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Abstract: The present study aims to improve the efficiency of typical procedures used for post-processing flow field data by applying a neural-network technology. Assuming a problem of aircraft design as the workhorse, a regression calculation model for processing the flow data of a FCN-VGG19 aircraft is elaborated based on VGGNet (Visual Geometry Group Net) and FCN (Fully Convolutional Network) techniques. As shown by the results, the model displays a strong fitting ability, and there is almost no over-fitting in training. Moreover, the model has good accuracy and convergence. For different input data and different grids, the model basically achieves convergence, showing good performances. It is shown that the proposed simulation regression model based on FCN has great potential in typical problems of computational fluid dynamics (CFD) and related data processing.
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1  Introduction

Hydrodynamics deals with the motion of fluids and the forces acting on solid bodies immersed in fluids and in motion relative to them [1]. Computational fluid dynamics (CFD) is a branch of hydrodynamics developed as computer science and aerospace industry advance. CFD can simulate and analyze the motion of fluids [2], applied to molecular motion, heat exchange, fluid flow, environmental engineering, and water conservancy engineering fields. Traditional CFD methods are accurate and precise but slow in the calculation. Besides, they cannot fully utilize the calculation results, which hinders the aircraft design and even restricts the manufacturing industry’s development. Academia has researched the acquisition and application of CFD data. Some scholars established the third-order CFD database through CFD simulation, a novel way to reconstruct the wind speed distribution in 3D space [3]. Some researchers used 3D CFD data to calculate the attack angle and the induced velocity of the wind turbine blade’s underlying surface, which could calibrate the blade element momentum tool [4]. Some researchers studied the reactor of Hot Wire Chemical Vapor Deposition (HWCVD) using the CFD framework and determined the safe deposition distance in the HWCVD reactor [5]. Many studies discuss accelerating CFD’s calculation process, such as the launch of FLUENT15.0 accelerated version, a commercial CFD calculation software in 2014, and the combination of a Field-Programmable Gate Array (FPGA) and a Central Processing Unit (CPU). The flow field describes the spatial distribution of fluids’ motion. The flow field data describe fluid particles’ motion data, including density, temperature, pressure, viscosity, and velocity, using the Euler method [6,7]. These data can record fluid particles’ motions and describe the fluid motion’s spatial distribution [8]. As technology advances, the complexity of flow field data increases. Consequently, requirements for calculation accuracy, data analysis, and data processing also raise, making traditional methods inapplicable. In summary, optimizing flow field data processing is an urgent problem.

AlexNet proposed in 2012 and ResNet proposed in 2015 are representative deep learning models. Such models have strong classification and recognition abilities, in which neural networks are accurate and fast. Convolutional Neural Network (CNN), a traditional semantic segmentation method, operates slowly and occupies a large space [9–11]. As an improvement, the Fully Convolutional Network (FCN) can deconvolute CNN’s results. Hence, each pixel’s classification prediction is reversely recovered from the convolution extraction features, thereby improving the semantic segmentation efficiency. FCN has applications in various fields, including vision tracking and edge detection [12,13]. CNN can judge the objects’ categories in the image while extracting abstract features. However, CNN cannot describe the objects’ contour features. FCN is formed by applying CNN to nonlinear fitting functions and using nonlinear filters in each CNN layer. FCN can recover the classification of each pixel from the abstract features and extend the image classification to pixel classification. Compared with CNN, FCN can detect all size input images, generate classification prediction for each pixel, and retain the image’s initial position information.

Moreover, the FCN’s detection methods are efficient, avoiding the repeated calculation and redundant storage caused by pixel blocks. It can classify the images and pixels as well. However, FCN has some defects, such as insufficient precision of the results, fuzzy feature information of the up-sampling, and no consideration of the spatial correlation among pixels. Still, FCN shows some advantages in the data processing.

