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The South African utility Eskom has
been investigating the PBMR technology
since 1993 for potential application as a
power source in South Africa, as well as a
viable South African export product.
Eskom'’s partners are the South African In-
dustrial Development Corporarion  and
BNFL.

The South African PBMR is the most
advanced within the Generation IV HTGR
(High Tcmperature Gas Cooled) Reactors
to be designed for commercial purposes.
The intention is (o build a 110 MWc¢ class
demonstration PBMR at Koeberg near
Cape Town, where Africa’s only nuclear
power plant is situated; and an associated
fuel plant at Pelindaba near Pretoria,
where fuel for Koeberg used (o be manu-
factured.

The concept allows for additional
modules to be added in accordance with de-
mand and to be configured to the size re-
quired by the communities they serve. It
can operate in isolation anywhere, provided
that thete is sulficient water for cooling.
Dry cooling, although more expensive, is
an option that would provide even more
freedom of location.

The commercial reactors would be
sized to produce about 165 MW each. To
maximise the sharing of support systems,
however, the PBMR has been configured
into a variety of options, such as 2, 4 and
8-pack layouts. These are the most cost ef-

fective layouts and allow the plants to be
brought on line as they are completed.

The PBMR reactor consists of a verti-
cal stcel pressurc vessel lined with graph-
ite bricks. It uses silicon carbide coated
particles of cnriched wranium oxide en-
cased in graphite to form a fuel sphere
or pebble, hence its name. The PBMR
is based on closed cycle threc-shaft recu-
perative Brayton cycle and it uses he-
lium as the coolant and energy transfer
medium.

PBMR fuel is based on a proven
high-quality German fuel design consisting
of Low Cnriched Uranium Triple-coated
Isotropic (LEU-TRISQ) particles contained

_in a molded graphite sphere. A coated parti-

cle consists of a kernel of uranium dioxide
surrounded by four coating layers.

The PBMR represents a significant ad-
vance in nuclear safety. In respect of “con-
ventional” power reactors, the probability
ol a large release of radioactivity is mini-
mal. In addition, the associated risk to
near-by populations is several orders of
magnitude less than non-nuclear risks ac-
cepted without question in daily life. In re-
spect of the PBMR, there is no risk of & ma-
jor release — short of total destruction of
the plant by an outside agency. Because
the PBMR system is, to a high degree, in-
herently safe, there is less need for the so-
phisticated and costly engineered safety
systems that surround today’s large power
reactors. The PBMR therefore also prom-
ises significantly cheaper power than its
predecessors.
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The environmental impact assessment
(EIA) process was concluded in October
2002 and the final reports submitted to
the South Africa Department of Environ-
mental Affairs and Tourism. In addition to
approval by the investors and a positive Re-
cord of Decision on the EIA, procceding to
the next phase (building of a demonstration
module and associated fuel plant) is subject
to the issuing of a construction license by
the South African National Nuclear Regu-
lator and Government consent.

The PBMR investors are currently re-
viewing the business case and will in due
course decide on the way forward.

An important milestone was recently
reached with the successfully start-up of a
test rig of the PBMR power conversion
system. It is believed that the test rig, or
micro turbine model, represents the first
closed-cycle, multi-shaft gas turbine in the
world.

The micro model (Figure 1) was de-
signed and built by the Faculty of Engi-
neering at Potchefstroom University near
Johannesburg, with technical input from the
PBMR project team.

The test rig is a replica of the func-
tional layout of the PBMR power plant
with the same control topology and de-
grees of freedom as the PBMR plant. It
will fairly accurately predict the behaviour
of the power plant and addresses one of
the main tcchnical risks of the project,
namely the integrated controllability of a
multi-shaft system. Furthermore, the
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Test Rig of the PBMR power conversion system.

PBMR-developed thermal hydraulic de-
sign code Flownet accurately predicted
various plant parameters, providing a ma-
jor boost of confidence in the technical
feasibility of thc PBMR concept.

