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The current work aims at presenting a simple model for PBM-type reactors' dynamic behav-
ior analysis. The proposed model is based on point kinetics equations coupled with feedbacks
from fuel and moderator temperatures. The temperature reactivity coefficients were obtained
through MCNP code and via available experimental data. Parameters such as heat capacity
and heat conductivity were carefully analyzed and the final system of equations was numeri-
cally solved. The obtained results, while in partial agreement with previously proposed mod-
els, suggest lower sensitivity to step reactivity insertion as compared to other reactor designs

and inherent safety of the design.
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INTRODUCTION

Due to their innate safety, operation flexibility,
energy, cost, and time efficiency, pebble-bed type high
temperature gas-graphite reactors are one of the most
promising 4" generation reactor core designs to date.
Negative temperature coefficient factors — fuel, mod-
erator, and total — along with the TRISO coating tech-
nology and a very flexible fuel management system,
all guarantee the safe operation of these units during
their lifetime. This design is known to yield high
burn-up values — compared to typical PWR and BWR
units. The high operating temperature of this reactor
type gives the operator the possibility to use the re-
mainder of the generated thermal energy in water pro-
cessing units and thus achieve considerably higher ef-
fective energy efficiency [1-4].

The HTR-10 was one of the first PBM-type reactors
to go critical and operate. This reactor unit is a 10 MW re-
search reactor located in Tsinghua, China. Since its first
criticality in 2003, many research groups modelled it using
avariety of codes such as MCNP [5]. The current work in-
tends to model the dynamic behavior of the HTR-10 in re-
sponse to a step reactivity insertion. Given the fuel han-
dling system, such an increase in reactivity will be
equivalent to the insertion of new pebbles into the core.

Criticality analysis of the reactor core at differ-
ent fuel and moderator temperatures and pebble-filled
core heights in order to establish a relation between the
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reactor core multiplication factor and temperature
would be the first step toward a model representing the
dynamic behavior of the reactor. The obtained temper-
ature reactivity coefficients will be used in establish-
ing the system of equations of the HTR-10 relating pa-
rameters such as fuel and moderator temperature,
neutron density and reactivity.

REACTOR CORE MODELLING AND
TEMPERATURE REACTIVITY CALCULATION

A methodologically correct, reliable, and accu-
rate modeling of such a system requires both a com-
plete and benchmarked cross-section library covering
awide range of temperatures and a correct geometrical
model of the reactor core. The default MCNP4c li-
brary only covers room temperature and is based on an
older version of the ENDF-series cross-section li-
brary, ENDF V. Hence, in order to be able to perform
multiplication factor calculations at different tempera-
tures and obtain more accurate results, we took advan-
tage of the ADS 2.0 library [6] based on ENDF-VII
cross-sections [7]. The effect of this new cross-section
library on PBM-type reactor criticality analysis with
MCNP4c has previously been investigated [8].

Modelling the unusual structure of PBM-type
reactors is one of the challenges in criticality calcula-
tions [9]. The double heterogeneous nature of the reac-
tor core — consisting of fuel particles inside fuel peb-
bles and pebbles inside the reactor core —is usually the
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source of difficulties in geometrical modelling. The
first level of difficulties has to do with the distribution
of fuel particles inside the fuel pebbles. The particles
could be modelled and individually placed so as to
achieve random distribution or by using an appropri-
ate unit cell lattice. Given the large number of fuel par-
ticles per fuel pebble, approximately 8335, MCNP
code limitations on the total number of surfaces and
cells and the limited effect of fuel particle distribution
on the multiplication factor, an array of simple cubic
unit cells seems to be the best choice [10]. Fuel and
dummy pebbles' distribution inside the core, on the
other hand, has been shown to strongly affect the mul-
tiplication factor. The large discrepancies in multipli-
cation factors obtained using different pebble place-
ment schemes are an undeniable proof of the previous
statement. These rather large variations, attesting to
the undeniable effect of pebble distribution on the
multiplication factor, also put emphasis on the sto-
chastic nature of the multiplication factor for a
PBM-type reactor. Therefore, to avoid any error in the
process, one should run the problem for a number of
distributions and report a mean value and a standard
deviation. The variations arising from the pebble dis-
tribution inside the core have been shown to be largely
superior to code-induced deviations [11].

