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FE Sefidvash

Thermal hydraulics of the fixed
bed nuclear reactor concept

The thermo-hydraulics of the fixed bed nuclear reactor
(FBNR), possessing spherical HTGR type fuel, is described.
Its main characteristic is the variable fixed bed core in suspense
and its “cold” fuel in case of a LOCA (< 400°C). A 40 MW,,
reactor has a pressure loss across the fixed bed of 9.5 bar and
needs a pump power of 3.4 MW,, — more than in a classical
PWR but being the price for its excellent inherent safety char-
acteristics.

Thermohydraulik des Festbettreaktorkonzepts. Die Thermo-
hydraulik des Festbettreaktors (FBNR) mit sphdrischem
HTGR-Brennstoff wird behandelt. Sein Hauptmerkmal ist das
Schwebebett-Core im Betrieb und dessen Desintegration im
Notkiihlfall, wobei der Brennstoff ,kalt“ bleibt (<400°C).
Ein 40 MW,, Reaktor hat einen Druckabfall iiber das Bett
von 9,5 bar und bendtigt eine totale Pumpleistung von
3,4 MW, — mehr als in einem DWR, was der Preis fiir seine
exzellente inhdrente Sicherheit ist.

1 Introduction

The Fixed Bed Nuclear Reactor (FBNR) [1-3] is a small reac-
tor of 40 MWe without the need for on-site refueling. It utilizes
the PWR technology but uses the HTGR type fuel elements. It
has the characteristics of being simple in design, modular,
inherent safety, passive cooling, proliferation resistant, and re-
duced environmental impact. Here, a thermal and hydraulics
analysis of this reactor concept is presented, and in particular
its passive cooling characteristic is demonstrated.

2 Reactor description

The Fixed Bed Nuclear Reactor (FBNR) is modular in de-
sign, and each module is assumed to be fuelled in the factory.
The fuelled modules in sealed form are then transported to
and from the site. The FBNR has a long fuel cycle time and,
therefore, there is no need for on-site refuelling. The reactor
makes an extensive use of PWR technology.

FBNR is an integrated primary system design. The basic
module, as shown in Fig. 1, have in its upper part the reactor
core and a steam generator and in its lower part the fuel
chamber. The core consists of two concentric perforated zir-
caloy tubes of 20 cm and 160 cm in diameters, inside which,
during the reactor operation, the spherical fuel elements are
held together by the coolant flow in a fixed bed configuration,
forming a suspended core. The coolant flows vertically up into
the inner perforated tube and then, passing horizontally
through the fuel elements and the outer perforated tube, en-
ters the outer shell where it flows up vertically to the steam
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generator. The reserve fuel chamber is a 40 cm diameter tube
made of high neutron absorbing alloy, which is directly con-
nected underneath the core tube. The fuel chamber consists
of a helical 25 cm diameter tube flanged to the reserve fuel
chamber that is sealed by the international safeguard authori-
ties. A grid is provided at the lower part of the tube to hold
the fuel elements within it. A steam generator of the shell-
and-tube type is integrated in the upper part of the module.
A control rod slides inside the centre of the core for fine reac-
tivity adjustments. The reactor is provided with a pressurizer
system to keep the coolant at a constant pressure. The pump
circulates the coolant inside the reactor moving it up through
the fuel chamber, the core, and the steam generator. There-
after, the coolant flows back down to the pump through the
concentric annular passage. At a certain pump velocity, the
water coolant carries up the 15 mm diameter spherical fuel
elements from the fuel chamber into the core. A fixed
suspended core is formed in the module. In a shut down con-
dition, the suspended core breaks down and the fuel elements
leave the core and fall back into the fuel chamber. The fuel
element is made of TRISO type micro spheres, used in the
HTGR, compacted into a 15 mm sphere cladded by SiC.

Any signal from any detector due to any initiating event is
assumed to cut-off power from the pump, causing the fuel
elements to leave the core and fall back into the fuel cham-
ber, where they remain in a highly subcritical and passively
cooled condition. The fuel chamber is cooled by natural
convection transferring heat to the water in the tank housing
the fuel chamber.

