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This paper describes the development of a dynamic model for the thermal-hydraulic
analysis of MTR research reactors during a reactivity insertion accident. The model is
formulated for coupling reactor kinetics with feedback reactivity and reactor core
thermal-hydraulics. To represent the reactor core, two types of channels are consid-
ered, average and hot channels. The developed computer program is compiled and exe-
cuted on a personal computer, using the FORTRAN language. The model is validated
by safety-related benchmark calculations for MTR-TYPE reactors of IAEA 10 MW
generic reactor for both slow and fast reactivity insertion transients. A good agree-
ment is shown between the present model and the benchmark calculations. Then, the
model is used for simulating the uncontrolled withdrawal of a control rod of an
ETRR-2 reactor in transient with over power scram trip. The model results for
ETRR-2 are analyzed and discussed.
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INTRODUCTION

In recent years, a general interest in the evalua-
tion of the performance and operational characteris-
tics of research reactors has been generated by the In-
ternational Atomic Energy Agency (IAEA). This
interest is directed towards developing simulation
programs for PC use and is concentrated on ther-
mal-hydraulic calculations for research reactor tran-
sients. The analysis of the transient behavior of re-
search reactors has received great attention since
Woodruft[1], till Mirzaet al., [2], Nasiret al., [3], and
Housiadas [4], because of its inability to determine
the limits of clad melting temperature. In fact, so far,
rescarch reactor safety analysis has been performed
using conservative computational tools [5-9]. Inter-
national thermal-hydraulic codes, currently in use for
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research reactors, are capable of simulating most
reactor transients, but these computer codes are not
accessible to a lot of researchers. Generally, the use of
large codes requires a considerable amount of effort
and skill regarding, in particular, input preparation
and output processing. Sometimes, large codes can-
not offer all the details that the reactor operators need
to know about the initiating events during the pro-
posed accident scenarios, such as reactivity insertion
due to control rod withdrawal, which may be fin-
ished or fixed (stuck), or continue during the over
power scram trip time. Indeed, contrary to power re-
actors, research reactor operation is characterized by
frequent core modifications as a result of changes in
experimental needs. Practically, each core modifica-
tion must satisfy a number of safety criteria. Hence, it
is desirable for the operator to have at his disposal
means to perform simple and realistic transient esti-
mations, even if only for scooping purposes. The ob-
jective of the present work is, precisely, to provide a
simple and accurate model for predicting the dy-
namic response of MTR reactors under undesirable
control rod withdrawal. This approach is based on
coupled kinetics and thermal-hydraulic modeling.
The core thermal hydraulic is computed on the basis
of a one-dimensional description, through the con-
servation of mass, energy and momentum equations.
The present model is used to simulate Egypt’s second
research reactor, ETRR-2, asan MTR-type. ETRR-2
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is a light water, cooled, beryllium reflected, with an
open chimney in an open pool type of a reactor. The
nominal core power is 22 MW, plate-type fuel ele-
ments, with 19.7% enrichment. The fuel elements
are boxes (8 x 8 cm), with 19-plane fuel plates each.
The fuel active length is 80 cm, active width 6.4 cm.
Core configuration is as shown in fig. 1.

Zircaloy Second shutdown
sheets system

FE|FE | FE| FE| FE | FE

[ ] | ]| ]

FE |FE | FE| FE | FE | FE

Neutron
absorbing

FE |FE | FE| FE | FE | FE
plates

FE |FE | FE FE |FE

FE | FE|FE| FE | FE |FE

FE — fuel element

Figure 1. ETRR-2 core configuration

Coupled mechanisms and absorbing plates are
used for reactor control and shutdown. A step-by-step
motor produces the normal displacement of the con-
trol rod through a p1stor1 and cyhnder set. For fast in-
sertion, a pneumatic system is used. The fast shut-
down is carried out by means of a compressed air
injection from the tank to the cylinder piston set and
the disconnection of the electromagnet that holds the
piston.

