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H I G H L I G H T S 

• A helium Brayton cycle has been designed integrating the two energy sources of HiPER. 
• The Brayton cycle has intercooling stages and a recovery process. 
• The low temperature of HiPER heat sources results in low cycle efficiency (35.2%). 
• Two inter-cooling stages and a reheating process increases efficiency to over 37%. 
• Helium Brayton cycles are to be considered as candidates for HiPER power cycles. 

A B S T R A C T 

Helium Brayton cycles have been studied as power cycles for both fission and fusion reactors obtaining 
high thermal efficiency. This paper studies several technological schemes of helium Brayton cycles applied 
for the HiPER reactor proposal. Since HiPER integrates technologies available at short term, its working 
conditions results in a very low maximum temperature of the energy sources, something that limits the 
thermal performance of the cycle. The aim of this work is to analyze the potential of the helium Brayton 
cycles as power cycles for HiPER. Several helium Brayton cycle configurations have been investigated 
with the purpose of raising the cycle thermal efficiency under the working conditions of HiPER. The 
effects of inter-cooling and reheating have specifically been studied. Sensitivity analyses of the key cycle 
parameters and component performances on the maximum thermal efficiency have also been carried out. 
The addition of several inter-cooling stages in a helium Brayton cycle has allowed obtaining a maximum 
thermal efficiency of over 36%, and the inclusion of a reheating process may also yield an added increase 
of nearly 1 percentage point to reach 37%. These results confirm that helium Brayton cycles are to be 
considered among the power cycle candidates for HiPER. 

1. Introduction 

Helium Brayton cycles are promising candidates for the power 
conversion in future fission (Generation IV: HTGRs and SFR) [1-5] 
and fusion reactors [6-9]. Results show high thermal efficien
cies, higher than those obtained with the Rankine cycle of current 
nuclear plants. 

HiPER (high power laser energy research) is the ESFRI-EU 
project aimed to demonstrate the feasibility to produce electric 
power by direct-drive inertial confinement fusion [10]. HiPER is 
being developed integrating technologies available at short term 
to minimize risks. For the HiPER reactor proposal, the option of 
a self cooled lead lithium (SCLL) blanket was proposed [11] and 
two different arrangements of the first wall (FW) cooling were 

set out: integrated first wall-blanket (IFWB) and separated first 
wall-blanket (SFWB). In IFWB configuration all the fusion energy 
of the reactor is extracted with a single coolant (LiPb) whereas in 
SFWB there are two different coolants, one cooling the FW (He) by 
removing 22% of the total energy and the other cooling the blanket 
(LiPb) removing the remaining 78%. In a previous work [12], a 
simple and ideal helium Brayton power cycle was analyzed for 
both IFWB and SFWB options in order to compare them in terms of 
power cycle. SFWB yielded a higher thermal efficiency than IFWB. 

This paper studies several helium Brayton cycle configurations 
for the SFWB arrangement with the purpose of raising the ther
mal efficiency of the power cycle. In most of the studies referenced 
at the beginning of this introduction, the helium cycle operates at 
a maximum temperature above 680°C, while in HiPER reactor it 
does not exceed 480 °C, which is quite restrictive from a thermody
namic viewpoint. So, this paper analyzes the possibilities of helium 
Brayton cycles as candidate to HiPER power cycles. The effects of 
the inter-cooling and reheating processes are specially analyzed 



Table 1 
Energy source data of SCLL. 

Fluid 
Inlet temperature (°C) 
Outlet temperature (°C) 
Thermal power (MWth) 

FW 

He 
>350.0 
650.0 
375.0 

Blanket 

LiPb 
350.0 
450.0 
1327.5 

over the cycle optimum performance. Finally sensitivity analyses 
are included to quantify the effect of key cycle parameters and 
component performances on the maximum thermal efficiency. 

