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This pa per de scribes the de vel op ment of a dy namic model for the ther mal-hy drau lic
anal y sis of MTR re search re ac tors dur ing a re ac tiv ity in ser tion ac ci dent. The model is
for mu lated for cou pling re ac tor ki net ics with feed back re ac tiv ity and re ac tor core
ther mal-hy drau lics. To rep re sent the re ac tor core, two types of chan nels are con sid -
ered, av er age and hot chan nels. The de vel oped com puter pro gram is com piled and ex e -
cuted on a per sonal com puter, us ing the FOR TRAN lan guage. The model is val i dated
by safety-re lated bench mark cal cu la tions for MTR-TYPE re ac tors of IAEA 10 MW
ge neric re ac tor for both slow and fast re ac tiv ity in ser tion tran sients. A good agree -
ment is shown be tween the pres ent model and the bench mark cal cu la tions. Then, the
model is used for sim u lat ing the un con trolled with drawal of a con trol rod of an
ETRR-2 re ac tor in tran sient with over power scram trip. The model re sults for
ETRR-2 are an a lyzed and dis cussed.
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IN TRO DUC TION

In re cent years, a gen eral in ter est in the eval u a -
tion of the per for mance and op er a tional char ac ter is -
tics of re search re ac tors has been gen er ated by the In -
ter na tional Atomic En ergy Agency (IAEA). This
in ter est is di rected to wards de vel op ing sim u la tion
pro grams for PC use and is con cen trated on ther -
mal-hy drau lic cal cu la tions for re search re ac tor tran -
sients. The anal y sis of the tran sient be hav ior of re -
search re ac tors has re ceived great at ten tion since
Wood ruff [1], till Mir za et al., [2], Nasir et al., [3], and 
Housiadas [4], be cause of its in abil ity to de ter mine
the lim its of clad melt ing tem per a ture. In fact, so far,
re search re ac tor safety anal y sis has been per formed
us ing con ser va tive com pu ta tional tools [5-9]. In ter -
na tional ther mal-hy drau lic codes, cur rently in use for 

re search re ac tors, are ca pa ble of sim u lat ing most
re ac tor tran sients, but these com puter codes are not
ac ces si ble to a lot of re search ers. Gen er ally, the use of
large codes re quires a con sid er able amount of ef fort
and skill re gard ing, in par tic u lar, in put prep a ra tion
and out put pro cess ing. Some times, large codes can -
not of fer all the de tails that the re ac tor op er a tors need 
to know about the ini ti at ing events dur ing the pro -
posed ac ci dent sce nar ios, such as re ac tiv ity in ser tion
due to con trol rod with drawal, which may be fin -
ished or fixed (stuck), or con tinue dur ing the over
power scram trip time. In deed, con trary to power re -
ac tors, re search re ac tor op er a tion is char ac ter ized by
fre quent core mod i fi ca tions as a re sult of changes in
ex per i men tal needs. Prac ti cally, each core mod i fi ca -
tion must sat isfy a num ber of safety cri te ria. Hence, it 
is de sir able for the op er a tor to have at his dis posal
means to per form sim ple and re al is tic tran sient es ti -
ma tions, even if only for scoop ing pur poses. The ob -
jec tive of the pres ent work is, pre cisely, to pro vide a
sim ple and ac cu rate model for pre dict ing the dy -
namic re sponse of MTR re ac tors un der un de sir able
con trol rod with drawal. This ap proach is based on
cou pled ki net ics and ther mal-hy drau lic mod el ing.
The core ther mal hy drau lic is com puted on the ba sis
of a one-di men sional de scrip tion, through the con -
ser va tion of mass, en ergy and mo men tum equa tions. 
The pres ent model is used to sim u late Egypt’s sec ond 
re search re ac tor, ETRR-2, as an MTR-type. ETRR-2 
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is a light wa ter, cooled, be ryl lium re flected, with an
open chim ney in an open pool type of a re ac tor. The
nom i nal core power is 22 MW, plate-type fuel el e -
ments, with 19.7% en rich ment. The fuel el e ments
are boxes (8 ´ 8 cm), with 19-plane fuel plates each.
The fuel ac tive length is 80 cm, ac tive width 6.4 cm.
Core con fig u ra tion is as shown in fig. 1.

