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ABSTRACT 
 

A design is presented for the turbomachinery for an indirect cycle, closed, helium cooled modular 
pebble bed reactor system.  The design makes use of current technology and will operate with an 
overall efficiency of 45%.  The design uses an intermediate heat exchanger which isolated the reactor 
cycle from the turbomachinery.  This design excludes radioactive fission products from the 
turbomachinery.  This minimizes the probability of an air ingress accident and greatly simplifies 
maintenance. 
 
1. Introduction 
 
The desire for reducing CO2 emissions in the production of electricity along with the trend of 
increasing world energy consumption has resulted in a renewed interest in nuclear energy.  However, 
for nuclear energy to regain acceptance it must be both economically competitive and safe.  Gas 
cooled reactors have been characterized as being economically competitive and demonstrably safe.  
With respect to basic nuclear island type, two configurations have been proposed.  In the US, Japan 
and Russia, the prismatic core configuration is the design of choice.  In the European community, in 
particular Germany, and in South Africa and China, the pebble bed core configuration is preferred.  In 
the 1970s and 1980s examples of each design were built and operated in the US and Germany.  After a 
term of lessened interest in the late 1980s and 1990s a number of newer designs are either in the 
process of design (South Africa-pebble bed) or have been constructed (China-pebble bed, Japan-
prismatic) and are now in operation.  The South African pebble bed design is intended as a 
commercial unit while the Chinese and Japanese reactors are considered as test reactors with long term 
commercial intent. 
 
With respect to the power generation cycle, current commercial designs stress some form of the 
Brayton cycle using helium as the gas.  CO2 is a consideration for some fast reactor applications but 
will not be considered in this paper.  The advantage of the Brayton cycle being the potential increased 
efficiency, coupled with a decrease in system complexity and O&M costs.  These benefits have yet to 
be demonstrated in a commercial plant, however.  While the Brayton cycle has achieved prominence 
as the cycle of choice for the new designs, the details of the actual configuration vary.  Two cycle 
types, direct and indirect, have been proposed.  Each has its’ advantages and disadvantages, the 
importance of which may depend on the market for which the plant is intended.  The direct cycle has 
the advantage of higher efficiency, simpler control, fewer components, and thus in principle lower cost 
to construct.  Disadvantages of the direct cycle include greater susceptibility to air/water ingress 
accidents, increased O&M costs due to contamination of the power conversion unit (PCU), an 
extension of the ASME Section III, Class I pressure boundary to the entire PCU, and the potential 
safety impact of missile damage from failed PCU components.  Arguments for relaxed containment 
requirements will be harder to make with the direct cycle due to the potential for fission product 
release to the environment through failure of a single barrier.  Advantages of the indirect cycle include 



the isolation of the PCU from the primary circuit which minimizes the air ingress and missile accident 
potential, decreased O&M costs due to an uncontaminated PCU, and a contraction of the Class I 
boundary area which allows more design flexibility with respect to materials choices.  Disadvantages 
include increased complexity due to the inclusion of an intermediate heat exchanger, significant 
design issues related to its’ design, decreased efficiency, and associated increased plant construction 
costs.  With cost being a significant driver for commercial viability, the potential advantages of the 
indirect cycle are viewed in many circles as being not worth the cost penalty.  As a result, the South 
African design that is the closest to commercial construction uses a direct cycle. 
 
Beyond the issue of direct vs. indirect configurations, the details of the individual PCU designs are 
highly variable.  Similarities between design concepts include recuperation and intercooling.  
However, designs differ as to the number of shafts, component orientation (vertical or horizontal), and 
bearing and seal configurations.  A design proposed by General Atomics makes use of a single vertical 
shaft.  The South African design calls for three shafts and a vertical orientation.  The use of a single 
shaft allows for easier control since, unless gearing is used, all of the rotating components turn at the 
same speed.  There is the additional advantage of smaller, higher speed, turbine and compressor 
designs.  However, the single shaft designs require that some form of frequency conversion be used to 
match the output of the power turbine to the grid.  Additionally, the single shaft design requires the 
use of a very long shaft, which complicates vibration damping.  Multiple shaft designs make for easier 
maintenance since individual components can be removed, and allow the power turbine to turn at 
synchronous speed.  However, this is achieved at the cost of additional piping complexity. 
 
