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Abstract
Multiscale multiphysics simulation is a key technology for nuclear reactor system design and analysis. However, its applica-
tion and development are limited by the complexity of cross-scale simulation coupling and long calculation times. To satisfy 
the real-time simulation requirements of modern reactor digital twins, this study establishes a digital twin of the reactor circuit 
using multiphysics and multiscale reduced-order methods. This digital twin is based on the plug-and-play approach, and all 
simulations of the components are replaced by independent 1D and 3D multiphysical reduced-order surrogate models. The 
complete system circuit can be composed of a combination of these surrogate models, which allows for the easy integration 
of new components and modification of existing components. A digital twin circuit is established for the test case. The reactor 
core is described using the 3D neutronics/thermal-hydraulics model, whereas the steam generator is described using the 3D 
CFD model. The other components, including the heat and cold pipes, are described using a 1D reduced-order model. The 
numerical results show that the digital twin can accurately predict the multiphysics and multiscale behavior of the reactor 
circuit. The maximum relative error of the tested circuit is not larger than 0.05%, and the simulation time can be reduced to 
less than 2 ms. The proposed plug-and-play digital twin can be used to develop a new real-time digital twin system that can 
support reactor system design and analysis.
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1  Introduction

The nuclear reactor system circuit contains a complicated 
intersection of multiphysics behaviors in which neutronics/
thermal-hydraulics (NTH) processes are one of the main 
considerations in research and engineering [1]. Traditionally, 

a one-dimensional lumped parameter model has been used 
for multiphysics coupled calculations of reactor system cir-
cuits [2, 3]. Reactor core neutronics simulations often use a 
zero-dimensional (0D) point-kinetics (PK) model, whereas 
thermal-hydraulic behaviors are often approximated using 
a one-dimensional (1D) averaged model [4]. The reason 
for using these methods is that the three-dimensional (3D) 
simulation of the entire system circuit [5] requires excessive 
computational complexity. However, with the continuous 
improvement in the analysis requirements for advanced reac-
tor systems and the development of computer technology, 
0D and 1D system models fail to predict many local physical 
phenomena [6]. In addition, under certain special conditions, 
such as the accident state, the behavior of certain critical 
equipment must be analyzed in detail [7, 8].

To improve this condition, a compromise method, 
namely the multiscale method [9, 10], has been adopted 
by researchers, in which the main circuit is still simu-
lated using 0D or 1D system codes, whereas the main 
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components, such as the reactor core and steam genera-
tor, are simulated using 3D multiphysics codes. The mul-
tiscale method shows better performance in obtaining a 
more comprehensive physical field distribution than the 
system method, while being much less computationally 
intensive than the fully 3D simulation of the entire sys-
tem, which can significantly contribute to the improvement 
of the reactor design and the fulfillment of the continu-
ously increasing reactor safety requirements [9]. Owing 
to these advantages, the multiscale method has attracted 
considerable attention from researchers and has been one 
of the main methods to study the safety and performance 
of reactor systems, which has promoted the develop-
ment of multiple national projects, such as CASL [11], 
NURSIM, NURISP, and THINS  [12]. Many research-
ers have also conducted extensive research on multiscale 
thermal-hydraulic coupling methods for nuclear reactor 
systems. Grunloh et al. [13] developed a multiscale flow 
analysis method for reactors by coupling CFD code STAR-
CCM+ and the system thermal-hydraulic code TRACE 
and studied the domain overlap method for 1D and 3D 
computational data interaction. Through this coupling, 
neglected flow details in the system program calculations 
can be accurately captured. Cai et al. [14, 15] conducted 
a multiscale thermal-hydraulics analysis of the inherent 
safety of natural convection in the reactor core, combin-
ing 1D system code and 3D CFD simulation. The fluid 
flow and heat transfer of the fuel assembly were simulated 
using the 3D CFD method to analyze its flow features, for 
example, transverse mixing, which could not be described 
in the system codes, whereas the other components of the 
reactor circuit were simulated using 1D system codes. 
Aumille et al. [16] developed a 1D/3D coupled thermal-
hydraulics code using the 1D system code ATHLET and 
3D CFD code, and the results showed good agreement 
with ATHLET alone. Baviere et al. [17] coupled the 3D 
CFD code TRIO_U with the system thermal-hydraulics 
code CATHARE to analyze the thermal-hydraulic behav-
ior of the natural circulation test of the French prototype 
sodium fast reactor (SFR) Phénix and obtained good 
agreement between the numerical and experimental data. 
Zou et al. [18] completed an ATHLET-OpenFOAM cou-
pling code application and simulated an unprotected loss-
of-flow accident process for a lead-cooled fast reactor. 
Zhao et al. [19] coupled the system code RELAP5 and 
3D reactor core thermal-hydraulics code CTF to establish 
a novel multiscale method that can be applied to the cou-
pling analysis of the pulsed reactor and can perform high-
fidelity safety analyses of the pulsed reactor. Sanchez-
Espinoza et  al.  [20] developed a series of multiscale 
thermal-hydraulics codes, in which the system calculation 
was imposed using the system code TRACE, whereas the 
3D thermal-hydraulics behaviors were calculated using 

subchannel code suhChanFlow and the open-source CFD 
code trioCFD.

More recently, to consider the more accurate multiphys-
ics and multiscale coupling behavior of reactor systems, 
coupled neutronics/thermal-hydraulics processes have been 
considered. Park et al. [21] conducted a multiscale analysis 
of the main steam management rupture accident in a nuclear 
power plant using 3D neutronics/thermal-hydraulic codes 
for reactor core analysis and 1D system analysis codes for 
other components. Luo et al. [7] developed a multiphysics 
multiscale code by combining the thermal-hydraulics code 
KMC-sub and the neutron diffusion code NDK using Flu-
ent software. The shutdown operation of the reactor system 
was simulated, and the results showed good agreement with 
those of ATHLET. Lee et al. [22] combined the 1D system 
thermal-hydraulics code MRS covering most of the reactor 
coolant system, except the reactor pressure vessel, and used 
the 3D subchannel code CUPID-RV with three-dimensional 
neutron kinetics code MASTER for pressure water reactor 
analysis.

