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The supercritical carbon dioxide Brayton cycle has become the choice of a wide range of users because of its
higher efficiency and smaller turbine size, and is often used in space vehicles, sodium cooled fast reactors,
Marine power equipment and other energy storage and power generation applications. However, in the process
of use, the detachment of the load is a common problem, if not well handled often cause the system to crash.
In this paper, based on the software Simulink in MATLAB, the moment of inertia of turbine and generator is
regarded as fixed value, the key parameter differential equations of Brayton cycle are derived, and the dynamic
recompression and intercooling Brayton cycle models are established. The response parameters of the system
after load disconnection and different time tie-back are studied. The responses of key parameters of the system
after load detachment were obtained. It was found that the recompression model had higher stability under load
detachment and tie-back conditions than the intercooling model, and the length of parameter variation after load
detachment was linear. The earlier the tie-back was, the faster the system could restore stability.

1. Introduction

The development and application of SCO2 power cycle has attracted wide attention in recent years due to its
application in different energy industries, especially nuclear power and solar energy (Li et al., 2017). The
advantages of this cycle are high efficiency, economical structure and convenience. Traditional steady-state
models are no longer suitable for more complex variable conditions and transient studies. (Deng et al., 2019)
used the dynamic model of the Brayton cycle of supercritical COz2 repress to study the influence of high and low
temperature regenerators on the dynamic characteristics of the cycle. However, in terms of model building, he
simplified the relationship between enthalpy and power of inlet and outlet of the turbine, without considering the
change of turbine speed. (Wang et al., 2021) gave a detailed review of the dynamic performance and control
strategies of SCBC (supercritical carbon dioxide Brayton cycle). SCBC dynamic simulation model was
introduced in detail, and the model of main components of different modelling methods and validation of the
system model, finally they introduced the load tracking and control strategies. The content covers most of the
current scholars' research methods on SCBC dynamic simulation, but they all simplify the treatment of turbine.
(Yang et al., 2021) studied the load variation and matching in the Brayton cycle, and from the perspective of
thermal efficiency and exergy efficiency, (Hu et al., 2020) studied the variation of thermal parameters and cycle
performance with power generation under partial load, and (Gao et al., 2021) defined the dynamic performance
of the SCO2 Brayton system by simulating the load variation of the grid from 100 to 0 to 100 %. However,
(Moisseytsev et al., 2008) proposed that the common failure conditions of SCBC include load detachment, which
requires dynamic analysis of the turbine. Other scholars used empirical formulas to predict the turbine speed,
ignoring that the actual rotation speed of the turbine in the system is affected by multiple parameters. In this
study, the original supercritical carbon dioxide Brayton cycle model is improved, and the turbine module which
was previously briefly processed is further refined. The dynamic model of turbine speed is obtained by using
the characteristic of turbine’s and generator's constant moment of inertia as well as the related energy
conservation equation. Compared with the empirical correlation formula used by previous scholars, the changes
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of system parameters after load detachment and tie-back are simulated more accurately. The transient analysis
and the comparison of recompression and intercooling models are carried out for the fault condition of load
detachment, which can provide guidance for users in actual operation.

2. Numerical model

In this study, the recompression model is adopted, which is the most commonly used and typical one in SCO2
Brayton cycle.

2.1 Turbomachinery and electric generator

The turbine mechanical model of turbine and compressor is designed based on the thermodynamic principle of
turbine machinery. In the compression process of the compressor and the expansion process of the turbine,
entropy is considered to be constant. Isentropic efficiency and pressure ratio are assumed to be constant, which
only depends on the design parameters of the turbomachinery. When the parameters of the turbine and
compressor inlets are given, the parameters of outlet can be calculated according to the condition of isentropic
expansion. In addition, considering the intershaft of turbine and compressor, the rotation frequency of both is
the same, and the moment of inertia of the two objects is expressed by a parameter, and the rated speed is
considered to be the common speed of steam turbine, 3,000 RPM. The generator is connected to the steam
turbine, and the moment of inertia should be the same under normal operating conditions.
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where Wr, Wc1 and Wz are the powers of the turbine, main compressor and recompressor. q, qc1, qcz are the

flow rate of the turbine, main compressor and recompressor. The symbols hr,, ht,, hc1, heto, hezi and hezo
denote the enthalpy at the inlet and outlet of turbine, main compressor and recompressor. nr, n¢; and n¢, are
the isentropic efficiencies of the turbine, main compressor and recompressor. /1 is the combined moment of
inertia of turbine and compressor, and J, is the moment of inertia of the generator. P, is the generating power
and F is the generator torque, w is the rotational speed.