Cou pled mech a nisms and ab sorb ing plates are
used for re ac tor con trol and shut down. A step-by-step 
mo tor pro duces the nor mal dis place ment of the con -
trol rod through a pis ton and cyl in der set. For fast in -
ser tion, a pneu matic sys tem is used. The fast shut -
down is car ried out by means of a com pressed air
in jec tion from the tank to the cyl in der pis ton set and
the dis con nec tion of the elec tro mag net that holds the
pis ton.

MATH E MAT I CAL DY NAMIC MODEL

Nu mer i cal so lu tion of point re ac tor
ki netic equa tions

The av er age core power den sity n(t) is cal cu -
lated from a point re ac tor ki net ics model with six
groups of de layed neu trons. Gen er al ized
Runge-Kutta meth ods in tro duced by J. Sanchez
[10] are used for the so lu tion of stiff sys tems of or -
di nary dif fer en tial equa tions. This method is rep -
re sen ta tive of a class of stiff sys tems; in turn, this
class is a mem ber of a set of dif fer ent ap proaches
de vel oped for the same pur pose [11-13]:
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Re ac tiv ity feed back cal cu la tions

The re ac tiv ity feed back is cal cu lated as the
sum ma tion of feed backs re sult ing from changes in
the mean mod er a tor den sity (drc), mean fuel tem -
per a ture (dTF), mean cool ant tem per a ture (dTC)
and the voidage caused by clad ding ther mal ex pan -
sion changes (dYthex)

 [14]. The hot chan nel con tri -
bu tion in feed back cal cu la tions is con sid ered
through the hot chan nel weight ing fac tor (1/NCHN) 
con tri bu tion, where NCHN rep re sents the to tal
num ber of cool ant chan nels:
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Ther mal-hy drau lic mod el ing
in tran sient state

Ther mal-hy drau lic treat ments of the tran sient
fluid flow through re ac tor cool ant chan nels have
been in tro duced by J. E. Meyer [15] through the
mo men tum in te gral model. Obenchain [16] mod i -
fied the mo men tum in te gral model to be more con -
ser va tive in re ac tor ac ci dent anal y sis. This mod i fied
mo men tum in te gral model is de scribed in the fol -
low ing con ser va tion equa tions of mass, mo men -
tum and en ergy, re spec tively:
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The com bi na tion of mass and en ergy equa -
tions, how ever, de scribes the lo cal fluid heat ing
rates and, there fore, also yields the rates of the lo cal
cool ant flow
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Fig ure 1. ETRR-2 core configuration
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Substitution from eqs. (3) and (5) into eq. (6)
brings to

d

d

d

d

d

d

d

d

G

z

G

H

H

z

q

D H
=

¢¢

æ

è
ç

ö

ø
÷
æ

è
ç

ö

ø
÷ -

¢

¢¢

æ

è
ç

ö

ø
÷

r

r

r

r2
(7)

The cool ant chan nel is di vided into N-ax ial
zones with N+1 cool ant ax ial nodes. An ex plicit dif -
fer ence ap prox i ma tion is ap plied to eq. (7) at each
cool ant node in the cool ant chan nel; the cool ant in -
let mass flow rate should be spec i fied as a func tion
of time, al low ing for the lo cal mass ve loc ity to be
cal cu lated. A chan nel av er aged mass flow rate is cal -
cu lated at each time step. Cool ant enthalpy at each
cool ant node is cal cu lated by ap ply ing the dif fer ence 
ap prox i ma tion [17] to eq. (5). In the case of us ing
the ex plicit dif fer ence tech nique, ap prox i mate sta -
bil ity lim i ta tion on a time step must be uti lized [15]; 
hence, the cool ant tem per a ture at each cool ant node 
may be cal cu lated.

Tem per a ture dis tri bu tion in fuel and clad

To cal cu late the tem per a ture dis tri bu tion in
the fuel and in the clad, the fol low ing one-di men -
sional, par tially dif fer en tial heat dif fu sion equa tion
is adopted
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where fs = 1 in the fuel meat zone and fs = 0 in the
clad zone.

Both the fuel meat half thick ness and clad
thick ness are di vided into N-ax ial zones with N +1
ax ial nodes and di vided into M1 and M2 ra dial el e -
ments, re spec tively.