The main objectives of the micro
model project were to prove that a three
shaft recuperated Brayton cycle can be sus-
tained and controlled, that it renders a sta-
ble operating configuration and to provide
code verification. The four control phileso-
phies of the PBMR identified for demon-
stration were start-up, full power operation,
load following and load rejection.

Although it is relatively easy to predict
the steady-state performance of a plant such
as the PBMR, the prediction of the dynamic
behaviour of the PBMR, which is required
for the design of the control system, pres-
ents unique challenges. A great effort was
therefore put into the development of a
powerful new dynamic modelling 1ool,
called Flownet.

One of the distinguishing features of
the PBMR is thc use of three separate
shafts for the different compressor/turbine
and turbine/generator pairs as opposed to
one or two shafts used in other designs.
This, however, complicates the design of
the control system.

In order to test the control strategies
of the PBMR and also to demonstrate
the accuracy of Flownet, it was decided
to develop a micro medel of the power
conversion cycle. The model uses an elec-
trical heater to emulate the nuclear reactor.
Since the objective of the micro tmodel
is not to address specific issues related
to the use of helium as the working fluid
or to test the performance of individual
components such as compressors, turbines
or heat exchangers, it was decided lo use
nitrogen instead of helium as the working
fluid,

This makes it possible to wuse
off-the-shelf, single stage centrifugal com-
pressors and turbines instead of more ex-
pensive multi-stage centrifugal or axial
flow machines. It should be stressed that
the micro model is not a scale model of the
prototype plant but a system that will have
the same characteristics and degrees of
freedom and therefore also the same control
topology as the prototype plant.

e B o B

A schematic layout of the PBMR
power conversion cycle is shown in Fig-
ure 2. Starting at 1, helium at a relatively
low pressure and temperature is com-
pressed by a low-pressure Compressor
(LPC) to an intermediate pressure (2) after
which it is cooled in an intercooler to state
3. A high-pressure compressor (HPC) then
compresses the helium to state 4. From 5 to
6 the helium is preheated in the recuperator
before entering the reactor, which heats the
helium to state 8. After the reactor, the hot
high-pressure helium is expanded in a
high-pressure turbine (HPT) to state 9 after
which it is further expanded in a’low-pres-
sure turbine (LPT) to state 11. The
high-pressure turbine drives the high-pres-
sure compressor while the low-pressure
turbine drives the low-pressure compres-
sor. After the low pressure turbine, the he-
lium is further expanded in the power tur-
bine to pressure 13. From 13 to 14 the still
hot helium is cooled in the recupetator, af-
ter which it is further cooled in the
pre-cooler to state 1. This completes the
cvcle. The heat rejected from 13 to 14 is
equal to the heat transferred to the helium
from 5to 6.

The output of the plant can be con-
trolled by changing the helium inventory
of the system or by opening and closing of
the bypass valve (BPV). Changing of the”
helium inventory is a relatively slow pro-
cess and is used for load following, while
the faster bypass control is used for load
rejection,

Although the design of the micro
model closely resembles that of the PBMR
plant, the following differences should be
noted:

(i) The micro model uses nitrogen in-
stead of helium as the working fluid. This
does not detract from the objective of the
model, namely to develop a system that
will have the same overall characteristics as
that of the prototype plant rather than to ad-
dress specific issues related to the use of
helium a the working fluid.

(ii) The micro model uses cheap,
off-the-shelve, single-stage, centrifugal
compressors and turbines rather than axial
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Brayton cycle.

flow machines. The performance character-
istics of centrifugal machines closely re-
semble that of axial flow machines.

(iii)  In the micro model the nuclear re-
actor is emulated by an clectrical resistance
heater which,, like the pebble bed reactor,
has a large thermal capacity.

(iv)  The generator is emulated by a load
compressor connected to a power dissipa-
tion loop consisting of a flow control valve
and a heat exchanger as shown in Figure 3.
Variations in load are affected by increas-
ing or decreasing the pressure level in the
load rejection loop.

