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Abstract

In the last few years, one considerable factor for the viability and interest in the closed-cycle gas
turbine systems for nuclear or conventional power plant application is its potential to maintain
high cycle performance at varying operating conditions. However, for this potential to be
realised, more competitive analysis and understanding of its control strategy are importantly
required. In this paper, the iterative procedure for three independent control strategies of a 40
megawatt single-shaft intercooled-recuperated closed-cycle gas turbine incorporated to a
Generation IV nuclear reactor is been analysed and their performance at various operating
conditions compared. The rationale behind this analysis was to explore the different control
strategy and to identify potential limitations using each independent control. The inventory
control strategy offered a more viable option for high efficiency at changes in ambient and part-
load operations, however, operational limitations in terms of size and pressure of inventory tank,
rotational speed for which the centrifugal forces acting on the blade tips could become too high,
hence would affect the mechanical integrity and compressor performance. The bypass control
responds rapidly to load rejection in the event of loss of grid power. And more interestingly the
results showed the need for a mixed or combined control instead of a single independent
technique, which is limited in practice due to operational limits.

Keywords: Nuclear Reactor, Performance Modelling, Closed-cycle gas Turbine, Energy
conversion, cycle performance

1. Introduction

In retrospect, the closed-cycle gas turbine is considerably ahead of its time in terms of
technology readiness since its first commercial plant was built in 1939 by Escher Wyss [1]. Ever
since, there has been growing efforts in research and developments, on the improvement of
existing designs, control systems and cycle performance, as well as new innovative concepts
with different working fluid configurations [2]. Interestingly, the closed-cycle gas turbine offers
viable prospect for stable conversion of nuclear or fossil fuels into electrical and heat energy
due to (a) its easy adaptability (b) flexibility to changes in working fluid (c) high efficiency of
electricity generation at part load (d) high level of availability and low maintenance cost. More
so, the closed-cycle gas turbine offers potential savings in operating cost due to its ability to
relatively maintain high-performance efficiency under varying operating conditions, when
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compared with other advanced cycles [3,4]. However, the advantage of the later can be
achieved by implementing appropriate control strategy during the operation of the power plant.
Hence, the need for this paper to provide a completive understanding of the closed-cycle gas
turbine controls strategies.

There are different control strategies that are applicable to the successful operations of the
closed-cycle gas turbine power plant which are documented in references [1,5-9]. However, for
the purpose of this study, the inventory, bypass and heat source temperature controls were
considered in this paper. The goal of these control strategies implemented in the closed-cycle
gas turbine system would be (a) for the power plant to quickly adjust to wide range of fluctuating
load variation without significantly affecting the cycle thermal efficiency (b) for prevention of
thermal shocks on plant components during critical transients, and (c) for providing automatic
control manoeuvres during plant start up and shut down and (d) for operational stability of the
plant to avoid eventualities. Consequently, in an attempt to understand the modelling concept
and operation of the control strategies, previous work on control strategies for closed-cycle gas
turbine operations was reviewed. Covert et al., [5] described the effect of three distinct control
mode on the cycle performance at steady-state full and part-load operations of a helium direct-
cycle nuclear gas turbine power plant. The overarching result showed that the helium inventory
control maintained high cycle efficiency over other control options mentioned in their work. The
work by reference [7] described other alternative control options for the safe operation of the
plant in event of an abnormal shut down or system emergency. It also described the dynamic
behaviour of a single-shaft closed-cycle operation using bypass control mode. Similarly,
references [8,10] have investigated the operational envelope of bypass control during
transients. Botha et al. [9] described load rejection control for a three-shaft closed-cycle gas
turbine. In references [6,11-14], the different authors described the inventory control systems
for load-following in terms of cycle performance based on the energy mix in the electricity grid
as may be required by the regulators.

To this end, the aim of this paper is to present the steady-state performance modelling and
analysis of selected control options for a single-shaft intercooled-recuperated closed-cycle gas
turbine power plant under varying operating conditions. The control methods developed in this
paper was based on parametric analysis of influencing cycle parameters like pressure ratio,
heat source temperature, and mass flow on the plant performance. By manoeuvring these
parameters using appropriate control logic, the plant can be regulated to match any changes in
load demand or sudden requirement for idling or shutdown. This paper partly complements
works of previous authors on part-load control strategies for a closed-cycle gas turbine.
However, to the best of the authors’ knowledge, none of the references cited so far provided a
detailed description of the iterative procedure for predicting closed-cycle gas turbine
performance at various off-setting conditions using the different control strategy mentioned in
this paper. More so, in this paper, a pseudo-transient behaviour of the plant using by-pass
control has been described.

