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Introduction:

Accelerator Driven sub critical Systems (ADS) have evoked considerable interest
in recent years. The Energy Amplifier concept developed by C. Rubbia and others at
CERN incorporates a buoyancy driven, lead-coolant primary system for extracting the
heat generated in the fast reactor as well as that in neutron spallation target [1]. In earlier
publications [2], our BARC group has proposed a one-way coupled booster reactor
system which could be operated at proton beam currents as low as 1-2 mA for a power
output of 750 MWth. Here, the basic idea is to have a fast booster reactor zone of low
power (~ 100 MWth) which is separated by a large gap from the main thermal reactor
zone. In this arrangement, the spallation neutron source feeds neutrons to the fast reactor
zone where neutrons are further multiplied. Further in this system, the neutrons from the
booster region enter the main reactor but very few neutrons from main reactor return to
booster, thus ensuring one-way coupling. In earlier work, several possible configurations
of the booster and thermal regions were presented. In the present work, we describe an
engineering design particularly with respect to thermal hydraulics of lead/lead-bismuth
eutectic coolant also acting as spallation neutron source.

This hybrid ADS reactor consists of fast and thermal reactor zones producing
about 100 MWth and 650 MWth respectively. The schematic of the system is shown in
Fig. 1. The fast core consists of 48 hexagonal fuel bundles each containing 169 fuel pins
of 8.2 mm diameter arranged in 11.4 mm triangular array pitch. The average thermal
power per fuel pin is about 13.46 kW. However, due to neutron flux peaking effect, the
maximum fuel pin power can be up to 2.5 times this average power. The thermal reactor
consists of heavy water as moderator and coolant similar to a typical CANDU type Indian
PHWR except for fuel composition. Though the gap between fast and thermal zones
essentially provides one way coupling of neutron flux, a thermal neutron absorber at the
fast zone boundary is also being contemplated to ensure one way coupling.

Heavy Metal coolant Systems:

Various schemes of ADS have proposed coolant systems with molten lead (Pb) or
lead-bismuth (45% lead and 55% bismuth by weight) eutectic and also these as spallation
target materials. These schemes include common coolant-target circuit [1,3], as well as
isolated target and coolant circulation loops [4]. In addition, schemes have been proposed
with proton window as well as windowless target systems [5,6,7]. CERN concept has two
main attractions; buoyancy driven flow makes it highly reliable (no pump failure) and the
same coolant is used for reactor as well as for removal of heat due to proton beam heating
in spallation target and beam window. Buoyancy effect can be further enhanced by
introducing a compatible gas into the coolant near the bottom of the riser pipe of the



coolant [4]. Such schemes have also been extensively studied in liquid metal magneto-
hydrodynamic power generation [8]. However, detailed analysis of this scheme is
required before arriving at specific configuration for a particular ADS.

From thermal-hydraulics point of view, lead-bismuth eutectic (LBE) is a better
coolant and target material than lead. This is primarily because of lower melting
temperature (which can be as low as 127°C for LBE of 55% Bi and 45% Pb weight ratio)
as compared to that of pure lead (327°C). Thus, it can be operated with larger temperature
difference (AT) across inlet and outlet of the core and target zone. The main disadvantage
in using bismuth as a target is the production of sizable amounts of highly volatile and
radio-toxic Polonium due to neutron capture. However, estimates made out by Russians
[3] indicate negligible influence of Polonium in the overall radioactivity in the coolant-
target of LBE. Further studies have to be carried out on this issue to arrive at a decision
whether LBE can be used for ADS without significant safety hazards. If the reactor can
be operated in the presence of Polonium then LBE will be a strong candidate for coolant
and target material. In this paper, preliminary analysis related to thermal hydraulics has
been carried out to determine the coolant parameters for the both lead as well as LBE for
the fast reactor zone of our ADS.

