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Abstract
Digital twins are expected to be applied in the chemical process industry as important technology for improving productivity and profits. While research and development is being conducted on elemental technologies related to digital twins such as sensing, communication, data management and utilization, and optimization, detailed flow models are necessary to reproduce flow inside equipment used in chemical processes. Computational fluid dynamics (CFD) is essential in equipment design because it can provide high-fidelity field data to better understand flow physics. CFD has been used to analyse flow and mass transfer in various equipment. However, CFD simulations, especially for unsteady flows, are computationally expensive because they must march the flow solution with a small step in time. Introducing CFD into digital twins, there is a need to reduce the above cost and make unsteady CFD more affordable. In this study, the reduced order modelling of CFD using snapshot proper orthogonal decomposition (snapshot POD) and deep neural networks was applied to a Taylor-Couette crystallizer, which has a double cylindrical structure with an inner cylinder and an outer cylinder and is characterized by periodic vortices (called Taylor-Couette flow) generated by shear when the inner cylinder is rotated. Previous research reported that Taylor-Couette flow is effective in promoting nucleation and crystal growth. This study showed that the reduced order model (ROM) developed in this study is 1000 times faster than CFD and can accurately predict the flow that changes depending on the rotation speed of the inner cylinder. 
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Introduction
Numerical analysis using computers based on the finite element method or finite volume method, namely computer aided engineering (CAE) simulation, has long been introduced in the fields of product design and research and development (R&D). In recent years, new technologies such as the Internet of Things (IoT) and artificial intelligence (AI) are being introduced to product design and manufacturing sites. Against this background, attempts are being made to integrate conventional CAE technology with AI and IoT technology. In order to advance such attempts, this research aims to develop a virtual sensor for measuring the flow conditions that affect mass transfer and crystal growth inside the Taylor-Couette crystallizer, and the final goal is to apply the developed virtual sensor to a digital twin system. If the digital twin of the crystallization process is realized, it will be possible to numerically visualize what is happening in the operating equipment, monitor the internal state of the equipment that cannot be detected with sensors, predict the occurrence of abnormalities, and enable timely control and adjustment to optimal conditions, which is expected to lead to cost reductions and quality improvements. 

A Taylor-Couette crystallizer has a double cylindrical structure with an inner cylinder and an outer cylinder and is characterized by periodic vortices (called Taylor-Couette flow) generated by shear when the inner cylinder is rotated. Taylor-Couette flow is known to be effective in promoting nucleation and crystal growth. Therefore, the Taylor-Couette crystallizer is said to be superior to the conventional stirred tank crystallizer in terms of shortening crystal precipitation time, improving yield, and narrowing the crystal size distribution. As research on detailed analysis and quantitative evaluation of the flow, Sha et al. (2016) used computational fluid dynamics (CFD) to study the relationship between the flow in the Taylor-Couette crystallizer and a dimensionless number called the Taylor number (Ta), which is defined as a function of the radius and angular velocity of the inner cylinder, the gap distance between the inner and outer cylinders, and the kinematic viscosity of the fluid. As a result, they suggested that Taylor-Couette flow was generated when Ta was greater than 700 and that CFD was a useful flow analysis tool. However, CFD, especially for unsteady flows, is computationally expensive because it must march the flow solution with a small step in time. Introducing CFD into digital twins, there is a need to reduce the above cost and make unsteady CFD more affordable. 

Achieving real-time CFD simulations is the focus of our study, and one of the keys is the reduced order modelling of CFD. The reduced order modelling methods have been developed for many fields like electronics or structural mechanics. This study focuses on transient fluid simulation applications. According to related past research, projection-based reduced order modelling is the most popular method and is divided into two: 1) posteriori methods such as the proper orthogonal decomposition (POD), which build a reduced order model (ROM) from a large set of simulations called “snapshots” and require a computationally intensive offline phase, and 2) priori methods such as the proper generalized decomposition, which reduce the model during the problem solving process itself (Calka et al., 2021). To our knowledge, none of these reduced order modelling methods have been applied to Taylor-Couette crystallization processes. A constraint on crystallizer modeling is the need to solve the governing equations of flow over time. For this reason, the posteriori methods described above are considered desirable.

In this paper, first, a flow analysis of a three-dimensional Taylor-Couette crystallizer is performed using Ansys Fluent, a commercial software for the general-purpose finite volume method. After that, in order to speed up this calculation for building a virtual sensor, a snapshot POD and deep neural networks based ROM is derived using flow field data obtained through ANSYS Fluent and Dynamic ROM Builder. 