2. Control Options

As previously mentioned, the selection of the reference plant control system followed an
evaluation of several alternatives documented in [7], and reference [5] discussed the effects on
the part-load performance of some of the alternative means of control. The control options
presented in this paper are: Inventory control, bypass and heat source temperature control
strategies.
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2.1 Inventory Control Strategy (ICS)

This control option has been widely mentioned as an attractive possibility [15] because it allows
the power plant to operate within a wide range of load fluctuation at a good cycle thermal
efficiency. The operating concept of the control logic is for the power plant to be able to store, or
save energy during off-peak periods and replenish this energy during peak load demand via
inventory control system (ICS). This means that the working fluid is either extracted or injected
into the power conversion system, resulting in a related change in system pressure, change in
density, change in mass flow rate and, therefore, also a change in power level.

During the reference plant operations, the daily fluctuations in power demand as a result of
varying operating conditions are adjusted by means of the inventory control system (ICS). The
ICS comprises of the inventory control tank (ICT), and inventory control valves (ICV) as shown
in Fig. 1. When reduction of shaft power is required as a result of a decrease in load demand,
the ICV1 is opened so that the working fluid flows from the High-Pressure Compressor (HPC)
into the ICT. The working fluid stored in the ICT(s) can be injected back into the power
conversion circuit by the opening of ICV3, and ICV6 if the output power is to be increased to full
capacity. When inventory control is initiated, the heat source temperature and shaft speed are
controlled to remain constant.

The inventory control system is regulated based on the pressure variation between the plant
cycle and the inventory tank. This variation determines the power limit and the possibility of
maintaining high part-load efficiency to which inventory control is achieved. However, there are
restrictions to the extent the inventory control system can maintain a high part load efficiency,
which includes [16]: (a) size and pressure of the inventory storage tank, (b) shaft rotational
speed effect on blade tips (c) location of inventory valves in the cycle loop (d) availability of
inventory transfer compressor, and (e) cost of implementing any of the options listed.

2.2 Bypass Control Strategy (BCS)

In this case, the power level is controlled by regulating the bypass valve as shown in fig. 1. The
high-pressure gas is bled off to short-circuit the gas heater (GH) and turbine to the low-pressure
side of the recuperator, and, as such, the mass flow, pressure ratio and efficiency of the turbine
drop, causing a decrease in the output power. The redirected flow is circulated into the
compressor at an unchanged gas inventory, thus, increasing the pressure level and compressor
work. The Low-Pressure Compressor (LPC) pressure decreases as the bypass valve opens.
This decreases the turbine pressure ratio and adds to the reduction of the turbine power. The
same effect takes place in the HPC. The cycle gas path temperatures do change, with just the
thermal power input matching the deficits required to maintain the cycle temperatures at
reduced mass flow through the heat source.

The advantage of this control option is that it can be initiated during rapid power changes or
emergency to match the load variation. Thus, this control option is usually implemented in
closed-cycle gas turbines to achieve fast control response and to prevent the shaft from over-
speeding [17,18]. The cycle analysis is merely a working accounting with the full mass flow
processed by the compressor and less in the heater and turbine. An ideal cycle analysis gives

. SP (64 -1 (1)
Cycle thermal ef ficiency I, (%) = [1 + (_ — 1)]
SPmax 92

Where,
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Figure 3 shows the iteration modelling procedure using bypass control at a steady-state
condition.

2.3 Heat Source Temperature Control (HST)

The heat source temperature refers to the reactor discharge temperature delivered to the gas
turbine. Thus, the power level is altered by changing the temperature of the working fluid at the
gas heater (GH) via changes in the heat source temperature. In this case, the fluid circulating
inventory remains constant, and a drop in Turbine Entry Temperature (TET) causes a decrease
in the components cycle temperature and pressure distribution. These changes affect the
overall performance of the power plant. The HST control is an effective control for the varying
operating condition, however, in reality, due to the effect of over-speed; this control is usually
balanced with bypass control option. Fig. 4 describes the iteration procedure with heat source
temperature control.