MATHEMATICAL DYNAMIC MODEL

Numerical solution of point reactor
kinetic equations

The average core power density n(¢) is calcu-
lated from a point reactor kinetics model with six
groups of delayed neutrons. Generalized
Runge-Kutta methods introduced by J. Sanchez
[10] are used for the solution of stiff systems of or-
dinary differential equations. This method is rep-
resentative of a class of stiff systems; in turn, this
class is a member of a set of different approaches
developed for the same purpose [11-13]:

) _p=p e+ £,
LTON )

i n(t)-A;c;(t), i=1...,6 (1)

dr _
dr

Reactivity feedback calculations

The reactivity feedback is calculated as the
summation of feedbacks resulting from changes in
the mean moderator density (5p.), mean fuel tem-
perature (67%), mean coolant temperature (67¢)
and the voidage caused by cladding thermal expan-
sion changes (6Y ) [14]. The hot channel contri-
bution in feedback calculations is considered
through the hot channel weighting factor (1/N¢yn)
contribution, where Ncpy represents the total
number of coolant channels:

Peo(1) = Proy (1) + Pros (1) + Pro.c (1) + Pryhex (1)

p (1) =ay -0p. +a; -6Tp +ac -6Tc + (2)

tay '5Ythex

Thermal-hydraulic modeling
in transient state

Thermal-hydraulic treatments of the transient
fluid flow through reactor coolant channels have
been introduced by J. E. Meyer [15] through the
momentum integral model. Obenchain [16] modi-
fied the momentum integral model to be more con-
servative in reactor accident analysis. This modified
momentum integral model is described in the fol-
lowing conservation equations of mass, momen-
tum and energy, respectively:

o __G
ot 0z

G | G*|_ d
==L _|6G-pg 4
ot az p dz 2p D

3)

» OH cH

—+G—=24¢'/D 5
P 5 (5)
where
H=H(1-x)+H x,
7=pvR+pL(1_R)’
1121 21
p’ 1-Rp  Rp,’
and

" dR
P =[p1x+py(l —x)]a

The combination of mass and energy equa-
tions, however, describes the local fluid heating
rates and, therefore, also yields the rates of the local
coolant flow
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Substitution from egs. (3) and (5) into eq. (6)
brings to

& ol el o

The coolant channel is divided into N-axial
zones with N+1 coolant axial nodes. An explicit dif-
terence approximation is applied to eq. (7) at each
coolant node in the coolant channel; the coolant in-
let mass flow rate should be specified as a function
of time, allowing for the local mass velocity to be
calculated. A channel averaged mass flow rate is cal-
culated at each time step. Coolant enthalpy at each
coolant node is calculated by applying the difterence
approximation [17] to eq. (5). In the case of using
the explicit difference technique, approximate sta-
bility limitation on a time step must be utilized [15];
hence, the coolant temperature at each coolant node
may be calculated.

Temperature distribution in fuel and clad

To calculate the temperature distribution in
the fuel and in the clad, the following one-dimen-
sional, partially differential heat diffusion equation
is adopted

0 o(,oT
— T)=— + 8
Soe, =2k Jeriga) )

where f; = 1 in the fuel meat zone and f; = 0 in the
clad zone.

Both the fuel meat half thickness and clad
thickness are divided into N-axial zones with N +1
axial nodes and divided into M1 and M2 radial ele-
ments, respectively.

Localized heat generation is determined from
the calculated core averaged power density. When
calculating the maximum heat flux in each channel,
the axial power peaking factor is considered for the
average channel, while the total power peaking fac-
tor is considered for the hot channel. The axial heat
flux distribution is considered to be cosine shaped,
with an extrapolation length. Local volumetric heat
generation at any node is calculated as the integration
of heat generation in the mesh element that contains
the node at its center, divided by the element volume.
An adiabatic boundary condition is applied in calcu-
lating the fuel centerline temperature, while a con-
vective boundary condition is applied at the clad
coolant interface.

Heat transfer coefficient calculations

The convective boundary condition is deter-
mined by calculating the heat transfer coefficient at
different heat transfer regimes.