As was pointed out earlier, for any new concept to be accepted it must be able to compete with other 
sources of energy.  These sources will include other nuclear as well as fossil fueled concepts.  In 
general, nuclear sources are very capital cost intensive but balance this with lower fuel costs.  Fossil 
costs are dominated by fuel prices which can be highly variable.  Thus, for a nuclear source to be 
competitive, the construction costs must be minimized.  One possible path the achievement of lower 
capital cost is to make use of factory based modular construction where components can then be 
delivered to the site and assembled.  The extent of modularity in the various plant designs varies and 
the “jury is still out” as to the realization of cost advantages for modular designs. 
 
In this paper, the design of the power conversion system for an indirect cycle, helium cooled, modular 
pebble bed reactor (MPBR) system is presented.  The design, as will be discussed below, represents 
the desire to achieve a balance between a system that can actually be built using existing, or very 
limited and achievable of extension of technology with small cost, while at the same time meeting all 
existing codes and standards.  The goal, within these constraints, was to achieve the maximum 
efficiency possible.  The overall design, shown in Figure 1, is an indirect cycle, three shaft, 
recuperated and intercooled design with the power turbine turning at synchronous speed. 
 
2. Design Constraints 
 
The design complies with existing codes and standards in the US.  The nuclear island of MPBR uses a 
nuclear reactor design similar to that developed in South Africa. The pressure vessel in this design 
uses A508/A533 class steel as the reactor pressure vessel (RPV) with an upper temperature limitation 
of 375°C[1].  This restriction requires a separate cooling system for the hot section components.  The 
application of the ASME code Section III (Class I) results in a temperature limit of 427°C for the 
intermediate heat exchanger (IHX) pressure vessel and all of the Class I boundary.  To satisfy the code 
requirements and, at the same time, allow for higher turbine inlet temperatures, component cooling 
and/or thermal breaks are used where required.  Component cooling, since it requires the diversion of 
gas that could be used in power conversion, will result in an efficiency penalty and is thus only used 
where necessary.  A significant advantage of the indirect cycle is the limiting of the Section III Class I 
boundary requirements to components and piping from the reactor to the IHX.  ASME code Section 
VIII requirements will be used as the basis for the components in the PCU beyond the IHX.  Section 
VIII allows temperatures up to 898°C.  In the power conversion unit, the temperatures are usually 
below this 
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Figure 1  Flow schematic of current design of MPBR 

 
limitation.  However, due to concerns for differential thermal expansion, cooling is used for all of the 
turbine casings and interconnecting piping. 
 
Current open cycle gas turbine technology allows for power levels up to 200MW and beyond. 
However, experience for design and operation of closed cycle helium turbomachinery is limited.  The 
largest capacity helium turbine built to date  is the 50MWe unit in Oberhausen of Germany, which 
was operated for over 30,000 hours with a turbine inlet temperature of 750°C in a closed cycle 
plant[2].  After detailed discussions with the manufacturers for turbomachinery, it was determined that 
the current helium turbine technology will allow powers no higher than 50MW without significant 
extensions of technology with associated large R&D costs.  Not withstanding the claims by many that 
larger turbines can be easily built, when it comes to an actual commitment by a manufacturer to a 
design with a guaranteed efficiency, the reality of the difficulty, and associated risk of assuming larger 
turbines becomes apparent.  This constraint necessitated the selection of a multi-spool arrangement for 
the power conversion unit. 
 
With respect to piping sizes, higher velocity results in smaller piping diameters which will reduce 
costs.  Additionally, minimization of diffuser losses in the turbomachinery, also argues for helium 
velocity as high as possible.  However, when considering the potential for erosion of piping, in the 
current design, 120m/s is chosen as the piping helium maximum velocity. 
 
With respect to heat exchanger designs, current technology limits the maximum size for compact, 
plate fin or printed circuit designs. 
 
An additional restriction was applied with respect to plant layout.  Our design layout makes use of a 
horizontal configuration.  This configuration was chosen for ease of maintenance and bearing design.  
The design calls for the use of magnetic bearings.  However, while magnetic bearing design 
technology has greatly matured over the past 10 years, the majority of magnetic bearing experience 
has been with horizontal configurations.  Additionally, while magnetic bearings have been built which 



will support the weight of a single shaft design, these bearings have been limited to rotational speeds 
of several hundred RPM, not the several tens of thousand RPM anticipated for single shaft designs.  
Thus, again, we have chosen to use technology with maximum industrial experience and minimum 
extension of technology. 
 
The last constraint concerns the use of modularity.  In our design we advocate the maximum use of 
modular designs for components.  This places constraints on the maximum sizes for individual 
components such as heat exchangers and requires the use of individual modules as building blocks for 
the IHX, recuperator, and precoolers. 
 