2. Helium Brayton power cycle 

The SFWB configuration for HiPER reactor implies the avail
ability of two different energy sources: the blanket coolant is LiPb 
whereas the FW coolant is helium. Table 1 lists their thermal data. 
The temperatures ofthe two coolants are set by the structural mate
rials. EUROFER97 is proposed for the blanket, and EUROFER97-ODS 
is proposed for the FW. The most critical issues for EUROFER97 are 
irradiation induced hardening and shift of ductile-brittle transition 
temperature (DBTT) after irradiation at temperatures below about 
350°C. The DBTT in unirradiated EUROFER is around -90 °C, but 
when irradiated at 300°C to 8dpa increases to 40°C [13]. Main
taining the inlet temperatures of both coolants above 350 °C, these 
behaviors are mitigated, being this figure a value probably conser
vative. The low outlet temperature for LiPb is due to the corrosive 
behavior ofthe LiPb, while for helium, the upper limit corresponds 
to the maximum temperature the steel can withstand (650 °C [13]). 
As a result of all these, the temperature range for the LiPb coolant is 
both narrow and low, imposing very stringent boundary conditions 
to the power cycle. 

In all configurations studied in this work, the two energy sources 
are integrated into the power cycle, consequently, all the thermal 
power output ofthe reactor is being used. As the same fluid (He) 
is used in the power cycle and the FW cooling, the arrangement of 
the two energy sources is shown in Fig. 1. In the heat exchanger 
(HEx), the LiPb yields its energy to the helium flowing in the power 
cycle. Then, the helium flow is divided into two flows, so one of 
them corresponds with the necessary fraction for cooling the FW 
achieving its upper temperature (Table 1). The remaining helium 
flow bypasses the reactor and it is mixed with the first one raising 
the maximum temperature ofthe power cycle. 

The power cycle scheme represented in Fig. 1 is the first under 
study. It corresponds to an indirect/direct cycle, with one inter-
cooling stage (Ic) and a recuperation process (Re), both contributing 
to improve the cycle thermal efficiency. A two-shaft arrangement is 

proposed where the high pressure (HP) turbine (T) drives the com
pressor (C) and the low pressure (LP) turbine drives the generator. 
With this arrangement, the LP turbine and the generator turn at 
synchronous speed (3000 rpm) or submultiples of that speed and a 
higher one is possible for the HP turbine and the compressor thus 
allowing better compressor performance. Multiple shaft designs 
are more expensive but provide greater flexibility in the operation 
of the facility. 

2.2. Model description 

The cycle power is modeled based on the energy balances and on 
the efficiency equations ofthe individual components. The assumed 
hypotheses and input data are listed below: 

• Pressure drops in the heat exchangers are considered: 
o Intercoolers: APic=Pn -P22=0.05 xl03kPa[14] 
o Recuperator: APHP = P2 - P3 = 0.05 x 103 kPa; APLP = P5-P6 = 

0.08xl03kPa[4] 
o LiPb heat exchanger: APHex=P3 - P 7 = 0.04 x 103kPa[9] 
o Cooler (Co): APCo = Pe -P\ = 0.032 x 103 kPa [14] 

• Pressure drops in pipelines, injunctions and in flow splitting are 
not considering. 

• Turbines and compressors are considered adiabatic with poly-
tropic efficiencies (r/p) of 93% and 90% respectively [2]. 

• Recuperator effectiveness (£RC) is 0.95, heat exchanger effective
ness (fiHEx) is 0.95 [2]. 

• Identical inlet temperature for the compressors: T\ =rijI1 =303 K 
(30°C)[1]. 

• Total compressor pressure ratio (rc): rc = (P2/Pi) 
(1.2<rc=P2/P1<3.5). 

• Identical pressure ratio (rci) for the compressors: rci = 

(Piout/ t/piin)=Vrc/£i(1 

ber of compressors; í¡, 

APlr "icj) [15] (where N is the num-

iout are the inlet and outlet of the i-th 
compressor; and j is the index for the intercoolers). 

• Maximum pressure: P2 = 8000 kPa [9]. 
• The kinetic and potential energy changes are neglected in all 

components. 
• Helium is considered as an ideal gas. 
• The thermodynamic properties of the LiPb are obtained from 

Karditasetal. [16]. 

Cycle performance is modeled in steady state and the work
ing conditions for each cycle component are calculated using the 
Engineering Equation Solver (EES) [17]. 

2.2. Results 
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Fig. 1. Helium Brayton power cycle for the SFWB layout. 