Single phase forced convection regime

For the turbulent regime Re >10000, the
well-known Dittus-Boelter equation is used

Nu =0.023Re*8 pr* 9)

For the transition regime 2100<Re<10000,
the Nusselt number is calculated through the inter-
polation between laminar and turbulent correla-
tions.

For the forced laminar heat transfer, the Sieder
and Tate correlation is used

ReP 1/3 0.14
Nu:1.68( e fj Heo (10)
LiDe) |

Subcooled boiling

The heat transfer coefficient is calculated from
the Chen [18] correlation, extended from the satu-
rated boiling region to cover the sub-cooled boiling
region, as well

o(z) =hnep T (2) =Ty 1+
+hsp [Te(2) =Teo(2)] (11)

The onset of nucleate boiling represents the
limit at which subcooled boiling is initiated

Tong =Tsat +(ATsy )ong (12)

Bergles and Rohsenow have introduced the
tollowing correlation for estimating the degree of
saturation above which the corresponding heat flux
causes the formation of nucleation on the wall.

(13)

(].4()3P0'0234
1082P1.156 :|

(ATsy )ons =0.556{ Pone

Saturated nucleate boiling

The Chen [18] is used to calculate the satu-
rated boiling heat transfer coefficient. The assump-
tion of superposition, similar to that used in the
‘partially boiling’ region for sub-cooled conditions,
is used

hry =hyes +hsp (14)
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where gy, is the local heat transfer coefficient, Ancp
is the contribution due to nucleate boiling and g, is
the contribution due to single-phase convection

0.8 0.4
hSp: 0.023|:G(1 _X)De :| |:Iu1Cp1 :| |:kli|F
M ky D. ] (15)

hNCB =

AT APSH(S)
(16)
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k™"cp™py ]

Film boiling

Sub-cooled film boiling

This occurs at a relatively high heat flux, if the
wall heat flux exceeds the critical heat flux. Mirshak,
et al. [19] have correlated a wide Varity of data for
the water flow in tubes and rectangular channels

(Q/A)cyr =151(1+0.1198V)-
(1+0.00914AT 5 )(1+0.19P)  (17)

Noubuaki Ohnishi [20] has suggested the fol-
lowing relation between subcooled film boiling,
hgsug, and saturated film boiling, /g, , heat trans-
ter coefficients as a function of coolant velocity

h

F,Sat
(V)= 0.025+0.01(V -1) V'>1.0 (18)
(V)= 0.025 V<10

Saturated film boiling

Since, in the quality region, flow-boiling cri-
sis is primarily of a hydrodynamic nature, the criti-
cal enthalpy rise appears to characterize flow be-
havior better than the critical heat flux. The
Westinghouse APD  correlation for critical
enthalpy [21] is adopted as an engineering correla-
tion, in order to predict the critical enthalpy rise of
the water flow

H.; —H,, =1230.368(Hg, —H;, )+

crit
+[1918.816 + 5349.43¢ 043180 ]Hfge—z.()3-1(r9 G-

~953,503H ;e *0SL/P: _2604.94H ;, P+
A

+1274.56H

(19)

If the clad temperature exceeds the minimum

stable film boiling temperature (Ty;sg), the mode of

heat transfer is film boiling. The heat transfer coeffi-
cient is calculated from Dougall [22]

038
Mg sa = 0'023[M(Q1+QVH ( %V j(PrV)OA

Hy A c
(20)

where Q) and Q, represent the volumetric flow of
liquid and vapor.

Tiansition boiling (partial film boiling)

The correlation obtained from McDoough
[23] data indicates that the heat transfer in transition
boiling can be correlated as follows

gpng —q1B =ClTc(2)-Tpng(2)]  (21)

where Tpyp is the clad temperature at critical heat
flux [24], T¢ (z) is the surface clad temperature.
Noubuaki Ohnishi [20] introduced the following
correlation for estimating the minimum stable film
boiling temperature in sub-cooled boiling during a
reactivity insertion accident (RIA):

qmsk =hsus (Tmsr —Tco) (23)

Parameter C represents the slope of the line
that connected the critical heat flux and the mini-
mum stable heat flux, and it is defined as.