Thus, multiscale methods have received widespread atten-
tion and have made significant progress. However, although 
multiscale methods can better simulate complicated system 
behaviors, drawbacks such as long computation time and 
complex coupling calculations persist especially when using 
different calculation codes for coupling [23]. Typically, 
because of the differences in convergence, calculations at 
different scales often require different sweep formats, which 
makes coupling approaches between different scales more 
difficult [24]. In addition, because these multiscale models 
are designed for a specific system circuit, when the system 
design or operating conditions change, the numerical model 
must be modified, and the calculation should be restarted. 
Because of these limitations, achieving real-time or ultra-
real-time predictions of digital twins remains challeng-
ing [25, 26]. The development of an efficient and flexible 
numerical method is still required to satisfy the needs of 
advanced reactor digital twins. For this phenomenon, using 
a surrogate model [27–29] that directly obtains the physi-
cal quantity of the outlet from the inlet conditions without 
considering the numerical stability of the sweep process may 
be a good alternative.

To establish a simple and efficient surrogate model, the 
reduced-order method [30] can be an effective, cheap, and 
accurate method that replaces the original calculation model 
(denoted as the full-order model, FOM) with a reduced-order 
model (ROM) under a significantly reduced dimensional-
ity and a controlled loss of accuracy to ensure the reliable 
evaluation of the reduced model at a substantially reduced 
computational cost [31]. The implementation of the ROM 
can be divided into two stages: offline and online. In the 
offline stage, FOM calculations are used to obtain snapshots, 
that is, the distributions of the physical quantities of concern 
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under different states. The ROM bases are then constructed 
by performing modal decomposition on the snapshots, such 
as the proper orthogonal decomposition (POD) method. 
During the online stage, numerical techniques, such as data 
interpolation and least-squares regression, were employed to 
compute the POD basis coefficients for the predicted condi-
tions. The physical quantity distributions for these predicted 
conditions were reconstructed by linearly combining the 
POD basis functions with the POD coefficients. In recent 
years, the ROM has been widely used in various fields such 
as fluid flow [32, 33], electrical kinetics [34], vibro-acoustic 
simulation [35], and CO2 capture [36].

In nuclear engineering, the ROM has also been 
widely used in neutronics and thermal-hydraulic predic-
tions  [37–40]. In neutronics calculations, the ROM has 
been used for neutron transport and depletion dynamics 
calculations. German et al. [41] and Dominesey et al. [39] 
extended ROM to neutron diffusion and transport eigen-
value calculations. Roberts et al. [42] applied a ROM based 
on dynamic mode decomposition to accelerate the power 
iteration of the neutron diffusion eigenvalue calculation. 
Chen et al. [43] applied a nonintrusive ROM to accelerate 
neutron diffusion calculations in an IAEA 3D reactor core. 
Chi et al. [44] and Wang et al. [45] developed a neutron 
transport ROM in both detailed and nodal calculations and 
extended the detailed neutron transport ROM to neutron 
transport kinetics calculations  [46]. Gong et al. [38] devel-
oped a reduced-order method based on the dynamic mode 
decomposition for xenon dynamic forecasting. Based on the 
application of the ROM in neutronics prediction, Argaud 
et al. [47] applied the ROM to optimize the sensor place-
ment in nuclear reactors. In thermal-hydraulics calculations, 
Alsayyari et al. [48] and German et al. [49] extended the 
ROM for multiphysics calculations in a molten salt fast reac-
tor and analyzed the influence of the molten salt flow on 
the power distribution. Kang et al. [50] constructed a ROM 
based on POD and machine learning to predict the thermal-
hydraulic behavior in the subchannels of fuel assemblies in 
nuclear reactor cores. Lorenzo et al. [51] developed an ROM 
for Navier–Stokes equations and thermal-hydraulic problems 
based on the finite volume method and POD. The model was 
numerically validated using a homogeneous lid-driven cav-
ity reactor model that accurately reproduced the temperature 
and velocity fields. Star et al. [52] developed a ROM based 
on RELAP5 and OpenFOAM coupling and showed good 
accuracy. Manthey et al. [53] developed a two-phase flow 
ROM by combining the system program codes ATHLET and 
POD. This ROM demonstrated good numerical calculation 
accuracy for the simulation of two-phase flows in natural 
convection or high-pressure environments. Using these tech-
niques, the calculation time for complex physical processes 
can be reduced to milliseconds [54, 55], which is expected 
to achieve real-time or even ultra-real-time digital twins in 

nuclear reactor systems. However, the studies on neutron 
transport and thermal hydraulics have been relatively inde-
pendent. Multiphysics and multiscale applications require 
further development.

From this perspective, the proposed work establishes 
a plug-and-play digital twin based on a multiscale mul-
tiphysics reduced-order method for nuclear reactor circuit 
systems. The 1D system thermal-hydraulics reduced-order 
surrogate model was established for the main circuit. The 
3D CFD thermal-hydraulics reduced-order surrogate model 
was established for the steam generator, and a 3D neutron-
ics/thermal-hydraulics reduced-order surrogate model 
was established for the reactor core. By concatenating the 
reduced-order surrogate models of all components, a ROM-
based multiphysics digital twin for the nuclear reactor cir-
cuit system was established. The remainder of this paper is 
organized as follows: in Sect. 2, the mathematical theories 
of this work are described, including the full-order model, 
reduced-order surrogate model, and digital twin circuit; in 
Sect. 3, the digital twin circuit is verified by testing a typi-
cal circuit system; and Sect. 4 provides some of the main 
conclusions of this work.