In the present study, VGGNet (Visual Geometry Group Net) can overcome FCN’s limitations. First, the flow field data in aircraft design are post-processed. Then, the simulation regression model for flow field data, FCN-VGG19, is established. This model undergoes tests on the TensorFlow platform. The research results can provide a theoretical reference for processing flow field data using CFD, FCN, and VGGNet.

2  Methods

2.1 FCN Based on VGGNet

VGGNet deals with the relationship between CNN’s depth and performance. Compared with other networks, VGGNet can minimize the error rate [14,15]. VGGNet uses a 3 × 3 convolution kernel and a 2 × 2 pooling layer to construct CNN (containing 6 to 19 layers). VGGNet has five convolution sections, and each section contains two or three convolutional layers. These convolutional layers have small filters and intervals. The image size is changed by connecting the maximum pooling layer after each section of the convolutional layer, which has strong feature learning capability. After several iterations, the network converges, while the operating speed does not decrease. As flow field data become complicated, requirements on flow field data post-processing will rise. In aircraft design, CFD methods can simulate the flight of aircraft, which is pretty essential. However, traditional CFD methods take much time in calculation. Thus, a simulation regression model of flow field data is established based on FCN. The image processing method under deep learning simulates the calculation process of flow field data. A 19 layers-based VGGNet can apply to FCN, recorded as FCN-VGG19. The calculation model of flow field data based on FCN-VGG simulates the regression calculation of flow field data in aircraft design. Fig. 1 shows the calculation process.
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Figure 1: FCN-VGG’s calculation process

2.2 TensorFlow Deep Learning Platform

Google Inc. developed TensorFlow, a platform with high-quality codes and excellent design architecture. TensorFlow supports Python that is mature in data mining, and each of its databases is excellent. TensorFlow and Python are linked correctly during model training [16]. TensorBoard, TensorFlow’s visual Web program, can monitor its running process. Visual parameters in TensorBoard are critical. The results after several iterations and the display platform’s calculation process can be predicted by saving images needed in the operation process. TensorFlow provides a sound precondition for building the model, saving the visualization time during coding [17,18]. Thus, the TensorFlow deep learning platform builds the model for the aircraft’s flow field data post-processing. The first several layers of FCN-VGG19 are the VGG networks, containing six convolutional layers and two pooling layers. The convolution kernel in the convolutional layer is 3 × 3. Through average pooling function, image size can shrink by 32 times after five pooling layers. The sixth to eighth layers are single convolutional layers with 7 × 7 convolutional kernels. In these layers, the image size will not change. The last three deconvolutional layers restore the image size for using the detailed image features during deconvolution. A single-channel image with the same size can be output as the original image after 19 convolution calculations and three deconvolution calculations. The target observation variables’ distribution and changes are output as pressure, air density, and air velocity. Various grid segmentation methods record the aircraft’s flow field distribution during flight. The flight velocity, altitude, attack angle, and sideslip angle of the aircraft are super parameters of the flow field data. The reference criterion of high importance pressure P is the observation variable. The input and output layers of FCN-VGG are modified. TensorFlow constructs the network architecture, and Python is the programming language. Fig. 2 shows the simulation regression calculation model of flow field data based on FCN.

In this model, the first step is to train the FCN-VGG19 network based on CFD calculation. The regression calculation model can effectively simulate CFD’s calculation process in a particular flow field. This step completes most CFD calculation processes, accelerating the CFD calculation. Then, the trained model can generate flight images under flight conditions.
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Figure 2: Simulation regression model of flow field data based on FCN-VGG19