3. Current design 
 
The goal of the design is to provide a plant with high efficiency, low investment, modularity, less cost 
for maintenance. As the requirement of modularity, the component should be shipped to the plant site 
by plate car. 
 
Cycle and parameters selection 
 
Advances of technology associated with heat exchanger design, the fabrication of an IHX working 
under severe conditions such as high temperature and high pressures has become a viable alternative.  
This has allowed us to choose an indirect cycle design which has the advantages described earlier. 
 
Helium gas is used as the working fluid in both the primary system and the secondary system.  While 
the isolation of the primary from the secondary circuits allows for the choice of a different gas for the 
secondary side, such as Air, CO2, Nitrogen or Argon, the penalties in terms of heat exchanger size 
were deemed to great to balance the potential reduction in issues related to helium containment.  Since 
helium is an inert gas which does not become radioactive and its specific heat is about five times of 
that of air, it was chosen as the coolant in the primary system.  The conductivity of helium is much 
higher (about a factor of 5 over the relevant range of temperature) than that of air, so heat exchanger 
sizes would be about half that of an air design at the same conditions [3].  Compared with a steam 
cycle for the secondary side, the closed gas turbine cycle takes full advantage of the higher inlet 
temperature which leads to high plant net efficiency.  Another potential advantage for the helium 
secondary cycle is in the area of component degradation.  The Light Water Reactor (LWR) and fossil 
industries have a long history of corrosion related component reliability problems.  The use of helium 
has the promise of eliminating corrosion as an issue. 
 
As indicated earlier, the flow schematic of the current MPBR design is shown in Figure 1.  A three-
spool arrangement with three-stage intercooling are adopted in the power conversion unit.  In the 
primary system, the helium inlet temperature is 520°C with an outlet temperature of 900°C.  The hot 
helium then goes into the hot side of the IHX, after transferring heat to the power conversion unit, 
flows to the circulator.  The circulator provides the pressure head to overcome the pressure losses 
through the primary cycle.  Thereafter, the helium goes back to the upper plenum of the reactor core to 
finish the loop.  In the secondary system, the helium leaving the cold side of the IHX is expanded 
sequentially in the high-pressure (HP), low-pressure (LP) and power turbines.  The turbine exhaust 
helium enters the low pressure side of the recuperator and transfers its heat to its high pressure side 
helium.  Before the helium enters a compressor, it is cooled to 30 °C.  The helium is compressed to 
8MPa by four compressors and then enters the high pressure side of the recuperator.  After heat is 
recovered, the helium flows into the cold side of the IHX.  The helium, at a temperature of 879°C 
leaves the cold side of IHX to start the next cycle once again.  The helium pressure in the cold side of 
IHX is 0.1MPa higher than that of the hot side to prevent radioactive product transfer to the power 
conversion unit.  In order to provide a stream for cooling of the reactor pressure vessel (RPV), a 
separate vessel cooling heat exchanger is used.  On the primary side, helium is blead from the outlet of 
the circulator and is cooled to 115°C.  The cooled gas then enters the annulus cavity between the 
reactor core barrel and RPV to cool the RPV.  On the secondary side of the vessel cooling heat 
exchanger, cold helium is diverted from the outlet of the high-pressure compressor.  Based on the 



preliminary calculation, the mass flow rate for cooling the RPV is about 1% of the total mass flow in 
the primary system.  The precooler and intercoolers are helium/water units. 
 
The plant net efficiency depends on the attainable performances of its components and the cycle 
pressure losses.  Improving component performance will increase the plant efficiency.  Decreasing the 
cycle pressure losses will have the same effect.  With current compact heat exchanger technology, the 
IHX and recuperator effectiveness can both be 95% with acceptable size and hence cost. The gas 
turbine and compressor polytropic efficiency can reach to 92%, and 90% respectively.  In the 
calculation of net efficiency, the following parameters are used: circulator isentropic efficiency 90%, 
the motor efficiency 98%, and the generator efficiency 98%.  Mechanical loss due to bearing friction 
and windage for the gas turbine to drive the compressor is assumed to be 1%.  The cooling tower has 
the ability to provide water with a minimum temperature 27°C.  Thus the precooler and intercoolers 
can cool the helium to 30°C before entering the compressors.  In the primary system, the pressure loss 
is assumed to be 2% in the reactor, and 1.77% in the hot side of the IHX.  In the secondary system, the 
pressure losses are as follows: 2% in the cold side of the IHX, 0.8% in the low-pressure side and 
0.13% in the high-pressure side of recuperator, 0.8% in the each intercooler and precooler.  Pressure 
losses in piping are taken into account in the component losses.  The overall radiation loss is 0.2% of 
the reactor thermal power. 
 