2 � Mathematical theory

2.1 � Multiscale coupled simulation of primary circuit

The multiscale coupled simulation of the primary circuit 
consists of two parts: a one-dimensional (1D) system cal-
culation for the auxiliary components of the primary cir-
cuit and a three-dimensional (3D) calculation of the criti-
cal equipment. 3D computing is used to study the detailed 
behavior of key equipment in nuclear power systems, such 
as the performance testing of newly developed equipment 
and performance analyses of key equipment under certain 
operating conditions. In this work, the reactor core and 
steam generator (SG) are simulated in 3D as the key compo-
nents, whereas the other components were simulated using 
a one-dimensional system model. In the following section, 
the mathematical theories of the multiscale calculations are 
described in detail.

2.1.1 � Three‑dimensional neutronics/thermal‑hydraulics 
model of reactor core

The reactor core is a key component of a nuclear reactor sys-
tem, and studying its internal neutronic/thermal-hydraulic 
behavior is crucial for analyzing the safety and performance 
of the core. Therefore, the 3D coupled neutronics/thermal-
hydraulics behavior was considered for analyzing the reactor 
core.
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The steady-state multigroup neutron diffusion equation 
was used to describe the neutronic behavior within the reac-
tor core.

where �g represents the neutron flux corresponding to g-th 
energy group, g = 1, ...,G ; here, we omitted the independ-
ent variable spatial vector r, Dg , Σr,g , �Σf,g are the neutron 
diffusion coefficient, macroscopic removal cross section, 
and macroscopic neutron production Σs,g�−g represents the 
macroscopic scattering cross section from group g′ to group 
g. �g is the neutron fission spectrum, and keff is the effec-
tive multiplication factor. When considering the neutronic/
thermal-hydraulic coupling, the diffusion coefficient and 
cross sections can be rewritten as the functions of tempera-
ture: D = D(Tu, Tm,Dm) and Σx = Σx(Tu, Tm,Dm) , where 
Tu and Tm are the fuel temperature and moderator tempera-
ture, respectively; Dm is the moderator density. Because of 
the enormous computational effort required for full-core 
detailed neutron diffusion simulations and because the 
average power and temperature distribution of pin cells or 
assemblies are usually sufficient for engineering purposes, 
this study employs the nodal method [56] to solve the reactor 
core neutron diffusion equation. For the steady-state ther-
mal-hydraulic calculations, the single-channel method [57, 
58] was used for each moderator channel. The hydraulic 
calculation of each channel was achieved based on the one-
dimensional mass, momentum, and energy conservation as 
follows:

where Gm , f, g, �m , Hm , pc , De , Az , Ph are coolant mass flux, 
channel friction factor, gravitational acceleration, coolant 
enthalpy, core pressure, flow channel equivalent diameter, 
flow channel area, and heated perimeter, respectively; � is 
flow channel inclination angle; ql is fuel rod line power den-
sity, which is calculated as:

where qv is the volume power density; Fu is the proportion of 
heat released from the pellets to the total heat release, which 

(1)

− ∇ ⋅ (Dg∇�g) + Σr,g

=

G∑

g�≠g
Σs,g�−g�g� +

�g

keff

G∑

g�=1

�Σf,g��g� ,

(2)

�Gm

�z
= 0,

�

�z

(
G2

m

�m

)
= −

�pc

�z
−

fGm|Gm|
2De�m

− �mg cos(�),

Gm

�Hm

�z
=

qlPh

Az

+
Gm

�m

(
fGm|Gm|
2De�m

+
�pc

�z

)
,
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g�=1

Σf,g��g�dA,

is generally taken as 97.4% in engineering; Ef is the energy 
released from a single fission; and Au is the cross-sectional 
area of the fuel pellets. Under the single-phase assumption, 
the pressure drop and fluid enthalpies of the reactor were cal-
culated by considering the inlet temperature, inlet pressure, 
and inlet mass flux. After the enthalpy and pressure were 
calculated, the temperature and density distributions along 
the channel were obtained using the IF97 thermophysical 
properties table [59].

The thermal calculations mainly involve the radial one-
dimensional thermal conductivity calculation of the fuel rod, 
including the fuel pellet, gap, and cladding. A fuel pellet can 
be described as:

where r represents the position of the radial coordinates, Tu 
and �u are the temperature and heat conductivity of the fuel 
pellet, respectively, and for the gap and cladding, this equa-
tion is generally rewritten as

where Tg and �g denote the general temperature and heat 
conductivity of the gap and cladding, respectively.

(4)
1

r

d

dr

(
�ur

dTu

dr

)
+ qv = 0,

(5)
1

r

d

dr

(
�gr

dTg

dr

)
= 0,

Fig. 1   (Color online) Geometry of NEACRP reactor  [60], including 
(a) layer 1, (b) layer 2, (c) layer 3, and (d) axial distribution
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This is the coupled neutronics/thermal-hydraulics 
model that is used in this study. As an example, a 3D NEA-
CRP reactor core was used in this study, whose design 
references the literature [60], as shown in Fig. 1. The neu-
tronic behavior of the reactor core was simulated using 
the open-source software ADPRES [60]. The 3D thermal-
hydraulic process was calculated using our self-developed 
code, which was coupled with ADPRES for neutronics/
thermal-hydraulics coupling. In the calculation, vacuum 
and reflective boundaries were used for the core boundary 
and internal symmetry plane in neutron diffusion, respec-
tively. The inlet temperature, inlet pressure, and inlet mass 
flux were provided for the thermal-hydraulic calculation. 
In the radial direction, each assembly was divided into two 
× 2 nodals, and the axial direction was divided into 18 lay-
ers. The thermal-hydraulic and physical calculations used 
a similar mesh configuration.