Lo cal ized heat gen er a tion is de ter mined from
the cal cu lated core av er aged power den sity. When
cal cu lat ing the max i mum heat flux in each chan nel,
the ax ial power peak ing fac tor is con sid ered for the
av er age chan nel, while the to tal power peak ing fac -
tor is considered for the hot chan nel. The ax ial heat
flux dis tri bu tion is con sid ered to be co sine shaped,
with an ex trap o la tion length. Lo cal vol u met ric heat
gen er a tion at any node is cal cu lated as the in te gra tion 
of heat gen er a tion in the mesh el e ment that con tains
the node at its cen ter, di vided by the el e ment vol ume. 
An adi a batic bound ary con di tion is ap plied in cal cu -
lat ing the fuel cen ter line tem per a ture, while a con -
vec tive bound ary con di tion is ap plied at the clad
cool ant in ter face.

Heat trans fer co ef fi cient cal cu la tions

The con vec tive bound ary con di tion is de ter -
mined by cal cu lat ing the heat trans fer co ef fi cient at
dif fer ent heat trans fer re gimes.

Sin gle phase forced con vec tion re gime

For the tur bu lent regime Re >10000, the
well-known Dittus-Boelter equa tion is used

Nu = 0 023 0 8 0 4. Re Pr. . (9)

For the tran si tion re gime 2100<Re<10000,
the Nusselt num ber is cal cu lated through the in ter -
po la tion be tween lam i nar and tur bu lent cor re la -
tions.

For the forced lam i nar heat trans fer, the Sieder 
and Tate cor re la tion is used
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Subcooled boil ing

The heat trans fer co ef fi cient is cal cu lated from
the Chen [18] cor re la tion, ex tended from the sat u -
rated boil ing re gion to cover the sub-cooled boil ing
re gion, as well
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The on set of nu cle ate boil ing rep re sents the
limit at which subcooled boil ing is ini ti ated

T T TONB Sat Sat ONB( )= + D (12)

Bergles and Rohsenow have in tro duced the
fol low ing cor re la tion for es ti mat ing the de gree of
sat u ra tion above which the cor re spond ing heat flux
causes the for ma tion of nu cle ation on the wall.
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Sat u rated nu cle ate boil ing

The Chen [18] is used to cal cu late the sat u -
rated boil ing heat trans fer co ef fi cient. The as sump -
tion of su per po si tion, sim i lar to that used in the
‘par tially boil ing’ re gion for sub-cooled con di tions,
is used

h h hTp NCB Sp= + (14)
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where hTp is the lo cal heat trans fer co ef fi cient, hNCB

is the con tri bu tion due to nu cle ate boil ing and hSp is
the con tri bu tion due to sin gle-phase con vec tion
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Film boil ing

        Sub-cooled film boil ing

This oc curs at a rel a tively high heat flux, if the
wall heat flux ex ceeds the crit i cal heat flux. Mirshak,
et al. [19] have cor re lated a wide Varity of data for
the wa ter flow in tubes and rect an gu lar chan nels
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Noubuaki Ohnishi [20] has sug gested the fol -
low ing re la tion be tween subcooled film boil ing,
hF,SUB, and sat u rated film boil ing, hF,Sat , heat trans -
fer co ef fi cients as a func tion of cool ant ve loc ity
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         Sat u rated film boil ing

Since, in the qual ity re gion, flow-boil ing cri -
sis is pri mar ily of a hy dro dy namic na ture, the crit i -
cal enthalpy rise ap pears to char ac ter ize flow be -
hav ior better than the crit i cal heat flux. The
West ing house APD correlation for crit i cal
enthalpy [21] is adopted as an en gi neer ing cor re la -
tion, in or der to pre dict the crit i cal enthalpy rise of
the wa ter flow
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If the clad tem per a ture ex ceeds the min i mum

sta ble film boil ing tem per a ture (TMSF), the mode of
heat trans fer is film boil ing. The heat trans fer co ef fi -
cient is cal cu lated from Dougall [22] 
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where Ql and Qv rep re sent the vol u met ric flow of
liq uid and va por.