2.4 Combined Control Strategy

The combine control strategy utilizes integrated control actions of the options mentioned above
to regulate the behaviour of the engine in order to avoid limitations in shaft speed or low cycle
efficiencies. This approach consists of controllers which issue commanding signals to the
control options subsystems to perform integrated control functions. The load demand acts as
the primary input which determines the appropriate control subsystem to be initiated. In real
time operation of any closed-cycle gas turbine power plant, either all or part of these control
methods discussed is simultaneously utilized to meet diverse control requirements during
operation. Hence, a combined control system is usually integrated with several subsystems to
allow the interactive control action as required. For example, a combined control mode can be
designed to have an inventory control for slow load moderation, a bypass control for rapid load
response, shaft speed control and emergency shut-down capability, and a heat source
temperature control to regulate heat source power input as required by the system as shown in
fig. 1.

During this operation certain percentage of power-level change triggers the control response for
load-following or load-rejection.

3. Engine System Description

A Generation IV nuclear reactor indirectly coupled with an inter-cooled recuperated (ICR)
closed-cycle gas turbine configuration was used in the analysis. The main design characteristic
of the ICR power plant is based on the cycle shown in Fig (1). The cycle consists of a low-
pressure compressor (LPC), intercooler (IC), high-pressure compressor (HPC), a recuperator
heat exchanger (RX), gas-heater (GH), turbine, a pre-cooler (PC) and the Very High-
Temperature Reactor (VHTR). Both the LPC and HPC are driven on a single shaft. A summary
of the plant characteristic is described in Table 1. From the diagram presented in Fig.1, the ICVs
refer to the inventory control valves. The valve lift of the ICVs is actuated by an output controller,
which has an input signal of the difference between the nominal and actual power output. This
variation triggers the opening and closing of the ICVs. The bypass valve opens when the



bypass control is initiated during a sudden drop in load demand as may be required during the
plant operation. In most operations, this is usually initiated at >10% sudden drop in the gas
turbine output power. Further explanation of the valve operation is discussed in reference [1].

HEAT SOURCE 7 GA S HEATER

__________________________________________ 4
' I
I
‘ Icv2 ,
I

\ | 8 /

I
|
Il

COMPRES SOR | TURBINE OR
INTAKE COMPRESSOR T
I

3 / 5 ‘ \
|
IcT 1 2 INTER-COOLER| 4 !
ieve 9
M ‘
6
ICV3
PRE-COOLER Bypass Valve

12 13
‘COOLING MEDIUM

RECUPERATOR
ICT -Inventory Control Tanks

| ICV (1,2,3,5) - Inventory Confrol Valves

_________________

Figure 1: Scheme of Reference Plant Circuit with Different Control Options

Table 1: Summary of Power Plant Description

Description

Heat Source Temp. (K)
LPC Pressure ratio

LPC Inlet Pressure (kPa)
LPC Inlet Temperature (K)
HPC Pressure ratio

LPC& HPC efficiency (%)
Turbine efficiency (%)

Flow rate at LPC (kg/s)
Plant Thermal Efficiency (%)
IC effectiveness (%)

RX & GH effectiveness (%)
Rated power (MW)
Working Fluid

Unit
1100
1.65
830
290
2.40
86
a0
230
41.2
a0
90
40.8
Air

4. Method of Analysis and Equations

The reference plant steady state performance presented herein was modelled with an in-house
computer simulation code developed by the authors of this paper for closed cycle performance
simulations [19]. The simulation tool has two basic modes of operations, design and off-design
point. A design point calculation is used to obtain a solution at just one operating point; this may



be done with or without the component maps. The off-design procedure was analysed as a
function of design point performance, plant control settings and a wide array of operating
conditions.

To simplify the description of the simulation code, an iterative procedure for calculating the
behaviour of the closed-cycle gas turbines using the selected control options is given and
applied on single-shaft power plants, namely: change of inventory, actuating a bypass and heat
source temperature control. The working fluid thermodynamic and heat transfer properties were
provided by a series of subroutines which computes the enthalpy, viscosity, gamma, specific
gas constants, and conductivity as functions of temperature and pressure. Components and
duct pressure drops were computed as a function of design point pressure drops by ratios of
appropriate functions of the fluid properties and mass flow rate.