2.1.2 � Three‑dimensional CFD calculation of steam 
generator

Another carefully considered component is the steam gen-
erator (SG), which is an important component of a nuclear 
reactor’s primary circuit and must always be optimized for 
design. To this end, this study used the three-dimensional 
CFD method to analyze the detailed thermal-hydraulic 
behavior inside the steam generator. A schematic of the 
steam generator is shown in Fig. 2, in which the red and 
blue parts represent the primary and secondary sides, 
respectively. To reduce computational cost, an equiva-
lent U-tube model was used instead of a complete steam 
generator [61], as shown in Fig. 3. In this simulation, the 
governing equations for the primary side are expressed 
as follows: where �p , uuu , p, k, � , T, Cp , � , �t , and � are density, velocity, 

pressure, turbulent kinetic energy, turbulent dissipation rate, 
temperature, specific heat, viscosity, turbulent viscosity, and 
thermal conductivity, respectively; Q is heat source; FFF is 
the fluid force term; C�1 = 1.44, C�2 = 1.92, C� = 0.09, �k = 
1.0 and �� = 1.3 are model constants. Neglecting the stress, 
strain, and movement of the heat transfer tubes, the govern-
ing equation of the heat transfer tube wall can be expressed 
as

where �w , cpw , and Tw denote the thermal conductivity, spe-
cific heat capacity, and temperature of the heat transfer tube 
wall, respectively.

For the secondary side, refer to Sun et al. [62]. The liq-
uid is solved as a continuous phase (denoted by l), whereas 
the vapor is solved as the dispersed phase (denoted by v). 

(6)
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2

3
�kIII

�T = �C�

k2

�

Pk = �T

(
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2
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2

3
�k∇ ⋅ uuu,
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(
�w
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)
,

Fig. 2   (Color online) Schematic 
of steam generator (red and 
blue represent the primary and 
secondary sides, respectively)

Fig. 3   Schematic of equivalently SG model
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The ensemble-averaged conservation equations in the two-
fluid model for each phase can be written as

where i, j = {l,v} for the liquid and vapor phases, �i , �i , uuui , 
pi , �eff

i
 , �i , and Ti are the volume fraction, density, velocity, 

pressure, effective dynamic viscosity, thermal conductivity, 
and temperature of i-th phase, respectively. ṁi,j represents 
the mass transfer rate from phase i to j, FFFi,j represents the 
force acting on phase i relative to phase j, Qi,j represents the 
total heat transfer from phase i to j.

On the secondary side, the vapor phase is regarded as 
a laminar flow and the liquid phase is described using the 
k − � turbulence model:

where db represents the bubble detachment diameter, 
C�b = 0.6 is a constant. All the other variables follow the 
same definitions as those in Eq. (6). The heated boiling pro-
cess on the secondary side was simulated using a thermal 
phase transition model that considers the mass, momen-
tum, and energy transfer across the interfaces between the 
two phases. The details of these models can be found in 
Refs. [62, 63].

In this study, the detailed thermal-hydraulic behavior 
within SG was calculated using the finite-element method 
(FEM) with the COMSOL software [64]. Figure 4 illus-
trates the mesh configuration of SG. After grid-independ-
ent verification, 1478800 meshes were used for the cal-
culation. To calculate the stability, the inlet boundaries 
were applied to the temperature and velocity distributions, 
whereas the outlet boundary was applied to the pressure 
distribution.

The detailed CFD model used for the steam described 
above. For further applications, further research can be 
conducted, such as full-geometry and porous-medium 
approaches [65].

(8)
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∇ ⋅ (𝛼i(𝜌iUUUiHi − 𝜆i∇Ti)) = Qi,j

,

(9)

∇ ⋅

(
�lkluuul

)
= ∇ ⋅

[(
�tl +

�tl

�k

)
∇ ⋅ kl

]
+ Pkl − �l�l

∇ ⋅

(
�l�luuul

)

= ∇ ⋅

[(
�tl +

�tl

��

)
∇ ⋅ �l

]
+

C1�

kl
Pkl − C2��l

�2
l

kl

Pkl = �eff
l
∇uuu ⋅

[
∇uuu + (∇uuu)T

]

�tl = C��l

k2
l

�l

�eff
l

= C��l

k2
l

�l
+ C�bdb�l

||uuuv − uuul
||

2.1.3 � System model

Other components, including the pipelines, pressurizer, and 
main pump, were simulated using system models. Because 
the detailed temperature and pressure distributions inside 
the pipeline are not as important for the entire core system 
circuit, a one-dimensional thermal-hydraulics model is used 
for the pipelines:

where the subscript p indicates the physical quantity of the 
pipeline, � represents the pipe tilt angle, and d represents 
the pipe inner diameter (m); fp represents the Darcy friction 
factor in the pipes, which can be expressed as follows [66]:

where ReD is the pipe Reynolds number, Rec is the critical 
Reynolds number, and �p is the pipe roughness (m).

In the discrete heat transfer pipe model, an energy equa-
tion must be incorporated into the continuity and momentum 
equations. The energy equations can be expressed as

where qp denotes the volumetric heat loss ( W/m3 ). Using 
the above equations, the thermal-hydraulic process within 
different types of pipelines can be simulated, and each pipe 
is divided into 100 grids for calculation. The pressurizer is 
taken as a pressure containment boundary of the primary 
circuit, through which the circuit pressure will be adjusted 
to the set pressure, such as 15.5 MPa [67]. The effect of 
the main pump is reflected in the change in pressure (head) 
in the primary circuit, and its model relationship can be 
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Fig. 4   Mesh configuration of equivalently SG model
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obtained from the head characteristic curve [68]. Therefore, 
in this system model, these two components are approxi-
mated using zero-dimensional (0D) models.

