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1. Introduction

In any system employing liquid sodium as a coolant, large heat
transfer coefficients exist between the metal structure
containing the coolant, and the coolant itself. Any rapidly
varying temperatures, either spacewise or timewise, in the
sodium are readily transmitted to the surrounding metal structure,
resulting in the generation of appreciable thermal stresses
within these structures. In particular, the phenomenon of thermal
stratification in the sodium coolant has the potential to induce
unacceptable thermal stresses throughout the system.

With respect to the present U.K. fast reactor design, a large
programme of work in connection with the thermal hydraulic aspects
of the plant is in hand. This programme is being undertaken as a
joint effort by the National Nuclear Corporation, the United
Kingdom Atomic Energy Authority, and the Central Electricity
Generating Board. Work is in progress both to identify the areas
of the system that will be susceptible to, and to ensure that the
design is capable of successfully withstanding any thermal
stratification effects. The production of stratification
phenomena depends both upon the design and the operation of the
reactor system. These are briefly described below. Areas where
thermal stratification effects exist are then identified and the
programme of work associated with each area is outlined.

2. Plant layout

The general layout of CDFR (Commercial demonstration fast reactor)
is shown in Figs la and lb. Briefly the system employs 4 pumps
and 8 intermediate heat exchangers (IHX) contained within a vessel
approximately 19 metres in diameter. Cold sodium, taken from the
cold plenum at the bottom of the vessel by the pumps, passes
through high pressure pipework to the core inlet. The hot sodium
emerging from the core is deflected, by a baffle approximately
1 metre above the core, into the hot plenum. The flow leaves the
hot plenum via the tube side flow path of the IHXs and is
returned to the cold pool. The hot and cold plena are separated
by an almost totally enclosed intermediate plenum, as shown in
Fig la.

On the secondary sodium side, there are four secondary pumps each
feeding the shell side flow path of 2 intermediate heat exchangers,
and the shell side of two steam generator units.

3. Plant operation

3.1 Steady state operation

At the design point, the mixed mean core outlet temperature will
be 540 C and the primary side IHX outlet temperature will be
370 C. These temperatures will also apply to the bulk of the hot
and cold pools respectively. Reductions in power below 100% will
be achieved by reducing the primary flow rate whilst keeping the



temperature difference across the core at 170 C. Below the
60% power level, primary flow will be held constant at a
60% level and reductions in power achieved by reducing the
temperature difference across the core (see Fig 2).

3.2 Plant trips

Plant trips can be broadley classified under two headings

a. those which are initiated at the reactor

b. those initiated downstream of the reactor

Both types of trip result in the reactor being shut down,
whilst maintaining primary flow. Both result in a rapid
reduction in core outlet temperature. For trips initiated at
the reactor, the secondary flow is maintained for a short
period in all circuits. Trips initiated downstream of the
reactor, give rise to an immediate trip of the affected
circuit, followed by a delayed trip of the reactor.
Secondary flow in the unaffected circuits is maintained for a
short period after the reactor trip, before they too are
tripped•

3.3 Loss of electrical supplies

Loss of electricax supplies will result in a reactor trip, with
all sodium pumps running down. The primary sodium pumps will
run down to a 10% speed level which will be sustained by battery
backed supplies. The main boiler feed pump will also trip to be
replaced by an emergency boiler feed pump providing 10% feed.

The frequency with which loss of electrical supplies will occur
is considered to be low.

4. Areas influenced by sodium stratification effects

4.1 Steady state operation

4.1.1 The intermediate plenum

During normal operation, the sodium in the intermediate plenum
is stratified, arising as a result of the hot roof/cold floor
situation. Because of varying temperatures on the vertical
boundaries of the plenum, natural convective phenomena occur
within the plenum. These phenomena, which may substantially
increase the heat passing to the cold pool through the plenum
floor, are affected by the stratified temperature distribution
within the plenum.

4.1.2 The cold plenum

Heat is passing from the intermediate plenum to the cold pool,
through the plenum floor. A layer of warm fluid tends to collect
under the floor plate creating a stratified situation in the cold
pool. The cold pool flow has to be designed so that such
stratification does not become unacceptable.



