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Abstract

The power conversion unit will convert the heat energy in the reactor core to electrical
power. The direct-closed cycle recuperated Brayton Cycle employed for this concept
consists of a primary helium cycle with helium powered turbo compressors and a power
turbine. The helium is actively cooled with water before the compression stages. A
recuperator is used to preheat the helium before entering the core. The start of the direct
cycle is initiated by a mass flow from the helium inventory and control system via a jet
pump. When the PBMR is connected to the grid, changes in power demand can be
followed by changing the helium flow and pressure inside the primary loop. Small rapid
adjustments can be performed without changing the helium inventory of the primary loop.
The stator blade settings on the turbines and compressors are adjustable and it is possible to
bypass reactor and turbine. This temporarily reduces the efficiency at which the power
conversion unit is operating. Larger or long term adjustments require storage or addition of
helium in order to maintain a sufficient level of efficiency in the power conversion unit.
The helium will be temporarily stored in high pressure tanks. After a rise in power demand
it will be injected back into the system. Some possibilities how to store the helium are
presented in this paper. The change of helium inventory will cause transients in the primary
helium loop in order to acquire the desired power level. At this stage, it seems that the
change of helium inventory does not strongly effect the stability of the power conversion
unit.

1. Introduction.

The primary cycle used for the heat-transfer process is shown in figure 1. It is the Rankine
cycle, but when used with a single-phase, gaseous working fluid instead of a condensing
working fluid, it is termed the Brayton cycle. It is called the direct Brayton cycle if the
working fluid does not transfer its heat to a secondary (steam)cycle, but instead is used to
power the turbine of the generator system directly. Two helium powered turbo compressors
are used to maintain the required pressure in the system. In order to improve efficiency a
counterflow heat exchanger, known as a regenerator or recuperator, is introduced which
transfers heat from the gas flow into the first compressor towards the gas flow into the
reactor. A further increase in efficiency is obtained by active cooling of the gas with water
before each of the two compressors with a pre- and intercooler. A more detailed analysis of
the power conversion unit is given by Liebenberg [1]. The initial filling of the primary
cycle is performed by injecting clean helium from high pressure supply bottles into the
system through a jet pump. This will start the circulation of the helium in the primary cycle
and will cause the turbines of the compressors to start rotating and to build up the required
pressure ratio. When the system is filled up to the point at which the pressure becomes
sufficient to sustain the operation of the power turbine of the generator system, the plant is
said to be operating at base load. In order to meet an increasing demand in power output,
helium is further injected from the storage tank system until the required or nominal power
level is reached. The variations in demanded power level between base load and nominal
operation can be followed by changing the helium flow in the primary cycle. Rapid control
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1 reactor unit
2 high pressure turbo/compressor
3 low pressure turbo/compressor
4 power turbine
5 generator
6 recuperator

7 precooler
8 intercooler
9 helium inventory outlet point
10 helium inventory inlet point (jet pump)
11 bypass valve

FIG. 1. The primary cycle of the power conversion unit.

in a small range up and down (« ±10%) is provided by adjustable stator blade settings on
the turbines of generator and compressors. A reactor and turbine bypass system provides a
large control range downward in power level (up to 100% load rejection instantaneous).
Opening the bypass valve reduces the helium mass flow through the reactor core and
subsequently less heat is transferred to the power conversion unit. The mass flow through
the compressors is not effected by opening the bypass valve. In order to keep a constant
pressure ratio over the compressors their turbines must extract the same power from a
reduced mass flow. This is achieved by adjusting the stator blade settings on the
compressor turbines. As a result the generator turbine can extract less power from the mass
flow, and the efficiency of the power conversion unit decreases. In order to reduce the
compression work the mass flow through the compressors is reduced by removing helium
from the primary cycle. At the same time the mass flow through the reactor core is kept
constant (that is the required power level), so the bypass valve gradually will close as the
helium inventory decreases. When the bypass valve is closed, the removal of helium should
stop and the efficiency close to nominal operation will be restored. The helium will
temporarily be stored in pressure tanks. The removal or injection of helium from or to the
primary cycle is a slow process (tens of minutes) compared to the nearly instantaneous
blade settings on the power turbine or the operation of the bypass valve. As such, it will

196



only be used for longer term adjustments. In the following section the application of
inventory compressors (powered by helium turbine or electrically) will be considered in
order to reduce storage tank size and number, and a simple model will be discussed for the
calculations. In section 3 four different configurations will be presented, section 4 will
discuss the time behavior, and in section 5 a preliminary conclusion will be drawn as to
which design is most appropriate.