2.1.4 � Multiscale multiphysics primary circuit model

The multiscale multiphysics primary circuit system inves-
tigated in this study is illustrated in Fig. 5, which includes 
the 3D reactor, 3D steam generator, 1D pipelines, 0D pres-
surizer, and main pump. For plug-and-play, all components 
were calculated using independent codes. In this study, these 
calculations are referred to as the full-order model (FOM).

Normally, this multiscale model can be established by 
coupling the above component models with inlet and out-
let values. The calculation is implemented by sequentially 
solving the models of each component, transferring their 
output values to the input values of the downstream com-
ponents, and iterating until the loop converges. Through 
these coupling processes, the primary circuit system is 
simulated in a multiscale manner, and the behavior of 
the entire system is obtained by aggregating the behav-
ior of its individual components. However, the necessity 
for coupling and transferring data across various software 
platforms presents significant challenges. These challenges 
are compounded by the substantial computational time 
required for integrated simulations. In addition, different 
methods for solving different components cause greater 
difficulties in this coupling. As mentioned earlier, in solv-
ing the steam generator using the CFD method, to calcu-
late the stability, the inlet boundaries are applied to the 
temperature and velocity distributions, while the outlet 
boundary is applied to the pressure distribution. Under 
these conditions, the classical forward sweep method is 
not applicable because the upstream pressure is unknown, 
whereas the downstream pressure is known. To ensure 

the computational stability of the circuit model, a forward 
sweep–backward sweep method is proposed, in which the 
velocity and temperature can be calculated using the for-
ward sweep method (e.g., clockwise), whereas the pressure 
should be calculated using the backward sweep method 
(e.g., counterclockwise). Because of this requirement, 
existing system programs must be significantly modified, 
and the universality of the programs will be reduced. For 
this phenomenon, a surrogate model that directly obtains 
the outlet physical quantity from the inlet conditions with-
out considering the numerical stability of the sweep pro-
cess may be a good alternative. The inlet pressure of the 
steam generator can be obtained by setting different outlet 
pressures and establishing a mapping relationship. To this 
end, the reduced-order method (ROM) is effective for con-
structing surrogate models.

In the following section, we present a plug-and-play 
multiscale reduced-order model for the primary circuit 
system, in which surrogate models for all components are 
established and connected. The external file coupling and 
integration processes in multiscale coupling calculations can 
be eliminated.

2.2 � Digital twin based on multiscale multiphysics 
ROM for primary circuit

Predictions of the diverse behaviors of reactor systems 
require a reduced-order model for a full system circuit that 
possesses adequate generalization capabilities. Typically, 
generating such a reduced-order model requires a large num-
ber of circuit snapshots, which can be readily achievable in 
one-dimensional system simulations. However, in multiscale 
simulations, this requirement becomes particularly challeng-
ing owing to the complexity of the implementation and large 
computing costs.

Nevertheless, adopting a divide-and-conquer strategy is 
a promising solution. The behavior of a system is an aggre-
gation of the behaviors of its individual components. The 
complex behavior of the entire system can be described by 
considering the behavior coupling of various components 
under a range of state parameters, e.g., inlet conditions, the 
complex behavior of the entire system can be described. 
Therefore, a digital twin for the entire circuit can be con-
structed by developing separate reduced-order surrogate 
models for each component and subsequently integrat-
ing them to form a system circuit. This approach obviates 
the need for extensive system circuit snapshots as well as 
allows various simulation software to operate independently, 
thereby eliminating the need for direct application coupling. 
Furthermore, this methodology facilitates the establishment 
of different types of circuits by replacing the corresponding 
components, similar to a plug-and-play system.Fig. 5   (Color online) Schematic of equivalently SG model
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2.2.1 � Creation of snapshots

Snapshots of each component were obtained by conducting 
system or 3D calculations within the corresponding com-
ponent state parameter ranges. For each component, we 
used the inlet or outlet parameters as the state parameters 
according to the requirements of the independent compo-
nent calculation. For the reactor core, the core power Pn , 
inlet mass flux Gin , inlet temperature Tin , and inlet pres-
sure pin are considered as its state parameters, which can 
be written as ���c = {Tin,Gin, pin,Pn} . For pipelines, the inlet 
velocity Uin , inlet temperature Tin , and inlet pressure pin are 
considered as their state parameters, which can be written 
as ���p = {Tin,Uin, pin} . The above state parameters are con-
sistent in both the snapshot calculations and reduced-order 
circuit calculations.

Specifically, for the steam generator, two types of state 
parameters are used. Because the primary and secondary 
circuits are strongly coupled under normal operating condi-
tions, each set of SG primary circuit state parameters cor-
responds to a specific secondary circuit state. If the primary 
circuit state parameters are specified, the secondary circuit 
state can be uniquely determined. Therefore, only the pri-
mary loop-state parameters must be specified under normal 
operating conditions. For snapshot calculation, the inlet tem-
perature Tin , velocity Uin and outlet pressure pout are consid-
ered for computing stability [61], which can be written as 
𝜇̂𝜇𝜇s = {Tin,Uin, pout} . For reduced-order calculation in circuit 
coupling, to achieve sequential connection of different com-
ponents between circuits, the inlet parameters are still used 
as the state parameters of the reduced-order surrogate model, 
namely ���s = {Tin,Uin, pin} . Because of the absence of a CFD 
calculation process in the reduced-order surrogate model, no 
stability issue is detected with this state parameter setting.

After defining the state parameters of each component, 
the ranges of state parameters for each component to calcu-
late snapshots should be determined. This was achieved by 
conducting one-dimensional system calculations on typical 
circuits under different core power conditions and summariz-
ing the inlet and outlet parameter ranges of each component.

