
This means that the beginning of boiling enhances
the natural convection instead of stopping it.

This difference in the behaviour is explained as
tollowing. When the coolant temperature at the
outlet of core channels reaches nearly the saturation
temperature, and with continuation of heat addi-
tion, an onset of flow instability (OFI), accompa-
nied by pressure oscillations, occurs at the core out-
let as shown in fig. 4 (the initial difference between
the two curves is due to the change of the content of
volume 175). These pressure oscillations push up
the water from the core and pool. In the ON there
are no additional water free volumes above the pool
and a big quantity of liquid is rejected to the control
volume 179, but in the MN there are wide water
free volumes containing the oscillations, as shown
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Figure 3. Nodalizations ON and MN: NCV mass
flow rate

2+ | XXX modified nod N
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Figure 4. Nodalizations ON and MN: core outlet
pressure

in fig. 5. After that branch 174 in ON completely
turns into vapor and the flow rate between volumes
110 and 120 stops, but in the MN the branch 174 is
still occupied by water, as shown in fig. 6. Due to
this fact, the core natural convection in the ON
stops but in MN persists.

The beginning of flow instability with the per-
sistence of natural circulation shifts out the boiling

9 T T T T T T T T T T T T T
85 ' XXX modified nod 1
i YYY original nod
8 - 5 ]
g s : e b
@
@
et i
=
F &5 1
s F 4
55 1
5 1 ; 1 1 1 1 1 1 1 1 1 1 1
-5 0 5 1 15 2 2.5 3

Time [10s]

Figure 5. Nodalizations ON and MN: total coolant
mass

1.40 T T T T T T T T T T T T T

120 | : XXX modified nod J
' YYY original nod

Vapor void fraction

"

Time [10%s]

Figure 6. Nodalizations ON and MN: vapor void
fraction in branch 174

from the core into the pool which creates a large de-
crease in the average density in pool volume 110
with respect to that in volume 120. Consequently,
the pressure difference between volumes 110 and
120 increases. Due to this, the flow rate through the
NCYV increases and reaches nearly 55.5 kg/s.

The core and by-pass flow in the ON and MN
are shown in Figs. 7 and 8 respectively. It appears
that in the ON the by-pass volume 105 makes a nat-
ural convection loop with the core volume 100 and
the flow in it is downward. In the MN the NCV

300

— T T—T—T—T—T—T—T— T 100

250 ; XXX original nod core flow 175

YYY orriginal nod by-pass flow 4 50
200 L

1 25

<+ 1 25
1 -5.0

Core flow rate [ka/s]
Bypass flow rate [kg/s]

1 -758

- -10.0

1 1 L L 1 150
2 25 3

Time [10's]

Figure 7. Nodalization ON: core and by-pass mass
flow rate
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7 4 25%
$ 100 b o 2
b N ‘,/Y-‘\«———'#——v-ﬂ(—*——v——vj — 0 e
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z s0f I e 4 -25 &
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4 -100

50
L 4-125
~100 1 1 1 1 1 1 L 1 1 1 1 1 ~15.0
-5 0 5 1 15 2 25 3
Time [10* 5]

Figure 8. Nodalization MN: core and by-pass mass
flow rate
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tlow is divided between the core and the by-pass and
the flow is upward.

Clad temperatures

Figure 9 shows the MN clad temperatures.
The behaviour is similar to that in [7, 8] during the
convection stage and till the beginning of boiling in
the core. The flow oscillation accompanying the be-
ginning of boiling shifts the boiling out of the core
to the pool upper nodes, where the local saturation
temperature is lower than that in the core, and the
vapor void fraction in pool volume 110 increases as
shown in fig. 10. The difference in the average den-
sity between volumes 110 and 120 increases and,
consequently, the natural circulation flow increases.
Due to this, the core coolant and clad surface tem-
peratures decrease below the local saturation tem-
peratures. During the time period from 14 650 to
17 300 s the clad temperature, especially at node no.
5, in the middle of the core, increases three times
above the local saturation temperature. But gener-
ally the clad temperature doesn’t increase above the
onset boiling temperature.