When the load disassociates, the generation power P, is 0, and the speed of the turbine and compressor will
increase. After a period of time, the load is connected back. Assuming that elastic collision occurs between the
turbine and the generator, the collision energy loss is ignored as follows:

1 1 1
E]Tw% + E]ewzg = E(]T +]e)w%x (6)

Where wy is the rotational angular velocity of turbine, w, is the rotational angular velocity of generator, and wy
is the rotational angular velocity of turbine and generator after collision. Therefore, the turbine speed at the tie-
back moment can be expressed as:
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2.2 Recuperators

According to the first law of thermodynamics, the hot side and the cold side of the regenerator should be
satisfied:
dTy,

CIth,h(Tm —Tha2) — Q = Mth,h? (8)

. at.
QCCp,c(Tcl - TCZ) +0Q= McCp,cE 9

Where gy, and q. are the mass flow rates of SCO2 on hot and cold sides, C,, and C,, . are the specific heat
capacities of SCOz on the hot and cold sides, Ty, Tha, Te1 @and T, are the hot-side inlet temperature, hot-side
outlet temperature, cold-side inlet temperature and cold-side outlet temperature of SCO2, Q is the heat transfer
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rate in the recuperator, M;, and M, are the masses of SCO2 on hot and cold sides of the recuperators at the
specific time, and which are determined by the design parameters of the recuperators, T}, and T, are the average
temperatures of SCO2 on the hot and cold sides, and 7 is time.

The average temperature of SCO2 on each side of the recuperators can be obtained by

Tp =5 (T + Tha) (10)
Te =3 (T +Te2) (11)

Based on the overall heat transfer equation, Q can be calculated by

0 = KAAT,, (12)
where K, A and AT, are the overall heat transfer coefficient, total heat transfer area and the log-mean
temperature difference. The parameters K, A My, and M. are obtained from the thermal design calculation under
the design conditions.

The numerical relationship between the derivative of the outlet temperature of the hot side and the cold side of
the recuperator with respect to time and the derivative of the inlet temperature with respect to time can be
obtained by Egs. (8)-(11):

c 1 dry,
dTh, _ AnCpa(Th1=Th2)=Q—3MpCp gt

1
dt ;Mth,h

(13)

01 drT,
AT, _ QCCp,c(Tcl_Tcz)"'Q_EMcCp,c d:l

dt TMcCpye (14)
Two inlet temperatures and mass flow rates are set as input signals, and the design parameters are set as
constant parameters of the S-function. In Eqgs (13) and (14), the two derivatives on the right side are obtained
from the derivative block of Simulink outside the S-function and are set as extra input signals. Consequently,
every variable in the equations can be calculated by using the four temperatures and the constants.

2.3 Model validation

With the operation of the simulation system, it is found that the system reaches a stable state around 1,500 s.
At this time, compared with the experimental values of Sandia Laboratory (Pasch, et al.,2012), it is found that
the differences of all key parameters are within the acceptable range:

Table 1: Comparison and relative error between simulated steady-state values and experimental values of the
recompressed Brayton cycle system

Parameters Efficiency Q Wi We2 Wr We
Experimental values 32.31 % 780.0 kW 51.0 kW 87.0 kW 391.0 kW 253.0 kW
Simulation values 36.40 % 723.5kW 47.3 kW 87.2 kW 397.9 kW 263.4 kW
Relative error 12.67 % 7.24 % 7.33% 0.28 % 1.76 % 4.10 %
Parameters Tecy,i Tcz0 Tt TR Ci TiTRCO TiTR M,
Experimental values 305.0K 389.0 K 810.0K 324.0K 389.0 K 418.0 K
Simulation values 304.5K 381.8K 807.5K 319.6 K 391.0K 420.1 K
Relative error 0.15% 1.86 % 0.30 % 1.36 % 0.51 % 0.51 %
Parameters TiTRH0 TutrCi Tutr C0 TuTR H,i TuTRH,0

Experimental values 335.0K 389.0K 698.0 K 750.0K 418.0 K

Simulation values 333.6 K 387.2K 703.7 K 736.6 K 420.1 K

Relative error 0.43 % 0.46 % 0.82 % 1.78 % 0.51 %

As shown in Table 1, only the relative error of the cycle efficiency is large at 12.67 %, the relative error of other
parameters related to power is within 8 %, and the relative error of parameters related to temperature is within
2 %, these results illuminate that the simulation system of the recompression Brayton cycle is convincing.

3. Results and discussion

In industrial practice, there will be load detachment. In this paper, the parameters of the recompression Brayton
cycle model are simulated when the load is detached after the recompression Brayton cycle model reaches
stable state.
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Figure 1: Parameter response after load detachment in recompression Brayton cycle: (a) Power and efficiency;

(b) Temperature; (c) Rotation speed

As can be seen from Figure 1(a), at the moment of load detachment, cycle efficiency began to decrease and
the rate of decline became faster; after approximately 70 s, cycle efficiency began to decrease slowly and
steadily. Both the compression power and turbine power in the system increased, and the generating power
also increased overall, but showed a slightly declining trend during about 60 s to 70 s. In (b), it can be seen that
turbine’s rotation speed almost rises in a straight line, while generator’s rotation speed drops to zero in a straight
line, and the system flow is also pushed along and shows a straight rise trend due to the soaring turbine’s

rotation speed.