2.2.2 � Calculation of reduced bases

One of the main processes of the reduced-order surrogate 
model is to extract reduced bases from snapshots. In this 
study, the proper orthogonal decomposition (POD) method 
was used because of its maturity and reliability. For self-con-
sistency, the basic properties of the POD were introduced. 
Taking the reactor core as an example, we consider a collec-
tion of N temperature and power snapshots AAAT = {uuuT(���k)}

N
k=1

 
AAAP = {uuuP(���k)}

N
k=1

 corresponding to the discrete parameter set 
D = {���1, ...,���N} for power and temperature distributions. 
The snapshot for k-th parameter ���k is defined as:

where uuuP(���k) and uuuT(���k) represent the power and tempera-
ture distributions within the reactor core corresponding to 
k-th state parameter combination ���k , respectively; M is the 
total mesh number, the subscript i indicates the mesh index, 
Ti and Pi are the coolant temperature and power distribution 
corresponding to i-th mesh node, respectively. The correla-
tion matrix SSS is then formed by computing the inner product 
of each pair of snapshots as follows:

The set of eigenvalues {��,i}Ni=1 and the corresponding eigen-
vector {XXX�,i}

N
i=1

 of the matrix SSS� are computed to obtain the 
POD bases. The set of POD bases {PPP�,i}

N
i=1

 can be deter-
mined according to

where PPP�,i is ith-order POD basis vector of the � th vari-
able. The magnitude of i-th eigenvalue ��,i describes the 
relative importance of the i-th order POD basis vector PPP�,i . 
The first Np orders of the POD bases are used to establish 
the reduced-order model, which is defined by the following 
regulation:

where � is set to 10−8 to ensure efficient information. Using 
this approach, the collection of POD bases is defined as 
{PPP�,i}

Np

i=1
 . The snapshots can be expressed using a linear 

combination of POD bases as follows:

where cT ,i(���k) and cP,i(���k) are i-th basis coefficients of the 
temperature and power distributions corresponding to ���k.

These were the reduced bases calculated for the reac-
tor cores. Using a similar approach, the reduced bases for 
other components can be obtained. In contrast, for the 
steam generator, the velocity and temperature were used 
as snapshots:

(14)
uuuP(���k) = (P1, ...,Pi, ...,PM)

T
k
,

uuuT(���k) = (T1, ..., Ti, ..., TM)
T
k
,

(15)SSS� = AAAT
�
AAA� , � = P, T .

(16)PPP�,i =
1

√
��,i

AAA�XXX�,i, � = P, T , i = 1, 2, ...,N

(17)

Np = argmin{R𝛼(Np) ∶ R𝛼(Np) < 𝜖}

R𝛼(Np) = 1 −

Np∑

i

𝜆𝛼,i∕

N∑

i

𝜆𝛼,i

, 𝛼 = P, T ,

(18)

uuuT (���k) =

Np∑

i=1

cT ,i(���k)PPPT ,i,

uuuP(���k) =

Np∑

i=1

cP,i(���k)PPPP,i,
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where u, v and w denote the velocity components in x, y, and 
z directions, respectively. For the pipe, only axial velocity 
was considered.

where U denotes axial velocity.

2.2.3 � Establishment of reduced‑order surrogate model

The surrogate models for each component, including the 
computational and reconstruction models, are established 
in this section.

Computational surrogate models were established for 
reduced-order circuit calculations in which the physical 
quantity at the outlet of the component was calculated using 
the inlet variables. As in the previous section, we consider 
a collection of N output variable snapshots BBB = {ooo(���k)}

N
k=1

 . 
The snapshot for k-th parameter ���k is defined as:

where Tout , Uout , and pout are the average outlet temperature, 
velocity, and pressure, respectively. By establishing a map-
ping relationship between the inlet and outlet parameters, a 
computational surrogate model can be established.

In this study, both linear and RBF interpolation methods 
were used. A computational model was used for system cir-
cuit calculations. This complex system calculation can be 
simplified by connecting various component computational 
surrogate models.

(19)

uuuT (���k) = (T1, ..., TM)
T
k
,

uuuu(���k) = (u1, ..., uM)
T
k
,

uuuv(���k) = (v1, ..., vm)
T
k
,

uuuw(���k) = (w1, ...,wm)
T
k
,

(20)
uuuT (���k) = (T1, ..., TM)

T
k
,

uuuU(���k) = (U1, ...,UM)
T
k
,

(21)ooo(���k) = (Tout,Uout, pout)
T
k
,

(22)ooo(���k) = f (���k)

After circuit calculation using the computational surro-
gate model, the reconstruction models were used to recon-
struct the one-dimensional or three-dimensional distribution 
of the kernel physical variables, including the temperature 
and power distribution of the reactor core and the tempera-
ture, velocity, and pressure distribution for SG and pipes. 
This reconstruction model is based on the mapping relation-
ship between the inlet parameters ��� and basis coefficients c:

Subsequently, the variable distribution can be reconstructed 
as

2.2.4 � Multiphysics multiscale circuit reduced‑order model

Similar to component surrogate models, the circuit sur-
rogate model is divided into computational and recon-
struction models. The computational model connects the 
inputs and outputs of the computational surrogate models 
for different components, as shown in Fig. 6. For instance, 
the output parameters of the reactor core, including the 
outlet temperature, flow rate, and pressure, served as 
the input parameters for Heat Section 1. Execution of 
the circuit ROM computational model begins with the 
reactor core. Initially, the core power was specified as 
required and the core inlet parameters were assumed for 
the calculation. Subsequently, core outlet parameters 
were determined using a computational surrogate model. 
Subsequently, the computational surrogate model for 
each component was executed individually and iterated 
until the entire circuit model converged. After the ROM 
computation, the detailed distributions of each compo-
nent were reconstructed using the reconstruction model, 
as shown in Fig. 7. For each component, by taking the 

(23)ci(���new) = f (���new), i = 1, 2, ...,Np

(24)uuu(���new) =

Np∑

i=1

ci(���new)PPPi.