Design of Buoyancy Driven Systems:

Convective pumping in fast and spallation zones is realized with the help of a
coolant column (h) in which hot coolant from the core rises as a result of thermal
expansion coefficient (P). The coolant returns to the core after being cooled down to the
lower inlet temperature in the heat exchanger. The schematic of the system is shown in
the fig. 2. The pressure head generated is given by [1]:

APbuoy=/?.AT.h.g

Where, AT is the temperature difference between the inlet and outlet of coolant
across the reactor zone. In order to dissipate a power q produced by nuclear reactions in
the fuel pin with a resulting temperature difference AT, the coolant must traverse the core
or fuel channel with a velocity v given by

v = ffATpC.

Where ff is the flow area and p and Cp are density and specific heat of the coolant. For
cylindrical pins of radius Tf of the fuel arranged in an infinite hexagonal lattice pitch of p,
the flow area is given by:

ff =V3p2/2-7irf
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pressure head to overcome heat exchanger and frictional pressure losses in the loop [1].
Thus:
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Based on the above equation, parametric analysis was carried out for different
pitch of the fuel pin distribution, different coolant inlet and outlet temperatures
corresponding to both lead and LBE flow systems.

In Fig.3 and Fig.4, the required height of the coolant column to provide adequate
pressure head for different AT coolant values and fuel power densities are plotted for lead
and LBE respectively. As expected, the required height is a strong function of both q and
AT of coolant. For a AT of 200°C wheriq is reduced from 35 to 15 kW, the required
column height is reduced from -25 m to ~7 m. Similarly, if AT is increased from 150°C
to 300°C, the required height is reduced from ~55m to ~9m for the case of q = 35 kW
(560 W/cc). In addition to the height determined above, we require some additional
height to make coolant flow smoothly into the core. Reduction in the required height for
the coolant by increasing AT leads to reduction in the requirement of the coolant
inventory and lower operating pressure for reactor vessel and window. On the other hand,
if the height is reduced too much sufficient riser length will not be available for the
coolant emerging from fuel bundles with different outlet temperatures to reach
temperature uniformity in the plenum. (For more accurate analysis, we have yet to carry
out further two-dimensional analysis.) Since the lowest temperature for lead has to be
more than about 350°C and there is little scope of increasing the outlet temperature unlike
the case of LBE where lowest temperature can be about 150°C, we have chosen LBE for
detailed analysis.

Table. 1 summarizes various parameters of the LBE coolant system of the 100
MWth fast reactor part of our design. The required riser column height for buoyancy
driven pumping is ~ 6 metres for AT about 200°C. This is also the result of lower fuel pin
power of our design which can be increased further by using higher accelerator current, if
necessary. The flow velocity in the fast core is less than 1 m/sec and that will reduce
tendency for metal erosion/corrosion. f

Preliminary studies indicate that smaller height reduces the excess coolant
transient temperature over the steady temperature during start up. For a typical 30-second
start up, the excess coolant temperature over the steady state reduces by a factor of more
than two when the height is reduced from 25 to 6 m.

Buoyancy Enhancement with Gas Flow:

The analysis carried out here is based on buoyancy pressure head created due to
temperature difference between riser and downcomer of the coolant loop. Another
effective way of increasing the buoyancy pressure head is to introduce suitable gas like



Neglecting the end effects and the temperature dependency of the parameters, the
pressure drop in the core, APcore for the given flow velocity v in the fuel is given by:
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Where % is the geometry dependent factor, If and Ip are the lengths of the pin in
fuel and the plenum sections respectively. i\ is the friction factor, \i is the viscosity of the
coolant, df and dp are the effective flow diameter of the fuel and plenum regions of the
coolant. fp is the effective flow area corresponding to plenum part of the fuel pin. APena is
the additional pressure drop due to abrupt change in the flow area and is given by:

pv

fo corresponds to the flow area in the absence of fuel pins.

The pressure head obtained due to buoyancy, APbUoy has to provide sufficient
pressure head to overcome APCOre, pressure drop across the heat exchanger and frictional
pressure drop due to circulation in the pipe. Solving the above set of equations give
complete details of the coolant parameters.