Figure 2 shows the plant net efficiency as a function of the reactor core outlet temperature.  For a 
specific core outlet temperature, there exists a particular overall pressure ratio which results in the 
maximum plant efficiency.  In terms of the optimum points, increasing the core outlet temperature 
50°C results in a gain of approximately 1.5% plant efficiency.  The effect of IHX effectiveness on the 
plant efficiency is shown in Figure 3, which illustrates that increasing IHX effectiveness from 90% to 
95% would improve the plant efficiency by approximately 0.8%.  As described later, increasing IHX 
effectiveness by 5% would, however, double the IHX and significantly increase cost.  Intercooling can 
reduce the power consumed by compressor and recuperation increases the cycle efficiency[4].  Figure 
4 shows the effect of intercooling stage number on plant efficiency.  More intercooling stages would 
increase the plant efficiency but at a price of additional complexity.  Reducing the compressor inlet 
temperature by 3°C improves the plant efficiency approximately 0.5%.  However, the compressor inlet 
temperature is determined by the plant local environment and the performance of helium/water heat 
exchanger. 
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Figure 2    Plant net efficiency with respect to reactor core outlet temperature 
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Figure 3    Plant net efficiency with respect to IHX effectiveness 
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Figure 4     Effects of intercooling stage on plant efficiency 

 
The plant design parameters are summarized in Table 1.  The core outlet/inlet temperatures are chosen 
at 900°C/520°C respectively.  The overall cycle pressure ratio in the power conversion unit is 2.96. 
The gross electrical power and plant net power are 132.5 MW, 120.3 MW respectively.  Without 
considering the energy losses due to cooling the IHX pressure vessel and the casing of the turbines, 
the plant net efficiency is approximately 48% and takes into account system radiation loss, station  



loads, switch-yard loss and RPV cooling.  Preliminary analysis indicates that the penalty for 
component cooling will result in a plant net efficiency of 45%. 
 

Table 1:  Plant design parameters 
 

Thermal Power (MWth) 250 
Gross electricity power (MWe) 132.5 
Net electricity power (MWe) 120.3 
Plant net efficiency 48% (Not taking into account the 

loss by IHX cooling and turbine 
casing cooling) 

Helium mass flow rate(primary/secondary) (kg/s) 126.7/126.7 
Core temperature (inlet/outlet) (°C) 520/900 
Pressure ratio 2.97 
System maximum pressure (MPa) 8.0  
Circulator consumed power (MWe) 8.96  
Other station loads (MWe) 2.5 
Switch-yard loss 0.6% 
System radiation loss (MWth) 0.5 

 
Turbomachinery 
 
In the power conversion unit, the three-spool arrangement consists of a HP turbine and a LP turbine 
driving two compressors separately while a power turbine synchronizes with a generator.  The power 
of the HP turbine and the LP turbine are 52.8 MW in response to the constraints assumed for the 
design.  High rotational speed is allowed for the HP Turbine and LP Turbine.  The power turbine 
rotates at 3600 RPM and a gear box or frequency conversion is avoided.  The spools are all horizontal 
in layout. 
 
The preliminary aerodynamic design has been done for the HP turbine and the high-pressure 
compressor with rotational speed of 5900 rpm.  The preliminary aerodynamic selection criteria are that 
the machines should possess characteristics with a wide operation range, low losses.  Unlike other 
gases, for helium turbo machines the blade tip circumferential stress becomes the design limitation in 
the determination of the number of stages.  The turbine is an axial type with 50% reaction and four 
stages.  Hub diameter and tip diameter are 1.032m and 1.168m respectively.  Mean blade speed is 
339.82m/s.  Turbine blades will use single crystal super alloys to avoid the necessity of cooling. Vane 
control is used to extend the high efficiency region of operation. 
 