Fig. 6   (Color online) ROM 
computation model for circuit 
system

Core

Heat section 1 Heat section 2Pressurizer
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Pressure drop pipeCold sectionPump
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inlet parameters as state parameters to determine the POD 
coefficients ci(���new) , the 1D or 3D distributions can be 
reconstructed according to Eq.  (24).

3 � Numerical experiments and result analysis

3.1 � Verification of SG CFD model

To verify the accuracy of CFD calculations under void-
fraction steam generator conditions, the 100% operating 
condition of the AP1000 nuclear power plant steam genera-
tor was calculated for comparison. Figures 8 and 9 show 
comparisons between the COMSOL calculation and refer-
ence values [69, 70], including the coolant temperature and 
void fraction. These comparisons show that the COMSOL 
solutions agree well with the reference values. The design 
value of the primary-side outlet temperature of the AP1000 
nuclear power plant steam generator under 100% steady-
state conditions was 553.85 K [71], and the secondary-side 
outlet mass void fraction based on the cycle ratio design 
value was approximately 0.27. The calculation results of 
COMSOL software show that the outlet temperature of 
the primary side is 554.50 K, and the mass void fraction of 
the secondary-side outlet is 0.2709, with errors of 0.117% 
for temperature and 0.333% for void fraction, respectively. 
These results indicate that the proposed CFD model can be 
used to simulate the behavior of steam generator under high 
void-fraction accuracy.

3.2 � Snapshots and POD bases

Subsequently, we calculated one-dimensional system models 
for different core powers and collected the ranges of inlet 
and outlet parameters, namely, the state parameters (SPs), 
for different components. For each component, we selected 
multiple sets of SPs within the ranges listed in Table 1. 
Subsequently, one-dimensional or three-dimensional mul-
tiphysics coupling calculations were performed for each 
component based on its inlet and outlet state parameter 

combinations to obtain component snapshots, including the 
inlet/outlet parameters and physical quantity distribution 
within the component.

Fig. 7   (Color online) ROM 
reconstruction model for circuit 
system CoreInlet temperature,

inlet mass flow, power, etc.
3D power distribution,

temperature distributions, etc.

SGInlet temperature,
inlet velocity, etc.

3D velocity distribution,
temperature distributions, etc.

PipeInlet temperature,
inlet mass flow, etc.

1D velocity distribution,
temperature distributions, etc.

Fig. 8   (Color online) Comparison of steam generation CFD solu-
tions, including (a) primary-side coolant temperature and (b) second-
ary-side coolant temperature
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The POD bases of each component were calculated 
from these snapshots and the main POD orders for each 
component were determined using Eq. (17) as listed in 
Table 2. The distributions in the reactor core and pipes can 
be predicted using lower-order POD bases, whereas the 
temperature and velocity distributions of the steam gen-
erator require relatively high POD orders. This is because 
the fluid flow within SG is simulated using the 3D CFD 
method, which captures the extremely complex flow char-
acteristics inside SG and therefore requires higher POD 
orders. In the steam generator, u is mainly concentrated 
in the curved sections with slight variations, which can be 
reconstructed using a small number of POD bases. v is the 
velocity component along the radial direction, with rela-
tively small values but noticeable fluctuations throughout 
the pipe, thus requiring a larger number of POD bases. w is 

primarily concentrated in the straight sections of the pipe 
and exhibits significant variations in the curved section. 
Thus, it also requires a larger number of POD bases.

Figures 10 and 11 show the first five POD bases of the 
power and four POD bases of the temperature distribu-
tions. These images show that the first-order power basis 
characterizes the overall power distribution characteristics 
of the core, whereas the higher-order bases characterize 
the power characteristics of different core regions, includ-
ing the CR insertion and absence regions. The first-order 
temperature basis characterized the overall temperature 
distribution of the core. The second- and fourth-order 
bases characterized the temperature characteristics of 
the reflector and active regions, whereas the third basis 

Fig. 9   (Color online) Comparison of steam generation CFD solu-
tions, including (a) cold pipe section void fraction and (b) hot pipe 
section void fraction

Table 1   State parameters for snapshot calculations

Component SPs Values No. 
state 
points

Core Gin 79.9, 80.9, ..., 96.9 17
Tin 279, 279.5, ..., 283 9
pin 15.3, 15.4, ..., 16 8

SG Uin 5.5, 5.55, 5.6 3
Tin 291, 293.5, ..., 331 17
pout 15.45, 15.5 2

Heat pipe Uin 13, 13.5,...,15.5 5
Tin 290, 295, ..., 330 9
pin 15,15.5,16 3

Pressure pipe Uin 18,18.5,19,19.5 4
Tin 280, 282.5, ..., 285 3
pin 15.4,15.5,15.6 3

Cold section Uin 25,25.5,26 3
Tin 280, 282.5, ..., 285 3
pin 15.4,15.5,...,16 7

Table 2   POD order for each component

Component Variable POD order

Core P 5
T 4

SG T 16
u 4
v 46
w 22

Heat pipe T 1
U 2

Pressure pipe T 1
U 2

Cold section T 1
U 2
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characterized the temperature characteristics of the core 
outlet.

3.3 � Results and discussions

After obtaining the POD bases of each component, we built 
a reduced-order surrogate model for each component and 
connected all the surrogate models to form a reduced-order 
primary circuit system. Figure 12 shows the 1D temperature 

and velocity distributions along the length of the primary 
circuit system, the FOM and ROM solutions are compared 
with each other. In addition, the relative errors of the ROM 
calculation for 1D temperature and velocity distributions 
were less than 0.04%, indicating that the proposed digital 
twin based on the ROM can be used to predict the primary 
circuit system accurately. Only the inlet and outlet variables 
of the reactor core and steam generator are included in this 
figure, and their detailed distribution will be analyzed later.

