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ABSTRACT

As demands for clean and sustainable energy renew
interests in nuclear power to meet future energy demands,
Generation IV nuclear reactors are seen as having the potential
to provide the improvements required for nuclear power
generation. However, for their benefits to be fully realised, it is
important to explore the performance of the reactors when
coupled to different configurations of closed-cycle gas turbine
power conversion systems. The configurations provide variation
in performance due to different working fluids over a range of
operating pressures and temperatures. The objective of this
paper is to undertake analyses at the design and off-design
conditions in combination with a recuperated closed-cycle gas
turbine and comparing the influence of carbon dioxide and
nitrogen as the working fluid in the cycle. The analysis is
demonstrated using an in-house tool, which was developed by
the authors. The results show that the choice of working fluid
controls the range of cycle operating pressures, temperatures
and overall performance of the power plant due to the
thermodynamic and heat properties of the fluids. The
performance results favored the nitrogen working fluid over CO;
due to the behavior CO; below its critical conditions. The
analyses intend to aid the development of cycles for Generation
1V nuclear power plants (NPPs) specifically Gas-cooled Fast
Reactors (GFRs) and Very High-Temperature Reactors
(VHTRs).

NOMENCLATURE
Notations
A flow annulus area (m?)
C  specific heat of gas at constant pressure (J/kg K)
M Mach number
m mass flow (kg/s)
N rotational speed (rpm)
P pressure (Pa)
PR pressure ratio
PR, compressor pressure ratio

Pericles Pilidis
Cranfield University
Bedford, Bedfordshire, United

Kingdom Kingdom

Arnold Gad-Briggs

EGB Engineering UK, Southwell, United Kingdom

Cranfield University
Bedford, Bedfordshire, United Kingdom

Suresh Sampath
Cranfield University
Bedford, Bedfordshire, United
Kingdom

PR; turbine pressure ratio
R specific gas constant (J/kg K)
T  temperature (°C and K)

Greek Symbols
Il efficiency

¢  effectiveness

6  referred temperature parameter
0  referred pressure parameter

y  ratio of specific heats

p density (kg/m%)

Subscripts

C compressor

Cin compressor inlet
Cout compressor outlet
DpP design point

HEX  heat exchanger
HPS high-pressure side
LPS low-pressure side

m mechanical
Map reference map
S static
T turbine
tin turbine inlet
tout turbine outlet
1-7 station number
Abbreviation

CIT compressor inlet temperature
CMF  corrected mass flow

CMSF  corrected mass flow scaling factor
CSSF  corrected speed scaling factor

CcS corrected speed

CH corrected enthalpy drop

cw compressor work (W)

GH gas heater

HPS  high pressure side
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LPS  low pressure side

NTU  number of transfer units

PC pre-cooler

PR pressure ratio

PRSF  pressure ratio scaling factor
Qucnvat  actual heat flux (W/m?)
Qmax  maximum heat flux (W/m?)
Oq heat gained from reactor input (W)
ReX  recuperator

SF scaling factor

SOP  shaft output power (W)

SP specific power (W/kg/s)
TET  turbine entry temperature
™ turbine work (W)

INTRODUCTION

Nuclear energy is plays an important role in providing clean
energy to mitigate the increasing world energy demand [1], with
over 400 units of nuclear reactors in service around the world. In
addition, various development projects are currently running
[2,3] as part of efforts to improve on the limitations of currently
deployed nuclear power plants. The on-going research into
Generation IV (Gen IV) aims to improve the design and
performance of the next generation nuclear reactor technologies
[4]. However, for the benefits to be fully realised, the design and
performance has to be explored. This is achieved using different
closed gas turbine cycles, which utilise different working fluids
over arange of operating pressures and temperatures. Hence, the
foremost consideration as an initial step in to the successful
development and deployment of this technology is performance
simulations.

Performance simulation is a necessary step in the planning,
execution, analyses and evaluation of operations specific to
nuclear power plant designs. The purpose is to minimise risks
and cost of development.

The Gen-IV systems applicable to this analysis are the Very
High-Temperature Reactors (VHTR) and Gas-cooled Fast
Reactors (GFR) concepts. Both reactors are high-temperature
gas cooled, with core outlet temperatures between 750°C and
950°C. The GFRs uses a fast-spectrum core, while the VHTRs
utilize graphite moderation in the solid state. With regards to a
coolant such as helium, it brings several benefits to plant
operations such as chemical inertness, single phase cooling and
neutronic transparency [5—7]. However, adopting other working
fluids and mixtures for reactor cooling such as carbon dioxide,
nitrogen, argon have been proposed in different studies [8,9].
There are planned and on-going developmental projects for GFR
and VHTR which focus on testing the basic concepts and
performance phase validation [4,10,11].