The power cycle performance is calculated as a function ofthe 
compression ratio (rc) in order to find the value that maximizes the 
cycle thermal efficiency for the thermal power distribution listed in 
Table 1. The optimum compression ratio (rc) happens to be 1.8 with 
a maximum efficiency of 35.3%. Table 2 shows the main results for 
maximum thermal efficiency. The recuperator outlet temperature 
in the cold side depends on rc, being 324 °C with rc = 1.8, lower than 
350 °C (Tin (LiPb)).The reactor inlet temperature of helium is greater 
than 350 °C over full range of rc considered. Therefore, the results 
for maximum efficiency satisfy the boundary conditions imposed 
by de energy sources. 

The optimal compression ratio is low, which is advantageous 
for the design ofthe helium compressors and turbines. Because of 
the high specific heat and the low density of helium, helium com
pressors and turbines are long, with a large number of stages and 
short blades that leads to high losses in each stage. As the optimal 
compression ratio is low, the turbomachinery will be shorter and 



Table 2 
Results for maximum thermal efficiency. 

Reactor 

ij,h(%) = 35.32 
mBrayton(kg/s)= 2136.0 

Compressor 
Po (kPa) = 4431.0,rCi = 1.35, Wa (MW) = 477.4 
PC22 (kPa) = 5939.0, rc2 = 1.35, Wc2 (MW) = 477.4 
Recuperator 
High pressure: T2 (°C) = 73.0,T3 (°C)=324.0 
Low pressure: T5 (°C)=337.3, T6(°C) = 86.2 
IHEx 
r7(°C) = 443.7 
Turbine 
Pr4 (kPa) = 7910.0, TT4 (°C) = 477.5, rTHp = 1.39 
PT44 (kPa) = 5707.0, TT44 (°Q = 391.5, rTLP = 1.26 
WTHp (MW) = 954.6, WTLP (MW) = 601.32 

P„et(MW) = 601.32 
ITÍRe actor 

(kg/s) = 350.1 

the helium mass flow rate higher, which result in a better turbo-
machinery design that will help to improve the cycle efficiency. It 
should be also noted that the evolution of efficiency as a function 
of the compressor pressure ratio is fairly flat in the vicinity of the 
optimum rc (1.62<rc<2.0), so that the thermal efficiency will be 
maintained near at its maximum value (r/th >35%) even if the rc 

would be modified for component design issues or for structural 
materials. 

3. Inter-cooling process 

The main effect of inter-cooling process is the reduction of the 
power consumed by the compressor, which increases the thermal 
efficiency of the cycle even though the pressure loss of each inter-
cooler makes necessary to increase in the compression ratio for 
each compressor to maintain the same overall compression ratio 
in the system. 

Fig. 2 shows the cycle efficiency as a function of the compres
sor pressure ratio for a few numbers of inter-cooling stages. It can 
be seen that as more inter-cooling stages are added the higher 
the thermal efficiency. However, the benefit diminishes with each 
new addition, being the increment very important with the first 
stage, while the third one brings just a meager 15% of that. It is also 
observed that the maximum efficiency moves toward higher com
pression ratios with more stages, although always remaining low 
(Tcopt< 2)- On the other hand, adding inter-cooling stages increases 
the complexity of the installation and makes it more expensive, 
so the decision of the appropriate number of inter-cooling stages 
requires a comprehensive cost analysis to maximize the economic 
profitability (return of investment). This analysis is beyond the 
scope of this paper so the authors have selected a nominal cycle 

Fig. 2. Effect of inter-cooling stages on the cycle efficiency. 
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Fig. 3. Layout of helium Brayton power cycle with reheating. 

with two stages for the remaining analyses included in this work. 
This configuration shows an optimum compression ratio of 1.93, 
a maximum thermal efficiency of 36.2% and a power output of 
615.6MW. 

4. Reheating process 

The reheating process consists in helium heating process, par
tially expanded in the HP turbine, to raise its temperature as much 
as possible before it completes its expansion in the LP turbine. The 
effect of this reheating is the rise of the turbine specific work. How
ever, this does not necessarily lead to a higher thermal efficiency of 
the cycle and depending on the proposed scheme and the working 
conditions, the efficiency may or may not increase in relation to the 
cycle without reheating. 

