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The cur rent work aims at pre sent ing a sim ple model for PBM-type re ac tors' dy namic be hav -
ior anal y sis. The pro posed model is based on point ki net ics equa tions cou pled with feed backs
from fuel and mod er a tor tem per a tures. The tem per a ture re ac tiv ity co ef fi cients were ob tained 
through MCNP code and via avail able ex per i men tal data. Pa ram e ters such as heat ca pac ity
and heat con duc tiv ity were care fully an a lyzed and the fi nal sys tem of equa tions was nu mer i -
cally solved. The ob tained re sults, while in par tial agree ment with pre vi ously pro posed mod -
els, sug gest lower sen si tiv ity to step re ac tiv ity in ser tion as com pared to other re ac tor de signs
and in her ent safety of the de sign.
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IN TRO DUC TION

Due to their in nate safety, op er a tion flex i bil ity,
en ergy, cost, and time ef fi ciency, peb ble-bed type high 
tem per a ture gas-graph ite re ac tors are one of the most
prom is ing 4th gen er a tion re ac tor core de signs to date.
Neg a tive tem per a ture co ef fi cient fac tors – fuel, mod -
er a tor, and to tal – along with the TRISO coat ing tech -
nol ogy and a very flex i ble fuel man age ment sys tem,
all guar an tee the safe op er a tion of these units dur ing
their life time. This de sign is known to yield high
burn-up val ues – com pared to typ i cal PWR and BWR
units. The high op er at ing tem per a ture of this re ac tor
type gives the op er a tor the pos si bil ity to use the re -
main der of the gen er ated ther mal en ergy in wa ter pro -
cess ing units and thus achieve con sid er ably higher ef -
fec tive en ergy ef fi ciency [1-4].

The HTR-10 was one of the first PBM-type re ac tors 
to go crit i cal and op er ate. This re ac tor unit is a 10 MW re -
search re ac tor lo cated in Tsinghua, China. Since its first
crit i cal ity in 2003, many re search groups mod elled it us ing 
a va ri ety of codes such as MCNP [5]. The cur rent work in -
tends to model the dy namic be hav ior of the HTR-10 in re -
sponse to a step re ac tiv ity in ser tion. Given the fuel han -
dling sys tem, such an in crease in re ac tiv ity will be
equiv a lent to the in ser tion of new peb bles into the core.

Crit i cal ity anal y sis of the re ac tor core at dif fer -
ent fuel and mod er a tor tem per a tures and peb ble-filled
core heights in or der to es tab lish a re la tion be tween the 

re ac tor core mul ti pli ca tion fac tor and tem per a ture
would be the first step to ward a model rep re sent ing the 
dy namic be hav ior of the re ac tor. The ob tained tem per -
a ture re ac tiv ity co ef fi cients will be used in es tab lish -
ing the sys tem of equa tions of the HTR-10 re lat ing pa -
ram e ters such as fuel and mod er a tor tem per a ture,
neu tron den sity and re ac tiv ity.

RE AC TOR CORE MOD EL LING AND
TEM PER A TURE RE AC TIV ITY CAL CU LA TION

A meth od olog i cally cor rect, re li able, and ac cu -
rate mod el ing of such a sys tem re quires both a com -
plete and benchmarked cross-sec tion li brary cov er ing
a wide range of tem per a tures and a cor rect geo met ri cal 
model of the re ac tor core. The de fault MCNP4c li -
brary only cov ers room tem per a ture and is based on an
older ver sion of the ENDF-se ries cross-sec tion li -
brary, ENDF V. Hence, in or der to be able to per form
mul ti pli ca tion fac tor cal cu la tions at dif fer ent tem per a -
tures and ob tain more ac cu rate re sults, we took ad van -
tage of the ADS 2.0 li brary [6] based on ENDF-VII
cross-sec tions [7]. The ef fect of this new cross-sec tion
li brary on PBM-type re ac tor crit i cal ity anal y sis with
MCNP4c has pre vi ously been in ves ti gated [8].