”n "
C = 9oNB ~9msE
Tysk ~Tons

Hence, the transition boiling heat transfer co-
efficient is calculated as follows.

_ 978
s _TC(Z)_TCO(Z) .

Void fraction calculation

Void fraction in sub-cooled boiling

The equation used in PARET and in J. L.
Munoz-Cobo [25] for estimating the void fraction
in sub-cooled boiling is a simplified form of Zuber’s
equation [26] and it is given by

R sy, R, r=_1tud
ot 0z hy,p D

(25)
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where S is the flow distribution parameter, A is the
bubble collapse frequency, and Fy is the fraction of
heat that produce vapor. The four point explicit dif-
terence is adopted for calculating the vapor volume
fraction as shown in P. Lax and B. Wendroft [17].

Void fraction in saturated boiling

In the case of saturated boiling, the mass frac-
tion of vapor is obtained directly from the enthalpy
definition, X=(H - Hy)/Hy,. In this case, having cal-
culated X the vapor volume fraction is obtained by
applying the Martinelli-Nelson correlation [18].

Pressure drop calculations

For pressure drop calculations, the core exit
pressure is taken as the reference pressure point.
From, momentum eq. (4), the pressure drop along
the core is calculated as follows:

op  f _ 0 G*) oG
—=——|GIG+pg+—| — |[+—
0z 2pD, GG+ pe az[ J ot (26)

APtot =APint +APtra (27)

where AP, is the total pressure drop from core inlet
to core exit, AP, is the internal pressure drop, and
AP, is the transient acceleration pressure drop.

Kuo-Fu Chen [27] has introduced the follow-
ing expressions for calculating the elevation (AP,)),
friction (APg;.), and acceleration (AP,.) pressure
drop components that are used in calculating the in-
ternal pressure drop:

AP (2) = gzﬁ(Z)dz

G'f :
MPa(2) =5 o0z
1~e

AP, (2)= szi(ljdz

0 m

APint

=Alg + APfri(: +APacc <28)
where
1

x(2)? . [1-x(2)1
R(z)py  pi[1-R(2)]

2 _ 1—X(Z) L7
4 (Z)‘[l—f«z)}

p(2) =

While the transient acceleration pressure drop
has the rate of change of the averaged mass flow
rated

APy, = [2C a (29)
[LIG(1)+ L.G(N+1)+
+

+pz. S G(’)Jrf(’_l)} (30)

i=2

where L is the fuel active length, L stands for the
inlet non-fueled length, and L, is the outlet non-fu-
eled length.

MODEL VALIDATION

The present model is used to recalculate the
benchmark problem [28] to be validated. The compari-
son holds in the case of low enriched uranium which
includes a slow reactivity insertion of $0.09/s (1 $ is the
reactivity that will make a reactor prompt critical) and
fast reactivity insertions of $1.5/0.5 s and $1.35/0.5 s.
The initial conditions of the reactor are: 1 W initial
power, 1000 m?/h core flow and 38 °C core inlet tem-
perature. The reactor is allowed to scram in all simu-
lated transients. The scram is described by a linear reac-
tivity insertion of =$10 in 0.5 s. The safety system trip
point is 12 MW, with a time delay of 25 ms. The main
parameters calculated during the validation are the
power response, net reactivity, maximum fuel center-
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Figure 2. Power response for $0.09/s with scram at
12 MW and a time delay of 25 ms
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Figure 5. Coolant outlet temperature

line temperature, maximum clad temperature, and the
coolant exit temperature. For the slow reactivity inser-
tion transient of $0.09/s, validation results are indicated
in figs. 2 to 5, while for the fast reactivity insertion of
$1.5/0.5 s, they are given in figs. 6 to 9. Table 1 illus-
trates the peak values of power (Py,), fuel temperature
(Tgm), clad temperature (7,,,) and coolant outlet tem-
perature(7, ) with their times of occurrence for both
benchmark data and ERTT2-RIA results. Also, this ta-
ble illustrates the released energy at peak power time
(Em)- As shown 1n figures and illustrated in Table 1, a
good agreement between the developed model results
and benchmark results has been attained, hence the de-
veloped model has the capability to simulate RIA in
MTR-type reactors.
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Figure 6. Power response for $1.5/0.5 s insertion
with scram at 12 MW and 25 ms delay
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Figure 7. Fuel center line temperature
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Figure 9. Coolant outlet temperature