The layout studied in this paper is that depicted in Fig. 3. This 
scheme is similar to those used in current nuclear plants. The 
reheating uses a fraction of the hot helium mass (a) to heat the 
rest of the helium (1 - a) that has been expended in the HP tur
bine. This takes place in the heat exchanger called reheater (Rh) 
located between the HP and the LP turbine sections. 

The reheating process is characterized by two parameters: the 
terminal temperature difference on the hot side (TTD = 14 -T444), 
and the hot helium mass fraction (a). The range of the pressure 
ratio where the installation is feasible is determined for different 
values of the parameters above defined (feasible means that the 
boundary conditions imposed by the energy sources are met). But 
therc range of interest is that where the thermal efficiency is larger 
with reheating than without it. The hypotheses and input data are 
the same as those of Section 2. Additionally, the pressure drops 
in the reheater are considered identical to those in the recuperator 
(see Section 2.1). Table 3 shows the results of this analysis, including 
also the optimum compression ratio and the maximum thermal 
efficiency for each set of parameters defined in the mentioned table. 
Fig. 4 displays the maximum thermal efficiency as a function of the 
helium mass fraction for TTD equal to 20 and to 50 °C. 

It is observed that for each TTD there is a minimum value for 
a, and for each value of a there is a specific range of compression 
ratios that make the installation is feasible. Furthermore, it is 
found that the rc range is in all cases smaller than that of the cycle 
without reheating. For each value of TTD, the thermal efficiency 
of the reheat cycle is larger than the one achievable without 
reheating only in a certain range of a and for a specific range of 
rc, smaller than the feasible working range. Fig. 4 proves that, 
from TTD < 50 °C, there is an optimum value of the mass fraction 
which gives the maximum efficiency. Its optimum compression 
ratio is greater than the one for a no-reheating cycle. It is found 
that the optimum mass fraction increases with decreasing TTD. In 



Table 3 
Maximum thermal efficiency and rc optimum for several values of the parameters TTD and a. 

TTD 

a(%) 

50°C 

rc ijmax ffl '"copt 

30°C 

rc ijmax ffl '"copt 

20°C 

rc ijmax ffl ^copt 

Without reheating 

Te ijmax (%) '"copt 

10 
15 
20 
25 
35 
45 

1.68-1.93 
1.80-2.41 
1.80-3.02 
1.93-3.50 
2.17-3.50 
2.53-3.50 

36.25 
36.44 
36.29 
36.15 
35.88 
35.30 

1.93 
2.29 
2.29 
2.17 
2.17 
2.53 

1.684 
1.80-2.05 
1.80-2.65 
1.93-3.38 
2.17-3.50 
2.53-3.50 

35.70 
36.85 
36.82 
36.67 
36.40 
35.84 

1.69 
2.05 
2.29 
2.29 
2.17 
2.53 

1.80-1.93 
1.80-2.42 
1.93-3.14 
2.17-3.50 
2.53-3.50 

36.87 
37.08 
36.93 
36.65 
36.10 

1.93 
2.29 
2.29 
2.17 
2.53 

1.68-3.5 36.16 1.93 

0.15 0.2 0.25 0.35 

Fig. 4. Effect of a and TTD on the maximum cycle efficiency. 

view of the results obtained with the values used for the reheating 
parameters in this work, the largest efficiency (37.1%) has been 
archived with TTD = 20°C, a = 20% and rc = 2.3. Therefore, the 
reheating process is to be included and then the cycle performance 
maximized as a function of the defined parameters. 

5. Sensitivity analysis 

The influence of the key cycle parameters on the maximum effi
ciency thermal and on the optimum compression ratio is studied. 
The studied parameters are: maximum temperature and pres
sure of the cycle, cycle minimum temperature, turbine polytropic 
efficiency, compressor polytropic efficiency, heat exchanger effec
tiveness and recuperator effectiveness. The purpose of this study 
is to determine the relative importance of each parameter with 
respect to the maximum efficiency. The studies are based on the 
configuration of two inter-cooling stages and when a parameter is 
studied the other parameters are fixed to their baseline values (i.e. 
Tout (LiPb) = 450 °C, Pmax = 8 MPa, Tmin = r(Comp) = 30 °C, J]PT = 93%, 
i]pc = 90%, eHEx = 0.95, eRc = 0.95). 