The objective of this paper is to undertake performance
analyses at the design and off-design conditions for a Generation
IV nuclear-powered reactor with a recuperated closed-cycle gas
turbine configuration. The effects of carbon dioxide and nitrogen
as working fluid will also be analysed in the recuperated cycle
loop. The analyses is carried out using an in-house modelling and
simulation tool, which was developed by the authors for closed-

cycle gas turbine simulations [12]. The results suggests that the
choice of working fluid greatly influences the range of cycle
operating pressures, temperatures and overall performance of the
power plant due to the thermodynamic and heat properties of the
fluids. However, the choice of working fluid for the proposed
Gen IV system is dictated by availability, material compatibility,
and thermal stability [13—15].

BRIEF DESCRIPTION OF THE POWER PLANT CASE
STUDY

The Gen-IV system in this study utilises an indirect heat
source configuration with the recuperated closed-cycle gas
turbine as shown in Fig. 1. Using an indirect configuration
provides flexibility that allows the same working fluid or a
different fluid from that of the reactor to be used. . A growing
research interest into the use carbon dioxide (CO>) and nitrogen
(N2) [18-20] is prompted by the research whereby helium is
utilised as working fluid for the closed-cycle gas turbine as noted
in [10,11,16,17]. These studies show that the low molecular
weight of helium affects the size and number of stages in the gas
turbine turbomachinery set [6,15]. Furthermore, the
aerodynamic and sealing design of its turbomachinery
component presents challenges. Nonetheless, these have been
mitigated as described in the referenced literature. The use of
other working fluid alternatives provided additional mitigation
and provided the justification to carrying out performance
studies on both fluids selected. Concerns relating to the safety
and operation of the plant using a working fluid that is different
to the reactor coolant such as the chemistry and compatibility
have been discussed in [21].

The recuperated closed-cycle that is shown in Fig. 1, utilises

some of the heat from the turbine exhaust to preheat the working
fluid prior to entering the gas heater. Thus, this allows more
working fluid to pass through, thereby increasing the overall
efficiency at every pressure ratio whereby recuperation is
possible. The reference design point variables that were chosen
for the plant system is listed in Table 1.
The studies assumed that the heat source transfers a fixed heat-
rate to the working fluids at some specified temperature. Overall
system pressure loss of 7% was assumed (recuperation (ReX)
3%, pre-cooler (PC) 2% and gas heater (GH) 2%. The
mechanical efficiency was taken as 98%, and the heat sink
temperature was assumed to be 21°C. For consistency purposes,
the same values for the turbomachinery and heat exchangers
component efficiencies have been assumed for each working
fluid.

Table 1 Reference Design Point Parameters

Parameters Values
Compressor mass flow rate (kg/s) 441
Compressor inlet temperature (°C) 28
Compressor inlet pressure (MPa) 2.5
Compressor isentropic efficiency (%) 85
Turbine inlet temperature (°C) 750
Turbine exit pressure (MPa) 2.55
Turbine isentropic efficiency (%) 88
ReX, PC & GH effectiveness (%) 90
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Fig. 1 Schematic Representation of the Gen-IV Reactor indirectly
coupled with a recuperated closed-cycle gas turbine

THERMODYNAMIC
MODELING

The overall performance is a function of the individual
components of the Generation IV nuclear power plant [22]. The
performance parameters were determined at design point. The
off-design condition was simulated by changing operating
design point variables such as compressor inlet temperature and
pressures, turbine entry temperature or core outlet temperature,
and turbine exit pressure. An estimation of the properties of the
working was modeled using empirical correlations and
coefficients which were compared with NASA SP-273 [23]. The
thermodynamic equations implemented in within the tool for the
assessment of the recuperated closed-cycle case study are given
as follow:

ANALYSIS AND CYCLE

Turbo-set: This includes the compressor and the turbine. The
behavior of the turbo-set is described with dimensionless
parameters such as corrected mass flow, corrected speed,
pressure ratio, component efficiencies and work functions. These
parameters are plotted on graphs with lines of pressure ratio
against corrected mass flow for different corrected speed lines
and contour lines of constant efficiency. It is essential when
expressing these parameters that the properties of the working
fluid are taken into consideration, which is expressed as:

emp =™ R CS—<L> @
- (5 ). “(7m)

-

Where,

P

0 ! dd
= —’an =
Tref ref

The compressor exit temperature is given by the expression

Tcip (Pcout)(yT_l) 1 @)

Tcoyr = Teip + q Pe.
c m

The compressor exit pressure is derived from the given
pressure ratio as:

Pc
PR, = — = £ (CMF, CS) ®
PCin

The compressor work (CW), is a product of the mass flow,
specific heat capacity at constant pressure and the overall
temperature rise in the compressor. This is given as:

CW =mC(Tcoye — Teip) “)

Similarly, turbine exit temperature is given by:

y-1
Ptoy (T) ®)
Ttoue = Ttin — Tt |1 — (Pt )
in
And turbine work (TW) is expressed as:
TW =mC(Ttyye — Ttin) 6)

The turbine discharge pressure ratio is calculated using Eq (7)

PR, = = PR

Pty IXZ@+ AP)pps

Ptout Z(l - AP)HPS] (7)

Heat Exchangers: The heat exchangers which include the
recuperator, gas heater and pre-cooler were modeled using the e-
NTU method and a counter-flow shell and tube configuration
was assumed. The e-NTU method was used since the inlet
condition (temperature and pressure) of the fluid stream can be
easily obtained and simplifies the iteration involved in predicting
the performance of the flow arrangement. This method is fully
described in references [24,25]. The approach also assumes that
the heat exchanger effectiveness is known and the pressure
losses are given.

Therefore, the effectiveness of the heat exchanger is the ratio of
the actual heat transfer rate to the thermodynamically limited
maximum heat transfer rate available in a counter flow
arrangement.
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e = Qactual (8)

Qmax

_ Chot(Thatin - Thotaut)

Cmin (Thotin - Tcoldin)

_ Ceota(Teoraour = Teotain)

Cmin (Thotin - Tcoldin)
Where,

Chot fOT‘ Chot < Ccold (9)

mn Ccold fOT' Ccold < Chot

Chot = (WC)hot fluid Stream (10)

Cooa = (WC)cold fluid Stream

For counter flow shell and tube heat exchangers, number of
transfer unit (NTU) is given by:

2—e(1+C" = Nyex a1
LOG i
NTU = 12 —e(1+C" + Nyex
NHex
Where,
C..

C* = Capacity rate ratio = —— (12)

max
Nhex = (C*2+1)03 (13)

The inlet and out pressures of the heat exchangers were
calculated from the relative pressure losses given by:

Poye = Pin(1 = AP) (14)

Where AP is the percentage (%) pressure loss

Reactor Model: The reactor was modeled as a heat source
supplying reactor thermal power at a specified temperature and
efficiency. The heat gained is given by:

Qg = mC(gaS)AT (15)

The heat source pressure loss is calculated in a similar
way as shown in Eq. (14). The power plant thermodynamic states
of temperature and pressure at all components were obtained by
solving Egs. (1) — (15)

Cycle Performance Calculation: The overall plant cycle
assessment is represented as shaft output power (SOP), specific

output power (SP), and cycle thermal efficiency. These are given
by the following equations:

SOP =TW — CW /1, (16)

The capacity of the plant is represented as specific power
(SP), given by:

SP = SOP/m 17)

The cycle thermal efficiency (%) is given by:
Nen = SOP/Q, (18)

Component Matching: Component matching refers to the
interactions between the gas turbine components which satisfies
the engine matching conditions of mass and energy conservation
to produce the system operating line. To be able to predict an
accurate design and off-design point performance of the closed-
cycle gas turbine would require matching of both the
turbomachinery and heat exchangers. The following
relationships in equations (19) — (23) are realized in order to
obtain maximum matching in the recuperated closed-cycle
system shown in fig.1.The matching process is comprehensively
discussed in references [9,26,27]

19)
me+/ T, M/ T P. P. T, m
T _mefTy Po Py [Ts mr
P P, Py P T, m,
Ne N, |, 20)
— = — X i
VT T \Te
Te—T;, T3—T, Te—Tvxﬁ @2n
T T, " T3—T, Tq
P7 Pz P2 P3 (22)

Ps" P, Py P

Map Scaling: The maps for different components were obtained
using multi-fluid scaling methods which multiplies scaling
factors derived at design point to the original component map at
the off-design point. The following equations were used to obtain
the scaling factor for off-design assessment.

(CME.s)pp (23)

CMSF = ——=2—
(CMFmap)DP

Where,
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mve R
— X

14

CMF =

Similarly, the pressure ratio scaling factor is obtained as:

(PRpp — 1) (24)

PRSF =
(PRDPmap - 1)

Component efficiency scaling factor is given by:

(Me)op (25)

SF =
rlc F (nc)DPmap

RESULTS AND DISCUSSION
Optimum Pressure ratio:

It can be observed from Fig. (2) that up to a certain
point, there is a positive benefit in terms of cycle efficiency due
to recuperation. After the limit is reached, a drop in cycle
efficiency is observed regardless of increases in pressure ratio.
The optimum pressure ratios for which the cycle efficiencies are
maximum for both cycles are different for a given overall
temperature ratio. The curves also show that the maximum
feasible pressure ratio occurs when the compressor exit
temperature equals the turbine inlet temperature.