To further analyze the accuracy of the proposed digital 
twin in multiscale multiphysics prediction, the 3D distribu-
tions within the reactor core and steam generator were com-
pared with the FOM results. Figures 13 and 14 show the core 
power and temperature distributions predicted by the ROM, 
respectively, and the relative errors between the ROM and 
FOM results are compared. The maximum temperature and 
power errors of the reactor core were 0.0207% and 0.0252%, 
respectively, indicating the high accuracy of the proposed 
ROM surrogate for 3D reactor core multiphysics predic-
tion. Furthermore, the key thermal-hydraulic parameters of 
the nuclear reactor, including the average fuel temperature 

Fig. 10   (Color online) First five POD bases of core power (kW/cm3 ), 
including (a) the first-order power basis, (b) the second-order power 
basis, (c) the third-order power basis, (d) the fourth-order power 
basis, and (e) the fifth-order power basis

Fig. 11   (Color online) First four POD bases of core temperature (°C), 
including (a) the first-order temperature basis, (b) the second-order 
temperature basis, (c) the third-order temperature basis, and (d) the 
fourth-order temperature basis
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Tu,ave , maximum fuel centerline temperature Tu,max , average 
moderator temperature Tm,ave , and maximum moderator tem-
perature Tm,max are compared, as shown in Table 3. All these 
variables show a high accuracy of ROM prediction, with a 
maximum error of 0.018%.

Subsequently, the predictions of the 3D steam generator 
are compared. Figure 15 shows the axial temperature distri-
bution along the pipeline direction, and Fig. 16 shows the 
typical temperature distributions at different cross sections. 
These images show that the heat on the primary side was 
gradually removed by the secondary fluid during the flow 
process, resulting in a gradual decrease in the temperature 
of the coolant on the primary side. The ROM solution shows 
good agreement with that of the FOM calculation, and the 
maximum relative error is no larger than 0.05%, indicating 

that the proposed SG surrogate of the steam generator can 
be used to predicate the 3D detailed distribution accurately.

The ROM calculation time was only 0.0017 s, whereas 
that of the full-order model was several hours. This indicated 

Fig. 12   (Color online) Comparison of variable distributions for the 
primary circuit, including (a) temperature distribution and (b) veloc-
ity distribution

Fig. 13   (Color online) Solution of the ROM core power prediction, 
including (a) ROM power distribution (kW/cm3 ), and (b) relative 
error between ROM and FOM (%)

Fig. 14   (Color online) Solution of the ROM core temperature predic-
tion, including (a) ROM temperature distribution (°C), and (b) rela-
tive error between ROM and FOM (%)

Table 3   Comparison of typical reactor parameters

FOM ROM Relative error (%)

Tu,ave ( 
◦C) 601.55 601.53 3.32 × 10−3

Tu,max ( 
◦C) 2118.25 2118.25 0

Tm,ave ( 
◦C) 308.95 308.96 3.24 × 10−3

Tm,max ( 
◦C) 331.85 331.91 0.018
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that the ROM calculation was significantly faster than the 
FOM calculation.

The reduced-order model can be used to predict the multi-
scale multiphysics behavior of a primary circuit system with 
high accuracy and high calculation speed.

4 � Conclusions and prospect

In this study, a plug-and-play digital twin based on a 
multiscale multiphysics reduced-order model for nuclear 
reactor system circuits was established. Surrogate mod-
els for the key components were constructed using a 
three-dimensional model, and surrogate models for the 
other devices were constructed using a one-dimensional 
model, effectively reducing the computational cost of 
snapshots. According to the design and analysis require-
ments of nuclear reactor systems, surrogate models of the 

corresponding components can be selected, and digital 
twin circuits can be constructed plug-and-play by con-
necting these surrogate models. A complicated multiscale 
and multiphysics simulation of the reactor circuit can be 
easily achieved using these surrogate models. The accu-
racy and efficiency of the proposed reduced-order model 
are verified by comparing the results with those of a full-
order model in a typical system circuit. Good agreement 
between the ROM and FOM was obtained, including the 
1D and detailed 3D solutions. The maximum relative error 
of the ROM was < 0.05%. The computing time of the digi-
tal twin circuit is less than 2 ms, which is much lower than 
the FOM computing time, and has the potential to achieve 
real-time or even ultra-real-time system circuit prediction.

The work presented in this paper is the first step toward 
the digital twin of nuclear reactor systems, focusing on 
the multiscale, multiphysics, and steady-state behavior of 
nuclear reactor circuit systems under normal operating 
conditions. Further research is required to advance this 
field, particularly in the following areas. 

1.	 To broaden the applicability of the current study, a more 
comprehensive library of component surrogate models 
will be developed for a wider range of nuclear power 
systems, such as Gen-IV commercial reactors and small 
modular reactors.

2.	 To enable the prediction of system behavior during acci-
dent and power change operations, transient prediction 
surrogate models for system components, as well as a 
transient digital twin loop, need to be established.

3.	 To analyze the system behavior under complex condi-
tions, detailed surrogate models for additional compo-
nents, such as pressurizers, main pumps, and valves, 
will be developed. Additionally, more refined simulation 
methods, such as pin-by-pin neutronics calculations and 
subchannel thermal-hydraulic analyses, will be applied 
to the reactor core for snapshots.

4.	 Finally, to apply the proposed method to nuclear reac-
tor engineering, tests and verification based on realistic 
measurement data from nuclear power plants must be 
conducted.
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