4.2 Reactor trip and loss of electrical supplies

4.2.1 The hot plenum

In all reactor trips including loss of electrical supplies, the
hot plenum is subjected to conditions in which sodium
stratification effects are important. In all cases, the loss
of reactor power gives rise to conditions in which a jet of cold
fluid flows into the upper plenum, which is filled with hot
fluid. During the transient, the incoming jet is affected by
buoyancy forces, and tends to fall to the bottom of the plenum.
Turbulent mixing occurs between the incoming cold fluid and the
hot fluid in the pool, the mixing being reduced if the flow rate
decays as a result of pump rundown.

Such a process can lead to the creation of a cold layer of sodium
at the bottom of the pool, gradually increasing in depth as more
cold fluid issues from the core. The hot layer lying over the
cold is thereafter removed by conductive and convective mixing
effects at the interface between the layers.

Effects of this kind are largely govered by the Richardson
number, Ri, the larger the Ri value, the'greater the effect of
fluid stratification.

faL&r
Now Ri = —

where 1. ^ is the fluid volumetric expansion coefficient

2. AT is the temperature difference between the
incoming cold jet and the initial hot pool
temperature

3. V is the jet velocity (taken as the mean core
exit velocity)

4. L is a characteristic length (say the core
diameter)

Fig 2a shows the variation of AT with V for full and part load steady
state operation. The corresponding variation of Ri for a loss of
power trip is shown in Fig 2b. The maximum value of Ri occurs at
the 60% load point.

During reactor trips with the loss of a primary sodium pump, the
effective Richardson number will increase since the effective jet
velocity will decrease as a result of pump run down. It is
necessary therefore to investigate stratification effects following
loss of a primary pump during full or part load operation taking
into account the alleviation of the effects due to the finite run
down time of the pump.



Finally, on loss of electrical supplies at full or part load
steady state running, all primary pumps run down to 10% speed.
Effects similar to those outlined above will occur, and
require investigation.

4.2.2 The cold plenum

On failure of the flow in the secondary circuit, there is a
period when hot primary sodium entering the IHX is not being
fully cooled, resulting in a warm jet emerging into the cold
pool. The duration of this warm efflux is limited by the
inventory, and mixing behaviour in the hot pool. The jet will
tend to create stratification in the cold pool sodium,
affecting the temperature distribution in the components
within the cold plenum. Any stratification produced will be
eroded as the jet subsequently falls in temperature.

It will be necessary to accommodate the results of a failure
of a secondary sodium pump from full or part load conditions.

4.2.3 The intermediate plenum

The structure surrounding the intermediate plenum, at steady
state full or part load condition, adopt temperature
distributions consistent with the hot and cold pool
temperatures; that is the structures in general are hot at the
top and cold at the bottom. When the reactor power is tripped,
then the hot pool decreases in temperature. The almost totally
enclosed intermediate plenum becomes subject to a cold
temperature front, moving down through the largely stratified
intermediate plenum and inducing thermal stresses in the
structures forming the boundaries of the plenum. The
transmission of this cold front into the plenum is directly
affected by the degree of stratification in the plenum.

5. The programme of work in support of stratification studies

5.1 Experimental programme

5.1.1 The hot plenum

1. Basic generic work relating to the effect of jets of cold
fluid flowing upwards into a plenum filled with hot fluid
has been carried out in a water model at the Berkeley
laboratories of the C.E.G.B. The model involves a plenum
filled with water into which a brine jet may be injected.
Some results of these studies are reported later in this
meeting.

2. Studies of the effects of reactor trips have been carried
out in the past on a 1/15 scale model of the upper plenum
at the Risley laboratories (RNL) of the UKAEA and more
recently on a 1/15 scale model in the Risley laboratories
of the National Nuclear Corporation (NNC). Both models



use water as a simulant fluid for the sodium, buoyancy-
effects being modelled by injection of a salt solution.
The upper plenum is modelled in great detail, and the
effect of design changes on steady state and transient
conditions can be studied.

3. At the present time RNL are designing a %th scale, 90
sector model of the upper plenum for more detailed study.
This model will be constructed in the near future.
Again the model will employ water as a simulant fluid,
buoyancy effects being again produced by injection of a
salt solution.