In determining the design point condition, the compressor pressure ratios, inlet temperature and
pressure, turbomachinery efficiency and heat source temperature were considered as
independent variables. The design point operations utilize a common input for all control
strategies and produce identical performance data which are fed into the off-design calculations
for the different control strategy initiated. When the calculations of the thermodynamic state
quantities of the reference plant at design point are concluded, the non-dimensional
characteristics are then evaluated [20]. These non-dimensional groups are then required as
input data in the off-design calculation to scale the available characteristics curve of the
reference plant. The pressure losses and mass leakage at design point are accounted for in the
model. Model descriptions of each component that constitute the overall performance of a
closed-cycle gas turbine are described as follow:

Turbo-set: This includes the compressor and the turbine. The behaviour 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 the 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:

cr = (0 B oo (), e () ©
S\ 0 v) ~ \Jéry/)’ ~ \J/ORy
Where,
0 T dd P
= ,an =
Tref Pref

The compressor exit temperature (°C ) is given by the expression

y-1
TCin PCout ( 14 ) (4)
TCout = TCin + I’l P -1
c

Cin

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



P
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Cin
The compressor work (W), 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 =WCp,,,T.

Cout

- WCPinTCin (6)

Similarly, the turbine exit temperature (°C) is given by:

y-1 (7)
>( 7)

Ptout
Ttout = Ttin - Ttinrlt 1-
And turbine work (W) is expressed as:

TW = WCPoutTtout - WCPinTtin (8)

The turbine discharge pressure ratio is calculated using Eq (9)

[2(1 - AP)HPS] 9)
NX@+ AP)ps

Heat Exchangers: The heat exchangers which include the recuperator, gas heater and pre-
cooler were modelled using the effectiveness-number of transfer function (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 [2,21,22]. 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.

g = Qactua (10)

Qmax

_ Chot(Thotin - Thotout)

Cmin (Thotin - Tcoldin)

_ Ceotd(Teotaout — Teotain)

Cmin (Thotin - Tcoldin)

Where,



Chot fOT Chot < Ccold (1 1)
Ccold fOT Ccold < Chot

Cnin Z{
Chot = (WCp)hot fluid Stream
Ceora = (WCp)cold fluid Stream

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

2— 8(1 +C" — nHex] (12)
LOG [ ¥
NTU = 12— 8T T+ Nex
NHex
Where,
Cmin (1 3)

C* = Capacity rate ratio =
max
NHex = (C*+ 1)0'5 (14)

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

Poyt = Pin(1 — AP) (15)

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

Qg = W(CPoutTout - CPinTin) (16)

The heat source pressure loss is calculated in a similar way as shown in Eqg. (15). The power
plant thermodynamic states of temperature and pressure at all components were obtained by
solving Egs. (3) — (16)

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 /N, (17)
The capacity of the plant is represented as specific power (SP), given by:
SP = SOP/W (18)

The cycle thermal efficiency (%) is given by:

Nen = SOP/Qy (19)



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 (20) — (26) 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 [19,20,23]

mJi_mJixgxnggxﬁl (20)
2

P P, Py P Lz

N _ N [T (21)
TV T

To=Ty _Ts=Tp To=T; T (22)
Te Ty I3—=T, Ts

P, P, P, P

7 B_n 5 (23)

PP, P3P

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.

The Corrected Mass Flow Scaling Factor (CMSF) is given as:

s = _CMEop (24)
(CMFmap)DP
Where,
w+vée |R
CMF = X ;

Similarly, the Pressure ratio Scaling Factor (PRSF) is obtained as:

(PRpp — 1) (25)

PRSF = ——————
(PRDPmap - 1)

Component efficiency scaling factor is given by:



(MNc)pp (26)

SF =
1l (HC)DPmap

The iterative procedure for each control strategy is described in Fig (2) — (4). During off-design
mode, the component geometry is held fixed from the design point case, and the shaft rotational
speed, gas inventory, heat source and inlet temperature are varied to evaluate the performance
of the power plant. This procedure utilizes the design point performance data to produce some
input data for the off-design calculation. During the simulation analysis, the selected control
options were assumed to operate independently at the same power level and the cooling
medium was assumed to operate at constant temperature and flow.
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Figure 2: Iterative Procedure for Off-design Cycle using Inventory Control Strategy



Fig. 2 shows the iteration modelling procedure using inventory control at a steady-state
condition. The iteration process starts with an initial guess of the turbine mass flow required to
meet the part load demand. A modified Bitsch et al. [15]., model was implemented in an in-
house simulation tool to develop a physical procedure to represent the inventory load control
limit.