Tran si tion boil ing (par tial film boil ing)

The cor re la tion ob tained from McDoough
[23] data in di cates that the heat trans fer in tran si tion 
boil ing can be cor re lated as fol lows

¢¢ - ¢¢ = -q q C T z T zDNB TB C DNB[ ]( ) ( ) (21)

where TDNB is the clad tem per a ture at crit i cal heat
flux [24], TC (z) is the sur face clad tem per a ture.
Noubuaki Ohnishi [20] in tro duced the fol low ing
cor re la tion for es ti mat ing the min i mum sta ble film
boil ing tem per a ture in sub-cooled boil ing dur ing a
re ac tiv ity in ser tion ac ci dent (RIA):

D DT T TMSF MSF Sat SUB= - = +51 350. T (22)

¢¢ = -q h T TMSF SUB MSF CO( ) (23)

Pa ram e ter C rep re sents the slope of the line
that con nected the crit i cal heat flux and the min i -
mum sta ble heat flux, and it is de fined as.
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Hence, the tran si tion boil ing heat trans fer co -
ef fi cient is cal cu lated as fol lows.
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Void frac tion cal cu la tion

Void frac tion in sub-cooled boil ing

The equa tion used in PARET and in J. L.
Munoz-Cobo [25] for es ti mat ing the void frac tion
in sub-cooled boil ing is a sim pli fied form of Zuber’s 
equa tion [26] and it is given by

¶

¶

¶

¶

R

t
SU

R
R

F q

h D
s

f

+ + =
¢¢

L
g v z
sl
r

(25)

 24 Nu clear Tech nol ogy & Ra di a tion Pro tec tion –2/2006



where S is the flow dis tri bu tion pa ram e ter, ls is the
bub ble col lapse fre quency, and FS is the frac tion of
heat that pro duce va por. The four point ex plicit dif -
fer ence is adopted for cal cu lat ing the va por vol ume
frac tion as shown in P. Lax and B. Wendroff [17]. 

Void frac tion in sat u rated boil ing

In the case of sat u rated boil ing, the mass frac -
tion of va por is ob tained di rectly from the enthalpy
def i ni tion, X=(H – Hf)/Hfg. In this case, hav ing cal -
cu lated X, the va por vol ume frac tion is ob tained by
ap ply ing the Martinelli-Nel son cor re la tion [18].

Pres sure drop cal cu la tions

For pres sure drop cal cu la tions, the core exit
pres sure is taken as the ref er ence pres sure point.
From, mo men tum eq. (4), the pres sure drop along
the core is cal cu lated as fol lows:
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D D DP P Ptot tra= +int (27)

where DPtot  is the to tal pres sure drop from core in let 
to core exit, DPint is the in ter nal pres sure drop, and
DPtra is the tran sient ac cel er a tion pres sure drop.

Kuo-Fu Chen [27] has in tro duced the fol low -
ing ex pres sions for cal cu lat ing the el e va tion (DPel),
fric tion (DPfric), and ac cel er a tion (DPacc) pres sure
drop com po nents that are used in cal cu lat ing the in -
ter nal pres sure drop:
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While the tran sient ac cel er a tion pres sure drop
has the rate of change of the av er aged mass flow
rated
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where L is the  fuel ac tive length, LI stands for the 
in let non-fu eled length, and Lo is the out let non-fu -
eled length.

MODEL VAL I DA TION

The pres ent model is used to re cal cu late the
bench mark prob lem [28] to be val i dated. The com par i -
son  holds in the case of low en riched ura nium which
in cludes a slow re ac tiv ity in ser tion of $0.09/s (1 $ is the
re ac tiv ity that will make a re ac tor prompt crit i cal) and
fast re ac tiv ity in ser tions of $1.5/0.5js and $1.35/0.5 s.
The ini tial con di tions of the re ac tor are: 1 W ini tial
power, 1000 m3/h core flow and 38 °C core in let tem -
per a ture. The re ac tor is al lowed to scram in all sim u -
lated tran sients. The scram is de scribed by a lin ear re ac -
tiv ity in ser tion of –$10 in 0.5 s. The safety sys tem trip
point is 12 MW, with a time de lay of 25 ms. The main
pa ram e ters cal cu lated dur ing the val i da tion are the
power re sponse, net re ac tiv ity, max i mum fuel cen ter -
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Fig ure 2. Power re sponse for $0.09/s with scram at
12 MW and a time de lay of 25 ms



line tem per a ture, max i mum clad tem per a ture, and the
cool ant exit tem per a ture. For the slow re ac tiv ity in ser -
tion tran sient of $0.09/s, val i da tion re sults are in di cated 
in figs. 2 to 5, while for the fast re ac tiv ity in ser tion of
$1.5/0.5 s, they are given in figs. 6 to 9. Ta ble 1 il lus -
trates the peak val ues of power (Pm), fuel tem per a ture
(Tf,m), clad tem per a ture (Tcl,m) and cool ant out let tem -
per a ture(Tco,m) with their times of oc cur rence for both
bench mark data and ERTT2-RIA re sults. Also, this ta -
ble il lus trates the re leased en ergy at peak power time
(Etm). As shown in fig ures and il lus trated in Ta ble 1, a
good agree ment be tween the de vel oped model re sults
and bench mark re sults has been at tained, hence the de -
vel oped model has the ca pa bil ity to sim u late RIA in
MTR-type re ac tors.
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Fig ure 3. Fuel cen ter line temperature