S S

The first step in the design of the mi-
cro model was to do a first-order cycle
analysis to determine a suitable operating
point for the system. Figure 4 and Figure 5
show the result of this analysis with the fol-

lowing assumptions: compressor efficiency
= 75 percent, turbine efficiency = 72 per-
cent, ptecooler and intercooler outlet tem-
perature = 26 °C, heater outlet temperature
700 °C, turbocharger mechanical efficiency
= 98§ percent, pipe pressure loss = 2 percent
of inlet absolute pressure and heat
exchanger pressute loss = 10 percent of in-
let absolute pressure.

As can be seen from Figure 4, the cy-
cle efficiency increases with recuperator ef-
ficiency over the whole range of pressure
ratios. At a recuperator efficiency of 1.0 the
cycle efficiency decreases with pressure ra-
tio, while it shows an optimum at
recuperator efficiencies of smaller than
0.95. Figure 5 shows that the specific work
increases with pressure ratio irrespective ol
the recuperator efficiency.

The recuperator efficiency is a fune-
tion of the product of the area and the over-
all heat ftransfer coefficient of the
recuperator and is therefore a design
choice. Since the area — and therefore also

the price of the recuperalor — increases ex-
ponentiaily with arca, an efficiency of ap-
proximately 0.85 was choscn as a good
compromise between performance and
cost. Figure 4 shows that, at a recuperator
efticiency of 0.83, the cycle efficiency is a
maximum at a pressure ratio of approxi-
mately 2.75. Figure 5 on the other hand,
shows that the specific work is a maximum
at a pressure ratio of approximately 4.5.
Since both cycle efficiency and specific
work arc important and since cycle effi-
ciency is not as sensitive to pressure ratio
as specific work, it was decided to design
for an overall pressurc ratio of approxi-
mately 5, which is a good compromise be-
tween efficiency and specific work.

8RO

The operating points of the turbo ma-
chincs are determined by the system operating
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Turbo unit Pressure ratio | Non-dimensional mass flow
[kg/sVK/bar]
Low pressure compressor 2.0 17.3
High pressure compressor 2.0 8.7
High pressure turbine 1.8 8.1
Low pressure turbine 1.7 124
Power turbine 14 20.0

Tab. 1

Operating points of the different turbo machines for a mass flow of 1 kg/s and

LP compressor inlet pressure of 100 kPa.

Turbo unit Pressure | Non-dimensionaf mass Power
ratio flow [kglsVKibar] [kW}
Low pressure compressor 2.0 93 474
High pressure compressor 2.0 47 47.4
High pressure turbine 1.6 4.4 484
Low pressure turbine 1.7 87 48.4
Power turbine 1.4 10.8 274

Tab. 2.

Pressure ratio, non-dimensional mass flow and power for ¢ mass flow of

0.54 kgr's and LP compressor inlet pressure of 100 kPa.

point and are expressed in terms of pressure

ratio and non-dimensional mass flow,
which is defined as

~  mJT

m= N0 (1)

Py

were m&= mass flow rate, Ty = total inlet
temperature and pg = total inlet pressure.
Table | shows the pressure ratio and
non-dimensional mass flow for a mass
flow of I kg/s and a system pressure of
100 kPa at the inlet of the low-pressurc
COmMpressor.

As can be seen from Table I, the
power turbine, although having the lowest
pressure ratio, has the largest nen-dimen-
sional mass flow. The procedure that was
therefore followed was to select the
turbocharger with the largest turbine from
a range of commercially available units.
The turbine of this unit has a non-dimen-
sional mass flow of 10.8 at a pressure ratio
of 1.4. This fixes the cycle mass flow at a
value of 10.8/20 = 0.54 kg/s at a pressure
level of 100 kPa at the iniet to the LI' com-
pressor.

Table 2 shows the recalculated
non-dimensional mass flows along with
the power rating of the different turbo ma-
chines for a cycle mass flow of 0.54 kg/s.
The scaling of mass flows dees not atfect
the pressure ratios.

With the pressure ratio and non-di-
mensional mass flows of the other tur-
bines known from Table 2, turbochargers
of which the turbines matched these oper-
ating points the closest, were sclected.
The suitability of the compressors was ver-
ified with the aid of Flownet, which
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solves for the speed of the differcnt
turbochargers.