Minimum equilibrium inventory — control power range

Mry (27)
MGTS

Din = 1+l/)(%)

1+

For multi ICT option, where n > 1, then

H
™
2

Omin = Qpin™
Where the number of inventory tank is represented as n

The maximum equilibrium inventory — control power range is given by

Mry (29)
0 = 1+ Mers
max — l,[) MTl
1+ (gpg) (MGTS)
Where
_ b (30)
Y=

n = number of storage tank

OPR = overall cycle pressure ratio

To model the thermodynamic behaviour of the plant utilising inventory control, the law of
conservation of mass, conservation of momentum and conservation of energy was used to
balance the fluid extraction and injection in the GT-cycle and storage tank relationship [24].

change in mass of tankAMy(kg) = AMgr (kg) (31)
Where
APr X Vi APgr X Vir (32)
AMy RT, RT;r ar

Energy balance is given by

6Q — W = 68U + SPE + 6KE

6W =0,0KE = 0,6PE =0



Where KE is the kinectic energy, PE is the potential energy, U is the internal energy
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Figure 3: Iterative Procedure for Off-desigh Cycle using Bypass Control Strategy

NO

CHECK (Error)
SOP

Figure 3 shows the iterative procedure for bypass control. Similar to the inventory control, the
mass flow is the regulating parameter. However, in this case, there is no interaction with the
inventory tank. To this end, the model starts with an initial guess of the bypass mass flow for
which the equations converges giving a shaft output power equal to shielded grid load. The
impact of BCS on the performance is readily calculated since the cycle temperature may be
taken to remain fixed. The recuperator will process equal masses on both sides at all times,
which means that the ideal design situation of Tg = Tg is maintained at part-load as shown in fig.
1. This is due to the fact that with constant Tg and constant compressor pressure ratio, Tg = Tq.
A mixer is introduced to combine the hot gas stream the cold gas stream, which balances the
system enthalpy, thus, yielding Tg = T.



In the in-house simulation tool [19], to model for load rejection and emergency stop, bypass
control was implemented in pseudo-transient mode.’

Thus,

dw
IEZ Gy — (Ger +G)

Where,
| = moment of inertia
G; = Turbine torque

G.r = total compressor torque
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Figure 4: Iterative Procedure for Off-design Cycle using HST Control Strategy



Figure 4 describes the iterative procedure for HST control strategy. In this case, the initial guess
is the reactor discharge temperature. The model uses the guess to calculate the non-
dimensional parameter and matching of the GT components until the difference between the
predicted shaft output and the actual load demand is less than or equal to 10°.

5. Results and Discussion

Generally, the primary goal of part-load operations using any control option is to maintain high
efficiencies while keeping all components within their operating range. Theoretically, to achieve
this will mean that overall temperature ratio and pressure ratio will be close to the steady state
limits. However, this may not be easily satisfied using a single control option without making a
compromise to certain practical constraints which are discussed in this analysis. In this study,
an intercooled-recuperated closed cycle gas turbine shown in fig.1 and Table 1 was simulated
using the selected control options discussed in this paper.

A - Cycle Performance at Part Load

Fig. (5) and (6) provides the part-load performance of the reference plant accomplished with the
listed control strategies described in the preceding section. Each control option operates
independently at the same power level. During the operation mode of the ICS, the mass of air is
withdrawn from the power cycle almost proportional to the power output to keep the turbine
entry temperature constant, whilst all temperature across the cycle remains constant for same
LPC inlet conditions, which is controlled by the cooling medium. This withdrawal of mass flow
reduces the density and pressures across the cycle. However, the pressure ratios of LPC and

HPC remains constant because, the operating point % and the non-dimensional mass flow does

not change significantly, hence, the cycle efficiency remains relatively constant as shown in
figure 5. At 50% output power, the cycle thermal efficiency is 40.1%. The slight drop in efficiency
is a result of a small change in the working fluid properties. Nonetheless, this control option
brings about a rapid acceleration of the shaft as the load is reduced which must be balanced.