The pump circulates the water coolant in the loop and at
the mass flow rate of about 141 kg/sec, corresponding to the
terminal velocity of 1.64 m/sec in the reserve fuel chamber,
carries the fuel elements into the core and forms a fixed bed.
At the operating mass flow rate of 668 kg/sec, the fuel ele-
ments are firmly held together by a pressure of about 10 bars
forming a stable fixed bed. The coolant flows radially in the
core and after absorbing heat from the fuel elements enters
the integrated heat exchanger. Thereafter, it circulates back
into the pump and the fuel chamber. The long-term reactivity
is supplied by fresh fuel addition and a fine control rod that
moves in the center of the core controls the short-term reac-
tivity. A piston type core limiter adjusts the core height and
controls the amount of fuel elements that are permitted to
enter the core from the reserve chamber. The control system
is conceived to have the pump in the “not operating” condi-
tion and only operates when all the signals coming from the
control detectors simultaneously indicate safe operation.
Under any possible inadequate functioning of the reactor,
the power does not reach the pump and the coolant flow stops
causing the fuel elements to fall out of the core by the force of
gravity and become stored in the passively cooled fuel cham-
ber. The water flowing from an accumulator that is controlled
by a multi redundancy valve system cools the fuel chamber as
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a measure of emergency core cooling system. The other com-
ponents of the reactor are essentially the same as in a conven-
tional pressurized water reactor.

3 Pressure loss in the reactor loop

The pressure loss in the reactor loop is calculated in order to
determine the pump work necessary to operate the reactor.
The minimum coolant velocity in the reserve fuel chamber
should be equal to the terminal velocity for the fuel elements
in order to carry the fuel elements out of the reserve fuel
chamber into the core. The higher the coolant velocity, the
higher is the core heat removal and consequently higher ther-
mal power is produced. However, the higher coolant velocity
requires higher pumping power. Therefore, the choice of op-
erating coolant mass velocity is based on the power fraction
for the pump that one is prepared to pay for power genera-
tion.

3.1 Terminal velocity

The terminal velocity of 1.64 m/sec in the reserve fuel cham-
ber is calculated by the method of NASA [4]. This is the mini-
mum velocity for the coolant should reach in order to guaran-
tee that the fuel elements are in the core maintaining a fixed
bed. The mass flow in the loop is about 22 times that corre-
spond to the terminal velocity. Therefore, at higher velocities
the pressure holding the fuel elements together in the bed is
increased.

Feed Water |

Steamn to Turbme
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of the terminal velocity Ut.
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3.2 Pressure loss in the fixed bed

The pressure loss in the fixed bed is calculated by the method
described in Idelchick Handbook of Hydraulic Resistance [5].
The coefficient for pressure loss (k) due to flow in the fixed
bed of spherical fuel elements are calculated by:
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Where, B'=1.8 (for bodies with
smooth surface), 71 = 1 (coefficient

. of the body shape), and
Pressurizer dg =0.015m (mean size diameter
of the body).
The above formula is recom-
Integrated mended for Reynolds of up to 10
Steam Generator while in the present system it is in

the order of 10*. The variation of
pressure loss as the function of
mass flow is shown in Fig. 2. In the
operational condition of mass flow
of 668.53 kg/sec, the pressure loss
in the fixed bed is 9.52 bar.
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Fig. 1. Schematic Design of the Fixed Bed Nuclear Reactor (FBNR)

2

KernTecHnik 71 (2006) 3



KT_100451 - 14.3.06/druckhaus k [Hen

F. Sefidvash: Thermal and hydraulics of the fixed bed nuclear reactor concept

Total Pressure |

— ta
o =2
[
=

Power (MWe)
P
s

Power Fraction

=

i
=3

=
2
Pump Power Fraction (%}
oy
=

Pressure loss (har)

bt
=

Bed Presaure

100 200 aonn 400 500 GO0 o0 00

=
o
o

Mass Flow {kgisec)

Fig. 2. The generated electric power, pump power fraction, pressure
losses in the core and the reactor loop as a function of mass flow velocity

where, p being pressure at the point of interest in bar, q is
coolant density in kg/cm3, [ dhe correction factor for flow
profile, V' the average coolant velocity m/sec, g acceleration
of gravity m/sec?, and z the height at the point of interest in
m. The total pressure loss in bars is being the sum of the pres-
sure loss due to friction and the localized loss due to the
change of geometry.

The flow in the loop is found to be very turbulent having
Reynolds numbers of the order of 10 millions. Therefore, the
friction coefficients were practically constants varying be-
tween 0.013 and 0.038. A fully developed flow was assumed,
thus [ 1 was used in the calculations.

Therefore, the pressure lossesld_uﬁ friction were calcu-

lated using the relation. hl ¥4 fe D — DV— where L and D are

tube length and diameter respectlvely. V is the average cool-
ant velocity in the tube. The localized pressure losses are cal-
culated by the formula.

=

h Y4 K 5

Where, the values of K were obtained from the Idelchik,
Handbook of Hydraulic Resistance [5]. The values of K vary
between 0.11 in gradual expansion to 7.9 in the case of change
of flow direction in 180°.