2.3 Evaluation Criteria of Flow Field Calculation Model

Different target observation variables, and the same target observation variable under different grids, are used in the same grid when evaluating the regression calculation model’s prediction results based on FCN. This process investigates and evaluates the influence of different grids and different target observation variables on the simulation regression calculation model’s generalization performance. The applicability of different aircraft flow field data in the simulation regression model is verified and evaluated. Under the same grid, the apparent pressure, air density, and air velocity expressed in the data results are the target observation variables, which train and verify the proposed model. The evaluation and prediction criteria are: Mean Absolute Error (MAE), Mean Square Error (MSE), and R-square determination coefficient [19–22]. MAE is the mean corresponding to the absolute residual value, and MSE is the mean corresponding to the square residual value, also known as L2 loss. MSE can be biased and unbiased according to the correspondence between the expected value and the true value. The proposed model predicts the overall image’s MSE. The R-square coefficient can be a criterion for comparing the same model in different datasets. In the present study, the R-square determination coefficient is re-defined. The mathematical definitions of MAE, MSE, L2 loss, and the re-defined R-square determination coefficient are Eqs. (1)–(4).
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In (1), m represents the number of predictions, i and j represent the specific number of predictions.
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In (2), n refers to the total prediction times, i represents the specific number of predictions, [image: images] stands for the prediction results generated for the overall image, and y represents the initial image’s prediction results.
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In (3), n refers to the total prediction times, m indicates the side length of the image, i represents the specific number of predictions, [image: images] is the pixel point’s prediction value in the k-th row and the j-th column, and y is the initial value corresponding to the position.
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In (4), range(y) indicates the value range of y.

3  Results and Discussion

3.1 Calculation Model of Flow Field Data Based on FCN-VGG19

FCN-VGG is the primary network architecture of the proposed model. The aircraft design’s flow field structure and loss characteristics are analyzed. Fig. 3 shows the data results.
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Figure 3: Changes between the angle of attack and the total pressure loss

The characteristics of the simulation calculation model, VGGNet, and FCN (Fig. 2) are combined. According to the flow field structure’s analysis results and the aircraft design’s loss characteristics, the model for calculating flow field data has good credibility. The FCN-VGG network has a robust fitting ability. The simulation regression model has high accuracy and strong convergence. FCN’s calculation process is intensive, which classifies and regresses the image pixels while putting forward the needs for high-level and detailed feature information. During the regression calculation, the activation function is not necessary for the classification. In the FCN-VGG19 network, the first deconvolution layer’s results for the eighth convolutional layer are deconvolution, and the feature map channel changes accordingly. The second deconvolution layer’s input corresponds to the results of the first deconvolution layer and the fourth convolutional layer. The third deconvolution layer’s input corresponds to the results of the second deconvolution layer and the third convolutional layer. The above image processing method for aircraft’s flow field data transforms flight data analysis into image data analysis. Then, it is applied to generate simulated flight images of aircraft design. The collected flight data is then adopted to train and evaluate the simulation regression calculation model based on FCN, thereby accelerating the design process of the simulation calculation and the visualization process of aircraft flight.

3.2 Simulation and Regression Calculation of Flow Field Data

The proposed FCN-based model is applied to generate simulated flight images in aircraft design to calculate and simulate the flow field data in aircraft design. Under the Linux operating system, the training model’s dropout rate takes 0.15 to analyze the input grid data and extract the feature information. The grid data size is transformed into 224 × 224 images; the L2 loss monitors the simulation regression process of aircraft flow field data in real-time. Fig. 4 shows the L2 loss changes in the simulation regression calculation model.
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Figure 4: L2 loss changes of simulation regression calculation model

Changes in data information points suggest that L2 loss’s changing trend calculated in the training set is similar to that in the validation set during model training, without over-fitting. Changes in L2 loss will become stable after several iterations. The corresponding dataset’s prediction and regression will be trained. A visual image will be output every 100 iterations, and the corresponding dataset will be verified every 10 k iterations. When the number of training iterations exceeds 10 k, the model’s L2 loss is below 1 × 105 for the 224 × 224 flow field image.

Once CFD in the same flow field space is analyzed and calculated, the value distribution corresponding to the super parameters will always be uneven and dependent. However, in different CFDs’ calculation environments, super parameter selection varies significantly. A proper selection strategy for training samples is necessary for analyzing super parameters’ distribution characteristics. After 10 k training iterations of the model, target observation variables are simulated, calculated, and regressed under specific flight parameters. At this time, the simulation regression calculation model converges. The model fits the flight data excellently during this process, and the target observation variable P’s simulation regression effect is brilliant.