With the ICS, it seems that the possibility to further operate at a lower at part-load will still be
very beneficial economically since the efficiency is still reasonably high. However, the possibility
of maintaining high part-load efficiency to any desired limit using the inventory control is
restricted to the following: (a) the size and initial pressure of the tank, (b) centrifugal force on
blade tip as a result of shaft rotational speed, (c) location of inventory valves in the cycle loop
(d) availability of inventory transfer compressor, and (e) cost of implementing any of the listed
options.
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Similarly, when the bypass mode was analysed, ICS and HST were kept constant. The
performance of the BCS is shown in Fig. 5 and Fig. 6. As mass flow is bled off after the HPC to
short- circuit the turbine, there is relative mass flow difference between the compressor and
turbine which is translated in the reduction of the HPC and turbine pressure ratios and mass
density. This reduction modifies the operating point to a new position (the new matching point
between the compressor and turbine) and reduces the turbine output power and cycle thermal
efficiency as shown in Fig. 5 and Fig. 6. Both the LPC and HPC pressure ratio decreases with
the dominant effect in the HPC. However, during this process, the LPC inlet pressure increases
and the discharge pressure remain relatively the same at a steady state when the fluid returns
to the circuit as shown in Fig.1. From the results presented, using BCS for 50% output power
drops the cycle thermal efficiency to 25.8%. This control option can be an effective means of
part-load control from zero to full load rejection. However, its major drawback is the low
efficiency obtained compared with other control options.
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Figure 6 Shaft speed for Different Control Strategy at Part Load



Another way part-load operation can be achieved is by decreasing the cycle highest
temperature which achieved via the heat source temperature control (HST). With HST in active

mode, both the ICS and BCS are assumed to remain constant. At part-load operation, ;—8

2

decreases as a result of a reduction in HST, and changes the position of the pressure ratios
downward thereby reducing the cycle thermal efficiency almost linearly from 41.2% to 31% at
50% output power as shown in Fig. 5. During the process, as the TET decreases, the density of
the fluid entering the turbine increases and thus decreases the volumetric flow rate (for the
same mass flow rate), which decreases the turbine pressure ratio. To alleviate this will require
the fluid inventory to be increased. One drawback of the control option is that decreasing the
system temperatures will require a slow rate of change to avoid thermal shock.

Assuming some of the limitations mentioned for each control option are neglected, Fig 5 and
Fig. 6 also shows performance comparison at part load in terms of overall cycle efficiency for
each single control option and combination of two control options (second control option follows
after the first control option). Simulating inventory followed by temperature control may not be
feasible in practice without other control mechanisms since both strategies results to increase in
shaft speed at part-load operations which could lead to mechanical failure of components.
Inventory control followed by bypass is been mostly used for many closed-cycle power plant
operations. This has been the most convenient method to stop the engine if required. Another
realistic control measure is the temperature and bypass control.

B- Changes in Intake Temperature Condition

During this analysis, the intake inlet temperature was utilised as input. This was done as a
representative of temperature to which the working gas is cooled before entering the
compressor, which is dependent on ambient conditions, cooling medium and the design of the
pre-cooler. Implementing the ICS during this off-design condition, showed that change in the
LPC inlet temperature changes the temperature ratio, N/\/T_l, and pressure ratio at constant
HST. This changes result in a drop of shaft power and cycle thermal efficiency (Fig. 8) due to
changes in the mass density. Hence, to compensate for this drop at constant power operation
mode which is applicable to industrial power plant would require the opening of the ICS valves
for injection of fluid. This injection causes an increase in mass flow and pressure in the circuit as
shown in Fig. 7 and Fig. 8. Similarly, increased intake temperature reduces the LPC and HPC
pressure ratios thereby resulting in a low expansion in the turbine and drop in output power.
Therefore, HST control allows for an increase in turbine entry temperature, thereby increasing
heat rate as shown in Fig. 9 and fig. 10