Since the pressure ratio for compressors is in the low range there are two options for the compressor 
configurations: centrifugal and axial.  The predominant advantage of the centrifugal design is the 
ability to operate over a wider range of mass flow at a rotational speed than an equivalent axial 
compressor, which allows for advantages in control system design.  However, the axial compressor 
has potential for higher efficiency and smaller size[5].  The aerodynamic design for a five stage 
centrifugal compressor has been performed.  The blade tip radius for all stages is 0.57m. Figure 5 and 
Figure 6 show the estimated performance.  The estimated dimensions of the compressor include a 
diameter of 2.5m and length 6.8m.  Due to size and weight considerations an effort to design an axial 
system with higher rotational speed such as 10,000 rpm is under way. 
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Figure 5:  Five-stage centrifugal compressor characteristics 
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Figure 6 Five-stage centrifugal compressor characteristics 



 
Heat exchangers  
 
The performance of heat exchangers also plays a key role for plant operation and, in fact, are one of 
the most significant cost variability.  The IHX is the critical equipment for implementing the indirect 
cycle configuration.  The selection criteria are their capabilities of operating reliably under the 
required conditions such as temperature, pressure as well as the features such as compactness, 
maintenance and cost.  The IHX must be able to withstand full system pressure on one side with a 
complete depressurization of the other side at temperature for at least short periods of time.  For the 
MPBR design we have chosen to use compact heat exchanger technologies for the IHX and 
recuperator.  Compact heat exchanger technologies have achieved a large industrial base [6]. Two 
options, the Print Circuit Heat Exchanger (PCHE) design and the Plate Fin Heat Exchanger (PFHE), 
have been considered. 
 
The PCHE heat exchanger is constructed from flat plates by stacked together and diffusion bonded. 
On the plates, semi-circular channels with diameters 1mm or less are manufactured by chemical 
etching, hence, the channels become the flow passages.  The material of choice the this design is 
Incoloy 800HT, a high nickel alloy suitable for temperatures up to 900°C under the ASME code. 
 
The PFHE is a counter flow plate-fine heat exchanger with cross flow headers.  The fins and parting 
plates are assembled by a brazing process to form a unit-cell. 
 
The IHX and recuperator have been designed both with PCHE and PFHE configurations.  Their 
features are shown in Table 2.  The IHX is separated into 6 modules in parallel.  Table 2 shows the 
IHX dimensions with an effectiveness of 90%, 92.5% and 95%.  It is clear that the size, thus the cost, 
would be double if the effectiveness increases by 5%.  At the same design requirement, the weight for 
PFHE configuration is about half when compared with the PCHE configuration. Figure 7 shows one 
module of the IHX with the PCHE configuration.  The primary hot gas is distributed to the core 
through the hot side header.  After primary gas has been cooled it is vented straight into the cavity 
between the heat exchanger core and vessel.  Then the primary outlet gas flows out of the module 
from the outer annulus cavity of the coaxial pipe.  According to cycle design parameters, the IHX 
primary outlet temperature is 509°C.  In order to meet the ASME code, it is necessary to cool or 
insulate the IHX pressure vessel.  The secondary gas flows into the header and then is distributed into 
core.  After being heated, the secondary gas is collected in the opposite header and then flows out the 
IHX through a nozzle.  Three recuperators with same effectiveness and different pressure losses are 
have been designed. 

Table 2: IHX and Recuperator design data 
 

 IHX Recuperator 
Effectiveness, %  90 92.5 95 95 95 95 
Hot-side pressure loss (%) 1.60 1.68 1.77 0.80 1.40 2.00 
Cold-side pressure loss(%) 2.00 2.00 2.00 0.13 0.23 0.33 
No. of modules 6 6 6 30 30 30 
Module width (mm) 600 600 600 600 600 600 
Module length (mm) 885 1013 1255 648 694 727 
Module height, (mm) 2773 3014 3454 2745 2042 1693 
Est. wt. for Printed Circuit 
HX configuration (kg) 

38,854 50,669 76,233 155,585 126,260 110,821

Est. wt. for Plate-Fin HX 
configuration (kg) 

10,335 13,478 20,278 41,457 33,585 29,478 

 



 
Figure 7:  One module of IHX  (Printed Circuit Design) 

 
4. Further considerations 
 
As mentioned above, the IHX design is critical to the success of the system.  Incoloy 800HT is chosen 
as the material for IHX.  For this material, the differential pressure between the primary and secondary 
side must be limited to no more than 1.0MPa at high temperature conditions.  With a combination of 
active cooling and insulation, acceptable performance can be achieved during normal operation. 
However, for extreme transient conditions in which the secondary side has been depressurized while 
the primary side remains hot and at pressure, the stress-time envelope must be limited to prevent 
excessive deformation.  This may be a significant limitation on plant operation. Removal of this 
restriction will require the qualification of more advanced material under ASME section III. 
 
The plant efficiency calculation does not take into account the helium leakage occurs in the turbo 
machines. Leakage will impair the plant efficiency. The leakage rate depends on the sealing 
technology. 
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