A variety of innovative distribution methods
have been proposed over the past years. This work
made use of a model proposed by the author in previ-
ous works[11]. The model takes account of both the
random mixture of fuel and dummy pebbles and the
random distribution of void regions inside the core. A
sample core produced using this model is displayed in
figs. 1 and 2.

Temperature reactivity coefficients are usually
obtained by calculating the reactor multiplication fac-
tor at different temperatures and taking the derivative

Figure 1. Vertical cross-section of the reactor core

Figure 2. Horizontal cross-section of the reactor core's

upper region
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The simulations were performed for different
pebble-filled heights -different number of pebbles and
different fuel and moderator temperatures. The results

of these simulations are presented in figs. 3-6.
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Figure 3. Reactivity variations as a function of fuel
temperature
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Figure 6. Variations of the multiplication factor with the
reactor core's pebble-filled height at various moderator
temperatures

As expected, the obtained results are in agreement
with experimental data. The fuel temperature reactivity
coefficient is approximately equal to—1.9-10 K~!,while
the moderator reactivity coefficient is —15.7-107 K™!
[9, 12].

THE KINETIC MODEL

Point kinetic equations constitute the first part of
the reactor's dynamic behavior model. The PKE model
is usually represented through these two equations
[13]

dn(r) _ [p(t) ﬁ}n(t)+z,zc(t)+q(t) 2

dr A 5
dC; (1) ﬁ o
i n(t)-2,C;(t) i=l...6 (3)

where we have made use of the following notation:
n(?) is the power, p(#) —time dependent reactivity, C«(¢)
— the i-th group power [13, 14], §; — the delayed neu-
tron fraction in group 7, A —the prompt neutron genera-
tion time, ¢(¢) —the neutron source term, and 8 — the to-
tal delayed neutron fraction.

Given the fact that the present work is concerned
with the dynamic behavior of the HTR-10, in response
to a step reactivity input one can define p(¢) as follows

p(t) =pot ptemperature feedback (t) (7)

Making use of the fuel and moderator tempera-
ture reactivity coefficients, we have

p(1)=po (1) +ap[Tp (1)—Tx (0)]+
+ay [Ty (1)-Ty (0)] (®)

where ar is the fuel temperature reactivity coefficient,
ay —the moderator temperature reactivity coefficient,
Tr —the fuel temperature, and 7y, — the moderator tem-
perature.

Both the fuel and moderator temperature are
time-varying parameters. In order to establish an equa-
tion relating these variables to the reactor's neutronic
parameters and their behavior, one must perform an
energy balance analysis in both regions. For the fuel
region, the equation consists of an energy production
term caused by 233U fission and an energy loss term —
energy lost to the moderator region through conduc-
tion, hence

dTF(f)

myC n(t)=UlTe (1)-T ()] (9)

U=N, 4r (10)

Hh —n = Iy —r Vs — 1
21+3 2+4 3+54

kyrir,  kynry kyrry o ksnrs

where U is the total conductance between the fuel and
moderator regions, 7| through rs — the radius of each
region between the fuel kernel and the moderator, &, —
through ks —the thermal conductivity coefficient of the
aforementioned regions, my — the fuel region mass,
and Cyr — the fuel heat capacity.

The geometrical model of the fuel particle along
with the different regions and their thermal properties
are displayed in fig. 7 and tab. 1[12].

On the other hand, the moderator region gains
energy from the fuel region through conduction and
loses energy to the coolant through convection. There-
fore
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Figure 7. Fuel particle geometrical structure
PyC — pyrolitic carbon, SiC — silicon carbid

Table 1. TRISO layers properties

Region Material Th[lglkéllf §8 Thern[l\i}rggltilylc]:tivity
Coating 1/ POrous pyrolytic 4 g 0.5
Coating 2| MMer Pyrolytic |4 o4 40
Coating 3| Silicon carbide | 0.035 16.0
Coating 4| OUIeT PYTOIYtic | ¢ o4 40
dTy (1)
my C o ——— =U[Tp (1) =Ty ()]
—hA[Ty; (1)—T.(2)] (11)

where my is the moderator mass, Cpy — the moderator
heat capacity, & — the convective heat transfer coeffi-
cient, and 7. (t) — the coolant mean temperature.
Taking the reactor to be in a steady-state at =0
we get

c=Lono) (12)
Tm(0>=w (13)
T, (0>=$+Tm<0> (14)

where A is the moderator-coolant contact surface.