Fig. 5 shows the influence of all the analyzed parameters on the 
maximum thermal efficiency of the cycle. Table 4 gives the effi
ciency increments for reasonable improvements in the discussed 
parameters. 

From all the cycle parameters analyzed, it is worth highlight
ing the influence of the maximum temperature cycle (turbine inlet 

Table 4 
Cycle efficiency sensitivity to cycle parameters. 

• T(LiPb)=450 °C 
• 'I"(Comp)=30 °C 

+Pinax=8MPA 
- Effiv.(HEx(LiPb))=0.95 

—Efiiv.(Rc)=0.95 
• Effe.(Tur)=0.93 

—Effc.(Comp)=0.90 

Parameters 

Temperature out LiPb 
Temperature in compressor 
Max imum pressure 
HEx effectiveness 
Recuperator effectiveness 
Turbine efficiency 
Compressor efficiency 

Change over 
reference value 

+50°C 
- 5 ° C 
+ 2 x l 0 3 k P a 
+1% 
+2% 
+2% 
+2% 

Change in r¡ 

(%-points) 

+3.4 
+0.8 
+0.7 
+0.1 
+1.3 
+1.0 

+1.1 

0 5 10 15 
Change from baseline value (%) 

Fig. 5. Sensitivity of the cycle efficiency to cycle parameters. 

temperature). This temperature is determined by the LiPb reactor 
outlet temperature. For a 100°C increase in the LiPb temperature, 
the maximum efficiency rises from 36.2 to 42.5% hardly varying 
the optimum rc from 1.93 to 2.05. Nowadays, using EUROFER as 
structural material, the outlet temperature must be 450 °C as men
tioned earlier. However, in the near future, the use of promising 
Al-coatings may rise the outlet temperature up to 550 °C, thus 
allowing the cycle thermal efficiency boost to 42%. 

From the side of the components, it is worth highlighting the 
recuperator. A 2 percentage point increase in the effectiveness of 
this element would yield a cycle efficiency increase of 1.2 percent
age points, causing also a small drop in the optimum compression 
ratio. It has been found that the effect of improving the recupera
tor effectiveness is more important with low compression ratios, 
just around the optimum compression ratio. However, larger effec
tiveness means also a larger recuperator and therefore a more 
expensive equipment. 

6. Conclusions 

Several He Brayton cycle schemes to the SFWB layout for HiPER 
has been investigated in order to maximize the thermal efficiency 
and to know what values can be achieved considering that the max
imum temperature of the power cycle does not exceed 480 °C. A 
two-shaft helium Brayton cycle with one inter-cooling stage and 
a recovery process has been studied first. The maximum thermal 
efficiency of the cycle has turned out to be 35.3% with an opti
mum compression ratio of 1.8. Based on this layout, the effect of 
including additional inter-cooling stages over the maximum ther
mal efficiency has been analyzed. The results suggest that the 
original configuration must be modified to include at least two 
inter-cooling stages because the higher maximum efficiency, 36.2% 
(+0.9 percentage points) for two stages. However, the addition of 
more stages would require a detailed economic assessment. Based 



on the layout with two inter-cooling stages, a reheating process 
is included in a scheme similar to those of current nuclear power 
plants. From the results showed in this paper, it is concluded that a 
reheating process should be included because with adequate values 
for the parameters defining the reheating (TTD and a) and the com
pressor ratio (rc), the cycle efficiency will be increased, raising more 
than 37%. Finally, it has been found that the cycle maximum tem
perature is the parameter that has the most relevant impact on the 
cycle thermal efficiency, having obtained that an increase of 100 °C 
would provide a cycle maximum efficiency of 42.5% (+6.3 percent
age points). These figures suggest that in the near future it will be 
possible to have a helium Brayton cycle with a thermal efficiency 
exceeding 40%, and considering that helium is both chemically and 
radiologically inert, this put place these cycles among the candi
dates to become the HiPER power cycle. 
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