2. Modeling the helium inventory system.

It is possible to design a storage system without extra inventory compressors. The system
compressors will perform the work required to store the helium in pressure tanks. At the
high pressure point in the primary cycle, i.e., after the second compressor, helium will
flow out of the system into the storage tanks due to the pressure difference between system
and tank. The helium will flow back into the system at the lowest pressure point in the
primary cycle (before the first compressor) due to the pressure difference between tank and
system. For such a storage system the following relations can be derived:

f = dg , (1)

where f is the factor by which the pressure of the helium in the system increases after
outflow of helium from a storage tank, and dg the factor by which the pressure of the
helium in the system decreases when helium flows out of the system into the storage tank.
In order to prevent waiting for the pressures in tank and system to settle down to an
equilibrium (the last part takes the longest time) and in order to prevent minor oscillations
in mass flow direction that probably will occur around equilibrium, the mass flow from
system to tank will be stopped when the ratio of tank pressure divided by system pressure
equals g. The value of g will be close to 1, for instance 0.97. For the pressure ratio after
injection back into the system a similar factor g' is defined, the ratio of system pressure
divided by tank pressure. This factor g' is only important for the volume of the storage
tank. If Kj is the pressure ratio maintained by the system compressors, and d (f) the factor
by which the pressure in the storage tanks (the system) increases, then can be written:

K,=fd (2)

The number of stages n (= number of pressure tanks or pressure zones) required to
increase the system pressure from a pressure at base load p0 to a final pressure at nominal
power pf (p0 and pf measured in same pressure point) is given by:

(3)

From equations (1), (2) and (3) follows n according to Kj, g, and p0 , which are design
parameters for the system. When n is determined, f can be chosen from equation (3). This
factor influences the storage tank size according to the helium mass in the system before

and after (n^ 2) injection from the storage tank:

:*LL = / -> = *SL =» Am, = « „ - « , , = » , . , ( / - I ) (4)
Ps,2 ms,2
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with p sj and ps 2 the pressures related to nis! and m ^ . A similar relation holds for the
storage tank:

v,2
> APvpvapv,Pv,(

Pv,2 fg
% -1) (5)

with pvj (pv 2) the helium density in the tank before (after) injection into the system. With
s = A/?v • Vv follows for the volume of 1 tank:

y _"*,• f2 . ,

The model can describe an isothermal or an adiabatic process, the difference will be
expressed in the densities p v l and p v 2 •

It can be shown that the volumes of all n tanks will be equal by substituting pvtl = f
2Ps,i (with Ps.i m e density in the primary loop at injection point before injection) in
equation (6) and by defining Vs' = n\i/pSfi , with Vs' the effective system volume that
can be calculated from the average system pressure and temperature at given inventory
mass:

y .yyO"/) . (7)

If inventory turbo compressors are added to this system (figure 2) with a combined
pressure ratio of K; (depending on mass flow) then K,. has to be substituted by Kj-K; in the
previous equations and the storage tank size becomes Vv/K; .

3. Configurations of storage system.

Although it is an advantage to control the helium inventory without using extra inventory
compressors for storage, it requires very large tank sizes. For the PBMR-SA four tanks,
each at different pressure and around 200 m3, are required to store the helium when
reducing power output down to base load. This operation is reasonably fast: within 15
minutes all tanks are filled. Emptying the tanks might take longer due to a temperature
drop in the tank because of the adiabatic expansion of the helium into the system. The
pressure will drop with the temperature and the tank can not be emptied to the extent
needed. Injecting warm helium from the primary cycle into the tank, or actively heating of
the tank might be a solution. Introducing extra inventory compressors to fill the tanks
reduces the number of pressure tanks and their size, and influences the speed at which the
storage system operates. Figure 2 shows these options. Turbo compressors will hardly
effect the speed, being capable of handling large volume flows, but are limited to a certain
pressure ratio they can achieve. Positive displacement (reciprocating) compressors are able
to pressurize the tanks up to larger pressure differences, but will slow down the storage
process.

In order to combine the advantage of not using extra inventory compressors in the
storage system and reducing the tank size, a compromise can be found in installing two
tanks: one tank is the original highest pressure tank operated without additional

198



Pi
P2

P3

1 helium inlet flow from high pressure point in primary cycle
2 optional (turbo)compressor
3 storage tanks at different pressures
4 helium outlet flow to low pressure point in primary cycle

FIG. 2. The inventory storage tank system with four pressure tanks. Number and size
of tanks can be reduced by applying (turbojcompressors.
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1 helium inlet flow from high pressure point in primary cycle
2 positive displacement compressor
3 storage tank at high pressure
4 intermediate or control tank at lower pressure
5 helium outlet flow to low pressure point in primary cycle

FIG. 3. The inventory storage tank system with one high pressure tank and one
intermediate or control tank.
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= a valve
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1 helium inlet flow from high pressure point in primary cycle
2 positive displacement compressor
3 storage tank at high pressure (same as in figure 2)
4 storage tank at lower pressure
5 helium outlet flow to low pressure point in primary cycle

FIG. 4, The inventory storage tank system with a positive displacement compressor which
compresses directly from the system.

compressors, and the other tank is used as an intermediate or control tank from which the
helium is compressed to the high pressure tank. This configuration is shown in figure 3. A
slightly different configuration is presented in figure 4, using again the highest pressure
tank without additional compressors, but now the rest of the helium is compressed into the
second tank with a positive displacement compressor.