5.1.2 The cold plenum

1. Basic generic work on the injection of a jet of fluid
into a water filled rectangular plenum is being
conducted at NNC. The jet may be injected into the plenum
at a variety of angles and may consist of hot water; a
water/methanol mixture; or a salt solution. In this way
positively or negatively buoyant plumes can be investigated.

2. Reactor cold plenum studies are conducted on a 1/15 scale
model of the reactor system. Steady state and transient
situations are produced by injecting either water, or a
water/methanol mixture into the plenum via the simulated
IHX outlets. Design changes can be easily incorporated
into the model to investigate their effect on flow
patterns.

5.1.3 The intermediate plenum

Basic generic work on the problems involved in the design of the
intermediate plenum have been carried out in a number of rigs.

1. Experiments on rectangular plena filled with water have
been carried out at RNL and at UKAEA, Harwell. The Harwell
experiment is at 1/12 reactor scale, and the RNL
experiment at 1/4 reactor scale, though of course the
reactor 3D geometry has not been reproduced. Both
experiments have involved a variety of thermal boundary
conditions on the walls of the plenum, to reproduce both
steady state and transient convection effects superimposed
upon an otherwise stratified fluid.

2. A 1/10 scale rectangular plenum filled with mercury has
been constructed at RNL and is used in investigating, in
mercury, phenomena that have been studied in the water rigs.

3. At the present time NNC and RNL are designing a sodium
experiment, based upon a two dimensional cylindrical
system. The experiment will involve the study of steady
state and transient convective phenomena in a tank 2 metres
diameter filled with sodium to a depth of 1 metre.



4. A 1/15 scale three dimenisonal model of the intermediate
plenum has been built at UKAEA Harwell, to further
investigate phenomena occurring within the intermediate
plenum. The model is water filled and effects due to a
variety of thermal conditions on the walls of the IHX's;
pumps; and neutron shield area; as well as those on the
roof and floor of the plenum; can be investigated.
Steady state and transient studies have been carried
out.

5.2 Theoretical programme

Accompanying the experimental work outlined above has been a
programme of theoretical studies. These studies have resulted
in the production of several large computer programmes capable
of solving the steady state and transient flow and temperature
fields in a variety of situations. The programmes, on which
a good deal of code validation work has been carried out, are:

1. VICSEN - a finite difference, two dimensional
transient code for use in general geometries. The
code utilises a k-e model for turbulent flow
situations and has been used in solving a wide range
of reactor problems.

2. FOCS 3D - a three dimensional version of the VICSEN
code. The code has recently been applied to both
the hot and cold plena.

3. ANTHEA - a code similar to VICSEN but applied
specifically to the solution of IHX problems.

4. IOTA - a suite of programmes looking at natural
convection phenomona in rectangular cavities, with
a variety of boundary conditions. All versions are
finite difference codes with a variety of turbulence
models, and have been utilised in problems associated
with the intermediate plenum.

5. IOTUFIV - a finite difference, two-dimensional,
transient code for general geometries, utilising a
fe-e turbulence model.

6. ENTWIFE - a finite element code for laminar,
transient, phenomena in general geometries. This
code has been utilised in intermediate plenum work.

7. FEATT - a suite of finite element codes for steady
state laminar and turbulent flows in general
geometries.



CDFR Reactor Arrangement

x 1 Core
2 Dlagrid
3 Strongback
4 Inner tank
5 Primary vessel
6 Guard vessel
7 Vault
8 Above core structure
9 Roof

10 Rotating shield
11 Intermediate heat exchanger
12 Primary pump
13 Outer neutron shield
14 Secondary sodium pipework
15 Control rod mechanism
16 HP pipework
17 Decay heat cote
18 Roof cooling gas Met
19 Roof cooing gas outlet
20 Intermediate plenum
21 Dynamic level 540°
22 Dynamic level 370%
23 Debris tray
24 Static level 370°C
25 Hot pool
26 Cold pool
27 Fuel sub-assembly
28 VauK cooing outlet



CDFR Reactor plans

i

1 Primary vessel
2 Guard vessel
3 Rotating shield
4 Decay heat removal pipework
5 Secondary sodium pipework
6 IHX
7 Primary pump
8 Minor penetrations
9 Core

10 Outer neutron shielding
11 Fuel handling route
12 Primary vessel/guard vessel

interspace
13 Inner tank
14 Roof
15 Post out facility
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