Mod el ling the un usual struc ture of PBM-type
re ac tors is one of the chal lenges in crit i cal ity  cal cu la -
tions [9]. The dou ble het er o ge neous na ture of the re ac -
tor core – con sist ing of fuel par ti cles in side fuel peb -
bles and peb bles in side the re ac tor core – is usu ally the
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source of dif fi cul ties in geo met ri cal mod el ling. The
first level of dif fi cul ties has to do with the dis tri bu tion
of fuel par ti cles in side the fuel peb bles. The par ti cles
could be mod elled and in di vid u ally placed so as to
achieve ran dom dis tri bu tion or by us ing an ap pro pri -
ate unit cell lat tice. Given the large num ber of fuel par -
ti cles per fuel peb ble, ap prox i mately 8335, MCNP
code lim i ta tions on the to tal num ber of sur faces and
cells and the lim ited ef fect of fuel par ti cle dis tri bu tion
on the mul ti pli ca tion fac tor, an ar ray of sim ple cu bic
unit cells seems to be the best choice [10]. Fuel and
dummy peb bles' dis tri bu tion in side the core, on the
other hand, has been shown to strongly af fect the mul -
ti pli ca tion fac tor. The large dis crep an cies in mul ti pli -
ca tion fac tors ob tained us ing dif fer ent peb ble place -
ment schemes are an un de ni able proof of the pre vi ous
state ment. These rather large vari a tions, at test ing to
the un de ni able ef fect of peb ble dis tri bu tion on the
mul ti pli ca tion fac tor, also put em pha sis on the sto -
chas tic na ture of the mul ti pli ca tion fac tor for a
PBM-type re ac tor. There fore, to avoid any er ror in the
pro cess, one should run the prob lem for a num ber of
dis tri bu tions and re port a mean value and a stan dard
de vi a tion. The vari a tions aris ing from the peb ble dis -
tri bu tion in side the core have been shown to be largely
su pe rior to code-in duced de vi a tions [11].

A va ri ety of in no va tive dis tri bu tion meth ods
have been pro posed over the past years. This work
made use of a model pro posed by the au thor in pre vi -
ous works[11]. The model takes ac count of both the
ran dom mix ture of fuel and dummy peb bles and the
ran dom dis tri bu tion of void re gions in side the core. A
sam ple core pro duced us ing this model is dis played in
figs. 1 and 2.

Tem per a ture re ac tiv ity co ef fi cients are usu ally
ob tained by cal cu lat ing the re ac tor mul ti pli ca tion fac -
tor at dif fer ent tem per a tures and tak ing the de riv a tive

a
r

T

d

d

d

d

d

d
=

-æ

è
ç

ö

ø
÷

» =
¢

@

1

1
1

k

k

T k

k

T T
k (1)

The sim u la tions were per formed for dif fer ent
peb ble-filled heights -dif fer ent num ber of peb bles and
dif fer ent fuel and mod er a tor tem per a tures. The re sults
of these sim u la tions are pre sented in figs. 3-6. 
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Fig ure 1. Ver ti cal cross-sec tion of the re ac tor core

Fig ure 2. Hor i zon tal cross-sec tion of the re ac tor core's
up per re gion

Fig ure 3. Re ac tiv ity vari a tions as a func tion of fuel
tem per a ture

Fig ure 4. Re ac tiv ity vari a tions as a func tion of
mod er a tor tem per a ture



As ex pected, the ob tained re sults are in agree ment
with ex per i men tal data. The fuel tem per a ture re ac tiv ity
co ef fi cient is ap prox i mately equal to –1.9×10–5 K–1,while 
the   mod er a tor   re ac tiv ity  co ef fi cient  is –15.7×10–5 K–1

[9, 12].

THE KI NETIC MODEL

Point ki netic equa tions con sti tute the first part of
the re ac tor's dy namic be hav ior model. The PKE model 
is usu ally rep re sented through these two equa tions
[13]
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where we have made use of the fol low ing no ta tion:
n(t) is the power,  r(t) – time de pend ent re ac tiv ity, Ci(t) 
– the i-th group power [13, 14], bi – the de layed neu -
tron frac tion in group i, L – the prompt neu tron gen er a -
tion time, q(t) – the neu tron source term, and b – the to -
tal de layed neu tron frac tion.

There are no neu tron sources in side the core and, 
to sim plify the equa tions, the model will be a one-
-group de layed neu tron model. There fore,

d

d

n t

t

t
n t C t

( ) ( )
( ) ( )=

-æ

è
ç

ö

ø
÷ +

r b
l

L
(4)

d

d

C t

t
n t C t

( )
( ) ( )= -

b
l

L
(5)

where we have [14]
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Given the fact that the pres ent work is con cerned
with the dy namic be hav ior of the HTR-10, in re sponse
to a step re ac tiv ity in put one can de fine r(t) as fol lows

r r r( ) ( )t t= +0 temperature  feedback (7)

Mak ing use of the fuel and mod er a tor tem per a -
ture re ac tiv ity co ef fi cients, we have
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where aF is the fuel tem per a ture re ac tiv ity co ef fi cient,
aM – the  mod er a tor tem per a ture re ac tiv ity co ef fi cient, 
TF – the fuel tem per a ture, and TM – the mod er a tor tem -
per a ture.