4 Pump work

A centrifugal pump is envisaged for the coolant circulation in
the reactor loop. However, when the mass flow is 930 kg/sec,
the pressure drop in the loop is about 100 bars that according
to Henn [6] it represents a pressure limit for making the use
of a centrifugal pump. This will cause a limit on the size of a
FBNR module to be 186 MWt. The maximum power pro-
duced according to Fig. 3, is 93 MWe that corresponds to the
mass flow of 1407 kg/s. At higher flow rates, the net power
production will decrease. The maximum possible net power
produced by this reactor module is 61 MWe.

The Pump work is -calculated by the expression:
Ppump ¥4 m g [p where, Poump is power pump (W), m mass
flow (kg/sec), g acceleration of gravity (m/sec?), and L[p_fhe
total pressure loss (bar).

5 Reactor power generation

The power generated is calculated by the enthalpy rise of the
coolant passing through the reactor core. The inlet and outlet
temperatures are assumed to be the same as for a conven-
tional PWR, namely 290 °C and 326 °C with their respective
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Fig. 3. The net generating power as a function of reactor power

enthalpies of 1284 kJ/kg and 1490 kJ/kg under 160 bar pres-
sure. For electric power calculation, a thermodynamic effi-
ciency of 33 % is assumed. The power generation as a func-
tion of mass flow rate is shown in Fig. 2.

Should the reactor be cooled by supercritical steam under
250 bar pressure with the inlet/out temperatures of 290/
416°C, having correspondingly the enthalpies of 1280/
2743 kJ/kg, the reactor power can be increased to 977 MWt
corresponding to 325 MWe electrical power.

6 Passive cooling characteristic of the reactor

One of the most important merit of the FBNR is its passive
cooling characteristic. Here, the passive cooling characteristic
is examined and demonstrated.

Under any probable accident condition, the fuel elements
fall into the fuel chamber under the force of gravity where
they generate heat due to the radioactive decay of fission pro-
ducts. In this situation the remote controlled valves, having
multiple redundancies, are opened and the water from the
accumulator will enter the fuel chamber tank to remove the
decay heat. In this analysis, it is assumed that the heat transfer
that occurs between the room temperature cooling water and
the fuel chamber tube being at about 300 °C, is by film boiling
process. This heat transfer coefficient is calculated to be about
453 kW/°Cm?. This results in cooling capability of about
91 KWt/m?. The real heat flux is calculated by dividing the to-
tal heat generation by the tube area and the results are pre-
sented in Fig. 4.

The accumulated decay heat as a function of time is shown
in Fig. 4. [7] The room temperature water to evaporate ab-
sorbs about 2592 KJ/kg of heat. The water consumption
needed to evaporate in order to cool the fuel chamber is
shown in Fig. 4. The water required to cool the reactor during
10 days after the accident is less than 0.5 m®.

6.1 Decay heat generation

According to El-Wakil [7], the decay heat can be calculated
by the following expression.

Py Y2 0:095 [P, Ch™2

Where, Py is the nominal power of the reactor in MWt; h is
the time in seconds and P; is the decay heat. The heat flux in
the fuel chamber due to decay heat generation as a function
of time is shown in Fig. 4.
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Fig. 4. Decay heat generation as a function of time

6.2 Accumulated released energy

The accumulated heat from radioactive decay of fission pro-
ducts as a fuction of time is calculated according to the formu-
la [7]: Eg Ya 02128hf:74, where E; is the realased energy and h
is the time in seconds. The results are presented in Fig. 4.

6.3 Heat transfer coefficient

The fuel chamber is to be cooled after a loss of coolant acci-
dent (LOCA) by water coming from the accumulator into
the fuel chamber tank. It is assumed that the heat transfer will
be through film boiling regime. The heat transfer coefficient a
for film boiling is calculated according to the method de-
scribed in reference [8].
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I, O30y CTduy C3——
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hre
Properties  used are: Qg % 7:78;q; ¥4 1000; g ¥ 9:81;

HY o ¥a22:235 CI0P; kg ¥4 0:0363; 1 % 1:56 CIOP; Ty ¥a 300;
Tsar ¥ 100; Tim ¥4 200; r ¥ 3:85 CI0™! results in  [pWa
453:66 W=m? [K where, [zlis the convection heat transfer
coefficient [W=m? [K]; q; vapor specific mass at film tempera-
ture [kg=m?]; q, Water specific mass at saturation temperature
[kg=m’]; g aceleration of gravity [m/s*] Cpg Steam specific heat
[J=kg [K]; ;g corrected heat [J=kg]; k; ¥4 steam thermal con-
ductivity [W=m [X]; I steam viscosity [N=sm?]; Ty cylinder
wall temperature [°C]; Tsar Water Saturation temperature
[°C]; r Water Superficial Tension [N/m].