Apparently, implementing BCS for constant output power operation as intake temperature
increases would require additional alternative control system because the mass flow has to be
injected into the cycle which cannot be handled using the BCS alone.
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Comparing the performance result of the three control strategies discussed at both part-load
and varying intake temperature shows that at 50% load demand, inventory control maintained a
peak efficiency of 41.2%, while bypass control showed a rapid response to load change but
produces the worst part load efficiency of 28% at same load demand. As changes in intake



temperature increases, bypass control cannot compensate for such a drop in power, hence
would require another control mode to be activated. The results also showed that HST control
yielded fairly high efficiencies at both operating conditions; however, further reduction at part
load using HST or ICS could lead to mechanical failure of rotating parts [9,11,25]. Another
impact on the mechanical integrity of the system will be on the seals and valves leakage at high
temperature and pressure. Leakages in the system could lead to performance losses, hence, to
minimise the losses could require proper sealing materials and external insulations.

C- Load Rejection Control using BCS

It is essential for the closed-cycle power plant to operate in an efficient, safe, secure and reliable
manner, hence, the use of different control options. The goal of each control mechanism is to
maintain a symbiotic relationship with load demand in the electric grid, especially during
instabilities, interruptions and emergency conditions. Stability is maintained by matching the
power generated with the ever-changing load demand which can be triggered by environmental
conditions, load-following mode, load rejection or emergency stop.

Load following is being able to increase or decrease the power plant output to balance changes
in load demand, which is usually achieved by controlling the inventory level. In contrast to load
following, load rejection is defined as a very rapid decrease in load demand (usually when the
rate of change of power output is >10%), which requires a rapid response via the control
mechanism. Load rejection due to the loss of grid power is one of the most severe load control
scenarios for the closed-cycle power plant which can be controlled with bypass valves (bypass
valve rapidly opens to decrease the turbine work and increase compressor work to try to slow
the accelerating shaft).

The focus of this section is to simulate load rejection mode using the bypass control mechanism
for a power plant during operation. The following was assumed during the simulation of the load
rejection:

e Only bypass control was utilized for this simulation

o Load rejection was simulated in steady-state pseudo transient operation (load
rejections was set at 20% per seconds)

e The bypass valve size was assumed

¢ Rotor inertia was assumed

e Rotational speed was set at 3600rpm

e ICS and HST were kept constant

e Secondary effects were neglected

Figures (11) — (13) clearly shows the behaviour of the power plant during load rejection. In
steady state operation of the plant, the torque developed must be balanced with the load torque
determined by the required power. As the load torque changes, there is imbalance resulting in a
change in the rotational speed, system temperatures and pressure ratios.

The bypass valve opens to prevent the turbomachine from over-speed and to keep the cycle
operation ready for any load recovery. In reality, the bypass valve is designed to provide system
shut down to an idle state as in the case of a load rejection, and completely stop as in the case



of any turbomachinery failure. However, during the process of bypass system control, other
control processes are activated for example HST control to prevent thermal overstressing of the
recuperators.

During the simulation, the steady state full power operation is disturbed with the load reduction
starting at t = 0. The electric load is reduced at 20% per sec until 5 secs when it has reached
the nominal no-load level. Fig 11, shows the reduction of the engine power output in case of a
load release or quickly shut down within few seconds from 0% to 100% full load release by
means of opening of the bypass valve and to maintain nominal engine speed. As can be seen,
as the load release increases at BVC, the engine over-speed increases from 1% to 30% and the
system pressure ratios also increase. The over-speed triggers the bypass valve to open. When
the bypass valve is opened, the working fluid flow bypasses the turbine thereby reducing the
turbine torque and power by reducing turbine flow and pressure ratio as shown in fig.11 & fig.12.
This BVO results in a rise in temperature at the turbine output which is caused by a drop in
expansion ratio and therefore the enthalpy gradient in the machine. Thus, the efficiency of the
turbine reduces rapidly to almost zero percent at full load rejection. The precooler load
increases as a major portion of the mass flow is circulated through it while the recuperator load
decreases due to the low mass rate flowing through it as shown in fig 13.
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Figure 11 Estimation of Pseudo-Transient Behaviour with bypass control (speed & load released)
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6.

Conclusion

The performance of a single-shaft intercooled-recuperated closed-cycle gas turbine under three
independent control strategies has been presented for part-load operation and load rejection.
The rationale behind this analysis was to explore the different control strategy and its
independent iterative procedure for a closed-cycle gas turbine, as well as to discuss the various
limitations of the control options when used independently. The overarching discussions in this
work can be concluded as follow:

The iterative modelling procedure for each control strategy has been provided in order
to enhance understanding of the control system during the closed-cycle gas turbine
operation.