Table 1. Comparison between ETRR2-RIA and the
benchmark

R $0.09/1.0 s $1.35/0.5 s $1.5/0.5 s
amp - . -

[8/s]  |Benchmark| htl;{}ﬁl Benchmark| hj{giz Benchmark hjl;giZ
P(t), 124 12.37 63.2 62.24 147.7 143.8
[MW] (11.89) | (11.925) | (0.693) | (0.693) (0.613) (0.613)
Tim(t), 80.6 83.87 114.8 115.64 183.4 184.54

[°C] (11.9) | (11.93) | (0.714) | (0.713) | (0.626 | (0.626)

T, | 777 80.81 108 10942 | 156.7 162.9
[°Cl (11.9) | (11.93) | (0.717) | (0.717) | (0.628) | (0.63)

Tom(), | 539 55.27 58.2 59 82 83.6
°Cl" | (11.93) | (11.96) | (0.862) | (0.831) | (0.735) | (0.726)

E,

> 4.549 4.63 1.54 1.565 2.95 298
M]]
At20s
P MW] 0.0146 | 0.0155

EMI] | 5299 5.35

RESULTS AND DISCUSSION

The ETRR2-RIA is used for simulating the
uncontrolled withdrawal of a control rod, while as-
suming a linear relation between the withdrawal
rod reactivity and its displacement. For a more con-
servative estimate, analysis is performed with a
maximum withdrawal velocity of 16 cm/s and a
control rod worth 3300 pem (1 pcm = 10 ). Tak-
ing these considerations into account, a $4/4 s in-
sertion rate and $4 of total worth have been consid-
ered during simulations [29]. At the beginning of
the transient, the critical core with 1W initial power,
1900 m?3/h coolant flow and 20 °C core inlet tem-
perature were considered. The scram system is avail-
able (transients with scram) when reactor power ex-
ceeds the over power safety setting (26.4 MW) with
a25 ms delay time before scram execution and a lin-
ear insertion of — $10 in 0.5 s, representing scram
execution. The following simulated transients are
based on different behaviors expected from the
withdrawal rod at the moment of scram. The simu-
lation is carried out according to different scenarios.

The withdrawal rod is reinserted
into the core

Time behaviors of net reactivity, reactor
power and released energy are shown in fig. 10.
Net reactivity is increased linearly, from 0$ to a
maximum value of 1.504 $, over 1.526 s. Just be-
fore the scram, negative feedback reactivity termi-
nates the net reactivity increase at 1.481 $. A super
prompt-critical transient is attained due to the high
reactivity inserted (1.504 $), so, a rapid increase in
reactor power, from 1W to a maximum value of

10 E ETRR2-RIA 10 - 10
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; s F with scram, initiating event | g 1 =
S 10 k finished al scram =1 g2
= 2 Proe =855 MW (1,551 1 3 1 £
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. | I 4
10 ;— 48 4 5
107 [ 1 q 0
10° = A& e
—4 E — y 1+
10" L e e I
E 1 42 1-6
10° [ | d=s
F | ]
1 0£ L 1 | y | 1 1 o0 -10
0 1 2 3 4

Time [s]