6.4 Loss of coolant accident (LOCA)

An attempt is made to adopt a simple methodology to ana-
lyze and demonstrate the passive cooling characteristic of
the FBNR. The maximum temperature in the fuel chamber
is calculated using code TRANSCAL v. 11 [9]. It uses the fi-
nite volume method of solving the general two dimensional
heat conduction equation with a constant heat generation. It
was first used to evaluate the sensitivity of maximum tem-
peratures in the fuel chamber to various heat transfer para-
meters. The parameters used were thermal conductivity K of

4

18.3, density of 2424.5, specific heat of 840, water tempera-
ture of 100°C, initial chamber temperature of 300°C, and
the heat generation of 8 MWt/m® corresponding to
200 seconds after an accident. It was concluded that the den-
sity and specific heat only affects the time needed to reach
the steady state condition. The higher the cooling water tem-
perature, the higher is the maximum temperature. In these
calculations, to be conservative, the maximum possible water
temperature of 100 °C was assumed. The maximum fuel tem-
perature was found to be proportional to the heat generation.
However, the thermal conductivity was found to have the
highest influence on the maximum temperatures. The higher
the thermal conductivity K, resulted in lower the maximum
temperature. As seen in Fig. 5, for K higher than 10, the varia-
tion in the temperature of the centre of the fuel chamber tube
is small. Therefore, for value of 18 used for K, the maximum
tube temperature at its center was found to be 378 °C. This is
much below the design temperature even though a highly
conservative assumption is made, that is considering a con-
stant maximum heat generation.

6.5 Emergency core cooling system after a LOCA

In the case of a loss of coolant accident, the fuel elements fall
into the fuel chamber under the force of gravity. The accumu-
lator valves become activated allowing cooling water flow
into the fuel chamber tank. The water will absorb the heat
and turn into steam flowing out of the tank through the film
boiling regime. The water needed to cool the fuel chamber
as a function of time is shown in Fig. 4.
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Fig. 5. Effect of thermal conductivity on the maximum fuel temperature
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Table 1. Summary of the parameters of the Fixed Bed Nuclear Reactor

(FBNR)
Parameter Value
Power:
Net power generation (MWe) 40
Power generation (MWt) 134
Core power density (KWt/lit) 33.7
Pump power (MWe) 34
Hydraulics:
Coolant volume (m?) 12
Coolant mass flow (kg/sec) 668
Coolant pressure (bar) 160
Pressure loss in the loop (bar) 100
Pressure loss in the bed (bar) 9.5
Terminal velocity (m/sec) 1.64
Thermal:
Coolant inlet temperature (°C) 290
Coolant outlet temperature (°C) 326
Maximum fuel temperature after a LOCA (°C) <357
Coolant temperature rise after a LOFA after <1
10 days (°C)
Water needed to cool during 10 days after 0.45
LOCA (m®)
Module dimensions:
Core height (cm) 200
Core inner diameter (cm) 20
Core outer diameter (cm) 160
Core volume (m?) 3.96
Fuel in the core (Ton) 9.6
UO?2 in the core (Ton) 4.8
Fuel element
Fuel element diameter (cm) 1.5
SiC clad thickness (cm) 0.1
Number of microspheres in a fuel element. 165
Number of fuel elements in the core. 1.34 C10f
UO2 in each fuel element (% vol) 19.3
Dense graphite in each fuel element (% vol) 27.8
Porous graphite in each fuel element (% vol) 7.4
SiC in each fuel element (% vol) 45.5

6.6 Loss of flow accident (LOFA)

Should a power cut to the pump occur or for any other un-
foreseen reason the coolant flow should stop, it is demon-
strated that the safety of reactor is maintained.

In the first hypothesis, it is assumed that the pump is locked
in such a manner that the flow is totally blocked in the pump.
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There is about 1.6 m® of water in between the fuel elements in
the fuel chamber. It will absorb about 1046 MJ of heat to
change into steam. This corresponds to more than the heat
generation due to decay heat during 200 hours after incident.

This amount of water changed into steam, will increase the
volume from 1.6 m® to 8.7 m’ of steam. The increase in vol-
ume will force circulation in the loop, thus more water will
enter in the fuel chamber and a natural circulation is estab-
lished that will cool the fuel chamber without any problem.

In the real situation, the centrifugal pump can never be
blocked up and the natural circulation in the loop occurs.
Considering the 12 m® of water existing in the loop, the in-
crease in the coolant temperature will be less than 1°C even
several weeks after the incident.

7 Conclusions

The simple analysis demonstrates that FBNR has fully passive
cooling characteristics. Under any conceivable accident sce-
nario, the fuel elements fall into the fuel chamber by the force
of gravity where they are passively cooled under a subcritical
condition.
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