The above one-dimensional equations were solved to arrive at equation for h, the
required height of the coolant for a given system. This analysis gives only approximate
values and we have to take into account radial temperature variations due to unequal fuel
heat generation, two-dimensional spallation heat distribution etc. to arrive at actual
parameters. Here, it was assumed that typically we would require around 30% additional



Argon or Helium at the bottom of the riser of the coolant (at the exit of the reactor) [9].
The presence of the gas significantly reduces the effective density of the fluid in the
raiser due to two-phase flow. Analysis of the flow is complex since various flow regimes
may exist (bubbly, churn, slug etc.) depending upon the void fraction and flow velocity
[11}.

Thermal hydraulics of Spallation Target

The above analysis for reactor coolant was carried out on the basis of requirement
for the fast-zone core cooling. However, in the scheme proposed here, the same coolant
can also be used as spallation target. A proton beam of 1 GeV and CW beam current of 1
to 3 raA current would generate. 1 to 3 MW of thermal power. However, this heat is
generated in a small volume leading to large thermal power densities (~GW/m3) [10]. It
has been shown that for a AT of 200°C (lead coolant), the velocity near the spallation
region can be sufficiently high to remove the heat-generated by convection currents [6].
Adequate effective thermal hydraulic diameter should be provided (for a given pressure
head, heat removal is proportional to hydraulic diameter) for heat removal due to
spallation. Detailed thermal hydraulic studies have yet to be carried out to design the
appropriate configuration for heat removal in the spallation region.

Conclusions:

Preliminary thermal hydraulic analysis has been carried out for the 100 MW fast
zone of the one-way coupled fast-thermal 750 MW reactor with lead as well as LBE as
coolant and spallation target. LBE was preferable since the reactor can be operated with
larger AT. Reactor coolant parameters with LBE for AT of 200°C have been calculated
for buoyancy driven flow. The height of 6 m is adequate for coolant circulation. For exact
design calculations, we have to carry out two-dimensional reactor coolant studies based
on actual neutron flux distribution in the reactor. In addition system design requires
detailed analysis of thermal hydraulics of spallation heat generation and proper flow
configuration, which avoids local flow stagnation zones. Some of the other issues
involved are the corrosion studies related to Pb-Bi and development of appropriate
materials, which in fact decide the upper limit of the operation of the coolant. We are
proposing to set up a mercury/LBE experimental loop with an appropriate spallation heat
simulator to study the thermal hydraulics off the spallation target and window and
corrosion related aspects of LBE system.
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Table. 1. Typical coolant parameters for a 109 MWft fast

reactor of the Hybrid system

Parameter

Coolant

Inlet Temperature (WC)

Outlet Temperature(°C)

"* buoyancy!war)

Height Required for Buoyancy(m)

Coolant mass flow rate (t/s)

Power from single fuel pin (kW)

Pitch of the fuel pin matrix (mm)

Average velocity of the coolant in

the fuel pin region (m/s)

Number of pins

Pins in single fuel bundle

Radius of Fuel Pin (mm)

Core

Plenum

Length of the Fuel Pin (m)

Core

Plenum

Value

45% Lead-55% Bismuth alloy

250

445 Av. (Peak 585)

0.47

6

4.0

13.46 Av.

11.4

0.76

8112

169

4.1

2.5

1.3

1.6



173 pin

•
Fuel pin distribution in
the hexagonal bundle

Hexagonal fuel bundles
-in the Fast zone

Fuel bundle distribution in
Thermal zone

Proton Beam Port

Fast Zone. fast zone primary heat
exchanger

Fig. 1. Schematic of the 750 MW fast-thermal ADS



Main vessel Proton beam (lGeV, 2mA)

Secondary coolant

Normal coolant level

Heat exchanger

Thermal insulation wall

Hot rising liquid

Cold descending liquid

Plenum region

-Fuel region

Spallation region

Fig. 2. Schematic of lead / lead-bismuth natural
convective coolant circuit for fast reactor of the hybrid
one-way coupled system.
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Fig.3 Lead Coolant
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Fig.4 45 % Lead and 55 % Bismuth Coolant