Figure 10. Power response for $4/4 s, with scram at
26.4 MW and a time delay of 25 ms
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85.506 MW (1.551 s), is noticed. Due to a 25 ms
delay time between the over power safety setting
and scram execution, during the existence of the
super-prompt critical condition, a high increase in
power occurs, meaning that the actual triggering is
executed at 85.506 MW, not at 26.4 MW. Thus, the
scram system 1is ineffective during the fast tran-
sient. The withdrawal rod is reinserted into the
core at a scram triggering time of (1.551 s), so that
net reactivity slows down to — 0.0925 $. Hence, it
linearly decreases, due to both shutdown reactivity
and the feedback mechanism. A fast decrease in the
power of the response is followed by the decrease
in net reactivity response. The released energy re-
sponse is affected well by the power response, so a
fast increase to 1.865 M] is noticed at peak power
time, while 2.771 MJ is attained at the end of the
transient. The heat generated inside the fuel is also
affected by the power response; so, a fast increase
in fuel temperature, from 20 °C to a maximum
value 0 92.93 °C (1.557 s), is recorded. Thus, an
increase in both the clad and coolant temperatures
is produced. The maximum clad and coolant tem-
peratures are 70.76 °C (1.569 s) and 31.53 °C
(1.659 s), respectively, as shown in fig. 11. No
boiling is predicted, since the maximum clad tem-
perature is lesser than the boiling limit, and a com-
plete shutdown margin is attained at the end of the
transient.

o8 Het channel max. temperatures

6 L Fusl centerline max. temparatures
5, . — — — Clad max. t f
9 92.93°C (1 57 S) —_—— C;o\an;?xmain:z:;el:‘:ures
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Figure 11. Temperature responses

The withdrawal rod is stuck in its position

The previous transient with all of its values and
responses is repeated in the present transient up-to
the time of scram triggering (1.551 s), when the
ramp insertion ($4/4 s) is changed to step insertion

of 1.551 $, due to the withdrawal rod being stuck. A
competition between the positive reactivity inserted
and, both the shutdown and feedback reactivity, re-
sults in a slow decrease in net reactivity after the
scram. This slow decrease in net reactivity keeps the
net reactivity in the super prompt-critical condition
longer; as a result, the power increases to a maximum
value of 130.55 MW over 1.571 s, as shown in fig.
12. All subsequent values increase as well, the re-
leased energy at peak power time to 4.156 M]J, peak
fuel temperature to 193.18 °C(1.593 s), peak clad
temperature to 144.73 °C(1.601 s) and peak coolant
temperature to 58.23 °C(1.675 s), as shown in fig.
13. This transient indicates that the stuck in the with-
drawal rod makes the scram system more ineffective
to terminate the power, where the actual trip occurs
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= F with scram, initiating event fixed '; =
% 5 f alSCAM D power (W] | B ] 8 =
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Figure 12. Power response for $4/4 s, with scram at
26.4 MW and a delay of 25 ms
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Figure 13. Temperature responses
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at 130.55 MW, A partial boiling is predicted in the
hot channel, since the maximum clad temperature
exceeds the sub-cooled boiling limit. The shutdown
margin is decreased to —8.449 § at the end of the
transient and as a result of high temperatures at-

tained, the maximum feedback reactivity is increased
to -$0.275.

The extraction of the withdrawal rod is
continued after the scram

As mentioned before, the same transient is ob-
tained up to the moment of the scram (1.551 s), but
here the withdrawal of the rod continues, adding a
ramp of $4/4 s after the scram trip, so more positive
reactivity is added during scram execution. As a re-
sult, the super prompt-critical condition is extended
over a longer period of time and net reactivity de-
creases considerably after the scram, thus obtaining
ahigher rise in power. As shownin figs. 14 and 15,a
peak power of 133.1 MW is attained at 1.571 s;
hence, all subsequent values increase, the released
energy at peak power time to 4.174 MJ, peak fuel
temperature to 197 °C (1.593 s), peak clad temper-
ature to 147.27 °C (1.601 s) and the peak coolant
temperature to 60.3 °C (1.676s). This transient has
indicated that the continued withdrawal of the rod
makes the scram system more and more ineftective
to terminate the power where the actual trip occurs
at 133.1 MW. A partial boiling is predicted in the
hot channel since the maximum clad temperature
exceeds the sub-cooled boiling limit and, also, the
shutdown margin decreases to -6 $ at the end of the
transient. As a result, this transient is the worst of all
presented, with reactor safety in the shutdown state
reduced by 40%.
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Figure 14. Power response for $4/4 s, with scram at
26.4 Mw and a delay of 25 ms
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Figure 15. Temperature responses