——CO2@TET=750 —m—N2@TET=750
04

o
N
<

o
W

TET =750°C

Cycle efficiency
(=]
ol
W

b
)

0.15

0.1 +
0 5 10 15 20 25

Pressure ratio

Fig. 2 Cycle efficiency against pressure ratio
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Fig. 3 Specific power against pressure ratio

The optimum pressure ratios for the maximum cycle efficiency
occur at 3.0 for N, and 4 for CO,. Similarly, the optimum
pressure ratios for a maximum specific power shown in fig. 3
occur at 6.5 for N» and 7.5 for CO». The reason for this can be
explained by considering the ratio of their heat capacities
(gamma). N, with a higher ratio of heat capacity tend to have
better performance at lower pressure ratio compared with COx.
It can also be noted that the optimum pressure ratios when
considering efficiency versus plant capacity (specific power) are
different. This is because the recuperator improves the efficiency
greatly meaning that less power is required to raise the
temperature of the reactor coolant. Furthermore, the specific
power or capacity of the plant is dependent on increasing the
reactor thermal power. With regard to the pressure ratio, higher
pressure ratio will pose higher design challenges. Thus, the
pressure ratios obtained for each working fluid used in this study
will require an advanced turbomachinery design to achieve
optimal performance at design conditions. A compromise
between the cycle efficiency, turbomachinery design challenges,
size of plant and plant cost is required to meet the Gen-IV
expectations. In reality, a slightly lower pressure ratio has been
proven to be easier in terms of aerodynamic design, mechanical
stresses and satisfactory level of efficiency for closed-cycle gas
turbine [15,26,28-30].

Impact on efficiency and specific work

Fig. (2) and (3) show graphs of efficiency and specific
work against pressure ratio respectively. From this analysis, the
working fluid cycle efficiencies and specific power seem to peak
at 38% and 33%, 171MWs/kg and 101MWs/kg for N, and CO,
respectively at TET of 750°C. The cycle efficiency of N, appears
to be higher than CO, at lower pressure ratios due to its ratio of
heat capacities. In addition, the system pressure and temperature
at these points are higher than the critical temperature and
pressure of N», hence, above this points its thermodynamic
properties are usually stable at 3.35 MPa and 126.2K. CO;
undergoes rapid changes in its thermodynamic properties due to
variations of the system pressures and temperatures, which
negatively influence the cycle efficiency and specific power,
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especially below its critical conditions. The design for an optimal
CO, performance will mean that it operates above its critical
points and the use of recompression within the cycle will be an
added advantage for its selection [8,19].

Looking at the trend of existing nuclear power in
operation and theoretical concepts, cycle efficiency above 40%
will seem to be at a competitive advantage for future
development and deployment. Hence, increasing the TET will be
desirable to achieve a competitive efficiency and compact
system.

Impact of Turbine entry temperature

The turbine entry temperature was increased to 850°C,
and 950°C in repeated simulations performed. This was based on
the limitation of material technology level and the nuclear
reactor capability. The effects of the temperature increase on the
turbine entry temperature and the impact on efficiency are
illustrated in Fig. (4) and (5).

——CO2@TET=750 —a—-N2@TET=750
—<—=N2@TET=850

—+—CO2@TET=850

——CO2@TET=950 —o—N2@TET=950

TET =950°C

Cycle Efficiency
(=3
G

TET =950°C

0.15 4 TET =750°C
TET =750°C
0.1
0 5 10 15 20 25

Pressure ratio

Fig. 4 Cycle efficiency against pressure ratio at different TETs
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——N2@TET=850
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=#=CO2@TET=950 ——N2@TET=950
300

TET =950°C

Specific power (MW/kg/s)

50

Pressure ratio

Fig. 5 Specific power against pressure ratio at different TETs

From an ideal thermodynamic stance, the overall cycle
efficiency is independent of the turbine entry temperature;
however, for this case, the gas properties were modeled as non-
ideal, hence, changes in temperature and pressure have an effect
on the working fluid properties and the cycle performance is
impacted. Generally, a TET increase results in a corresponding
increase in the cycle efficiency and specific power.
Notwithstanding the benefits, operation at high TET always
requires trade-offs, typically between capital cost and
operational cost. This impact was observed to be more prevalent
on CO; than on nitrogen. The specific power of CO, increased
by 42% as TET moves from 750°C to 950°C, while N increased
by 36% at their respective optimum pressure ratios. Similarly,
their cycle efficiencies increased by an average of 15%
respectively.