The inventory control strategy has a high efficiency at both part-load and changes in
ambient conditions compared with other control options presented in this paper.
However, the continuous discharge of gas inventory from the gas turbine to achieve
reduced load depends on the rotational speed for which the centrifugal forces acting on
the blade tips could become too high, hence, could affect the mechanical integrity and
compressor performance. Also, the size and pressure of the inventory tank is another
limitation to the use of inventory control.

Utilizing the heat source temperature is another important control strategy for the
closed-cycle gas turbine operation. However, there is almost a linear decrease in cycle
efficiency while operating at part load. On the other increasing the heat source
temperature without the use of other control options in event of changes in ambient
conditions could lead to shaft over speed.

To operate in an efficient, safe, secure and reliable manner, each control mechanism is
synchronised to maintain a symbiotic relationship with load demand or the electric grid,
especially during instabilities, interruptions and emergency conditions. To avoid as
much as possible these limitations in shaft speed or low efficiencies at a further
reduction in power would require, a combined control mode to be adopted. For
example, the bypass control usually implemented for rapid load response and shaft
speed control.

The possible leaks in the valve could lead to performance losses, hence, to minimise
the losses, proper seal materials and external insulation could be incorporated.

Nomenclature

Notations
C heat capacity, JJK
(o} heat capacity rate ratio, (nondimensional)
CMF corrected mass flow, kg/s
CMSF corrected mass flow scaling factor
Ce specific heat of gas at constant pressure, J’kg K
CS corrected speed
cw compressor work, W
G; turbine torque, J

Get compressor torque, J



G, generator torque, J

H specific enthalpy, Jkg

/ rotor inertia, kg n’

Mgt mass of fluid in gas turbine cycle, kg
My mass of tank, kg

N rotational speed, rom

NTU number of transfer units

OPR overall pressure ratio

P pressure, Pa

Pret reference pressure, Pa

Pr inventory tank pressure, Pa

PR pressure ratio

PRSF pressure ratio scaling factor

Qy heat gained, W

Qactual actual heat flux, W/m2

Qumax maximum heat flux, W/m?

R specific gas constant, JJkg K
SOP shaft output power, W

SP specific power, W/kg s™

T temperature, K

Trer reference temperature, K

0T turbine discharge temperature, K
TET turbine entry temperature, K
TMF turbine mass flow, kg/s

TPR turbine pressure ratio

TW turbine work, W

w Mass flow rate, kg/s

Vr volume of inventory tank, m’
Ver volume of fluid in gas turbine cycle loop, m®
Greek Symbols

€ effectiveness

n efficiency

Nm mechanical efficiency

N cycle thermal efficiency

Y ratio of specific heats

0 referred temperature parameter
) referred pressure parameter

A difference

p density kg/m*

Q inventory control level

P ratio of HPC exit pressure to tank pressure
Abbreviations

BCS bypass control strategy

BVC bypass valve close

BVO bypass valve open

CIT compressor inlet temperature
GH gas heater

GT gas turbine

HPC high pressure compressor



HPCDP

high pressure compressor discharge pressure

HPCPR high pressure compressor pressure ratio
HPHxDT high pressure heat exchanger discharge temperature
HST heat source temperature
IC inter-cooler
ICR inter-cooled recuperator
ICS inventory control strategy
ICT inventory control tank
Icv inventory control valve
LPC low pressure compressor
LPCIP low pressure compressor inlet pressure
LPCMF low pressure compressor mass flow
LPHxDT low pressure heat exchanger discharge temperature
PC pre-cooler
RX recuperator
SF scaling factor
VHTR very high temperature reactor
Subscripts
c compressor
Cin compressor inlet
cold fluid cold stream
Cout compressor outlet
Dp design point
Dprefmap design point reference map
GT gas turbine cycle loop
HEX heat exchanger
hot fluid hot stream
HPS high-pressure side
in inlet condition
LPS low-pressure side
m mechanical
max maximum
min minimum
OD off design point
out outlet condition
refmap reference map
t turbine
L turbine inlet
out turbine outlet
1-7 station number
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