Fig ure 4. Clad temperature

Fig ure 5. Cool ant out let temperature

Fig ure 6. Power re sponse for $1.5/0.5 s in ser tion
with scram at 12 MW and 25 ms de lay

Fig ure 7. Fuel cen ter line temperature



Ta ble 1. Com par i son be tween ETRR2-RIA and the 
benchmark

Ramp
[$/s]

$0.09/1.0 s $1.35/0.5 s $1.5/0.5 s

Benchmark
ETRR2

-RIA
Benchmark

ETRR2
-RIA

Benchmark
ETRR2

-RIA

Pm(tm), 
[MW]

12.4
(11.89)

12.37
(11.925)

63.2
(0.693)

62.24
(0.693)

147.7
(0.613)

143.8
(0.613)

Tf.m(t),
[°C]

80.6
(11.9)

83.87
(11.93)

114.8
(0.714)

115.64
(0.713)

183.4
(0.626

184.54
(0.626)

Tcl,m(t),
[°C]

77.7
(11.9)

80.81
(11.93)

108
(0.717)

109.42
(0.717)

156.7
(0.628)

162.9
(0.63)

Tco,m(t),
[°C]

53.9
(11.93)

55.27
(11.96)

58.2
(0.862)

59
(0.831)

82
(0.735)

83.6
(0.726)

Etm,
[MJ]

4.549 4.63 1.54 1.565 2.95 2.98

At 20 s
P [MW]

0.0146 0.0155

E [MJ] 5.299 5.35

RE SULTS AND DIS CUS SION

The ETRR2-RIA is used for sim u lat ing the
un con trolled with drawal of a con trol rod, while as -
sum ing a lin ear re la tion be tween the with drawal
rod re ac tiv ity and its dis place ment. For a more con -
ser va tive es ti mate, anal y sis is per formed with a
max i mum with drawal ve loc ity of 16 cm/s and a
con trol rod worth 3300 pcm (1 pcm = 10 –5). Tak -
ing these con sid er ations into ac count, a $4/4 s in -
ser tion rate and $4 of to tal worth have been con sid -
ered dur ing sim u la tions [29]. At the be gin ning of
the tran sient, the crit i cal core with 1W ini tial power, 
1900 m3/h cool ant flow and 20 °C core in let tem -
per a ture were con sid ered. The scram sys tem is avail -
able (tran sients with scram) when re ac tor power ex -
ceeds the over power safety set ting (26.4 MW) with 
a 25 ms de lay time be fore scram ex e cu tion and a lin -
ear in ser tion of – $10 in 0.5 s, rep re sent ing scram
ex e cu tion. The fol low ing sim u lated tran sients are
based on dif fer ent be hav iors ex pected from the
with drawal rod at the mo ment of scram. The sim u -
la tion is car ried out ac cord ing to dif fer ent sce nar ios.

The with drawal rod is re in serted
into the core

Time be hav iors of net re ac tiv ity, re ac tor
power and re leased en ergy are shown in fig. 10.
Net re ac tiv ity is in creased lin early, from 0$ to a
max i mum value of 1.504 $, over 1.526 s. Just be -
fore  the scram, neg a tive feed back re ac tiv ity ter mi -
nates the net re ac tiv ity in crease at 1.481 $. A super
prompt-crit i cal tran sient is at tained due to the high 
re ac tiv ity in serted (1.504j$), so, a rapid in crease in
re ac tor power, from 1W to a max i mum value of
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Fig ure 8. Clad temperature

Fig ure 9. Cool ant out let temperature

Fig ure 10. Power re sponse for $4/4 s, with scram at
26.4 MW and a time de lay of 25 ms