3.3 Evaluation of the FCN-Based Simulation Regression Calculation Model

The FCN-based simulation regression calculation model post-processes the flow field data of the aircraft. When the air density is the target observation variable, the training and verification processes of the proposed model are shown in Fig. 5 below. The airflow rate represents the target observation variable and the L2 loss changes in the “WALL-5” grid for comparative analysis. The training and verification processes of the model are shown in Fig. 6.
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Figure 5: L2 loss change with air density as the target observation variable
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Figure 6: L2 loss change in air velocity and the “WALL-5” grid

Data changes in Figs. 4–6 are analyzed. Under the same grid, in pressure P’s prediction regression analysis, if the model’s training iterations exceed 10 k, the model’s L2 loss changes will become stable as a whole. L2 loss in the validation set is observed and analyzed. The calculated average MSE is 1.02 × 105 in the range of 10 k–80 k training iterations. Under the same grid, in air density’s prediction regression analysis, the model’s L2 loss becomes gentle when training iterations exceed 10 k. Within the same training iteration range as pressure prediction regression analysis, the air density’s MSE is 13.83, and air velocity’s MSE is 56.38. Data changes in Fig. 6 reveal that images’ MSE tends stable after 3k training iterations in the “WALL-5” grid’s prediction regression analysis with P as the target observation variable. Within the range of 3 k–30 k training iterations, the image’s MAE is 2.18. At this time, the R-square determination coefficient of the simulation regression calculation model is negative. Nevertheless, when the number of training iterations exceeds 20 k, the R-square determination coefficient is greater than 0.4, and the data fitting of the simulation regression calculation model meets the requirements.

Simulation regression for different target observation variables shows that the FCN-based model and the flight data fit well, and the model converges. Hence, the model’s generalization performance in different target observation variables is outstanding. In aircraft design, the observation variables are nature’s physical quantities with different physical characteristics, changes, distributions, and laws. Different observation variables have quite different value ranges. Without data standardization, the target observation variables’ value ranges will affect the regression calculation model. Therefore, predicting and evaluating the effect of the simulation regression model is necessary for different observation variables. When different grids are used as research objects, the difference in grids only shows that the model’s input images are different. However, the regression calculation on different grids has little impact. Thus, the only pressure is selected as the target observation variable for prediction regression analysis on the “WALL-5” grid. After several training iterations, the post-processing of aircraft’s flow field data fit well, showing that the model has generalization in different grids. Compared with the traditional calculation methods, the FCN-based simulation regression calculation model has accelerated calculation time. Furthermore, the model shows good generalization performance, which applies to various image and pixel regression calculation scenarios.

4  Conclusions

In the present study, flow field data in aircraft design are processed, FCN’s application and development are discussed, the modified VGGNet is applied to FCN, and the simulation regression calculation model for aircraft’s flow field data processing is established based on FCN-VGG19. According to L2 loss’s real-time monitoring results, the simulation regression calculation model is trained and tested on the TensorFlow deep learning platform using the Python programming language. Moreover, the simulation regression calculation model for the aircraft’s flow field data is evaluated according to the model’s generalization performance.

Parameters’ analysis and observation results show that the image processing method of flow field data based on FCN-VGG19 transforms flight data analysis into image data analysis. The established model has a strong fitting ability, high accuracy, and strong convergence. While predicting and constructing the model, the target observation parameter P is regressed after 10k model training iterations, and then the model converges. The simulation regression calculation model for aircraft’s flow field data presents high fitting performance for regressing different target observation variables and grids. The proposed model has good generalization performance for different target observation values and grids, which applies to the regression calculation of image pixels in various fields. However, the model does not investigate the relationship between flow field data processing and parameters, which will guide later research.
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