Flownet is a general thermal-fluid net-
work analysis code that can mode] both
steady-state and transient flows. Its solver,
described elsewhere [1], is based on un

Implicit Pressure Correction Method
(IPCM) and solves for the conservation of
mass and energy at all nodes and momen-

tum in all elements. The code can deal
with a wide range of standard network
components such as compressors, turbines,
pipes, diffusers, valves, heat exchangers
and pebble bed nuclear reactors. Flownet
can also deal with heat transfer between
flow elements and solid structures as well
as heat transfer through the selid siruc-
tures. It should be mentioned that heat
cxchangers are not handled as lumped sys-
tems but as distributed systems [2]. This is
necessary to more accurately deal with the
thermal capacitance of the metal scparat-
ing the hot and cold streams. Flownet has
becn extensively validated against experi-
mental results, other codes and analytical
solutions.

Input data of compressors and turbines
are provided in the form of performance
maps, which gives the pressure ratio as
function of non-dimensional speed, NA e
and non-dimensional mass flow, #z NTy/p,,
for different geometries such as blade an-
gle. Any number of compressar or turbine
stuges as well as external loads, can
be placed on a single shaft. Steady-state
load balancing can be affected by vary-
ing either the shaft spced or the master tur-
binc geometry, typically the blade angle.
In the case of transient flows, Flownet cal-
culates the shaft speed transients by ta-
king the inertia of all rotating parts into ac-
count.

Modelling of the eycle by Flownet re-
quires compilation of detail input data
for all components such as pipes, diffu-
sers, valves, volumes and heat exchan-
gers. Although space does not allow
us to discuss the design of the system in

Heat exchanger | Length between | Tube inside Number of |Heat transfer | Tube mass
tube shests {m] | diameter [mm} | tubes arealm’] [kg]

Pre-cooler 2.1 10.22 575 48 513
Intercooter 19 10.22 450 35 363
Load rejection 24 10.22 450 43 460
Recuperator 5.8 10.22 1075 255 2728
Tah. 3. Design of the different heat exchangers.

LP compressor infet pressure = 100 kPa | LP compressor inlet pressure = 250 kPa

Component Py | Pue | Tw | Tou |Rating|Speed| P, | Pax | T | Tou [Rating Speed

[kPa] | [kPa] | (°C] | [C] | Iwi | [romi | kPal | [kPa] | £C] | [°C] | [kW] | [rpm]
|.P Compressor 1000 | 200.8 | 22.9 {109.6| 51.0 |{72078{250.0 | 496.9 | 26.0 | 112.1]124.3 | 71811
LP Turbine 248511505 | 6285154807 51.0 |72078(611.7 | 372.1 ;6208 | 549.8 | 124.3 /71811
HP Compressor 198.4 | 3B1.9| 229 [162.3| 46.7 |70009] 491.3 1 938G 26.1 1 105,11 114.1 | 63842
HP Turbine 376.0 | 249.1 | 700.0 | 628.5 | 46.7 |70009] 929.2 | 613.2 | 700.0 | 628.8 | 1141 |69842
E’owerCompressor 1060|1607 24.1 | 659 | 32.1 [300731262.0|372,1| 22.8 | 66.6 | 76.8 38707
Fower Turbine 140.7  105.0 [ 548.0 | 4982 | 321 |30073] 370.2 | 2620 | 549.81 5004 | 768 [38707
Precooler 101111005} 1653 229 | 839 - 12524 2512|1551 | 26.0 | 186.6
Intercocler 180111987 | 1096} 229 | 509 - 14928 4919|1121 | 281 | 1241
Recuperator hot side | 103.0 [ 102.3 | 498.2| 165.3 | 202.6 2571125521 56004 |155.1[5156| -
Recuperator cold side 3811 | 379.4 [ 102.3| 438.8 | 202.6 9359)9325]105.1 4533|5156 -
Load rejection HX 106.5|105.1| 659 | 211 | 321 28512623 | 666 | 229 76.8 -
Tub. 4. Steady-state results for twa pressure levels i.e. 100 kPa and 250 kPa at the inlet

to the LFP compressor.
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