85.506 MW (1.551 s), is no ticed. Due to a 25 ms
de lay time be tween the over power safety set ting
and scram ex e cu tion, dur ing the ex is tence of the
super-prompt crit i cal con di tion, a high in crease in
power oc curs, mean ing that the ac tual trig ger ing is 
ex e cuted at 85.506 MW, not at 26.4 MW. Thus, the 
scram sys tem is in ef fec tive dur ing the fast tran -
sient. The with drawal rod is re in serted into the
core at a scram trig ger ing time of (1.551 s), so that
net re ac tiv ity slows down to – 0.0925 $. Hence, it
lin early de creases, due to both shut down re ac tiv ity
and the feed back mech a nism. A fast de crease in the
power of the re sponse is fol lowed by the de crease
in  net re ac tiv ity re sponse. The re leased en ergy re -
sponse is af fected well by the power re sponse, so a
fast in crease to 1.865 MJ is no ticed at peak power
time, while 2.771 MJ is at tained at the end of the
tran sient. The heat gen er ated in side the fuel is also
af fected by the power re sponse; so, a fast in crease
in fuel tem per a ture, from 20 °C to a max i mum
value of 92.93 °C (1.557 s), is re corded. Thus, an
in crease in both the clad and cool ant tem per a tures
is pro duced. The max i mum clad and cool ant tem -
per a tures are 70.76 °C (1.569 s) and 31.53 °C
(1.659 s), re spec tively, as shown in fig. 11. No
boil ing is pre dicted, since the max i mum clad tem -
per a ture is lesser than the boil ing limit, and a com -
plete shut down mar gin is at tained at the end of the
tran sient.

The with drawal rod is stuck in its po si tion

The pre vi ous tran sient with all of its val ues and
re sponses is re peated in the pres ent tran sient up-to
the time of scram trig ger ing (1.551 s), when the
ramp in ser tion ($4/4 s) is changed to step in ser tion

of 1.551 $, due to the with drawal rod be ing stuck. A
com pe ti tion be tween the pos i tive re ac tiv ity in serted
and, both the shut down and feed back re ac tiv ity, re -
sults in a slow de crease in net re ac tiv ity af ter the
scram. This slow de crease in net re ac tiv ity keeps the
net re ac tiv ity in the super prompt-crit i cal con di tion
lon ger; as a re sult, the power in creases to a max i mum 
value of 130.55 MW over 1.571 s, as shown in fig.
12. All sub se quent val ues in crease as well, the re -
leased en ergy at peak power time to 4.156 MJ, peak
fuel tem per a ture to 193.18 °C(1.593 s), peak clad
tem per a ture to 144.73 °C(1.601 s) and peak cool ant
tem per a ture to 58.23 °C(1.675 s), as shown in fig.
13. This tran sient in di cates that the stuck in the with -
drawal rod makes the scram sys tem more in ef fec tive
to ter mi nate the power, where the ac tual trip oc curs
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Fig ure 11. Tem per a ture responses

Fig ure 12. Power re sponse for $4/4 s, with scram at
26.4 MW and a de lay of 25 ms

Fig ure 13. Tem per a ture responses



at 130.55 MW. A par tial boil ing is pre dicted in the
hot chan nel, since the max i mum clad tem per a ture
ex ceeds the sub-cooled boil ing limit. The shut down
mar gin is de creased to –8.449 $ at the end of the
tran sient and as a re sult of  high tem per a tures at -
tained, the max i mum feed back re ac tiv ity is in creased
to –$0.275.

The ex trac tion of the with drawal rod is
con tin ued af ter the scram

As men tioned be fore, the same tran sient is ob -
tained up to the mo ment of the scram (1.551 s), but
here the with drawal of the rod con tin ues, add ing a
ramp of $4/4 s af ter the scram trip, so more pos i tive
re ac tiv ity is added dur ing scram ex e cu tion. As a re -
sult, the super prompt-crit i cal con di tion is ex tended 
over a lon ger pe riod of time and net re ac tiv ity de -
creases con sid er ably af ter the scram, thus ob tain ing
a higher rise in power. As shown in figs. 14 and 15, a 
peak power of 133.1 MW is at tained at 1.571 s;
hence, all sub se quent val ues in crease, the re leased
en ergy at peak power time to 4.174 MJ, peak fuel
tem per a ture to 197 °C (1.593 s), peak clad tem per -
a ture to 147.27 °C (1.601 s) and the peak cool ant
tem per a ture to 60.3 °C (1.676 s). This tran sient has
in di cated that the con tin ued with drawal of the rod
makes the scram sys tem more and more in ef fec tive
to ter mi nate the power where the ac tual trip oc curs
at 133.1 MW. A par tial boil ing is pre dicted in the
hot chan nel since the max i mum clad tem per a ture
ex ceeds the sub-cooled boil ing limit and, also, the
shut down mar gin de creases to –6 $ at the end of the
tran sient. As a re sult, this tran sient is the worst of all  
pre sented, with re ac tor safety in the shut down state  
re duced by 40%.