However, in industrial applications, this is often found when the load is detached and the load is reconnected in
a short period of time. The length of the tie-back time will also have different effects on the system parameters.
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Figure 2: The influence of the duration of reconnection after load detachment on system parameters in the
recompression Brayton cycle: (a) Turbine power; (b) Generated power; (c) Generator’s rotate speed; (d) Mass

flow rate
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It can be seen from (a), and (d) that the variation trends of turbine power, turbine speed and mass flow rate are
very similar after load detachment and tie-back. Both increase rapidly in proportion to the length of detachment
in an instant and then begin to drop below the initial rating after load retraction and then stabilize at the initial
rating before slowly rising back up. It can be seen from the change size that the magnitude of parameter change
is proportional to the tie-back time. The longer the separation time is, the longer the time required to return to
the stable state after the tie-back is.
In (b), the generation power also increases rapidly after the load is detached, but shows a faster decline rate
after the tie-back, and returns to the initial value in a shorter time. However, the time it takes to stabilize to the
initial value is longer than that of the turbine power. As for the generator speed in (c), it decreases after the load
disconnects and then quickly returns to the stable state with the load tie-back, which is more stable than the
turbine speed.
In addition to recompression, the intercooling model is also a very common Brayton cycle model. This model
uses two cooling cycles, greatly reducing the compression work and thus increasing the efficiency of the entire
cycle. In this paper, we compare the response of various parameters between the recompression model and
the intercooling model after 1 s tie-back after load detachment.
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Figure 3: Parametric comparison of recompression-intercooling model after load tie-back: (a) Temperature; (b)
Rotation speed and mass flow rate

As for the temperature change, it can be seen from (a) that the temperature change of the recompression model
is also a rapid recovery to stability, while the temperature of the cold side outlet of the high-temperature
regenerator and the hot side outlet of the low-temperature regenerator in the intercooling model have a great
change, with the range of change being about 85 K and 300 K respectively, which are about 13 % and 85 % of
the original stable temperature. It can be seen from A that the power and heat absorption of the recompression
model can return to the stable state after the load unties, while the intercooling model will still gradually appear
system imbalance after the load unties and cannot return to the original stable state. Similarly, the turbine,
generator speed and mass flow rate of the intercooling model in (b) cannot return to the initial stable state after
load tie-back, while the recompression model can return to the stable state. As can be seen from the enlarged
figure of the first ten seconds, the rotating speed and mass flow rate in the intercooling model could not return
to the original stable state in the future. In the recompression model, due to the existence of the shunt process,
the influence on the flow rate is weakened, and the system can be stabilized in a new working condition similar
to the original working condition. This also shows that the recompression model is more stable than the
intercooling model in the case of load detachment.

4. Conclusions

In this study, the common load detachment situation is simulated by using Simulink in MATLAB and REFPROP.
Based on the constant moment of inertia of turbine and generator, the model of mechanical rotation in the
system is established. The tie-back duration and the responses of the recompression and intercooling models
under this condition were compared. The main conclusions are as follows:

(1) After the load disconnects, the turbine compressor and the heat absorption in the cycle will increase. Except
for the HTR cold side outlet temperature, the temperature of other places will rise, the cycle efficiency will
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decrease, the turbine speed and mass flow rate will increase steadily, and the generator speed will reach 0 after
250 s.

(2) The power and speed of the turbine and generator also change linearly with the linear increase of the load
disconnection time. The shorter the tie-back time, the faster the system will return to a stable state.

(3) The intercooling model cannot return to the stable state after the load untie and tie-back, and the system
needs to be stopped urgently. However, the recompression model can return to a new stable state close to the
original parameters after the load tie-back, which indicates that the recompression model has better stability
performance.

Nomenclature

A — heat transfer area, m?2 w — rotate speed, rad/s
Ce — specific heat capacity, J/(kg-K) n — isentropic efficiency of turbomachinery, %
F — generator torque, m
h — enthalpy, kJ/kg Subscribpts
J — moment of inertia, kg-m? C — cold side
K — overall heat transfer coefficient, W/(m?-K) C1 — main compressor
M — mass stored in a heat exchanger at a specific C2 — recompressor
time, kg e — electric generator
P — Power, W H — hot side
Q — heat absorption, W HTR — high-temperature regenerator
g — mass flow rate, kg/s i —inlet
T — Temperature, K IC — intercooling
T — the average temperature, K LTR — low-temperature regenerator
W — power, W O —outlet
RC — recompression
Greek T — turbine

AT, — log-mean temperature difference
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