Table 2 represents the initial conditions com-
puted using the previous relations. The obtained val-
ues seem to be in agreement with the results reported
by Li et al. [2]. In order to simplify the equations we
define four new variables

n(t)—n(0)
HN=rn’l 7 15
x(t) (0) (15)
Table 2. Initial conditions
n(0) [W] T(0) [°C] Tn(0) [°C]

1.00-10° 8.53-10° 827.6

_C(t)-C(0)
y(t)—ic(o) (16)
Zy (1) =Ty ()T (0) (17)
zp (1) =T (t)-Tg (0) (18)
z.(1)=T.(1)-T.(0) (19)

Replacing the variables in eqgs. (4, 5, 9, and 11)
with the new variables we get

dx(¢) _(p(t)-p B p(t)
dt_( 1 ]x(t)+Ay(t)+ " (20)

YO ey - (o)) @1)
dr
dzp (1) n(0)

dr mpC

x(1)~

PF

- [zp () =2y ()] (22)
mFCpF
dzy (1) _ kN g,
dt myC v

—hTA[zM ()2 (1)] (23)

myC pm

[zp () =2zm (D]-

It is worth mentioning that in eqs. (22) and (23),
the terms my, h, my, and k are functions of either the to-
tal number of pebbles or the number of fuel particles
inside the reactor core, which in turn are related to the
reactivity. In order to achieve a linear equation, the
next part will focus on the temperature and reactivity
dependence of each of the parameters present in the
abovementioned equations.

COEFFICIENTS AND
PARAMETERS ANALYSIS

Thermal properties of helium and their depend-
ence on temperature should be evaluated. Per the KTA
3102 safety standard notation, the convective heat
transfer rate and heat transfer coefficient — obtained us-
ing the pi theorem could be expressed as

O=aA(Ty -T.,) (24)
where
Nu ig 25)
o=
d

where 4 is the surface area of the moderator region in
contact with the coolant. The Nusslet number for
packed bed reactors and the helium heat transfer coef-
ficient are defined as [15]

Nu =127

1/3 1/2
Pr Re®®4 003377 R (26)
81.18 81.07

A =2682-1073 (1+1123-1073 Py 710-2107P) (57
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where m — 25
(Ajd z
Re= o (28) g 2
n=3674-1077°7 (29) g1s
C bt
pr=—"" Goy | ¥
lg

The variations of the helium convective heat
transfer coefficient are presented in fig. 8.
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Figure 8. Temperature-dependent helium convective
heat transfer coefficient

The heat capacities of both the fuel and graphite
matrix were obtained according to the following for-
mulas [16]

C.020'T
Cp,U02 217“1‘ 2C2T

C3Eae—Ea/T
7207 1) + 2

(€2))

2031+7.8645-107°T2 —=42671-10° T~ +
+13203-10877% -1199-10'° 774
298<T <1273K (32)

C o emph =

=1131+662-1047-9969-1078 72
1273<T <3273K (33)

Cp,grph

where Cy, C,, C;,0, and E, are constants further repre-
sented in tab. 3 [17].

As obvious from figs. 9 and 10, both parameters
are temperature-dependent. Their values at computed
steady-state temperatures, as well as the effect of a
100 K deviation in temperature, are listed in tab. 4.