Table 2 is a summary and comparison of rele-
vant conclusions reached on the basis of results ob-
tained during simulations of the uncontrolled with-
drawal of control rods, according to different
accident scenarios. The compared parameters are
peak power with its time of occurrence P, (¢,,), peak
tuel temperature T¥,(f), peak clad peak tempera-
ture T 1y (2), peak coolant temperature T, ,(f), the
released energy at peak power time E, ,,,, and the net
negative reactivity after shutdown (p..).

Table 2. Peak values for an uncontrolled withdrawal

of the control rod ($4/4 s)
$4/4 s — with scram

Ramp (8/5) SEC4.1 SEC42 | SEC43
855 130.55 133.1

Py(t)s IMW] (1.551) (1571) | (1.571)
0 92.93 193.81 197

Ty(0), [°C] (1.557) (1.593) (1.593)

o 70.67 144.73 147.27

Tym(1), [°C] (1.569) (1.601) (1.601)
0 31.53 58.23 60.3

Tco,m<t)’ [ C] (1659) (1675) (1676)
E,, [MJ] 1.865 4.156 4.174

p. 18] -10 -8.449 -6

CONCLUSION

A reactivity insertion accident can be simu-
lated by the ETRR2-RIA program with a good de-
gree of accuracy through various reactivity insertion
scenarios. This program gives the reactor operator
great flexibility in simulating different behaviors in
accident scenarios or any other anticipated opera-
tional occurrences during the management of the
reactor core. The compressed air which causes a
forced scram in the ETRR-2 reactor is extremely
important in accidents with a scram available sce-
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nario, because it may be overcome the initiating
event. Hence, no boiling is predicted and a full shut-
down margin is satistied. Although the reactor
shutdown system (scram) is ineffective in terminat-
ing the power rise in fast reactivity insertions (when
the net reactivity inserted exceeds the delayed neu-
tron fraction) for transients with scram, the ETRR2
core has withstood the uncontrolled withdrawal of
the control rod in all simulated transients, since no
clad melt down was predicted. The feedback mecha-
nism plays an important role in terminating the net
reactivity increase and in the shutdown of the reac-
tor. The lower conductivity of the oxide fuel U3;Og
has resulted in a much higher fuel temperature and
low clad temperature, thus protecting the clad from
melting.

APPENDIX

ETRR-2 main data

Axial peaking factor = 1.35

Total peaking factor = 3.0

Prompt neutron lifetime (1) = 75 us
Effective delayed neutron fraction (8.4) = 0.00705
Coolant temperature feedback coefficient
$/°C =-1.3-102

Void reactivity feedback coefticient
$/%void = -0.2935

Fuel temperature feedback coefficient
$/°C = -3.12-10°3

Fuel thermal conductivity W/m-K = 15
Clad thermal conductivity W/m-K = 180

NOMENCLATURE

A — channel flow area, [m?2]

Apo  — outlet plenum

A, — surface area, [m?2]

C,; (1) — precursor concentration for delayed
C, — specific heat, [J/kgK]

D — channel gap thickness, [m]

D, — equivalent hydraulic diameter, [m]
f — friction factor for liquid flow

F, — fraction of heat that produce vapor
g — acceleration of gravity, [m/s?]

G; — mass flux at node j, [kg/m?s]

h — heat transfer coefficient, [W/m? °C]
H — enthalpy, [J/kg]

H,, — latent heat of evaporation, [J/kg]

k — thermal conductivity

L — active fuel length, [m]

Nu - Nusselt number, (= & D /k)

P — pressure, [N/m?]

Pr - Pradentel number, (= uC, /k)

qf — volumetric heat generation, [W/m?]
q" — surface heat flux, [W/m?]