Both the fuel and mod er a tor tem per a ture are
time-vary ing pa ram e ters. In or der to es tab lish an equa -
tion re lat ing these vari ables to the re ac tor's neutronic
pa ram e ters and their be hav ior, one must per form an
en ergy bal ance anal y sis in both re gions. For the fuel
re gion, the equa tion con sists of an en ergy pro duc tion
term caused by 235U fis sion and an en ergy loss term –
en ergy lost to the mod er a tor re gion through con duc -
tion, hence
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where U is the to tal con duc tance be tween the fuel and
mod er a tor re gions, r1 through r5 – the ra dius of each
re gion be tween the fuel ker nel and the mod er a tor, k2 – 
through k5 – the ther mal con duc tiv ity co ef fi cient of the 
afore men tioned re gions, mF – the fuel re gion mass,
and CpF – the fuel heat ca pac ity.

The geo met ri cal model of the fuel par ti cle along
with the dif fer ent re gions and their ther mal prop er ties
are dis played in fig. 7 and tab. 1[12].

On the other hand, the mod er a tor re gion gains
en ergy from the fuel re gion through con duc tion and
loses en ergy to the cool ant through con vec tion. There -
fore
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Fig ure 5. Vari a tions of the mul ti pli ca tion fac tor with the
re ac tor core's peb ble-filled height at var i ous fuel
tem per a tures

Fig ure 6. Vari a tions of the mul ti pli ca tion fac tor with the
re ac tor core's peb ble-filled height at var i ous mod er a tor
tem per a tures
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where mM is the mod er a tor mass, CpM – the mod er a tor
heat ca pac ity, h – the con vec tive heat trans fer co ef fi -
cient, and T4 (t) – the cool ant mean tem per a ture.

Tak ing the re ac tor to be in a steady-state at t = 0
we get
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where A is the mod er a tor-cool ant con tact sur face.
Ta ble 2 rep re sents the ini tial con di tions com -

puted us ing the pre vi ous re la tions. The ob tained val -
ues seem to be in agree ment with the re sults re ported
by Li et al. [2]. In or der to sim plify the equa tions we
de fine four new vari ables
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Re plac ing the vari ables in eqs. (4, 5, 9, and 11)
with the new vari ables we get
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It is worth men tion ing that in eqs. (22) and (23),
the terms mM, h, mF, and k are func tions of ei ther the to -
tal num ber of peb bles or the num ber of fuel par ti cles
in side the re ac tor core, which in turn are re lated to the
re ac tiv ity. In or der to achieve a lin ear equa tion, the
next part will fo cus on the tem per a ture and re ac tiv ity
de pend ence of each of the pa ram e ters pres ent in the
abovementioned equa tions.

CO EF FI CIENTS AND
PA RAM E TERS ANAL Y SIS

Ther mal prop er ties of he lium and their de pend -
ence on tem per a ture should be eval u ated. Per the KTA
3102 safety stan dard no ta tion, the con vec tive heat
trans fer rate and heat trans fer co ef fi cient – ob tained us -
ing the pi the o rem could be ex pressed as

Q A T T= -a ( )F 4 (24)
where

a
l

=
Nu g

d
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where A is the sur face area of the mod er a tor re gion in
con tact with the cool ant. The Nusslet num ber for
packed bed re ac tors and the he lium heat trans fer co ef -
fi cient are de fined as [15]
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Fig ure 7. Fuel par ti cle geo met ri cal struc ture
PyC – pyrolitic car bon, SiC – sil i con carbid

Ta ble 1. TRISO lay ers prop er ties

Re gion Ma te rial Thick ness
[mm]

Ther mal con duc tiv ity
[Wm–1K–1]

Coat ing 1 Po rous pyrolytic
car bon 0.09 0.5

Coat ing 2 In ner pyrolytic
car bon 0.04 4.0

Coat ing 3 Sil i con car bide 0.035 16.0

Coat ing 4 Outer pyrolytic
car bon 0.04 4.0

Ta ble 2. Ini tial con di tions

n(0) [W] Tf(0) [°C] Tm(0) [°C]

1.00×102 8.53×102 827.6
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The vari a tions of the he lium con vec tive heat
trans fer co ef fi cient are pre sented in fig. 8.