Table 3. Uranium oxide heat capacity correlation
constants

Constant Value Units
C 296.7 [Jkg 'K ™
G 2.43.107 [Jkg 'K
G 8.745:107 [Tkg ']
0 535.285 e
E, 1.577-10° [Jmol "]
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Figure 9. Temperature-dependent graphite heat
capacity
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Figure 10. Temperature-dependent UO, heat capacity

Table 4. Graphite and uranium oxide heat capacities

Temperature Grﬁlphite specific | Uranium oxide specific
cat capacity heat capacity

1000 K 1803

1100 K 1855.9 -

1200 K 1899.7 -

1116 K - 313.1

1126 K - 316.1

1226 K - 318.9

Avariation of 100 K causes the heat capacities of
the fuel and moderator to shift, respectively, by less
than 1 % and 3 %. Hence, taking constant fuel and
moderator heat capacities is an acceptable approxima-
tion.

As previously mentioned, four of the terms ap-
pearingineqs. (21)and (22) are reactivity-dependent

A =4nN ,R? (34)
4-8335

Mg prmEN i (35)

my, :%anR3 (36)
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and N, itself, where N, is the total number of pebbles
inside the core, R [cm] — the pebble radius, & — the fuel
to total pebble ratio, and pr [gem ] —the UO, density.

All of these terms eventually cancel each other
out except £. Hence, one could take the ratio to be a
constant and rewrite egs. (22) and (23) as

dzp (1) _ n(0)
dt mpC g

_%[ZF(I)_ZM(I)] (37)
AmppC g r

(1)

dzy (£)  3-8335-k
dt 4nR’pyC oy

3h
—m[zMU)—Zw(l‘)] (38)

[zr (D) =2y ()] -

Egs. (37) and (38) are the final forms of the tem-
perature feedback relations. The values of all the pa-
rameters discussed above are listed in tab. 5.

Table 5. Numerical values of the HTR-10 main
parameters

Constant Value Constant Value
Coe 316.1063 J/kgK R 0.00025 m
Com 1855.9 J/kgK 13 0.57
Pr 10400 kg/m’ A 0.00168 s
P 1730 kg/m’ B 0.00726

h 657.7343 J/Km? A 0.08 s
i 4.32 kg/s P 3.0 MPa
T, 748 K R 0.03 m

In this form, we have two forcing functions — or
potential system inputs — which are the excess reactiv-
ity p, (¢) and the coolant mean temperature z,, (f). The
mean coolant temperature used in this formulation
does not correspond to any controllable physical pa-
rameter in the reactor.

RESULTS AND DISCUSSION

Radioactive material leakage into the coolant cy-
cle is one of the most pressing issues in the safety and
design of solid fuel reactors. Apart from the solid fuel
itself, the cladding (here, for PBM-type reactors, the
TRISO coating) is the only barrier preventing leakage
into the coolant. The failure rate is highly dependent
on the reactor temperature. High working tempera-
tures and sudden temperature bursts can all contribute
to a higher cladding failure rate. As reactivity changes
are very common in reactor operation and usually ac-
companied with an increase in both fuel and moderator
temperatures, a thorough investigation of the reactor's
dynamic behavior upon reactivity insertion and cool-

ant temperature variation could help fix the safe opera-
tion margins and demonstrate the reactor's inherent
safety. In order to benchmark the model, at /=50, a
0.05 $ (1 $=p Ak/k) reactivity change was introduced.
The system response to the aforementioned step-func-
tion is displayed in figs. 11 and 12.
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Figure 11. Reactor power variation induced by 0.05 $
reactivity insertion
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Figure 12. Fuel and moderator temperature variation in-
duced by 0.05 $ reactivity insertion

The obtained results seem to agree with the sim-
ulation performed by Li ef al. Some of the main char-
acteristics of the system response are listed and com-
pared in tab. 6.

Table 5 points outa 10 s to 20 s second lag in our
system's response time along with a 10 % underesti-
mation of the reactor power and core temperature as

Table 6. System response to 0.05 $ step reactivity input

Parameter The present study | Li et al.
Power peak 10.5 % 129 %
First response time ~35s *25s
Reactor core temperature | Fuel | Moderator 500
variation peak 4°C 2.6°C
First response time 60 s 100 s 75s
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compared to the reference. This is due to the many
simplifications made in the present model (such as the
reduced number of nodes, constant temperature cool-
ant assumption, etc.) and the difference in initial
steady-state reactor power — 10 MW in this study,
while 10.1 MW for the reference.