Re - Reynolds number, (= GD /u)

R — void fraction at node j

T — temperature, [°C]

T(j,t) — mean temperature at node j and time
t

— time, [s]

UV - coolant velocity, [m/s]
w — channel width, [m]
w, — active fuel width, [m]
X — radial distance, [m]
z — axial distance
X — steam quality
X1 — fuel half thickness, [m]
X2 — clad thickness, [m]
Greek symbols
a — thermal diffusivity, [m?/s]
ac — coolant feedback coefficient, [$/°C]
oy — fuel feedback coefficient, [$/°C]
a, — void feedback coefficient, [$/%]
B — delayed neutron fraction for group
Ber  — effective delayed neutron fraction

; — delayed neutron fraction for group i
A — neutron generation time, [s]
Ai — decay constant for a precursor group i
\Y — specific volume, [m?/kg]
u — dynamic viscosity, [kg/m s]

o — surface tension, [N/m]

p(t) - reactivity, [$]

Pme  — coolant feedback reactivity, [$]
Py — fuel feedback reactivity, [$]

P — reactivity feedback related to thermal
expansion, [$]

Py — void feedback reactivity, [$]

pi — Initiating event reactivity, [$]

Peh — shutdown reactivity, [$]

o — liquid density, [kg/m?]

0Oy — vapor density, [kg/m?]

T — time, [s]

Subscripts

av — average channel

dl — clad

co — coolant

f — fuel

ho — hot channel

1 — inlet

1 - liquid

NCB - nucleate boiling

o — outlet

ONB - onset of nucleate boiling

pl - plenum

Sat - saturated

Sp — single phase

Tp - two-phase

v - vapor
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Xauu KATEP, Tanan ABY-EJI-MATMU, Canax EJI-JIUH EJ-MOPHIIN

TEPMOXUJIPAYINYKO MOJEIOBABE AKIIMJIEHATA
PEAKTUBHOCTHU Y MTP PEAKTOPUMA

Y papy je ommcaH pa3BOj AUHAMHYKOT MOJeNa 3a TEpMOXHApayanuky aHamuzy MTP
UCTPAXKUBAYKKUX PeaKTopa TOKOM aKIMEHATa HACTAIUX YHOIIEHEM PEaKTHBHOCTU. Mopen mosesyje
PEaKTOPCKy KMHETUKY ca MOBPAaTHOM peaKTUBHOLIhy M TepPMOXUApayIUKy peaKTOPCKOr jesrpa. Pagu
ImpefcTaB/bakba PEaKTOPCKOr je3rpa pa3MaTpaHe cy ABE BpCTe KaHaja: yMepeHH U Bpyhu KaHanu.
PazBujenn pauynapcku mporpam HamucaH y POPTPAH-y xomnunupaH je u KopuitheH Ha CTOHOM
pauyHapy. Mogien je MpoBEpeH Ha CUTYPHOCHHUM NpopadyHuMa GeHuMapka peaktopa MTP tuna, koju
npunajajy rerepuukomM IAEA 10 MW peaxkTopy, 3a Ipejia3Ha cTamba HacTajla ClIOPUM U OP3UM YHOLIEHEM
peakTuBHOCTH. ITokazano ce foOpo ciarame NpUKa3aHOT Mofena u GeHUMapK mpopadyHa. I[ToTom je
Mofiell KopullltheH 3a CUMyJIMpalkhe HEKOHTPOJIUCAHOT U3Blauewna KouTpoiHe munke ETPP-2 peakTopa y
IOpENa3sHOM pEXUMY IIpU 3ayCTaBlbalkby peakTopa yClef NpeKopadewa cHare. AHalU3UpaHU Cy U
KPUTHAYKHU UCIIATaHU pe3yaTaT oBor mopena 3a ETPP-2 peakrop.

Kwyune peuu: axyuodeHill yHeilie peakiliu8HOCIHIU, UCIEPANCUBALKU PEAKINOD, epMOXUOPAYAUKA,
CUZYPHOCHA AHAAU3A