CFD simulation for Taylor-Couette crystallizer
In this study, CFD simulations were employed to analyze the fluid flow in a Taylor-Couette crystallizer, which has a double cylindrical structure with an inner cylinder and an outer cylinder, as shown in Fig. 1. Mathematical model of the crystallizer and simulation settings are as follows: the equations used to describe the system are the continuity and Navier-Stokes (pressure and velocity) equations. The liquid-gas interface is resolved using the volume-of-fluid (VOF) model. In all cases studied, the flow is 
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Fig. 1. A schematic diagram of crystallizer. Dark gray and light gray regions in the equipment indicate liquid and gas phases, respectively.
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Fig. 2. CFD simulation result (vr = 400 rpm).
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Fig. 3. CFD simulation result (vr = 250 rpm).

turbulent and simulated by k-e model, while adiabatic conditions are applied at domain boundaries. Slip effects are negligible. The liquid phase and gas phase in the crystallizer are assumed to have the physical properties of water (293K) and air (293K), respectively. Unless otherwise stated all simulations are performed in three dimensions. Simulations are performed using ANSYS Fluent. Unstructured grids are used and the total number of cells is approximately 700,000 in all cases. The SIMPLEC method is implemented for pressure-velocity coupling and the spatial discretization was performed using the second order upwind scheme. An unsteady simulation is performed under a time step of 0.01 seconds starting from a stationary state until 10 seconds have passed after the inner cylinder rotates. 

When the rotation speed (vr) of the inner cylinder is 400 rpm, which corresponds to Ta = 2660, CFD result is shown in Fig. 2. The average flow velocity of the fluid flowing through the gap between the inner and outer cylinders was 0.07 m/s. Fig. 2(a) shows the velocity in the direction of gravity on the vertical cross section of the equipment, with black indicating upward direction and white indicating downward direction. Fig. 2(b) is an enlarged vector representation of the dotted line frame in Fig. 2(a). Periodic vortices were confirmed, indicating that Taylor-Couette flow occurs. Fig. 3 shows the result when the rotation speed was changed to 250 rpm. The average flow velocity of the fluid flowing through the gap between the inner and outer cylinders was 0.045 m/s. Taylor-Couette flow was confirmed, but its behavior was different from that shown in Fig. 2. 

Reduced order modeling and its results
It took four hours of calculation time to perform a 10-second unsteady CFD simulation of the Taylor-Couette crystallizer mentioned above. Reduced order modelling methods can be used for problems requiring real-time results or numerous simulations. In this study, ROM of the Taylor-Couette crystallizer was developed using flow field data obtained through ANSYS Fluent and Dynamic ROM Builder (DRB), which is accessible in the ANSYS Twin Builder. 

The changes in Taylor-Couette flow behaviour, which are described with time varying flow velocity at spatial coordinates of the crystallizer, called outputs, are induced by the time variations of the rotation speed of the inner cylinder, called inputs. After this input-output relationship was computed with a full-order transient solver in ANSYS Fluent, the learning and validation of a ROM is performed from a limited number of the computed data sets, called scenarios, in DRB. The DRB computes one or more outputs from one or more dynamic inputs, based on recurrent neural networks (RNN). Here, the dimensionality of the output vector is reduced using the snapshot POD. Namely, as shown in Fig. 4, the spatial distribution of velocity is expressed as a superposition of modes representing the characteristics of the original data. By learning the behaviour of the superposition coefficients, the spatial distribution of velocity can be approximately reconstructed. The learning process aims at finding the nonlinear function that minimizes the error. It is implemented as a three-layer recurrent neural network with the same number of variables in the hidden and the output layers. The activation function used in the hidden and output layers is a sigmoid. The gradient descent optimization methods are used in the optimization.

In this study, DRB was tested in its ability to explain the dynamical Taylor-Couette flow behavior of the crystallizer in response to the rotation speed of the inner cylinder. Firstly, the flow field data when the rotation speed of the inner cylinder was varied by a sine function, as shown in Fig. 5, was computed with a full-order transient solver in ANSYS Fluent. The details of the computation are as in the previous section. The input and output variables sampled every 0.01 seconds were used as snapshots necessary for developing a ROM by DRB. Fig. 6 shows the developed ROM, and its input and output are the rotation speed of the inner cylinder and the flow velocity in the equipment, respectively. As a result, it was shown that the Taylor-Couette flow was reproduced using the developed ROM with an average relative error of 4.5%. In addition, it took four hours of calculation time to perform a 10-second unsteady CFD simulation of the Taylor-Couette crystallizer, but using the developed ROM, the calculation time was reduced to 6 seconds.
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Fig. 4. Overview of POD for spatial distribution of velocity
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Fig. 5. Given rotational speed of inner cylinder in case study. 
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Fig. 6. ROM developed with ANSYS Twin builder. 

Conclusions
This study presented the results of proper orthogonal decomposition (POD) and recurrent neural network (RNN) based reduced-order modeling method applied to a complex 3D fluid dynamic model of a Taylor-Couette crystallizer. It was demonstrated that if some training simulations were performed using CFD simulators, time-series flow field prediction in response to rotational speed of inner cylinder could be instantaneously performed using Dynamic ROM Builder (DRB), which is based on model estimation using deep learning. The reduced order model (ROM) obtained by DRB was comparable in accuracy to 3D simulation, and the calculation time can be significantly reduced, making it suitable for use as a virtual sensor. In the next study, the developed ROM is linked with experimental equipment and the usefulness of digital twin-based monitoring and control is verified. 
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