The heat ca pac i ties of both the fuel and graph ite
ma trix were ob tained ac cord ing to the fol low ing for -
mu las [16]
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where C1, C2, C3, q, and Ea are con stants fur ther rep re -
sented in tab. 3 [17].

As ob vi ous from figs. 9 and 10, both pa ram e ters
are tem per a ture-de pend ent. Their val ues at com puted
steady-state  tem per a tures,  as well as the ef fect of a
100 K de vi a tion in tem per a ture, are listed in tab. 4.

A vari a tion of 100 K causes the heat ca pac i ties of 
the fuel and mod er a tor to shift, re spec tively, by less
than 1 % and 3 %. Hence, tak ing con stant fuel and
mod er a tor heat ca pac i ties is an ac cept able ap prox i ma -
tion.

As pre vi ously men tioned, four of the terms ap -
pear ing in eqs. (21) and (22) are re ac tiv ity-de pend ent

A N Rp= 4 2p (34)

m N rpF F=
×4 8335

3

3r xp (35)

m N RpM =
4

3

3p (36)
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Fig ure 8. Tem per a ture-de pend ent he lium con vec tive
heat trans fer co ef fi cient

Ta ble 3. Ura nium ox ide heat ca pac ity cor re la tion
 con stants

Con stant Value Units

C1 296.7 [Jkg–1K–1]

C2 2.43×10–2 [Jkg–1K–2]

C3 8.745×107 [Jkg–1]

q 535.285 [K]

Ea 1.577×105 [Jmol–1]

Fig ure 9. Tem per a ture-de pend ent graph ite heat
ca pac ity

Fig ure 10. Tem per a ture-de pend ent UO2 heat ca pac ity

Ta ble 4. Graph ite and ura nium ox ide heat ca pac i ties

Tem per a ture Graphite spe cific
heat ca pac ity

Ura nium oxide spe cific
heat ca pac ity

1000 K 1803 –

1100 K 1855.9 –

1200 K 1899.7 –

1116 K – 313.1

1126 K – 316.1

1226 K – 318.9



and Np it self, where Np is the to tal num ber of peb bles
in side the core, R [cm] – the peb ble ra dius, x – the fuel
to to tal peb ble ra tio, and rF [gcm–3] – the UO2 den sity.

All of these terms even tu ally can cel each other
out ex cept x. Hence, one could take the ra tio to be a
con stant and re write eqs. (22) and (23) as
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Eqs. (37) and (38) are the fi nal forms of the tem -
per a ture feed back re la tions. The val ues of all the pa -
ram e ters dis cussed above are listed in tab. 5.

In this form, we have two forc ing func tions – or
po ten tial sys tem in puts – which are the ex cess re ac tiv -
ity r0 (t) and the cool ant mean tem per a ture z4 (t). The
mean cool ant tem per a ture used in this for mu la tion
does not cor re spond to any con trol la ble phys i cal pa -
ram e ter in the re ac tor.

RE SULTS AND DIS CUS SION

Ra dio ac tive ma te rial leak age into the cool ant cy -
cle is one of the most press ing is sues in the safety and
de sign of solid fuel re ac tors. Apart from the solid fuel
it self, the clad ding (here, for PBM-type re ac tors, the
TRISO coat ing) is the only bar rier pre vent ing leak age
into the cool ant. The fail ure rate is highly de pend ent
on the re ac tor tem per a ture. High work ing tem per a -
tures and sud den tem per a ture bursts can all con trib ute
to a higher clad ding fail ure rate. As re ac tiv ity changes
are very com mon in re ac tor op er a tion and usu ally ac -
com pa nied with an in crease in both fuel and mod er a tor 
tem per a tures, a thor ough in ves ti ga tion of the re ac tor's
dy namic be hav ior upon re ac tiv ity in ser tion and cool -

ant tem per a ture vari a tion could help fix the safe op er a -
tion mar gins and dem on strate the re ac tor's in her ent
safety. In or der to bench mark the model, at t = 50 s, a
0.05 $ (1 $ = b Dk/k) re ac tiv ity change was in tro duced.
The sys tem re sponse to the afore men tioned step-func -
tion is dis played in figs. 11 and 12.

The ob tained re sults seem to agree with the sim -
u la tion per formed by Li et al.  Some of the main char -
ac ter is tics of the sys tem re sponse are listed and com -
pared in tab. 6.