440 T T T T T T T T T T T

| XXX clad first node
420 |- i YYY clad middle node b
L ! ZZZ clad exit node A
400 ; VVV saturation temperature

380 -

Clad temperature [K]

300 ! I 1 1 1 1 I 1 1 1 1 !
-5 ] 5 1 15 2 25 3

Time [10% 5]

Figure 9. Nodalization MN: clad temperature at the
first, middle, and exit nodes with the saturation tem-
perature at core exit

.70 T T T T T T T T T T T T T

60 XXX sub-volume 16
YYY sub-volume 20
50 | | 4

Vapor void fraction

Time [10%s]

Figure 10. Nodalization MN: vapor void fraction at
sub-volumes 16 and 20 of volume 110

CONCLUSION

Due to the increasing dependency on BE sys-
tem codes in safety evaluation of the power/research
reactors, it is very important to assure the qualifica-
tion of the tools used in the evaluation. These tools
are represented in the code, user and nodalization.
The BE codes are usually qualified against the sepa-
rate effect and the integral effect test facilities or real
measurements in the nuclear reactors. The user
should be qualified in respect to the use of the code
according to its manual and to the result analysis.
The nodalization qualification should be executed
at the steady state, against design parameters, and
on transient against a qualified experimental data.
In case there is no sufficient experimental data to
qualify the nodalization, especially in the on tran-
sient stage, the qualification process will depend
mainly on the user interpretation of code results.
This means that the user effect on the code results
will be increased.

The user effects in the simulation of the atmo-
sphere above the pool, and the time step used dur-
ing the code run are considered here. The addition
of water free volumes above the pool, the increase of
the reverse loss coefticient of upper pool valve, and
the decrease of the maximum time step used,
change the results completely. The results show that
the core boiling continues for a very short time and
then stops, due to the increase of core natural circu-
lation flow. During the core boiling period, the clad
temperature attains the onset of boiling tempera-
ture and after increasing the core flow it decreases
down the saturation temperature. The increasing of
core flow is due to the bulk boiling in the reactor
pool.

ABBREVIATIONS

BE — best estimate

ITF - integral test facility
MTP - material test reactor
NCV - natural convection valve
OFI - onset of flow instability
ON - original nodalization
MN - modified nodalization
PP — research reactor

SETF - separate effect test facility
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Axmen KEJIP, Mapruna AJTOPHU, ®panuecko JAYPUJA

YTULUAJ TPAHUYHUX YCIOBA U KOPUCHHUKA ITPOTPAMA
RELAP HA IIPOPAYYH MPEJA3HUX CTAIBA MTR PEAKTOPA

OreHa CUTYpHOCTH PEeaKTOPpa HYKJICAPHUX eIIeKTpaHa U HCTPAKUBAYKIX PEaKTOPa MPeIcTaBIba
BeoMa 3HavajaH KOpak INpe HHUXOBE M3rPajlkhe¢ WIM TOKOM HUXOBOT pafa. OBa oljeHa 3aCHOBaHa Ha
HajIIPEeIM3HUjUM TpOpavYyHUMa 3axTeBa KBaln(UKOBAHE TPOrpame, OCIOCOO/beHE KOPUCHUKE W
ofrosapajyhy Hopanuszanujy. Y pajy je npukaszaH yTHIa] KOPUCHUKA Ha pesynraTe nporpama RELAPS
TOKOM aHaJm3e MpeJla3HuX cTarba yciel ryouTtka crpyjamba y MTR ucrpaxkuBaukum peaktopuma. [a ce
pacBeTIiM OBaj yTHIA] KOpUITheHe Cy JIBe pa3iInyuTe HOfaNu3aluje 3a CUMYJIAlHjy TPAHUIHHAX yCIIOBa
cII060/IHE TIOBPIIIMHE BOJIE Y PEaKTOPCKOM cyay. [lobnjeHn cy BeoMa pa3ImauTh pe3yITaTH 32 HEKOINKO
n300pa KOju Cy Ha pacrojaramy KOPUCHUKY mporpama. [IpupofHu KpysKHHU TOK Y je3rpy He 3ayCTaBlba ce
Beh ce yBehaBa ca moyeTKoM Kibyuama. [lopacT mpupogHOT KPYsKHOT TOKA YKIIaka KIbyYame U3 je3rpa u
TeMIepaTypa KOIIyJbHIe TTafa UCTIOf JIOKAIHE TeMIepaType 3acuhema.

Kmwyune pequ: uciipaxcusauxu peakiiop, 2youiliax imoka, UpupooHa YWUPKyAauuja, yiuyaj KOpucHuKd,

wwepmoxuopayaurxa, RELAPS