Impact of compressor inlet temperature

The compressor inlet temperature (CIT) of the power
plant is dictated by the environment in which the cycle waste
heat is rejected. The effect of the CIT on the cycle efficiency and
shaft power, in the temperature range of 27°C to 67°C is
presented in Fig (6) and (7). The compressor pressure ratio was
fixed at a design TET of 750°C. The general trend from the
results indicates that the cycle efficiency and power decreases as
compressor entry temperature increases. This is due to increases
in compressor work, meaning that the increase in temperature
puts more demand on the turbine to able to drive the compressor.
On average, a drop of 1% in efficiency was observed with
corresponding increase in the entry temperature. These changes
on the compressor inlet temperature can have a direct impact on
the operational cost of the system.
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Fig. 6 Variation of cycle efficiency at different compressor inlet
temperature

The preferred design criterion for closed-cycle gas
turbine compressor inlet temperature is to ensure that the cycle
is designed to peak at the fluid critical temperature in order to
achieve the optimum performance from the system due to the
stability of the thermodynamic properties above its critical
temperature.

—+—CO2@PR=3,TET=750 —#—N2@PR=3,TET=750

160
g .\'\'\I\.
& 120
z
= 100
= TET =750°C
2 80
z — . N
S 60 ¢ —
£
g 40
-3
2 20

20 30 40 50 60 70
Compressor inlet temperature (°C)

Fig. 7 Variation of specific power at different compressor inlet
temperature

Impact of Compressor inlet pressure

Typically, the use of a high compressor pressure
minimizes the system weight. Since the working fluids are non-
ideal and its properties depend on the pressure and temperature
prescribed for the system, changes in the compressor inlet
pressure will have a slight impact on the cycle performance. In
view of the results in Fig.(8), an increase in the compressor inlet
pressure suggests a 0.1% increase in the overall cycle efficiency
for nitrogen although it is expected to that this increase would
have a significant impact on the structural integrity of its
components. Similarly, the same trend is noted for CO,; the
efficiency gained due to increase in pressure is approximately
averaged at 0.2%. This is because as the inlet pressure increases,
it approaches the critical pressure of CO, and its thermodynamic

properties are newar stability. For working fluids that behave like
ideal fluid such as helium, changes in compressor inlet pressure
do not have any significant impact on the cycle performance.
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@

o
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Compressor inlet pressure (MPa)

Fig. 8 Influence of compressor inlet pressure on the cycle efficiency

As the case is with the (CIT), designing for a closed-
cycle gas turbine requires high compressor inlet pressure to
achieve the working fluid critical properties. For CO,, the
objective is to achieve above its critical pressure of 7.38 MPa,
while for N the design should aim at achieving above 3.35MPa.

CONCLUSION

This paper presents a thermodynamic performance
comparison between nitrogen and CO, as potential working
fluids proposed for a Gen-IV nuclear reactor, which indirectly
coupled to a recuperated closed-cycle gas turbine. The main
findings are summarized below:

e Recuperation improves cycle efficiency at the
optimised pressure ratio by utilizing exhaust gas at
exit to the turbine and returning it back into the cycle.

e Selecting an optimum pressure ratio by design is
based on reasonable compromise between cycle
efficiency, component design constraints, and cost.

e In comparison, the results indicate that N>
outperforms CO» at lower pressure ratio. This is due
to the stable thermodynamic properties as it first
approaches its critical point. However, the
introduction of recompression for a CO, cycle could
enable better performance.

e The cycle pressure ratios between 2 and 3 seem to be
within the design constraints to achieve optimum
performance for both fluids.

e The gas turbine Gen-IV cycle efficiency is greatest
for working fluid with higher gamma (y) at lower
pressure ratio.

e The choice of working fluid for Gen-IV design
considers the availability of the working fluid, safety
measures and the impact its chemical properties on
the system and environment.
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e Increasing the TET has a significant influence on the
cycle efficiency and specific power. However, as one
of the major design constraints, the limit to which this
is achieved is dependent on the material technology.

e Both compressor inlet temperature and pressure
impact the performance of the working fluid since
changes in these parameters have a slight impact on
their thermodynamic properties. As a design
constraint, the level of pressurisation within the cycle
is dependent on the mechanical structural integrity of
the system.

e Validation is recommended for tools such as the one
developed for this study. This will enable
optimisation to improve the applicability and
accuracy, thereby encouraging it use and reducing the
costs associated with extensive test activities.
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