Figures 13, 14, and 15 represent the reactor's re-
sponse t0 0.25 $, 0.5 $, and 1 $ reactivity insertion. Ac-
cording to figs. 14 and 15, at 1 § the fuel temperature ex-
hibits an initial spike of 100 K before converging to its
final value. Asillustrated in fig. 16, the amplitude of this
initial spike increases steadily with increasing reactivity
—going fromaround 4 K to 100 K. At 1 § it takes the fuel
heat dissipation mechanism approximately 10 seconds
to counter the effect of the excess in reactivity. This
fairly short response time is due to the high number of
fuel particles and, hence, high surface area in the peb-
bles. Once the conduction mechanism has kicked in, the
heat starts to pile up in the moderator causing it to reach
a maximum of 50 K which, due to the high amount and
heat capacity of graphite, is far less than the fuel maxi-
mum temperature 60 seconds later.

The current work has tried to establish a simple
dynamic model for pebble-bed type reactors based on

4.5
4 — 0.25 §$ reactivity
S 5 — - 0.5 reactivity
i 3.5 e e B e 1.0 $ reactivity
B> :
2 3
<25
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Time [s]

Figure 13. Reactor power response to 0.25$,0.5$,and 1 $
reactivity insertion
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Figure 14. Fuel temperature response to 0.25$,0.5 $, and
1 § reactivity insertion
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Figure 15. Moderator temperature response to 0.25 §,
0.5 $ and 1 $ reactivity insertion
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Figure 16. Reactor core temperature as a function of
reactivity

the single-region point kinetic equation and two-way
temperature feedbacks. The results obtained in fig. 16
are in partial agreement with some of the results in a
previously proposed model. The model shows a small
lag as compared to the reference model while underes-
timating (by less than 10 %) the amplitude of the initial
spikes. These differences are mainly due to the differ-
ences in the models, for example, this model does not
take account of changes in coolant pressure and tem-
perature. The results obtained through the modeling,
while in partial agreement with previously proposed
models, have highlighted the system's inherent safety.
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Cejen Ann XOCEHUA

JNHAMHNYKO IMOHAIMMABE HTR-10 PEAKTOPA -
MOJEJ ABOJHE TEMIIEPATYPHE IIOBPATHE CIIPETE

Hamepa je ma ce y pagy mpukaxe jeFHOCTaBaH MOJEN aHAIW3€ AWHAMHIYKOT NOHAIIAHa
peakTopa ca cepHUM FOPUBHUM eleMeHTHMA. [TpenokeHn MoJiel1 3aCHIBA Ce Ha jJeITHaYMHAMA TAYKacTe
KHHETHKE ca TEeMIEPAaTypHOM IIOBpAaTHOM CIPEroM Ha TeMIepaType TopuBa U MoOjepaTopa.
Koeduuujentn TtemnepaTypHe peaKTHBHOCTH pRoOujeHn cy MCNP KogoM U M3 pPacloOKUBUX
eKCIIepIMEHTAJIHUX nofjaTaka. [lapaMeTpn TONMIOTHE KamalMTHBHOCTH U TOIUIOTHE IPOBOAJHHBOCTH
NXI/bUBO CY AHAJTM3UPAHU M KOHAYHM CHCTEM JeJIHAUMHA PEIIeH je Hymepuuku. [loGujenu pesynraru,
HOpef IeUMHUYHE CarllacCHOCTH ca paHuje NPeAIoXKEeHNM MOJIENNMa, y Iopebemy ca JpyruM npojekruma
peakTopa, ynyhyjy Ha HUXY OCETJbMBOCT HPH CKOKOBHUTOM YHOCY PEaKTHUBHOCTH M HA HHXEPEHTHY
CHTYPHOCT.

Kwyune peuu: HTR-10, modea miauxacitie Kumeitiuke, koeuyujeHiti ilemitepaitiypHe peakiiu6HOCIIU,
MCNP, M00yaapHU peakitiop ca cghepHuUM 20PUBHUM eAeMeHIUUMA