Ta ble 2 is a sum mary and com par i son of rel e -
vant con clu sions reached on the ba sis of re sults ob -
tained dur ing sim u la tions of the un con trolled with -
drawal of con trol rods, ac cord ing to dif fer ent
ac ci dent sce nar ios. The com pared pa ram e ters are
peak power with its time of oc cur rence Pm(tm), peak 
fuel tem per a ture Tf,m(t), peak clad peak tem per a -
ture Tcl,m(t), peak cool ant tem per a ture Tco,m(t), the
re leased en ergy at peak power time Et,m, and the net
neg a tive re ac tiv ity af ter shut down (rc).

Table 2. Peak values for an uncontrolled withdrawal
of the control rod ($4/4 s)

Ramp ($/s)
$4/4 s – with scram

SEC4.1 SEC4.2 SEC4.3

Pm(tm), [MW] 85.5
(1.551)

130.55
(1.571)

133.1
(1.571)

Tf,m(t), [°C] 92.93
(1.557)

193.81
(1.593)

197
(1.593)

Tcl,m(t), [°C] 70.67
(1.569)

144.73
(1.601)

147.27
(1.601)

Tco,m(t), [°C] 31.53
(1.659)

58.23
(1.675)

60.3
(1.676)

Etm [MJ] 1.865 4.156 4.174

rc [$] –10 –8.449 –6

CON CLU SION

A re ac tiv ity in ser tion ac ci dent can be sim u -
lated by the ETRR2-RIA pro gram with a good de -
gree of ac cu racy through var i ous re ac tiv ity in ser tion 
sce nar ios. This pro gram gives the re ac tor op er a tor
great flex i bil ity in sim u lat ing dif fer ent be hav iors in
ac ci dent sce nar ios or any other an tic i pated op er a -
tional oc cur rences dur ing  the man age ment of the
re ac tor core. The com pressed air which causes a
forced scram in the ETRR-2 re ac tor is ex tremely
im por tant in ac ci dents with a scram avail able sce -
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Fig ure 14. Power re sponse for $4/4 s, with scram at
26.4 Mw and a de lay of 25 ms

Fig ure 15. Tem per a ture responses



nario, be cause it may be over come the ini ti at ing
event. Hence, no boil ing is pre dicted and a full shut -
down mar gin is sat is fied. Al though the re ac tor
shut down sys tem (scram) is in ef fec tive in ter mi nat -
ing the power rise in fast re ac tiv ity in ser tions (when
the net re ac tiv ity in serted  ex ceeds the de layed neu -
tron frac tion) for tran sients with scram, the ETRR2 
core has with stood the un con trolled with drawal of
the con trol rod in all sim u lated tran sients, since no
clad melt down was pre dicted. The feed back mech a -
nism plays an im por tant role in ter mi nat ing the net
re ac tiv ity in crease and in the shut down of the re ac -
tor. The lower con duc tiv ity of the ox ide fuel U3O8

has re sulted in a much higher fuel tem per a ture and
low clad tem per a ture, thus pro tect ing the clad from
melt ing.

AP PEN DIX

ETRR-2 main data

Ax ial peaking fac tor  = 1.35
To tal peak ing fac tor = 3.0
Prompt neu tron life time (l) = 75 ms
Ef fec tive de layed neu tron frac tion (beff) = 0.00705
Cool ant tem per a ture feed back co ef fi cient
$/°C  = –1.3×10–2

Void re ac tiv ity feed back co ef fi cient
$/%void =j–0.2935
Fuel tem per a ture feed back co ef fi cient
$/°C = –3.12×10–3

Fuel ther mal con duc tiv ity W/m×K = 15
Clad ther mal con duc tiv ity W/m×K = 180