If both the tanks are 200 m3, the PBMR-SA is capable of load following without
inventory compressors in the range of 100%-45% for both configurations. For further
reduction in case of the control tank the inlet valve would close and the control tank would
be emptied. If after some time a further power reduction is requested, the inlet valve of the
control tank will be opened and even in the range below 45 % a fast inventory reduction is
realized. However, there are several drawbacks to this system. Firstly, if there is no
further reduction in inventory required after some time, but an increase then the
compression work 'in advance' has been wasted. Secondly, it is psychologically wrong to
allow the original system pressure (before opening the control tank) to drop by filling the
control tank and then to start compressing from this lower pressure level. The
configuration of figure 4 does not have these drawbacks: firstly, the compression only
takes place when needed, and secondly the compression is started from the highest possible
point in the primary cycle towards a pressure point in the storage system that is lower than
in the other configuration. The next section will discuss the time behavior of the tanks
when operated without compressors.

4. The time behavior of the inventory storage tank system.

In this section the duration of filling and emptying the storage tanks or system will be
considered when operated without compressors. Clearly, when compressors are used, their
specifications in terms of power and volume capacity will define the time necessary for
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storage. When the pressure difference between system and tank is large enough to occasion
a 10% or greater decrease in the helium density, the flow is no longer considered to be
incompressible. The helium flow from the system at pressure ps(t) into a storage tank at
pv(t) through an isentropic nozzle can then be described by solving the energy balance for
an adiabatic, horizontal flow process:

kM(t) k-\
(8)

with m(t) the mass flow through the nozzle with area A, R the gas constant for helium, Ts

the system temperature. M(t) = v(r) I c is the Mach number, with v(t) the flow velocity and
c the velocity of sound in the gas. The ratio of heat capacities at constant pressure and
volume is defined by k=Cp/Cv.

An analytical description for this time-dependent flow process can be found as long
as the pressure ratio of system and tank remains larger than the critical pressure ratio:

(9)

When equation (9) is valid, the flow velocity will be constant and equal to the velocity of
sound in the gas and the Mach number equals unity. The mass velocity is then proportional
to ps(t) (equation (8)) and independent of the downstream pressure. The flow is said to be
choked. Defining :

and solving the differential equations after substituting equation (9) for the choked process
(M = l):

dt v;;

(ID

gives the time t,,, for which the flow will be choked:

m
m
m F

F - A - C } P M = 0 ) \ k + V I F A C

with P'

The temperature of the system at inlet and outlet point is kept constant by the circulation
through the reactor core, but the temperature in the tank is not constant. In case of flow
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into the tank it is reasonable to assume that the temperature in the tank is approximately
constant. Firstly there exists a fairly large heat buffer in the form of the helium present.
Secondly the hot system gas is cooled close to the temperature in the tank by adiabatic
expansion. In case of flow out of the tank a satisfactory description for the temperature in
the tank still has to be formulated.

After substituting the values for the PBMR-SA it follows that the storage flow is no
longer choked after 44 seconds (initial storage flow at 2% of the main flow, and gradually
decreasing). The pressure in the system has dropped about 20%. When the flow is no
longer choked, the velocity of flow also becomes time dependent and a numerical approach
of the problem seems more appropriate.

Analytically also interesting is the time tail of the flow process when the densities in
system and tank differ about 10%. Then the gas can be considered as incompressible and
an average constant density < p > between tank and system can be assumed. If at that point
Ap(to) is the difference in pressure between tank and system, then

dAp(t)
dt

= -Fm{t) ,

and m(t) = A • ^2 < p > Ap(O . (13)

After solving for rh(t) follows:

' ' (14)

This last part of the flow takes just over 2 minutes (starting with storage flow at 2% of
main flow and gradually decreasing). In reality the diameter of the pipe will be adjustable
and the mass flow out or in will be kept at a constant percentage of the mass flow in the
primary cycle in order to maintain stability. Preliminary results from the simulator [2]
indicate that storage at a rate of at least 2 % of the primary mass flow does not create
stability problems. Higher rates are probably possible and have to be tested.

5. Conclusions.

At this point there is an inclination towards the storage system with four large tanks
without compressors because of its simplicity from control point of view. Also from an
economical point of view it seems the most advantageous system, provided that the
building size has not to be altered significantly due to the large volumes of the tanks.

The system is also fast in terms of in and out flow, but thoughts must still be given to
the extra pressure drop in the tanks due to adiabatic expansion. An adequate description
must be developed to predict this behavior. With the help of the simulator the upper limit
for the storage flow rate will be studied, and what transients are to be expected in the
power conversion unit.
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