Ta ble 5 points out a 10 s to 20 s sec ond lag in our
sys tem's re sponse time along with a 10 % un der es ti -
ma tion of the re ac tor power and core tem per a ture as
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Ta ble 5. Nu mer i cal val ues of the HTR-10 main
 pa ram e ters

Con stant Value Con stant Value

CpF 316.1063 J/kgK R 0.00025 m

CpM 1855.9 J/kgK x 0.57

rF 10400 kg/m3
L 0.00168 s

rM 1730 kg/m3
b 0.00726

h 657.7343 J/Km2
l 0.08 s–1

&m 4.32 kg/s P 3.0 MPa

T4 748 K R 0.03 m

Fig ure 11. Re ac tor power vari a tion in duced by 0.05 $
re ac tiv ity in ser tion

Fig ure 12. Fuel and mod er a tor tem per a ture vari a tion in -
duced by 0.05 $ re ac tiv ity in ser tion

Ta ble 6. Sys tem re sponse to 0.05 $ step re ac tiv ity in put

Pa ram e ter The pres ent study Li et al.

Power peak 10.5 % 12.9 %

First re sponse time »35 s »25 s

Re ac tor core tem per a ture
vari a tion peak

Fuel Mod er a tor
5 °C

4 °C 2.6 °C

First re sponse time 60 s 100 s 75 s



com pared to the ref er ence. This is due to the many
sim pli fi ca tions made in the pres ent model (such as the
re duced num ber of nodes, con stant tem per a ture cool -
ant as sump tion, etc.) and the dif fer ence in ini tial
steady-state re ac tor power – 10 MW in this study,
while 10.1 MW for the ref er ence.

 Fig ures 13, 14, and 15 rep re sent the re ac tor's re -
sponse to 0.25 $, 0.5 $, and 1 $ re ac tiv ity in ser tion. Ac -
cord ing to figs. 14 and 15, at 1 $ the fuel tem per a ture ex -
hib its an ini tial spike of 100 K be fore con verg ing to its
fi nal value. As il lus trated in fig. 16, the am pli tude of this 
ini tial spike in creases steadily with in creas ing re ac tiv ity 
– go ing from around 4 K to 100 K. At 1 $ it takes the fuel 
heat dis si pa tion mech a nism ap prox i mately 10 sec onds
to coun ter the ef fect of the ex cess in re ac tiv ity. This
fairly short re sponse time is due to the high num ber of
fuel par ti cles and, hence, high sur face area in the peb -
bles. Once the con duc tion mech a nism has kicked in, the 
heat starts to pile up in the mod er a tor caus ing it to reach
a max i mum of 50 K which, due to the high amount and
heat ca pac ity of graph ite, is far less than the fuel max i -
mum tem per a ture 60 sec onds later.

The cur rent work has tried to es tab lish a sim ple
dy namic model for peb ble-bed type re ac tors based on

the sin gle-re gion point ki netic equa tion and two-way
tem per a ture feed backs. The re sults ob tained in fig. 16
are in par tial agree ment with some of the re sults in a
pre vi ously pro posed model. The model shows a small
lag as com pared to the ref er ence model while un der es -
ti mat ing (by less than 10 %) the am pli tude of the ini tial 
spikes. These dif fer ences are mainly due to the dif fer -
ences in the mod els, for ex am ple, this model does not
take ac count of changes in cool ant pres sure and tem -
per a ture. The re sults ob tained through the mod el ing,
while in par tial agree ment with pre vi ously pro posed
mod els, have high lighted the sys tem's in her ent safety.
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Sejed Ali HOSEINI

DINAMI^KO  PONA[AWE  HTR-10  REAKTORA  –
MODEL  DVOJNE  TEMPERATURNE  POVRATNE  SPREGE

Namera je da se u radu prika`e jednostavan model analize dinami~kog pona{awa
reaktora sa sfernim gorivnim elementima. Predlo`eni model zasniva se na jedna~inama ta~kaste
kinetike sa temperaturnom povratnom spregom na tem per a ture goriva i moderatora.
Koeficijenti temperaturne reaktivnosti dobijeni su MCNP kodom i iz raspolo`ivih
eksperimentalnih podataka. Parametri toplotne kapacitivnosti i toplotne provodqivosti
pa`qivo su analizirani i kona~ni sistem jedna~ina re{en je numeri~ki. Dobijeni rezultati,
pored delimi~ne saglasnosti sa ranije predlo`enim modelima, u pore|ewu sa drugim projektima
reaktora, upu}uju na ni`u osetqivost pri skokovitom unosu reaktivnosti i na inherentnu
sigurnost.

Kqu~ne re~i: HTR-10, model ta~kaste kinetike, koeficijent temperaturne reaktivnosti,
.........................MCNP, modularni reaktor sa sfernim gorivnim elementima