NO MEN CLA TURE

A – chan nel flow area, [m2]
APO – out let ple num
As – sur face area, [m2]
Ci (t) – pre cur sor con cen tra tion for de layed
Cp – spe cific heat, [J/kgK]
D – chan nel gap thick ness, [m]
De – equiv a lent hy drau lic di am e ter, [m]
f – fric tion fac tor for liq uid flow
Fs – frac tion of heat that pro duce va por
g – ac cel er a tion of grav ity, [m/s2]
Gj – mass flux at node j, [kg/m2s]
h – heat trans fer co ef fi cient, [W/m2 °C]
H – enthalpy, [J/kg]
Hfg – la tent heat of evap o ra tion, [J/kg]
k – ther mal con duc tiv ity
L – ac tive fuel length, [m]
Nu – Nusselt num ber, (= h De/k)
P – pres sure, [N/m2]
Pr – Pradentel num ber,  (= mCp /k)
&q f – vol u met ric heat gen er a tion, [W/m3]
q" – sur face heat flux, [W/m2]
Re – Reynolds num ber, (= GDe/m)
Rj – void frac tion at node j
T – tem per a ture, [°C]

T j t( , ) – mean tem per a ture at node j and time t
t – time, [s]
U, V – cool ant ve loc ity, [m/s]
W – chan nel width, [m]
Wh – ac tive fuel width, [m]
x – ra dial dis tance, [m]
z – axial dis tance
X – steam qual ity
X1 – fuel half thick ness, [m]
X2 – clad thick ness, [m]

Greek sym bols

a – ther mal diffusivity, [m2/s]
aC – cool ant feed back co ef fi cient, [$/°C]
af – fuel feed back co ef fi cient, [$/°C]
an – void feed back co ef fi cient, [$/%]
b – de layed neu tron frac tion for group
beff  – ef fec tive de layed neu tron frac tion
bi – de layed neu tron frac tion for group i
L – neu tron gen er a tion time, [s]
li – de cay con stant for a pre cur sor group i
n – spe cific vol ume, [m3/kg]
m – dy namic vis cos ity, [kg/m s]
s – sur face ten sion, [N/m]
r(t) – re ac tiv ity, [$]
rfb,c – cool ant feed back re ac tiv ity, [$]
rfb,f – fuel feed back re ac tiv ity, [$]
rfb,thx – re ac tiv ity feed back re lated to ther mal 

ex pan sion, [$]
rfb,v – void feed back re ac tiv ity, [$]
ri – ini ti at ing event re ac tiv ity, [$]
rsh – shut down re ac tiv ity, [$]
rl – liq uid den sity, [kg/m3]
rv – va por den sity, [kg/m3]
t – time, [s]

Sub scripts

av – av er age chan nel
cl – clad
co – cool ant
f – fuel
ho – hot chan nel
I – in let
l – liq uid
NCB – nu cle ate boil ing
o – out let
ONB – on set of nu cle ate boil ing
pl – ple num
Sat –  sat u rated
Sp –  sin gle phase
Tp –  two-phase
v – va por
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Hani KATER, Talal ABU-EL-MATI, Salah EL-DIN EL-MOR[DI

TERMOHIDRAULI^KO  MODELOVAWE  AKCIDENATA
REAKTIVNOSTI  U  MTR  REAKTORIMA

U radu je opisan razvoj dinami~kog modela za termohidrauli~ku analizu MTR
istra`iva~kih reaktora tokom akcidenata nastalih uno{ewem reaktivnosti. Model povezuje
reaktorsku kinetiku sa povratnom reaktivno{}u i termohidrauliku reaktorskog jezgra. Radi
predstavqawa reaktorskog jezgra razmatrane su dve vrste kanala: umereni i vru}i kanali.
Razvijeni ra~unarski pro gram napisan u FOR TRAN-u kompiliran je i kori{}en na stonom
ra~unaru. Model je proveren na sigurnosnim prora~unima ben~marka reaktora MTR tipa, koji
pripadaju generi~kom IAEA 10 MW reaktoru, za prelazna stawa nastala sporim i brzim uno{ewem
reaktivnosti. Pokazalo se dobro slagawe prikazanog modela i ben~mark prora~una. Potom je
model kori{}en za simulirawe nekontrolisanog izvla~ewa kontrolne {ipke ETRR-2 reaktora u
prelaznom re`imu pri zaustavqawu reaktora usled prekora~ewa snage. Analizirani su i
kriti~ki ispitani rezultati ovog modela za ETRR-2 reaktor.

Kqu~ne re~i:  akcident unete reaktivnosti, istra`iva~ki reaktor, termohidraulika,  
jjjjjjjjjjjjjjjjjjjjjjjjsigurnosna analiza


